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Preface and Acknowledgments

The progressive convergence of sciences in the twenty-first
century, and in particular, the merging of disciplines at the inter-
face of physics, nanotechnology, biology and medicine, has com-
posed the landscape of my own scientific career across sciences,
continents, and cultures. After a study and work journey that led
me from physics to nanotechnology to biology and back to phys-
ics, through Spain, China, Czechia, Japan, Denmark and the UK,
in 2007 I became the co-director of the Institute of Nanoscience
for Medicine, a research program at the Oxford Martin School of
the University of Oxford. The school was created with an endow-
ment from James and Lillian Martin to become a hub where all
the relevant academic disciplines would convene to investigate
and debate the challenges and opportunities of the twenty-first
century. Encouraged by the Oxford Martin School’s founding
mandate to communicate with the public, I started to deliver pub-
lic lectures about nanotechnology and the future of medicine
and biology that were strongly rooted in my physicist’s way of
looking at the world. Despite the quickening pace of scientific con-
vergence, the scientific community has been slower to reflect on
how the merging of disciplines is transforming the ways we work
and think about nature, so my lectures were also attempts to sat-
isfy my own needs as a practitioner of science. Speaking about
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xii PREFACE AND ACKNOWLEDGMENTS

these issues in public to scientific and nonscientific audiences has
become an important part of my academic activity, and has led
me to reflect more on the implications, history, and context of my
research. I now deliver these lectures in many countries and to a
wide variety of audiences. This has allowed me to connect with
many communities and to become aware of the public’s great cu-
riosity about these converging technologies that so define our pre-
sent and will most likely shape our future.

So when I was approached by my editor, Ingrid Gnerlich, to
write this book, I decided to do so despite having a heavy aca-
demic and research load and two small children. People of all
backgrounds seem to enjoy the scientific stories I tell. We are liv-
ing in exciting times; breakthroughs in our understanding of the
physical and biological reality around and within us are speeding
up exponentially. The convergence of the sciences is bringing a
revolution not only in technology, but also in our physical, cul-
tural, and philosophical relationship to the material world. It is a
time to think and talk about the fast-changing present, and to col-
lectively imagine positive futures our new technologies make
possible. T hope that this book will contribute to the conversation
in a meaningful way.

I am grateful for the support and patience of my family, and
for the kind encouragement of my editor; I am grateful, also, to
the friends and colleagues that have read and commented on the
first versions of the manuscript: Charles Olsen, Rosario Ruibal
Villasenor, Alberto Merchante, Ibon Santiago, and Lina Galvez. I
have also benefited from the generosity of Iwan Schaap, and of
teamLab, who gave me beautiful images and inspired some of the
ideas in the book. Many conversations have been important in
shaping my thinking here, especially those with the physicist Jacob
Seifert, my PhD supervisor Hiroshi Iwasaki, the film director Ali-
son Rose, and the historian of mathematics Agathe Keller.
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Abbreviations

DNA:
Al:
PET:

Length units:

RNA:
A C G T

STM:
AFM:
C:
ATP:
3-D:
NMR:
MRSA:

FDA:

deoxyribonucleic acid
artificial intelligence
positron emission tomography

m, meter; mm, millimeter;
cm, centimeter; nm, nanometer

ribonucleic acid

adenine, cytosine, guanine, and thymine,
the DNA bases

scanning tunneling microscopy/microscope
atomic force microscopy/microscope
degree Celsius (temperature)

adenosine triphosphate

three-dimensional

nuclear magnetic resonance

methicillin-resistant
Staphylococcus aureus

U.S. Food and Drug Administration
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INTRODUCTION

SCIENCES CONVERGE IN BIOLOGY
TO TRANSFORM HEALTH

Biology is the most intensely investigated subject of modern sci-
ence. Beyond perpetual human preoccupations with health, mor-
tality, and finding our place and identity in the universe, the
power hidden in biology’s complexity is causing almost all the
branches of science and technology to gravitate toward the study
of life. Biology ceases to be the sovereign territory of biologists,
biochemists, and medical scientists; in the twenty-first century,
physical, mathematical, and engineering sciences converge with
the more traditional biological disciplines to seek a deeper under-
standing of life in all its multifaceted, dynamic structures and
functions. In our turbulent and disoriented times, the inner work-
ings of biology and its profound insight into the meaning of life
have become the focus of human creativity, spawning technolog-
ical and cultural innovations that may contribute either to our
survival or to our extinction.

The sciences’ appetite for biology seeks satisfaction on all its
spatial scales—from nanometer-size molecules to cells tens of mi-
crometers large to meter-scale eukaryotes'—and in all its mani-
festations, from the mind-boggling diversity of shape and action
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found in its molecular inventory to the forces and processes that
drive the precise assembly of an intricate protein, lipid membrane,
or coil of DNA. Science seeks knowledge about individual mole-
cules, cells, tissues, organisms, and ecosystems; this includes the
study of how biological structures give rise to the individual and
collective “intelligences™ that enable living creatures to persist on
Earth.

Apart from the pure search for knowledge, economic gain and
social influence are the workaday drivers of science (and even
more so of research funding); thus one can observe that the mo-
tivation of the current scientific desire for all things biological is
often technological. The potential technological payoffs of biol-
ogy are as diverse as the new disciplines evolving out of the knowl-
edge extracted from it. For example, computer scientists are keen
to learn the fine details of the human brain’s organization so that
they can mirror the layered connectivity between its neurons in
the structure of their algorithms; they hope this will lead to much-
improved artificial intelligence (AI) as well as to better under-
standing of our own thinking ability. Materials scientists and
roboticists look to the assembly of biological structures for in-
spiration in the design of novel bioinspired materials and robots. In
physics departments, scientists study the plant proteins respon-
sible for photosynthesis, prospecting for biological recipes that
can be adopted in the quantum computers of the future.

However vigorous and dedicated the biological research activ-
ity of these new players, medicine still takes center stage as the
main intellectual, social, and economic engine of biological re-
search. Medicine helps to attract the money, but more funda-
mentally, plays the role of integrator of knowledge. The sciences
and technologies drawn to biology arrive by different paths and
aim at disparate goals, but medicine dispels the cultural barriers
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among disciplines, facilitating their fusion in the pursuit of better
strategies for uncovering the ultimate causes of disease and bet-
ter interventions to preserve and restore health.

Understanding disease and curing it is such a complex chal-
lenge that it requires “all hands on deck”—all the technical and
scientific knowledge available. Cutting-edge medical research al-
ready combines the latest advances in A, materials science, and
robotics, and will undoubtedly use quantum computers as they
become available. As anyone who has been in a modern hospital
can attest, most human technologies end up being adapted for use
in the clinic in one way or another: from the humble thermom-
eter to the physics of positrons in PET scans for imaging tumors,
and from mobile phone apps to control fertility to gene editing to
eradicate diseases. The hospital is the most nourishing culture me-
dium for scientific and technical knowledge to combine and
grow in.

The diversity, intensity, and speed of advance of current re-
search unequivocally indicate that we are living in prerevolution-
ary times in both biology and medicine. Confident answers to the
long-standing questions that have enthralled humans, such as the
origin and diversity of life and the source of our intelligence and
consciousness, are perhaps still far from being found. However,
the accelerating and ever-more-potent interdisciplinary mergers
make us feel that we are now at an inflection point, and will soon
slide irrevocably toward the advent of the technologies that will
transform our understanding and control of our biology. In ex-
traordinarily novel and efficient ways, these will give us the pow-
ers to heal ourselves and to prolong and transform our lives.
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NANOTECHNOLOGY IN BIOLOGY AND MEDICINE

A necessary step toward this brink of breakthrough was, and con-
tinues to be, the development of nanotechnology—the capacity
to visualize, interact with, manipulate, and create matter at the
nanometer scale. This is primarily because the main molecular
players in biology, and the main drug and treatment targets in
medicine—proteins and DNA—are nano-size. Nanotechnology is
the technological interface with the nanoscale. It directly links the
macroscopic world of our perceptions with the nanoscopic world
of individual biomolecules. To arrive in medical heaven—the
power to restore perfect health—we would need to know how
molecules work in a specific environment, why and how they mal-
function in a disease, and most importantly, how to reach them,
to target them, and to deactivate or activate them. In this “spa-
tial” sense, medicine parallels nanotechnology: to cure, we need
to traverse the spectrum of scale from the macroscopic size of the
doctor to the nanometer scale of biomolecules, navigating the very
intricate “multiscale” landscape of organs, tissues, and cells in be-
tween. Since the early days of nanotechnology, one of its main
missions has been to create tools that are able to interact with key
biological molecules one at a time, directly in their complex me-
dium, and in this way to bring closer to realization the targeting
of individual molecules in the medical context. We are still work-
ing on it, and this book is in part an effort to show how far we
have come.

As well as introducing nano-tools that enable new biological
and medical research, nanotechnology has made a more funda-
mental contribution: attracting physical scientists to biology. In
the last decades of the twentieth century, artificial nanomateri-
als and the tools of nanotechnology—microscopes and nano-
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manipulation devices—came into existence. Using them, a sig-
nificant number of physical scientists interested in matter at the
nanometer scale sought to know how and why biology first con-
structed itself using nano-size building blocks in the medium of
(salty) water. Fascinated by the coupling of physics and chemis-
try that gives rise to biological function, they focused on using
nanotechnology’s methods to learn the workings of proteins,
DNA, and other important nano-size biomolecules. In the pro-
cess, they turned themselves into biological physicists, seeking an-
swers to deep scientific questions such as: What was it about the
properties of the nanoscale that made it special for the emergence
of life? Others, more practical, saw opportunities to design nano-
materials that could be used to address disease in a more precise
and rational manner, improving on current pharmacological
treatments; they became nanomedicine scientists.

This cross-disciplinary activity led to the development of tools
specifically built for studying biological processes and their nano-
actors in physiological conditions (warm, salty water). As pio-
neering nano-bioscientists enlarged their knowledge of biology,
they eroded the boundaries between materials sciences, physics,
chemistry, and biology, emerging as a new generation of research-
ers who naturally worked across disciplines and no longer recog-
nized intellectual or cultural barriers to interaction with any other
scientific field.

THE EMERGENCE OF QUANTITATIVE BIOLOGY:
THE NEW PHYSICS OF LIFE

The arrival of nanotechnology in the life sciences has contributed
to a rising wave of physical scientists entering biology, bringing
fresh eyes to old problems. The experiments of these scientists

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

6 INTRODUCTION

differ from most biological and biochemical research in that they
are driven by mechanistic hypotheses: that is, they pursue quan-
titative data that help to explain the actual functioning mechanism
of the process under study. The usual question of a biological sci-
entist is, “Who [which molecule] does that?” For a physicist it is,
“How and why does it do that, and can I model it with mathe-
matics?” When you look at biological systems through the eyes
of a physicist, you are looking for the key parameters that explain
how the biological system works: Is it size, temperature, energy,
speed, structure, stiffness, charge, chemical activity?

Crucially, the ultimate goal of physicists is to create mathe-
matical models of biological processes that can be used to de-
scribe those mechanisms. If the mathematical model reproduces
and even predicts the biology of the process, then we start to
know the actual fundamental quantities and forces that drive it.
The strength of this “quantitative approach” to biology is that it
unleashes a formidable power: accurate mathematical models
can be used to predict the behavior of specific biological pro-
cesses in the computer, or in modern scientific jargon, in silico,
without experiments. This means that, if successful, mathemati-
cal models can be used to progressively abandon the trial-and-
error methods of the traditional biological, medical, and phar-
macological sciences. These are painfully slow and costly, and, as
the development of new drugs often shows, inefficient. The com-
puter modeling approach is already in use in modern civil engi-
neering, aeronautics, and architecture, where computer simula-
tions combined with quantitative knowledge of the mechanical
properties (e.g., elasticity, viscosity, strength, rigidity) of materi-
als used in construction are routinely employed by engineers to
test the feasibility of designs in silico before any actual building
work is done.
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Without the invention of techniques able to quantitatively
monitor biology in all its dynamic, hierarchically structured
complexity—from the nanometer scale of proteins and DNA to
cells to tissues in living bodies—adopting this quantitative ap-
proach in medicine was totally impossible. These techniques not
only need to visualize structures and their movements at all the
different scales, but need to be able to extract the key physical or
chemical parameters (stiffness, charge, temperature, etc.) that
allow the development of correct mathematical models to make
computer modeling viable.

Once experimental information at the nanometer scale of sin-
gle molecules becomes available, it can be used to construct mod-
els that describe the functioning of, for example, proteins or
DNA in their natural environment and in disease. The capacity
to model individual molecules will be progressively integrated
with the emergence of techniques able to collect vast amounts of
quantitative data about those molecules in complex biological en-
vironments and in real time. Furthermore, Al algorithms (such
as those of machine learning) will be used more and more to aid
in the analysis of biological “big data” The integration of biologi-
cal physics with biological big data and AI models will lead to
increasingly accurate and “smart” models of life. However,
twentieth-century physics teaches us that in very complex and in-
terconnected systems, knowing the workings of the building
blocks is not enough to predict the behavior of the whole: at larger
scales, biology exhibits behaviors that the smaller constituents do
not exhibit, or that cannot be explained from the relationships be-
tween their molecular building blocks. This is because complexly
organized matter presents collective phenomena arising from co-
operative interactions between the building blocks—or, as we say
in physics, these properties emerge. Some examples of emergent
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behavior are cellular movements, mechanical vibrations in the
brain, electrical signaling across the membranes of cells, and
changes in shape or stiffness, none of which can be predicted from
just knowing the molecules that constitute a particular structure.
This means that in practical terms, as we zoom out from the na-
noscale to the microscale, nanoscale models have to be “coarse-
grained” to be integrated and consistent with models that correctly
describe the cellular behaviors emergent from nanometer-scale
activity.

Similarly, the cellular level then needs to be integrated into
models of the tissue and organ levels. An example would be a
mathematical model of a tumor that is able to relate its shape, size,
and growth pattern to the properties of individual tumor cells and
their molecular environment; at the next level down in size, the
model should incorporate how cellular properties are connected
to their molecular and genetic activity. This model could in princi-
ple be used to design a multimodal treatment regimen that tar-
gets individual molecules both directly and indirectly. Combin-
ing nano-precise drug delivery with a physical treatment such as
applying electrical or mechanical signals to the tumor would sin-
gle out specific molecules and also affect them through the phys-
ical and chemical phenomena that link the different spatial and
temporal scales of the tumor. In other words, it would allow si-
multaneous targeting of the molecular, the cellular, and the tissue-
level biology of the tumor. The undertaking is formidable, but
the tools that would make it possible are slowly being developed
and coming together.

We can draw some parallels with the past. At the beginning of
the twentieth century, the arrival of tools to study atoms conduced
to the development of the field of quantum mechanics.* This, in
turn, led to the very creative mathematical models underpinning
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NANOSCALE (1-100 nm) 8 MICROSCALE (0.5-100 microns) 8 MACROSCALE (mm-cm-m)

Biomolecules Cells Tissues (muscle, heart, skin...)

DNA E coli bacterium
@ ~ 1 micron

Animal cell
Proteins '60'- 10-100 micron
typically 3-100 nm (or more)

QUANTITATIVE MEASUREMENT of movement, shape, mechanics, charge, molecules
involved, what genes are active ...

Techniques (a few Microscopies, genomics, Microscopy, histology,
examples): AFM, optical proteomics, AFM rheology, ultrasound
tweezers, microscopies

MATHEMATICAL MODELS:

Models of biomolecular Models of cellular behavior ~ Models of tissue
function

MULTISCALE SMART MODEL INTEGRATES IT ALL!

Combines physics, modeling, simulation, and Al

Fig 0.1. The new physics of life tries to build mechanistic models of biology at each
of the relevant scales, and then integrate the models into larger “multiscale” models
that include all the relevant scales. (nm=nanometer)

solid-state physics, which successfully explained how the macro-
scopic properties of crystalline solids® emerged from the order and
nature of their atoms. This ultimately laid the theoretical foun-
dation for the modern electronics present in our mobile phones
and other electronic devices.

While biology is immensely more complex than crystalline sol-
ids, current trends of research in all the sciences converging on
biology indisputably indicate that this colossally arduous task is
already under way. We are moving, still slowly, but at an inexo-
rable pace, toward the quantitative, mathematical description of
biological phenomena—in other words, the physics of life.

In this new landscape, the reductionist vision of the previous
generation, which strove to present organisms as mere biochemical
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computers executing a program, an algorithm encoded in genes,
has been called into serious question. Confronting the often skep-
tical eyes of more-traditionally trained biologists, nano- and
physics- and mathematics-savvy scientists are slowly deploying
their plans to quantitatively interpret the interwoven genetic,
chemical, and physical mechanisms underlying life and health,
and to mathematically predict the biology underlying disease and
trauma. Significantly for medicine, they seek to implement their
rational health-restoring strategies one patient at a time. Their
final goal is to design—using mathematics and computer models—
treatments for specific problems in particular patients, rather
than to discover, by endless rounds of trial and error, prescriptions
that work for an acceptable majority of patients, as we do now.

THE TRANSFORMATION OF BIOLOGY
AND MEDICINE

In this book I seek to make sense of the reality that I am living
and witnessing as a scientist working across disciplines. I am
uniquely placed to tell the story of how the combined efforts of
physical and mathematical scientists, facilitated by the rise of
nanotechnology and of powerful quantitative experimental tech-
niques, are transfiguring biology and slowly building up the ca-
pacity to identify and take on core challenges of modern medi-
cine. Doing medicine means dealing with the intricate, dynamic,
circuitous, hierarchical assembly of a myriad of nano-size build-
ing blocks that constitutes a living organism. To cure, we need to
reach specific cells, proteins, and DNA with optimized concen-
trations of precisely designed therapeutic agents; to heal and re-
generate, we need to understand and reproduce the nanoscale
environment of healthy cells in tissues and organs. These are the
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subjects where nanotechnology, and the sciences and technolo-
gies enabled by it, are currently changing the game. They are the
core of this book.

Chapter 1describes how the deployment of nanotechnology
and quantitative methods in biology is expanding the realm of sci-
ence to embrace life in all its multiscale, entangled intricacy and
multiplicity. I attempt to gather some of the most significant
achievements to sketch a map of the changing landscape of bio-
logical research. This new landscape emerges, in part, from the
realization that current medical bottlenecks will remain blocked
if we linger in the previous generation’s optimistic hope that life
could be reduced to genes and molecules. As we dive into the
complexity of biology, we are conscious that the ultimate goal of
explaining life in all its detail is currently unattainable, but we rely
on quantitative methods and new tools to provide solutions to
specific problems that pave the way. I illustrate this picture with
examples of how quantitative biology methods are being used to
query the functions, structures, and interactions of key biologi-
cal molecules, and to understand how these molecules’ concerted
actions give rise to subcellular structures that integrate their nano-
scale activity into the emergent workings of whole cells and
organisms.

Complementary to this approach, and in response to the doubt-
inducing complexity of biology (“How do we really know that
our models are correct?”), others have adopted a more pragmatic
strategy, based on the engineering ethos of nanotechnologists and
quantitative biologists. This strategy stems from the visionary
physicist Richard Feynmans “What I cannot create, I do not
understand”—in other words, learn by making. We know, for ex-
ample, that the quantum theory of solid-state materials is accu-
rate because our mobile phones work as we want them to. If the
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devices we design don’t work, this unequivocally indicates that
something is wrong or missing in the science we seek to apply. Ap-
plication is the ultimate test of whether a scientific theory works.

The application of this principle at the interface of nanotech-
nology and biological sciences is transforming the way human-
made materials are constructed and the uses they can have. Chap-
ters 2 through 4 review how nanotechnology and the sciences
and technologies converging on the nanometer scale are being
used to create bioinspired and biomimetic nanostructures and
nanomachines, and to integrate these nanostructures into strate-
gies aimed at solving specific medical problems and clearing
roadblocks.

In chapter 2, I summarize the development of disciplines that
seek to build artificial nanostructures using both biological mol-
ecules and the organizational principles of biology. This activity
began with the emergence of the DNA nanotechnology that is ma-
turing as a distinct field of research. DNA nanotechnology pur-
sues the design and construction of any arbitrary shape using ar-
tificial DNA building blocks. More importantly, DNA nanotech
seeks to give its structures nanoscale functionality for complex
tasks, such as serving as an active template for the synthesis of
molecules, or even working as a programmable molecular com-
puter or a DNA robot able to deliver drug payloads to tumors. In
parallel, the field of protein nanotechnology attempts to achieve
the same goals using natural or artificial proteins; this is a tougher
task than making nanostructures with DNA, but can lead to many
more applications. One of the most striking examples of the inte-
gration of sciences and the power of quantitative approaches in
biology has been the arrival of “designer proteins.” Recently sci-
entists have been able to hack the molecular machinery of the cell
to create “post-evolutionary” proteins that do not exist in nature,
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but have been previously designed in powerful computer pro-
grams. These technologies have made possible the realization of
one of the dreams of the nanotechnology pioneers: the deploy-
ment of molecular assemblers able to construct any shape with
atomic precision following a rational design, a plan previously re-
hearsed in a computer. A fundamental drive of biomolecular
nanotechnology is to create powerful tools for nanomedical ap-
plications, ranging from molecular DNA assemblers of medicinal
drugs to improved vaccines, powerful antiviral and antibacterial
nanomedicines, and targeted drug delivery systems.

Chapter 3 gives an account of a key aspect of this multidisci-
plinary arsenal of nanomedicine: how nanotechnology is being
used to improve the efficiency of current cancer chemotherapies
by developing drug-delivery strategies that specifically target
tumors and cancer cells. Although drug delivery via nanostruc-
tures was one of the initial goals of nanomedicine that attracted
the most support, the effort put into it has not led to the break-
throughs that were hoped for. This is partly due to inertia: the
application of existing trial-and-error methods to complex bio-
logical processes that are still poorly understood; the insufficient
coordination of existing research; and the lack of truly quanti-
tative approaches. And it is partly due to impatience: seeking
nano-powered magic bullets and lucky shortcuts to cure disease
that overlook the complexity of the biology involved has not
proven fruitful. Fortunately, the lessons are being learned and new,
improved initiatives are already gathering pace. In this chapter, I
also discuss how nanotechnology is joining the multidisciplinary
quest for new ways to combat antimicrobial resistance, coupling
traditional pharmacology research with novel ways to interact
with bacteria that include their physics, not only their chemistry.
I also give a brief overview of how nanotechnology and its offshoots
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are becoming ever better at creating nanodevices that sense the
chemicals in the body, thereby getting closer to the goal of re-
sponding to chemical imbalances in real time by releasing drugs
when and where they are needed.

Perhaps one of the most fascinating contributions that nano-
technology can make to health and medicine is to team up with
the biological research currently being done on immunotherapies
(a type of cancer treatment that boosts the body’s immune sys-
tem to fight cancer). These combined efforts have the potential to
accelerate the science of controlling and improving our immune
system’s innate capacity to detect and fight disease from within.
In this chapter, I anticipate how the convergence of sciences is
likely to lead to plans to create the “super-enhanced human im-
mune system” of the future.

In chapter 4, I attempt to compile the science of one of the most
potentially transformative scientific fields: tissue engineering. Tis-
sue engineering is emerging not only as the field that may enable
the repair and even replacement of damaged or diseased organs,
but also as an arena where fundamental progress will be made in
the basic science underpinning biology and medicine, with the
goal of being able to monitor health and disease with molecular
precision in real time. Studying all the relevant molecules in a large
living organism is a daunting task; however, tissue engineering al-
lows the construction of artificial biological tissues and organs,
in which interactions between the scales can be tested in con-
trolled environments. “Learning by creating” toy models of body
parts and even trying to connect them in the lab will be useful for
building mechanistic models that increasingly approach the
complexity of real organisms. This activity will be leavened by
mathematical modeling and simulation, and will likely incorpo-
rate Al (machine learning) algorithms.
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Measurement and monitoring of the key parameters that can
be used to create models of tissues are facilitated by the develop-
ment of biosensors for constant surveillance of artificial tissues
and new AI algorithms to integrate the data with the physics of
tissues. Eventually, this will lead to the development of technol-
ogy that may be used in vivo once it has been well established in
tissue-engineering experiments. Creating biosensing technology
and mechanistic models of tissues that link the molecular with
micro- and macroscopic biology will arguably be the most impor-
tant contributions to medicine and biology of tissue engineering.
Tissue-engineering models are also very useful for understand-
ing and modeling targeted drug delivery, and it is expected that
tissue-engineered models of human tissues and organs will even-
tually replace animals in drug testing.

This book seeks both to describe the new science emerging
from the convergence of disciplines on biology and human health
and to reflect on how and why the sciences are converging. Each
chapter, therefore, has a very short historical introduction outlin-
ing the path that led to the current situation. I hope this helps my
purpose: to invite the reader to look back to where the science
came from, in order to envisage the routes that can take us from
here into the future.

TRANSMATERIAL FUTURES

Much of the science that I have briefly outlined leads to an inexo-
rable dimming of the distinction between biological and material
sciences: a new transmaterial science is in its embryonic state.
With increasing control of matter at the nanometer scale and bet-
ter knowledge of the building tricks and machinery of biology,
artificial materials inspired by biology will be used to create new
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scaffolds for regenerating tissues and organs, or to improve the
responses of the immune system. In parallel, hybrid bio-inorganic
devices that mimic biology will be used in new computers and
electronic devices. As biology becomes quantitative, and we gain
the power of mathematics and physics to use the rules that gov-
ern it to design new applications, we release a colossal capacity
for innovation, not only in medicine but in most technologies cur-
rently created by humans, from energy to electronics and from
computing to materials science. By increasingly refining our abil-
ity to learn biology using the methods of physics, we will in fact
be distilling the recipes of the universe to fabricate and assemble
matter from the nanometer scale up, and will acquire the ultimate
power to revolutionize human technology and medicine.
Forecasting the consequences of the convergence of the sci-
ences beyond medicine (the so-called “fourth industrial revolu-
tion”) is outside the scope of this book. I have, however, included
an epilogue offering a scientist’s perspective on how to navigate
the promise and peril of a future in which we have snowballing
power over all sorts of matter—biological and otherwise. Fur-
thermore, I briefly explore the consequences for human identity
(from my own scientist perspective) of the merger between ma-
terial and biological sciences. As I read some of the predictive
narratives on the fourth industrial revolution that have become
international best sellers in recent years, I cannot avoid thinking
that these books (more or less) unintentionally invite an additional
danger, at least as powerful as technology’s effects on society:
they risk unleashing the fear of technology, and so undermining
the power of science to create a fairer society. Much of the fore-
casting is based on a suboptimal knowledge of the current state
of the sciences, and, more importantly, a lack of knowledge of
scientists themselves—their increasing sense of vocation and
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commitment to engage with society, to form democratic alliances
that allow positive and practical transformations for the benefit
of us all.

In the twenty-first century, many scientists are passionately
searching for ways to create platforms and frameworks of collab-
oration with the public, the regulators, and the industrial develop-
ers of technologies to imagine better, more-diverse and equable
futures. Much of the writing about technology in the twenty-first
century forgets that scientists, more than anyone, understand the
power of the knowledge that they create, and that they increasingly
strive to modulate the social and economic forces that shape its
development and exploitation. Scientists are a fundamental piece
in the machinery that links technology with fairness in society.
While it is true that the pursuit of pure knowledge motivates
many of us, and that some are motivated to build successful
careers that will bring them prizes, status, and money, the reality
is that most scientists endure painfully long hours in the lab or at
the computer in pursuit of a deep and genuine passion to improve
life for all.® This endeavor is actually one of the main reasons why
technologies converge in medicine: contributing to better health
often seems the most direct pathway for scientists to improve
universal well-being, or so we hope.

This book is my attempt to convey the excitement of the new
worlds that the sciences at this interface of biology, physics, and
medicine are uncovering, and to share and think through with the
reader the opportunities now emerging from our laboratories to
use technology to collectively create a fairer future of human bet-
terment. As I introduce in chapter 1,and reflect on further in the
epilogue, the incorporation of biology (including intelligence) into
the realm of physics facilitates a profound and potentially ground-
breaking cultural shift, because it places the study of life within

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

18 INTRODUCTION

the widest possible context: the study of the rules that govern the
cosmos. I want to reveal this new context for studying life and the
potential for human advancement that it enables. The most power-
ful message of this book is that in the twenty-first century life can
no longer be considered just the biochemical product of an algo-
rithm written in genes (that can potentially be modified at some-
one’s convenience), but a complex and magnificent realization of
the laws that created the universe itself. This means that as phys-
ics, engineering, computer science, and materials science merge
with biology, they are actually helping to reconnect science and
technology with the deep questions that humans have asked them-
selves from the beginning of civilization: What is life? What does
it mean to be human when we can manipulate and even exploit
our own biology? We have reached a point in history where these
questions naturally arise from the practice of science, and this
necessarily changes the sciences’ relationship with societies and
cultures.

We are entering a historic period of scientific convergence, feel-
ing an urge to turn our heads to the past even as we walk toward
the future, seeking to find in the origin of the ideas that brought
us here the inspiration that will allow us to move forward. This
book attempts to call attention to the potential for a new intellec-
tual framework to emerge at the convergence of the sciences, one
that scientists, engineers, artists, and thinkers should tap to cre-
ate narratives and visions of the future that midwife our coming
of age as a technological species. This might be the most impor-
tant role of the physics of life that emerges from our labs: to
contribute to the collective construction of a path to the preser-
vation of (human) life on Earth.
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The microscopy technologies developed from the seventeenth
century onward allowed humans to discover the basic struc-
tures of life: first the biological cell, and then, with increasing
resolution, the contents of its interior, down to the unimagi-
nable molecular complexity that characterizes life at the mi-
croscopic level.! By the mid-1900s, scientific discoveries led to
the means to resolve the details of the structures of biomole-
cules with atomic precision. Simultaneously, progress in gene-
tics and biochemistry brought increasing understanding of the
building blocks of life, proteins—their structures and chemical
activity, their relation to DNA and to the genetic information
it contained. This gave scientists the confidence to develop
an interpretation of biology that attempted an intellectual
end run around its daunting convolutedness: living organisms
could be explained as biochemical computers executing a mo-
lecular program, an algorithm encoded in genes—or so they
hoped.
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In this chapter, I will explore how science in the twenty-first
century is reassessing the adequacy of this simplistic plan to re-
duce biology to molecules and genes. The roadblocks encoun-
tered in the biological and medical sciences, coinciding with the
arrival of powerful tools that can image and interact directly with
biological matter at the nanoscale, have made it both imperative
and possible to question the views of the previous generation.
Knowledge of genes alone is now considered insufficient to ex-
plain life or to solve the challenges of medicine. The combined
efforts of quantitative experimental techniques and mathemati-
cal descriptions of biology are pushing scientists to dare to bravely
embrace life in all its complexity as a “symphonic interplay be-
tween genes, cells, organs, body, and environment.”?

Fundamental new ways of looking at life beyond individual
molecules include the study of the physical mechanisms that un-
derpin molecules’ function and their assembly into “living shapes”
capable of displaying very diverse behaviors at different temporal
and spatial scales. These new views seek to bridge the scientific
and intellectual gulfs between the nanoscale (molecules), the mi-
cron scale (cells), the millimeter and centimeter scales of tissues
and organs, the meter size of large organisms, and so on, up to
whole-planet-size ecosystems.

Physics has learned to accept that when systems become very
complex, they often present characteristics that cannot be ex-
plained by interactions of their building blocks, because their
structures and properties at larger scales emerge from collective
behaviors at smaller scales. Biology is the clearest example: how
else could the precise assembly of nanoscale building blocks even-
tually give rise to sentient, social beings?

Identitying the properties that are key to understanding bio-
logical complexity and its emergent behaviors has become a fun-
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damental objective of quantitative biology. One such property is
the mechanical nature of living matter. Mechanics is the branch
of physics that deals with motion and the forces and mechanical
properties of materials (e.g., elasticity and viscosity) that under-
lie the movements of simple and complex structures. The capac-
ity to sense, respond to, and exert mechanical forces and signals
is a particularly important characteristic of life at every scale
that had been almost totally overlooked in the previous century.
Mechanics is currently entering the biological limelight, and is
doing so in concert with another physical property: biological
electricity.

In this chapter, I summarize the intellectual transformation of
biological research in the last decades by new techniques and con-
cepts originating in nanotechnology, physics, and mathematical
sciences. Currently a much richer, and perhaps humbler, picture
is emerging as biology gradually incorporates other sciences,
which merge in the search both for new knowledge and for new
technologies and medical applications. As biology becomes part
of the territory of physics, its new quantitative knowledge will be
applied as “engineering” in medicine, materials sciences, and even
computing. Toward the end of the chapter, I argue that the
new “physics of life” brings us closer to a revision of what we
understand by “matter” in general, and consequently to a techno-
logical leap in what we can do with it. More importantly, placing
biology within the realm of physics changes scientific culture.
Physics urges us to consider life as a whole emergent from the
greater whole—emanating from the same rules that govern the en-

tire cosmos.
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HIERARCHICAL UNIVERSE, HIERARCHICAL LIFE

The opening scene of the legendary short film Powers of Ten,
created by Ray and Charles Eames® in the 1960s, shows a
1square-meter (1 meter=1(° m) overhead image of a man and a
woman enjoying their picnic on a blanket, near Chicago. After ten
seconds, the viewpoint starts to move out and away from the blan-
ket, at a speed of a factor of 10 in size every ten seconds: from 1
(10’m) square meter of the picnic blanket to 10 (10') square me-
ters of Burnham Park; then it continues to move at this speed to
the whole city of Chicago (10*), followed by the Earth, the Solar
System, our galaxy ... all the way to 10** square meters, a snap-
shot of the span of the observable universe. The film takes the
viewer on a cosmic journey through magnitude to discover the
effect of adding another zero to the field of vision. The effect on
the viewer is wonder at the hierarchical structure of the physical
reality of our universe across its temporal and spatial scales, which
invites reflection on the fabric of reality. (See plate 1.)

In the second part of the film, the camera zooms back in on
the man on the picnic blanket to start descending into negative
powers of ten, starting from 10" m (= 10 cm): the back of the man’s
hand. The viewer is then taken through the skin of his hand to
focus on the most complex of all hierarchical constructions: those
in the biology of his cells, their subcellular structures, and even-
tually, his DNA. But we don't stop there. The film continues to
zoom in: to one of the carbon atoms in the DNA, to the nucleus
of that atom, and finally, to the quarks vibrating inside its protons
at 1071 m.

Navigating through the shapes underpinning life, the film high-
lights the discovery that biology is also arranged in a hierarchy of
scales, resembling—in the layered nature of its structures—the
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rest of the universe it emerged from. Biology differs radically in
one key feature, however: life’s complexity of structure, variation,
and behavior far surpasses that of any other assemblage so far
known in the universe.

The appearance of nanometer-size molecules in the water of the
young planet Earth around 4 billion years ago* generated matter
that was destined for mind-blowing complexity and activity, un-
like the simpler order emerging from inert quarks, atoms, or stars
in space. Somehow, some of those early nanoscale molecules vi-
brating in salty water (or salty ice!)—the primordial RNAs,
DNAs, and proteins—became able to use the energy they dis-
sipated into their environment to become more complex and
more ordered, to interact and self-assemble into increasingly
sophisticated shapes and structures that eventually became
capable of replication.?

With the appearance of early replicator molecules that were
able to grow and divide, there arrived the key property that sets
biological matter apart from any other matter known in the uni-
verse: evolution. Evolution is the universe’s mechanism for fine-
tuning the physics and chemistry of nanoscale molecular build-
ing blocks to create increasingly refined living structures. The
physics of the universe ensures that biological complexity natu-
rally increases in molecules that dissipate energy into their envi-
ronment, while evolution computes the form and activity of the
organisms that are able to succeed in that environment. In this
context, by “computation” I mean that life embeds in itself the ca-
pacity to “compute” organisms that are able to survive in a com-
plexly changing environment (as “living solutions” to the
physics of life), since the organisms that don’t succeed eventually
disappear (“unviable solutions to the equations of life”).

And so, evolution somehow produced the earliest unicellular
organisms: first, archaea and bacteria; later, larger protozoa, algae,
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and fungi. Unicellular organisms progressively changed the sur-
face and the atmosphere of Earth, and over time they evolved,
competed, and cooperated to give rise to multicellular organisms,
comprising tissues and organs. At the next levels of complexity,
microbes, animals, and plants became part of ecosystems and
societies. How can we make sense of this unmanageable complex-
ity in a quantitative way?

ZOOMING IN ON BIOLOGICAL COMPLEXITY:
REDUCING BIOLOGY TO ITS BUILDING BLOCKS

As the film Powers of Ten reverses and takes us down toward a
microscopic view of the universe, we observe the patterns of gal-
axies dissolving into the simpler motions of stars and planets. As
we continue zooming in on the skin of a human and into its cells,
life gets reduced to the physical and chemical interactions among
DNA, proteins, and other biomolecules. Finally, the complexity
of chemistry compresses into the mysteriously geometrical organ-
ization of the quantum mechanical atom. Zooming in to smaller
and smaller scales of the universe always produces the feeling that
perhaps if we knew the workings of the building blocks, and if we
were very good at calculating the interactions between them, we
could work out the functioning of the whole. This way of reason-
ing is known as reductionism: “The whole can be explained by the
interactions of the parts”® This is the view that has prevailed to
date in much of scientific research in general, and especially in
biology.

In biology, this is at least partly because the history of the sci-
ence has paralleled that of the instruments that made it possible.
Knowledge has had to wait for the technology to investigate each
of the successive scales of biology. As we know, the universe—
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evolution, in fact—has hidden from our eyes the very dimension
that makes us possible: the nanoscale.

Instead of nanoscopic vision, evolution gave humans the un-
relenting drive to invent instruments to seek further understanding
of our environment by looking deeper into it. And for biology,
“zooming in” started with the invention of the optical microscope
in the seventeenth century,” which allowed scientists to discover
that plants and animals were made of units (usually) tens of
microns in size, the units that Robert Hooke called “cells.”®

Zooming in further, to figure out what cells were made of, pro-
ceeded very slowly, as the next relevant scale was very small in-
deed: the nanometer (nm). Finally, in the first half of the nine-
teenth century, chemists revealed the existence of the nanoscale
building blocks of life: proteins.® By 1900, the notion that proteins
were built from smaller units called amino acids was accepted, and
all twenty protein-composing essential amino acids had been
identified. Soon after, the discovery of X-rays and the technology
necessary to produce them made it possible to create one of the
most powerful tools for structural analysis known to humankind:
X-ray diffraction.

The wavelength of X-ray light is so short that it can be diffracted
by atoms arranged in three-dimensional lattices (e.g., naturally oc-
curring crystals such as those of sodium chloride, or table salt).
From the mathematical analysis of the ordered patterns of light
diffracted by crystals, it is possible to figure out the arrangement
of atoms within those crystals. The power of X-ray diffraction to
reveal the atomic structure of matter revolutionized our under-
standing of inert materials and, in time, of biological matter as
well.

Analyzing X-ray diffraction patterns of biomolecules is par-
ticularly challenging because of their complex geometries.
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Furthermore, this technique first requires molecules to be ar-
ranged in perfect three-dimensional arrays—i.e., crystals—and
biological molecules do not lend themselves easily to forming ar-
rays. In fact, making crystals of biomolecules is one of the least
well-behaved experiments in modern science, featuring many
interconnected variables that cannot be optimized individually.
Nonetheless, in the mid-1900s scientists managed to extract the
first structures of biomolecules from their X-ray diffractome-
ters, and since then, thousands of proteins and other biomole-
cules have been crystallized and analyzed successfully with X-
rays, thanks to the construction of increasingly powerful X-ray
synchrotron facilities worldwide.

In the 1950s, the combined power of the new techniques in
chemistry, optical microscopy, and X-ray diffraction led to grow-
ing awareness of the immense complexity of life, the intricate
organization of millions and millions of molecules crammed into
the cell interior: proteins, lipids, sugars, nucleic acids (DNA and
RNA), ions, and water. These molecules’ coordinated actions and
their assembly into cellular organelles and compartments was al-
most intellectually unimaginable, and certainly beyond the pos-
sibility of any rigorous quantitative analysis at the time.

Yet, undeterred, scientists set out to identify, classify, and map
the structures and interactions of the cell’s nanoscale components,
and so the field of molecular cell biology was born. In parallel, the
work of the first geneticists had long since established the basic
patterns of genetic inheritance, and by the early 1950s their scien-
tific descendants’ findings pointed to DNA as the molecule that
carried the genes.

A groundbreaking moment was the discovery of the structure
of DNA by James Watson and Francis Crick of the University of
Cambridge in 1953, famously informed by the data from X-ray dif-
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fraction experiments and analysis performed by Rosalind Frank-
lin, her student Raymond Gosling, and Maurice Wilkins at King’s
College London. The full story of how DNA's structure was un-
raveled, and by whom, has become one of the best-known dra-
mas of gender politics in modern science; its ramifications never
seem to end.' The visualization of the “twisted ladder” structure
of the DNA molecule, with its four coding units, adenine, cyto-
sine, guanine and thymine (abbreviated A, C, G, and T), as the
“rungs” of a double helix, was the culmination of the search for
the structure that conferred physical reality on the genes.

The great discovery, however, presented a dangerous tempta-
tion. The idea that all the complexity of biology could somehow
be sidestepped emerged almost immediately after the first draw-
ing of the double helix. Perhaps the information coded in DNA
in simple A, C, G, and T units could explain it all. Surely it was
not long before Crick fell for the beauty of the idea and proclaimed
the “central dogma” (his words) of the new biology, summarized
in his statement: “DNA makes RNA and RNA makes protein.”
And proteins combine to make the rest. In this description, the
four-letter genetic alphabet used by all living organisms is ar-
ranged in threes to code for the twenty amino acids, which are
concatenated in precise order to form long strings that then fold
in specific ways to form working proteins. This picture is correct
in broad strokes,!!but it omits all the details of how a cell uses its
DNA in its survival and replication activities, and how, why, and
when it reads and translates the code. The dogma in its most sim-
plistic interpretation becomes the explanation of biology: life can
be reduced to its building blocks, and biology boiled down to a
biochemical algorithm. This simple explanation led to the idea
that there would be a unique gene for each protein, a unidirectional
flow of information from gene to life, biology as a deterministic
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process of construction based on a genetic blueprint.'> Many
drew an even simpler conclusion from the dogma: read the se-
quence of ACGT letters in the genome, and you will know all you
need to know to explain life. God “enciphered” all the secrets of
life in molecular code and cleverly placed them inside the cell
nucleus for us to find and read: nice. Maybe.

Even more appealing, the dogma offered a comfortable view of
evolution: it would proceed slowly and gradually, generating new
genetic variations (mutations) by pinpoint changes within the genes
(random substitution of one nucleic acid letter for another, yielding
a different amino acid sequence in the translated protein). The re-
sultant organism would then be selected or rejected by “the survival
of the fittest” As Richard Dawkins memorably put it, an organism
would be a “survival machine” whose role is to compete, persist,
and have sex to transmit “selfish genes” in a hostile environment.

And last but not least, the dogma suggests a very direct and at-
tractive route to medical intervention: find the genes responsible
for every disease, then modity and control your rogue genes, and
you will be able to fix anything within yourself, diseased . . . or not.
I am sure the reader recognizes these ideas, because they are still
prevalent in the mainstream media, and they fit nicely with cer-
tain political and economic agendas that have struggled to pre-
dominate for decades, even centuries. But, as we will see, biology
is far more wonderful and meaningfully complicated.

ZOOMING OUT: THE EMERGENCE OF BIOLOGICAL
BEHAVIOR OUT OF COMPLEXITY

A large proportion of the science done since its beginnings in the
late seventeenth century has concentrated on breaking complex
systems into smaller, simpler pieces. This process is reinforced
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by the complementary development of technology specifically
aimed at dissecting and examining matter and natural phenom-
ena at smaller and smaller scales. For many people, this is what
science is about: popular representations of scientists often
feature a figure in a white coat looking through the lenses of a
microscope.

Yet finding out what things are made of is only one aspect of
our relation with nature. Humans have always struggled to re-
concile the seemingly contradictory properties of our cosmic
environment: on the one hand, we manage to find simpler
organizational rules in the apparent chaos in which we live; on
the other, we are often overwhelmed by complexity. This duality
is woven within our soul, mind, and society. Tension between
complexity and simplicity lies at the heart of human creativity,
in the arts and in our innate urge to create technology (includ-
ing computing machines) that we use to reshape and explore
the world. Human technological power resides precisely in the
ability to create simplified models of reality that are translatable
into “tools.” I would argue that precisely this ability to alter na-
ture through technology produces a delusional sense of superi-
ority that tempts us to explain the world and ourselves in purely
reductionist terms. Over the centuries technological progress
has often led us to confuse the world with our attempts to dom-
inate it.

Our technological competence entices us to abandon the es-
sential tension between complexity and simplicity that underpins
the workings of the cosmos, and invites us to embrace a more
comfortable, yet artificial scenario of simpler rules and shapes.

Many of the interpretations and hypotheses that have been put
forward following the “central dogma” of biology follow this way
of thinking: “Life is assembled from nanoscale building blocks
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(proteins) following the instructions of DNA” Reductionism is
soothing in the face of overwhelming complexity.

But how do we find the right balance? I will present an exam-
ple from outside the sciences. The Bauhaus movement that so
dominates the aesthetics of architecture and design in the mod-
ern world (think of Ikea or the iPhone) was born in part to miti-
gate the economic and social complexity of the interwar period
in Germany. Looking for simple, practical shapes and materials
that would at the same time make our lives smoother and more
comfortable, the Bauhaus pioneers strove for a meaningful coex-
istence of simplicity and complexity, craft and technology, science
and nature. Interweaving arts, design, and architecture, they en-
deavored to build a path toward survival of the period’s night-
marish mix of technological power, destruction, and the chaos
of poverty and war.

The Bauhaus did not last very long (although its practitioners
continued to spread its influence all over the world, and it is still
ubiquitous a hundred years later). The school was closed under
pressure from the Nazi regime, which very effectively sought to
impose “different strategies” to deal with social and economic
complexity. History teaches us again and again that abandoning
the complex nature of reality for the temporary comforts of an
artificial simplicity can lead at best to stagnation, and at worst to
self-destruction. Despite our wishes, nature will never allow us to
impose dogmas on her for very long (as the global warming cri-
sis reminds us today).

Simplicity seems to be the necessary scaffold that allows us to
fully embrace the fascinating reality we perceive. In the biologi-
cal sciences, genetics is key, but alone it will never satisfy our thirst
for knowledge or our technological and medical ambitions. In
reality and in practice, one cannot explain processes such as bac-
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terial infections, electrical waves in the brain, the movements of
a shoal of fish, or the human artistic spirit just from relations be-
tween genes and proteins.

Yet we must not dismiss our innate capacity to uncover the sim-
pler constituents of reality and to find simple rules. Rather, we
must strive to place those constituents in a complete picture of the
universe that includes, as well, the complexity of their interactions
and manifestations.

By prioritizing reductionism, we have achieved wonders, such
as the discoveries of DNA, the nanoscale machinery of life, and
the Higgs boson. It is now (again) time to pay more attention to
our capacity to feel, intuit, measure, and understand complexity.
This, ultimately, is the reason that sciences and technologies are
converging in the study of biology in the twenty-first century. If
we don’t embrace our own biological complexity, technology and
medicine will stagnate. The lessons we are learning in doing this,
and that I try to summarize in this book, are very deep: nature
and history are inviting us to communicate and interact with the
world in a deeper way, and hence to enlarge the human capacity
to connect fruitfully with the universe.

Reductionism has taught us that creating the instruments to
isolate individual constituents of matter is so difficult (imagine the
extreme case of the Large Hadron Collider at CERN) in part
because in our universe matter is intimately coupled with its en-
vironment. Thus it is not surprising that reductionist interpreta-
tions alone fail to give a satisfactory explanation of reality. The uni-
verse’s use of matter, energy, and forces creates structured matter
such that the whole behaves differently from the sum of the smaller
parts, entangling and merging the properties of constituents and
environment—or, as science drily puts it, the behavior of a com-
plex system “emerges.”
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Let’s return to the film Powers of Ten (whose authors were
deeply influenced by the Bauhaus), this time to take the zooming
out view of the universe. Here the phenomenon of emergence be-
comes apparent as patterns emerge from the complex interac-
tions of individual building blocks. For instance, the interactions
of billions of stars and planets give rise to galactic swirls which,
in turn, gather into clusters and voids. Zooming out, we are forced
to acknowledge the cosmic yin/yang duality of complexity and
simplicity, the familiar order appearing out of what looked, closer
up, like chaos: strong structural fluctuations, unpredictable move-
ments (“dynamics”), and multiple scales of space and time fre-
quently resolve into emergent structure and behavior. Biology is
the most fascinating demonstration of the capacity of the uni-
verse to create emergent behaviors: shapes that grow complex
enough evolve the faculty of “being alive” by coupling their struc-
ture to the ability to feel, react to, modify, and even understand
the world where they come to life. The fate of a cell is ultimately
determined by its intimate entanglement with the environment
across the spatial and temporal scales; life interweaves structure,
sensing, intelligence, adaptation, and evolution. “Emergence” out
of “complexity” has now become a field of study, focused on sys-
tems of a nature such that analyzing individual components in
isolation cannot explain the behavior of the whole—rendering
traditional reductionist approaches to science irrelevant.

Science managed to postpone dealing with the issues of “com-
plexity” until they could not be avoided any longer. Physics spent
the early decades of the twentieth century in the reductionist quest
to understand individual atoms. The instinct to break matter into
its smaller parts gave us arguably one of the most beautiful and
mysterious explanations of the workings of the universe at atomic
scale: quantum mechanics. But from the depths of quantum the-
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ory, physicists once again reached beyond extreme reductionism,
reviving the dormant human capacity to intuit enfoldment, hier-
archies, and wholes. By interacting with nature though experi-
mentation, quantum physicists began to create physical theory
and mathematical models of reality that capture the emergence
of simpler behaviors from complexity at smaller scales.

Physics delayed a serious consideration of what are called “col-
lective effects” for nearly three hundred years, but finally, in the
second half of the twentieth century, confronted them and man-
aged to explain emergent phenomena observed in solid-state ma-
terials. The magnetism of ordinary magnets emerges from the
spontaneous collective alignment of the magnetic moment of elec-
trons spinning within their atoms. Similarly, superconductivity
and superfluidity emerge from the cooperative flow of electrons
and atoms, respectively, at temperatures close to absolute zero
(—=273°C). In these cases, it is both impossible and pointless to look
at the position of each of the electrons in the system to understand
the phenomenon. Instead, physics theory based on general phys-
ical principles, combined with quantitative experiments to test the
theory, has ultimately been able to convey the link between indi-
vidual electron behavior and the overall collective phenomenon
(such as magnetism) without looking at the spin of any particu-
lar electron.

Biological complexity is such that its behaviors and manifesta-
tions, in most cases, cannot be pinned down to a single definable
cause. There are so many active components in organisms, and so
many feedback loops between them, that looking for causes in the
interactions of the building blocks rarely makes scientific sense.
As the reader can see, emergence also has major implications for
medicine and clinical interventions: To treat a disease, does it al-
ways make sense to look for a single molecular target—the goal
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of most pharmacology and biochemistry research? And even if
that single molecular target were to exist, what is the best way to
reach it?

The conclusive proof that biology cannot be explained in a
gene-reductionist way came from the very project that had been
expected to prove the opposite. In the Human Genome Project,
scientists from seven countries collaborated over more than a de-
cade to identify the sequence of bases along all two meters of
human DNA. The outcome anticipated for the project was that
one gene would be identified for each of the proteins of Homo
sapiens—the central dogma’s laziest interpretation. The number
of genes was estimated to be well over 100,000; the precise pre-
diction that was widely advertised was 142,634.

Deliberately, the preliminary results were reported on Charles
Darwin’s birthday, February 12, 2001. They came as a shock:
humans had a mere 21,000 genes—hardly more than the humble
roundworm C. elegans, which consists of only 959 cells and pos-
sesses just over 19,000 genes. Of the two meters of DNA that com-
prise our genome, only 8 percent to 15 percent is occupied by
“genes,” sequences that code for proteins.

Human complexity could not be generated, after all, by the cen-
tral dogma’s most reductionist approach. The Human Genome
Project demonstrated that in order to create more than 100,000
proteins from the information encoded in 20,000 genes, the DNA
code must somehow be manipulated and multipurposed; the cell
must be choosing, cutting, and pasting pieces of genes in response
to its interactions with the environment. We now know how this
happens. A single gene is composed of coding (exon) and non-
coding (intron) segments; the instructions to assemble a protein
consist of the exons spliced together after removing the introns
(a process which takes place during transcription from DNA into
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RNA). If some exons are omitted or arranged in a different order,
then several proteins can be created from the same gene. Crucially,
the way in which this is done must be linked to many nongenetic
(epigenetic) factors, which include molecular labels inserted on
the genomic DNA, but also the arrangement of information within
the genome and the structure and physics of DNA inside the
nucleus.

The results of the Human Genome Project force us to aban-
don oversimplifying models of life based on a linear code of DNA,
and invite us to come up with more-encompassing scenarios by
considering the possibility that very complexly arranged biologi-
cal matter has the capacity to compute solutions for survival.
Let’s try to imagine how the cell would use the information en-
coded in DNA to react to signals coming from the environment.
The two meters of DNA confined in the tiny (5-micron) cell
nucleus should be able to work as a kind of “living computer”
that responds to chemical and physical information incoming
from the rest of the cell by tuning cell performance to current
conditions or challenges. This could be done using information
in stretches of DNA that are strategically and dynamically placed
to react to the incoming signals. The solutions would consist
partly in expressing proteins that facilitate certain cellular “be-
haviors,” such as differentiation or migration, to promote cell
survival.

To sum up, evolution creates biological matter that is able to
encode, in the hierarchical complexity of its structure, the capac-
ity to read and recognize the environment, and to react to it by
computing optimum survival strategies. Biological structures act,
then, as the algorithm itself, able to learn, adapt, and evolve in real
time. In this way, in life, order and macroscopic behavior emerge
from the use of the sophisticated computing power created by the
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physics of the universe. This involves the transfer of information
and energy, and the creation and rearrangement of ordered yet
complexly interconnected structures (powered by what physicists
call non-equilibrium thermodynamics, as first realized by Erwin
Schrodinger in his influential 1944 book, What Is Life?). This pic-
ture is much more plausible and appealing than a rigid string of
“selfish” DNA code, and points toward the physical origins of in-
telligence itself. It also hints at how life reconciles complexity and
simplicity by coupling perception and computation in the dy-
namic arrangements of its molecular structure.

After the Human Genome Project, the emergent biology of the
cell came into the spotlight, and we were forced to move on from
biomolecular reductionism. The cell can also sense cues that are
not molecular, such as mechanical and electrical signals and vi-
brations, or changes in the temperature or chemistry of the envi-
ronment, and can use DNA to react to those cues in ways that may
be genetic or nongenetic. For example, a sharp tug at the cell sur-
face could be transmitted all the way to the cell nucleus, de-
forming it, and this could in principle trigger a mechanical rear-
rangement of the DNA inside the nucleus that might result in
the increased expression or repression of specific proteins. The
shape of the nucleus, its mechanics, its connections to the rest of
the cell, and the arrangement of DNA inside the nucleus all now
became part of the living computing power of the cell. Going for-
ward, new ways of interacting with the genome from outside the
cell would have to be incorporated into biological research and
the development of effective medical treatments.

The acceptance that life emerges from extremely complex col-
lective effects has deep implications for the way we study and un-
derstand life. The first is that we can happily and confidently
abandon the harmful idea that every aspect of our character and
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Attached earlobe Dangling earlobe

Figure 1.1. Do you have dangling or attached earlobes? Although this was once pro-
moted as textbook example of a trait controlled by a single gene, recent research
has demonstrated that, in fact, hundreds of genes actually influence this inconsequen-
tial characteristic.

physical complexion can be ascribed to a particular gene. Our des-
tiny is not written in our genes, as most of us already knew.

This wider view also has profound repercussions for medicine,
and it means that the biotechnology industry’s rush to patent
genes, hoping to secure commercial rights to them, was fortu-
nately unfounded. Fixing aberrant genes will not cure every
single human illness. Although some illnesses can be attributed
to the expression or silencing of a particular faulty gene, this as-
sumption cannot be made about diseases or traits in general. For
example, the peculiar penchant of human earlobes to either at-
tach or dangle at the base was once propounded as textbook
example of a trait that is controlled by a single gene. However,
recent research has provided detailed evidence that hundreds of
genes actually influence this apparently inconsequential human
characteristic."”
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It’s not just earlobes. It appears that in the determination of
human height, and in the risk and development of schizophrenia,
rheumatoid arthritis, and Crohn’s disease, all genes in the genome
might contribute to the actual condition. A new “omnigenic”
model has in fact been proposed, postulating that complex traits
and diseases may be modulated by all the genes that are active.'*

This prompts the question: Is just looking for the genes involved
in a biological process or form the most sensible way to explain
it? Evidence seems to point to larger organizational and functional
principles that direct and combine the expression of genes, since
“everything in a cell is connected”*®

Recent research has also shown that the cells in our bodies are
not genetically homogeneous. Our bodies seem to be a kind of ge-
netic pastiche. Contrary to the widespread belief that each of our
cells contains a replica of the DNA that started our life as the fer-
tilized egg implanted in our mother’s womb, mutations, copying
errors, and editing errors start soon after the first divisions of the
embryonic cells. By the time we reach adulthood, the DNA of our
cells is sprinkled with mistakes: missing, rearranged, and repeated
information, and even the loss of whole chromosomes. Most re-
search has assumed that anomalous DNA leads to disease, but this
picture is slowly changing: genetic diversity seems to be useful,
as, for example, in the liver’s ability to regenerate itself when dam-
aged by diseases such as cancer, hepatitis, or infection. The gene-
tic diversity of liver cells probably confers on them different abil-
ities to survive and regenerate tissue after damage, while identical
cells could potentially be wiped out by a particularly effective in-
fection. Genetic diversity might be the key to creating a cell pop-
ulation that is more resilient. A certain degree of genetic variabil-
ity has also been found in the brain, and although the results are
still preliminary and controversial, some scientists speculate that
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this genetic variability might be somehow related to human indi-
viduality and adaptability, our capacity to adjust to the different
circumstances of our lives. The brain’s genetic diversity “is com-
pelling because it reflects a truth about human nature, that our
vulnerabilities and our resilience are all bound up together, two
sides of one coin”*¢

In 2018, scientists attempted to disentangle the interactions of
genes that are necessary to keep yeast alive. Yeast is a unicellular
organism that is present in our daily lives in bread or beer mak-
ing, but also in the lab, as model system of eukaryotic biology.
They performed hundreds of thousands of experiments in which
they deleted three genes of the yeast genome at a time. Their re-
sults showed that almost all genes effects are in fact interconnected
and that deleting one single gene almost always has consequences
for the health or survival of yeast cells. There seem to be no “es-
sential” genes for yeast survival, as it needs almost all of them to
be alive. This study also has broad implications for gene editing
in human genetic interventions in the future.

In the twenty-first century, science has no other intellectually
viable route than to embrace life as “a symphonic interplay be-
tween genes, cells, organs, body, and environment”'® In the next
sections, I will show how the deployment of nanotechnology and
the participation of physical and mathematical scientists in bio-
logical research are contributing to advances in this direction.

USING THE TOOLS OF NANOTECHNOLOGY TO
INVESTIGATE BIOLOGY

Arguably, one of the reasons why reductionist hypotheses were so
comfortable for much of the biological research community was
the fact that one of their main tools, X-ray diffraction, requires
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that molecules (DNA fragments, proteins) be arranged in a crys-
talline array, able to diffract X-ray radiation in a pattern strong
and clear enough to allow mathematical analysis. Trying to
crystallize biomolecules is an unimaginably difficult task that can
take decades to carry out for a particular molecule—and it turns
them into blocks of an artificial material that is studied in dry, un-
biological diffractometers. For the powerful and well-funded sci-
entists in the field of protein crystallography, proteins and other
biomolecules became inert crystals removed from life. Thus it is
unsurprising that reductionism became the status quo.

The science of nanotechnology was born with the arrival of
tools able to visualize and interact with matter at the nanometer
scale in a direct way, without the need for crystallization or X-rays.
This happened in the 1980s, when the tool that marked the “be-
fore and after” moment finally materialized: the scanning tunnel-
ing microscope, or STM. The extremely ingenious inventors of
the STM created a microscope that sidestepped the limitations
of conventional light-based microscopy by interacting with
nanostructures, and even individual atoms, using a very sharp—
atom-thin!—tip. By scanning the tip over the sample in a very
controlled way and mapping the local interactions of the tip with
the exterior of the sample, an image could be created that delin-
eated the surface with atomic precision. With the STM, individual
atoms (and, later, their electronic interior) at last became
“visible,” or more accurately, perceivable.

But beyond imaging with unprecedented accuracy using a
relatively simple, cheap tool, the STM had drastically new capac-
ities: it was able to pick up and arrange atoms one by one (see
fig. 1.2). Importantly for the story I am telling here, the STM could
also map collective phenomena arising from the complex inter-
actions of atoms (such as the standing wave of electrons emerg-
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Figure 1.2. STM image of iron atoms (the little spheres) on a copper surface (the
smooth bumps are copper atoms arranged in a crystal). The STM tip is used to ar-
range the iron atoms in a circle, one by one. This is the proof of principle that humans
can construct objects with atomic precision. When the atomic circle is completed,
the concentric ripple of a standing wave arising from the collective movements of elec-
trons in copper shows one of the most beautiful visualizations of collective effects in
the quantum world of atomic matter: electronic waves confined in a “quantum cor-
ral.” Source: These images were taken by Don Eigler at the IBM Almaden Research
Center in San Jose, California, in 1991 (Image originally created by IBM Corporation)

ing inside the “quantum corral” visible in the fourth panel of
tig. 1.2).

This image is not only a first, a proof of principle of human abil-
ity to manipulate the ultimate constituents of matter; perhaps more
importantly, it merges the reductionism of single-atom build-
ing with the visualization of a complex phenomenon emerging
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from the collective motions of electrons. With the STM, a funda-
mentally different level of human interaction with matter had
started.

The STM cannot be easily deployed in biological environments
because it requires a voltage to be applied between the tip and the
sample immersed in liquid, which is not practical in most cases,
as the voltage in the tip can produce chemical reactions that are
difficult to avoid or control. A close relative of the STM, however—
the atomic force microscope, or AFM—can easily be adapted to
produce images of single proteins or single DNA molecules, whole
cells, or cell components. Crucially, the sharp tip of the AFM can
be immersed in biological fluids, and is able to map biological sur-
faces by controlling the force between the tip and the sample
with an accuracy in the range of tens of piconewtons. (A picone-
wton is 1072 newtons; a newton represents more or less the force
of the weight of an apple held in one hand at sea level on Earth. A
piconewton represents very little force indeed—more or less as
much force as biomolecules in solution “feel” when warm water
molecules collide with them.)

The AFM is able to create maps of the surface of biomolecules
with sub-nanometer accuracy, and, crucially, it can be used to se-
lectively manipulate the sample. In plate 2, I show a DNA image
taken with an AFM in my lab, showing the details of the double
helix. The AFM user is able not only to visualize single molecules
and their structural details, but also to use the device to push and
pull those molecules, to inject electrons into them, or to put them
in contact with other molecules (for the purpose of measuring the
key quantities that can be used to create mathematical models of
their function).

Nanotechnology tools like the AFM and STM link the macro-
scopic world with the nanoscopic world in a direct way. Nanoto-
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ols create, in fact, a new sense for the humans that operate them,
since we can use them to feel the chemistry and physics of the mi-
croscopic world of biological cells and biomolecules with nano-
scopic sensing capability, a bit like a protein does.

With the new tools of nanotech, biology moved closer to the
realm of physics, because fundamental quantitative questions
about biology could now be addressed: Why is the nanoscale spe-
cial for the emergence of life’s molecules? How do proteins use
water and ions and temperature to function? How do their col-
lective actions emerge into cellular behaviors?

A beautiful example of how the AFM can be used to under-
stand life at the molecular level is how the workings of the ubig-
uitous myosin protein are being investigated.

OBSERVING THE FUNCTION OF BIOMOLECULES:
A PROTEIN PERFORMING NANO-WALKS

Myosins are proteins that are present in different forms and vari-
ations in all the cells of our body. They are the nanoscale machin-
ery underlying the contraction of our muscles; in hearing, they
are responsible for key processes in the inner ear. Myosins are also
in charge of moving cargo around cells, and are instrumental in
activating some of the cell’s skeleton (cytoskeleton) filaments made
of the protein actin—thus contributing to cellular contractions in
vital processes such as cell division and cell crawling. If a biologi-
cal process requires cellular contraction, it is likely that myosins
are involved. Virtually all cells of eukaryotes (including both ani-
mals and plants) contain myosins.

Myosins have a surprising way of carrying out their work: they
can “walk” on molecular actin tracks. Myosins are usually elon-
gated molecules with two “heads,” a “neck,” and a “tail” A part of
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the head acts like “feet” that bind to the actin track and step along.
The force generated by the head domain is transduced by the neck,
which works as a lever arm, and the tail is attached to the cargo
(in myosins that carry loads as they walk). How does this protein
achieve this remarkable activity? First of all, myosins need energy,
and secondly, they need a clever way to utilize it to move forward.

Proteins such as myosin have two fundamental ways of getting
energy. The first is the thermal energy of the cell. What we feel
and measure as “temperature” means “movement” at the molec-
ular scale. When the temperature is above absolute zero (—279°C),
molecules and atoms move; the higher the temperature, the faster
the molecules are moving. Our bodies take temperature very se-
riously because our biomolecular building blocks are optimized
to work at a constant temperature, around 37 degrees Celsius. At
this temperature, water molecules (which are rather small—they
comprise just three atoms) can move very fast (around 600 me-
ters per second!). In water, a protein like myosin is constantly
being bombarded by water molecules, and although it is orders
of magnitude bigger, it can still register the collisions. In fact, pro-
teins are subject to a continual shaking movement that is pro-
duced by the collisions of water molecules (also known as Brown-
ian or thermal motion). The mechanical design of the myosin
molecule is such that it can use the energy and direct the turbu-
lence of the shaking movements to drive a processive “hand-over-
hand” movement—detaching its trailing head and moving it for-
ward to reattach to the track. (This is a bit akin to the structural
design of turbines that makes them able to rotate when wind or
water passes through them.)"

Although thermal energy seems to be enough for getting the
molecule to step forward, myosin uses another trick: the heads can
bind ATP (adenosine triphosphate, the biological molecule that
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acts as the currency of energy) to accelerate the movement, thus
harnessing chemistry in the operation as well. When ATP binds
to a special binding site in the head, it releases a phosphate mol-
ecule and around 107" Joules of energy. The molecule uses this
energy to detach the trailing head from the track; once it is
detached, the forward swing of the new leading head and the
resulting forward step occur spontaneously.

Studies of myosin molecules started in the 1960s, but only with
the advent of nanotechnology techniques that could directly ad-
dress single molecules did it become possible to probe the mech-
anisms of action of individual myosin molecules. In the 1990s,
optical tweezers, which can trap the two ends of an actin track
between two microscopic beads controlled by lasers, were used to
study the forces that single myosin molecules exert as they step
along. Years and hundreds of researchers’ efforts have produced
the picture that I just sketchily explained.

The arrival of high-speed AFM has greatly facilitated the de-
tailed study of this “linear molecular motor;” for with it the step-
ping motion can be observed directly, in warm salty water. In 2010
the first movies of myosin molecules walking on actin tracks were
published.? I reproduce in plate 3 the amazing details of their
walking movements. It is astonishing that these tiny molecules can
produce such activity. I invite the reader to admire the high-speed
AFM videos available online, and to reflect on the fascinating
nanoscale molecular action that underpins so many of our inter-
actions with the external world, including our own walking.

These experiments reveal that molecular biology is much more
than chemistry. The key to biomolecular function (and to the
emergence of life) is that, at the nanoscale, the interactions of
structure—mechanical and electrostatic design—with tempera-
ture, water, ions, and chemical reactions can produce deterministic
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movements. At the nanoscale, physics and chemistry meet and
couple to maximize living processes’ efficiency; mechanics and
movement are the fundamentals of biological activity.

The movies of myosin beautifully exemplity the capacity of the
tools of nanotech to cross the temporal and spatial scales and to
generate quantitative data, essential for developing models that
can explain and even predict the behavior of biomolecules. The
detailed biophysical studies performed in the last thirty years have
been incorporated into increasingly sophisticated mathematical
models and simulations of myosin, comprising information about
its mechanical design and electrostatics.

Similar models and experiments are being done for other
crucial molecular motors, such as ATP synthase, a protein en-
zyme that can function as a rotary motor, using mechanical rota-
tion to catalyze the chemical reaction that produces the “energy
currency’ ATP. I have contributed to this field by studying the
mechanics and movements of the archetypal membrane protein
bacteriorhodopsin.

CELLULAR BEHAVIOR ON MULTIPLE SCALES

The new tools coming from physics labs are allowing scientists not
only to interrogate single biomolecules, but also to investigate how
the concerted actions of molecules give rise to emergent cellular
properties, enabling cells to inspect, adapt to, and modify their en-
vironment at other scales.

Advances in optical microscopy (the so-called super-resolution
microscopies) are making it possible to identify individual mol-
ecules and their movements inside living cells. High-speed opti-
cal microsocopies (especially advanced light-sheet microscopes)
are showing us the mind-blowing details of the collective move-
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ments of cells and their structures, during embryonic develop-
ment, for example, and even inside living organisms. Beyond
showing details and dynamical changes, some of these microso-
copies (such as raman or infrared microscopy) and AFM are also
capable of chemical identification and mapping of the mechani-
cal or electrical properties of cells and tissues.

Apart from looking at biology with powerful microscopes, a
new way of interrogating cells has evolved into a distinct field in
recent years. To investigate the complex ways cells interact with
their environment at different scales, biophysical scientists have
learned from nanotechnologists how to fabricate structures with
physical and chemical features displayed in micro- and nanopat-
terns. By varying the composition and structure of the patterns
and observing how cells attach to and interact with them, these
researchers are elucidating the mechanisms that cells use to sense,
modify, and adapt to their environment. This is analogous to
fabricating “soft toys” with cleverly patterned nanofeatures and
giving them to cells to “play with,” then observing that play for
insight into cellular functions—a kind of “quantitative cell
psychology”

The origins of these ideas can be traced back to the 1990s, when
scientists started to investigate how cells reacted to microstruc-
tured materials.?! Most cells adhere and adapt to the patterns and
shapes, changing their movement and behavior according to the
topography they encounter. I show an example in plate 4, again
from one of my own experiments. Presenting patterns to cells has
allowed scientists to better understand cellular behaviors such as
adhesion and locomotion, and has pushed research toward ques-
tions about the role of mechanical forces in cell function.*

The role of mechanoforces in biology had already been ex-
plored by the powerful intuition of the Scottish scientist D’Arcy
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Wentworth Thompson one hundred years ago; however, the pre-
dominance of reductionist molecular cell biology in the twentieth
century pushed mechanics out of most biological research. At the
turn of the twenty-first century, the ideas that Thompson out-
lined in his classic book On Growth and Form (1917) were start-
ing to be revisited. Modern research is confirming what D’Arcy’s
intuitions anticipated: forces, scales, and mechanics are necessary
to explain biology and its behaviors. A new generation of scien-
tists and engineers, armed with powerful new nano- and micro-
instruments, is now ready to bring physics to biological problems
in which forces and mechanics (together with chemical and elec-
trical signals) play a key role, such as developmental biology, stem-
cell differentiation, and, crucially, the new field of tissue engi-
neering, to be explored further in chapter 5.

Using this approach, research has demonstrated that tissue-
forming cells not only feel the chemistry of their surroundings,
they mechanically sense their environment, too. Presented with
an external material, the first thing cells do is attach their na-
noscale “hands” (cell-surface and transmembrane proteins such
as integrins) to it. To investigate how they do it, experimenters ex-
pose cells to molecular sticky patterns—sticky molecules dis-
played at varying distances and geometries on substrates of dif-
ferent stiffnesses. Integrins particularly like to stick to molecules
that present a sequence of amino acids specific to certain proteins,
such as collagen and hyaluronic acid, that characterize the extra-
cellular matrix in which cells of most living tissues are embedded.
The cells’ attachment and ultimate behavior depend critically on
the substrate’s rigidity. If it is too hard, cells detach?® (which can
explain, for instance, the failure of hip implants). But if they stay
attached, they tug on it and activate genes in the cell nucleus to
adapt to it. This is a crucial finding, because it demonstrates that
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mechanical forces can trigger the reading and transcription of the
genome and its translation into proteins. Cells can adapt their
composition and structure to their mechanical environment.
This exemplifies how cells use structures at different scales to
sense and respond to the environment. They attach at the na-
noscale through proteins, enabling pulling and cytoskeletal de-
formation at the nano- and microscales, which is then fed back
as information into the nanoscale of DNA. This facilitates a fast
connection between the exterior of the cell and the nanoscale ma-
chinery inside it that is able to respond to external changes. This
mechanotransduction pathway for cellular behavior is a radically
different scenario from the traditionally reductionist biochemi-
cal vision of molecular cell biology and genetics. The new view
recognizes the cell as a very clever structure that can sense its
environment in real time via millions of nanoscale signals, trans-
late those into its nucleus, and adapt to the environment by acti-
vating genes. It is a given that the mechanical properties of the
environment are fundamental to the process, because much of
the communication within the cell is mechanical, and much of the

environment exerts mechanical forces on the cell.

HOW DO WHOLE CELLS RESPOND TO FORCES
AND THE MECHANICAL ENVIRONMENT?

In 2006, a game-changing experiment was reported:** a number
of mesenchymal stem cells (a type of stem cell produced mainly
in bone marrow that can differentiate or specialize into bone, car-
tilage, muscle, or fat cells in our bodies) were divided between
three culture plates coated with flat polymer matrices of varying
degrees of softness. The first substrate was very soft, around 1kilo-
Pascal, mimicking the mechanical properties of brain tissue.?
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The second had the softness of muscle (about 10 kiloPascals), and
the third had a stiffness closer to that of bone, around 30 kilo-
Pascals. After several days on their respective matrices, the cells
started to behave differently in each of the three culture plates:
more like neurons on the softest substrate, resembling muscle cells
on the intermediate one, and more akin to bone cells on the stiff-
est one. It appears that by attaching to the substrate and pulling
against it, the cells feel its mechanical properties, and then they
react and differentiate, producing proteins that help the cell trans-
mute into a cell that would be appropriate to the sensed environ-
ment. The cells try to match the stiffness of the material they grow
on, and in doing so, they turn into particular internally pro-
grammed types. In other words, a differentiated cell can be dis-
tinguished by its special mechanical character, not only by its mo-
lecular biomarkers or gene expression patterns. This experiment
has profound scientific, medical and philosophical consequences:
it demonstrates that cells have “mechanical identities,” and that
human-made materials can be used to steer their behavior into
those identities.

In 2010, this experiment was recapitulated in a more lifelike en-
vironment. Cells were embedded in a three-dimensional network
of biopolymers constructed to mimic the nanoscale mechanical
and chemical properties of the extracellular matrix of real tissues.
The results showed again that stem cells differentiated according
to the mechanical properties of the material. Furthermore, the
matrix stiffness also regulated the organization of integrin (the
protein acting as the cell’s “sticky hands”) at the cell surface. To
assess the environment, cells need to adhere and pull against
it with nanometer “hands” to feel its stiffness and its three-
dimensional topography. Then the cell responds by adapting to
achieve the most “comfortable” equilibrium state. As it adapts,
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the cell also remodels the environment to make it more favorable
for living and reproducing.

Cells require the right topography, and particularly the right
mechanical environment, to behave healthily.* In chapter 5 I will
explore how these ideas are being used in regenerative medicine
to create or repair tissues and organs.

TRANSLATING MECHANICS INTO BIOLOGY

How do cells translate mechanics into the production of proteins
and cell differentiation? In other words, what actually happens in
cellular mechanotransduction??” We still don’t know. Molecular
cell biologists are looking, as they do, for individual molecular
messengers—proteins that trigger complex cascades of molecu-
lar activity that eventually cause the expression of genes. But phys-
icists and engineers are looking for other possibilities. One of the
pioneers is Donald Ingber, an American bioengineer and the
founding director of the visionary Wyss Institute for Biologically
Inspired Engineering at Harvard University. He has put forward
the possibility that when a cell sticks to and pulls from the sub-
strate to gauge it mechanically, its nucleus gets deformed as a re-
sult. The cell has a markedly mechanical architecture: it is criss-
crossed with fibrillar proteins acting as interconnected nanocables,
mainly actin filaments, microtubules, and intermediate filaments.
These form the cytoskeleton, which Ingber first identified as a natu-
ral tensegrity structure®® (see fig. 1.3—one that maintains its
shape and stability through tensional force.

Suggestively, this intricate mesh of nanocables is connected
both to the external nano “hands” of the cell (the integrins and
other proteins that attach to external materials) and to the cell nu-
cleus that contains the two meters of genomic DNA. It is likely
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The cell as a tensegrity

FORCE

Cell nucleus

Figure 1.3. It has been proposed that the cell behaves like a tensegrity structure, in
that when it is deformed by external forces its whole structure responds, creating
forces that are transmitted to the cell nucleus, and thereby affecting the way the cell
reads and translates the genome.

that an external mechanical pull can be transmitted through the
mechanical structure and result in a deformation of the nuclear
DNA. The extremely tight yet highly structured and hierarchical
packing of DNA inside the nucleus would ensure that the force
can be selectively transmitted to facilitate or hinder the expres-
sion of specific genes (fig. 1.4 and plate 5).

To achieve this the cell must have very clever pathways of
force transmission. These likely include the number and distri-
bution of external cellular “hands” and a precise sensitivity to
the actual value of the force that is transmitted. The cytoskele-
ton’s organization and the cell-surface positioning of integrin
and other adhesive proteins must ensure that an optimal inten-
sity and refinement of mechanical signals reaches the nucleus so
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DNA double helix

Histones

Epigenetic
labels

Chromosome

Figure 1.4. Cartoon of the hierarchical assembly of DNA inside the X chromosome.
DNA is wrapped around histone proteins that are nicely folded into chromatin fibers,
which in turn are then packed in specific positions along the chromosomes. Some
histones, and DNA itself, may have epigenetic labels attached: active molecules that
mark, for example, whether a gene should be activated or not, or that modify chro-
matin’s local structure to “open” or “close” access to particular genes.

the cell can “understand” the demands of its environment. It is
conceivable that mechanotransduction can even activate combi-
nations of genes: some pulls and forces might expose areas of
DNA whose mechanical and electrostatic properties make them
susceptible to be read and translated at those particular force
ranges. (See plate 2 for an AFM image showing that the defor-
mation of DNA under tension can unravel the double helix.?®)
The persuasiveness of some of these ideas is increasing with each
piece of new research, but so far they remain mostly unproven,
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and ingenious experimentalists are finding ways to investigate
them.

Mechanotransduction also proposes a more physical formula-
tion of adaptation and evolution than does the “central dogma”
alone. The way the genome, packed inside the nucleus, moves and
deforms in response to external forces becomes an important way
that the information coded in the genes can be read and combined
by the cell, using both chemical and physical mechanisms.

These discoveries are putting cell mechanics at the forefront of
biology. Techniques are being developed to measure the mechan-
ical properties of cells, and to probe their remarkable abilities: to
produce mechanical signals or even mechanical waves, to trans-
mit or dampen mechanical cues, and to respond to them. Cell bi-
ology is progressively becoming the most sophisticated branch
of mechanical engineering and materials science. Of course, this
is a radically complex materials science, in part because, in biol-
ogy, mechanics is always coupled somehow with biochemistry and
electricity, and in part because of the multiple, interlocking feed-
back loops that biological systems keep going in order to keep liv-
ing. For a living structure, the interconversion of energy is fun-
damental: ultimately, we must produce movement to interact with
our environment, and we must fuel that movement with energy
extracted from the food we eat. This requires that the energy ob-
tained from a chemical reaction can be translated into movement
at the nano-, micro-, and macroscales. Conversely, mechanical
movement—a change in shape, a deformation—can facilitate a
chemical reaction or direct a chain of chemical reactions: enzymes
such as ATP synthase, for example, use rotation to continuously
catalyze chemical reactions. A change in electrical properties or
voltage in a biological structure can modulate the chemistry or the
transmission of mechanical forces. Biology does not distinguish
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between the domains of science; it uses them all. In other words,
mechanics alone will not describe life, but neither will biochem-
istry or genetics alone.

As the reader can imagine, the mechanical properties of living
cells and tissues are not easy to measure, especially at the scale of
proteins and subcellular structures. Mechanical properties can be
discerned in several ways, but the most direct and accurate is to
deform the sample that we want to study. By pushing or tapping
a material with precise control at different depths and speeds, one
can learn—from how much and how quickly it is deformed by
varied forces, and how fast it recovers—how stiff, elastic, or vis-
cous it is.

The AFM, since it is a mechanical microscope, can be used
not only to image cells and biomolecules with high precision,
as we saw before, but also to “tap” cells and learn about their
elasticity, their viscosity, and the time it takes them to react to
forces.

The unique accuracy of the AFM’s nanometer-scale “finger” tip
is being used in labs around the world to measure these mechan-
ical properties in biologically relevant environments, and AFM
companies are refining the technology for this purpose. I am a
part of this scientific endeavor, collaborating with others to cre-
ate methods that can map the mechanical properties of living cells
with nanometer accuracy using the AFM.*°

Quantitative measurement of the mechanical properties of
cells is important for many reasons; one is that physicists, math-
ematicians, and engineers can use the data to simulate in their
computers how cells will behave—say, during growth—given
their particular mechanical characteristics. For example, my lab
currently “feeds” AFM data on cell mechanics to engineers who
are making computer models of such processes as the growth
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and formation of plants, or the transmission of mechanical sig-
nals in the brain.

Mechanics and forces are fundamental for the way cells feel
their environment, and this is true not only for cells that form tis-
sues, but for all living cells—for another vital example, the cells
of our immune system. These cells are responsible for detecting
anything from outside the body, organic or inorganic, that has
penetrated the body or attached to one of its surfaces (or some-
thing misbehaving inside the body, such as a cancer cell), and get-
ting rid of it if it is dangerous. Immune cells cannot afford to
make mistakes; if they misidentify an integral part of our body as
an invader, the consequences are the self-destructive effects of au-
toimmune disease.

Combinations of research have, for example, shown that im-
mune cells can recognize bacteria by nanopatterns in their ex-
ternal topography. Bacteria are coated with sugar molecules
(carbohydrates), and T cells and macrophages can identify
them both by the type of sugar molecules and by their arrange-
ment on the bacterial surface. It appears that besides attaching
to and “tasting” the sugars, the immune cell also deforms the
bacterium by pulling on the sugars, and uses this information
to decide whether to destroy the bacterium or not. The im-
mune system looks for the right combination of “flavor” and
“texture” in its microbial prey to establish whether they are
pathogens or not. These findings hold promise for understand-
ing not only how to better combat infections, but how to fight
cancer as well. One of the tricks that tumor cells use to evade
the action of the immune system is to mask themselves and
confuse detection mechanisms with clever combinations of
“flavor” and “texture” at their surface. Retraining immune cells
to detect cancer cells and destroy them is currently a very ac-
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tive area of biomedical research, as will be detailed further in
chapter 3.

BRIDGING SCALES WITH MECHANICAL
AND ELECTRICAL SIGNALS

A characteristic of mechanical signals is that they can travel rela-
tively long distances. We know this because we use them to com-
municate with each other. Sound waves are mechanical signals
propagated through air (and water) that our ears can detect and
our vocal folds can produce, using the wonderful nanomachin-
ery in our inner ear and vocal folds. Feeling sound is not confined
to specialized anatomy, however. In fact, all our cells are sensitive
to mechanical vibrations. To mention a celebrated example, the
total deafness of the percussionist Evelyn Glennie has not pre-
cluded her becoming a world-class musician, as she taught her-
self to hear with parts of her body other than her ears.

All evidence so far indicates that cells use forces and mechani-
cal signals to transmit information across the nanometer and mi-
cron scales to reach the milliliter and even the centimeter scale.
Cells have structures that enable them to amplify nanoscale
forces and vibrations, and to generate and propagate mechanical
signals—even waves and oscillations—through tissues. Indeed,
new, ultrafast imaging microscopies have begun to show the mi-
croscopic details of processes such as embryonic development, in
which cellular vibrations are coordinated and synchronized, giv-
ing rise to patterning and mechanical waves traveling through the
embryo. The movies made with the new microscopes indicate the
possibility that mechanical waves are being used, together with
chemical and electrical signals, to harmonize the development of
tissues and structures during embryonic development.
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The classic textbook example of long-distance multiscale prop-
agation of signals in biology is the action potential of neurons
that transmit information, such as that collected by our senses, to
the brain to be processed through the networks they form in the
nervous system. The action potential is an electrical signal that
propagates along the surface of a neuron and can travel down its
axon for quite a long distance. Axons can reach meters in length
in the some of the longest neurons, such as those found in giraffes
and whales. The brain can also send signals, e.g., to our muscles
to interact with our environment, or to viscera or glands to control
bodily functions, using action potentials. The measurement and
mathematical modeling of the action potential (the propagation
of the electrical spike) in the 1950s was one of the earliest successes
of quantitative approaches in biology.*!

Both mechanical and electrical signals are key to embryonic de-
velopment, cancer, and wound healing. Mechanical and electri-
cal signaling in biology are very complex, and our understanding
of them is still very basic, but they are good examples of how col-
lective phenomena, arising from the complex interplay of bio-
molecules in living organisms, connect the scales of biology from
the nanometer scale of atoms to the meter scale of our bodies.
These phenomena and their mechanisms are finally the subject of
intensive quantitative biological research by several disciplines.

BIOELECTRICITY PROGRAMS ORGANS" ACTIVITY

The picture emerging from the combined efforts of different ap-
proaches is that cell behavior is regulated by chemical, mechani-
cal, and electrical signals that are often coupled (it is now con-
firmed, for example, that the propagation of the action potential
is accompanied by a simultaneous mechanical wave, whose role
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remains unknown). Together with the efforts of the biophysical
community to understand the role of mechanical forces in creat-
ing biological shapes, Michael Levin's work revisiting the crucial
functions of electric fields in tissue regeneration and wound heal-
ing, embryonic development, and cancer has attracted much re-
cent attention. This work carries an important message that can-
not be overlooked: to create bodies, organs, and “biological shape”
in general, organisms use long-range signals that are not speci-
fied in the genome. Working with tadpoles, Levin and collabora-
tors have shown that the shape of the embryo is modulated by
electrical signals generated in its brain even before that organ is
tully formed. Striking experiments from his lab have shown that
electric fields can make a tadpole grow an eye in the gut, or a worm
develop two heads. Levin thinks that electrical signals in bodies
create bioelectric circuits that encode for anatomical patterns. Un-
derstanding the role electric fields play during development
might be key to future regenerative medicine, cancer biology, and
bioengineering strategies. Levin speculates that in the near future,
using advanced techniques and computer science (or, more pre-
cisely, computational neuroscience), we will perhaps start to un-
derstand the semantics of these bioelectric circuits, and finally
crack the bioelectric code of development and regeneration.
Although the field of quantitative biology is in its infancy, as it
takes on the daunting task of looking for the links between bio-
logical behaviors and complex underlying structures and pro-
cesses, a clear research strategy underlies most studies. Advanced
microscopies are combined with biochemistry and genetics; nano-
structured materials and the tools of nanotechnology are used to
explore the different scales of cellular and tissue behavior. Finally,
physics, mathematics, and computer science are being deployed
to construct increasingly accurate models of biology that endeavor
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to embrace all of its complexity, from the molecular level to the
cellular to the organismic.

HIERARCHICAL BIOLOGY, HIERARCHICAL
BRAIN . . . AND MIND

Perhaps the most evidently emergent characteristics of living or-
ganisms are intelligence and consciousness. These have tradition-
ally been beyond the ambitions of most biological sciences, since
reductionist approaches can hardly begin to tackle such questions.
But recent research on machine learning and AI has proven that
quantitative approaches and mathematical modelling can bring
very profound insights into living organisms’ ability to recognize
patterns in their environment, learn from them, and even extract
abstract concepts.

In March 2016, AlphaGo, a computer program developed by
Google’s DeepMind, defeated Lee Sedol, one of the world’s top
players of Go, in a five-game match. This was an incredible feat
for Al AlphaGo used an artificial deep neural network to learn
by training with humans and computers to play and to win at Go.
These days, deep neural networks overshadow humans at recog-
nizing faces—something that was thought impossible only a few
years ago—and are becoming increasingly better translators be-
tween languages.

The key to the success of newfangled deep learning algorithms
is that they are inspired by the architecture of the human central
nervous system; they are constructed with nodes that are con-
nected together to form something resembling a biological neu-
ral network. They are built in hierarchies, in which neural net-
works or parts of networks become components of larger
systems. But, despite their success, they are still “black boxes” to
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their creators. Hidden in their complex, layered connectivity re-
sides the foundation of their learning ability, but we don’t know
how they do it.

An interesting hypothesis to explain why these Al systems work
so well turns on a key property of the universe that they exploit,
as neural networks do: the hierarchy of sizes and structures dem-
onstrated in the film that inspires this chapter, Powers of Ten. The
universe is hierarchically constructed, and complex structures are
often formed through a sequence of simpler steps. The layered
structure of artificial deep neural networks enables them to mimic
that hierarchy of causality in the sequence of their calculations,
and this makes the calculation easier. Furthermore, our universe
seems to be governed by a tiny subset of all possible functions, and
these functions have simple properties. The structures of the uni-
verse are created by these simple functions. This fact can be ex-
ploited by neural networks when, for example, they are trying to
identify a cat’s face. In this case, they do not need to approximate
an infinitude of possible mathematical functions to identify the
cat, and so the calculation can be done in a short time. When a
phenomenon has a hierarchical structure, as does the picture of
the cat, layered biomimetic neural networks are much better at
analyzing and modeling it than computer algorithms that don’t
have that layered structure.’

Bioinspiration for computing is not only being practiced by
mathematics researchers. Experimental scientists apparently
“bored with reductionism . . . tired of perfection and precise con-
trol”* are designing a simple neuromorphic “artificial electronic
brain” consisting of a 2 x 2-millimeter mesh of silver nanowires,
akin to a “highly interconnected plate of [nano] noodles”*
(plate 6). It is only in its complex connectivity that the mesh of
nanowires attempts to resemble the brain: it has 1billion artificial
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synapses per square centimeter (still a few orders of magnitude
less than a human brain). The electrical activity of this simple
device displays self-organized criticality, a property unique to
complex systems—a state in between order and chaos in which
all parts are connected for maximum efficiency. This is a charac-
teristic that has been observed in the human brain. The device is
not programmed; rather, it is trained to compute, and its structure
naturally changes and evolves as it performs the calculation. For
example, scientists fed the device with the first half of a six-year
set of car traffic data from Los Angeles, in the form of a series of
pulses that corresponded to the numbers of car per hour. After
hundreds of training runs, the output of the device predicted the
statistical trend for the second half of the data set, which it had
never seen. This kind of neuromorphic device aligns its own
complexity to that of the phenomenon that it is trying to under-
stand (or model), rather than trying to model phenomena with
mathematical approximations. Like the brain, it does not sepa-
rate processing and memory; the processing itself creates the
memory in the structure of the mesh. These experiments show
that complexly structured matter can compute. In other words,
computing solutions to problems is a feat that ordinary matter
can achieve if its structure becomes interconnected in particular
ways, which we are starting to discover.

This kind of computing process also works at the cellular level
(albeit in an immensely more sophisticated way) and other bio-
logical computing systems. A team of scientists based in Japan
have shown that an amoeba-like, multinucleate plasmodium—the
mobile stage of the slime mold Physarum polycephalum—can
search and find solutions for complex computational problems?
(plate 6).

When cells explore their environment and adapt to it through
mechanisms such as those I described above in the context of
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mechanotransduction, a myriad of signals arriving from nanoscale
proteins are collected constantly by the cell. The cell conducts and
steers these signals through its complexly connected physical,
chemical, and genetic networks and finally computes solutions re-
sulting in cellular behaviors. Well beyond the capacities of the
simple “nanowire spaghetti on a plate” device, evolution has op-
timized the computing powers of the cell over billions of years so
that it can adapt and change the algorithm as it goes along.

Neuromorphic electronics still have a long way to go to become
remotely as clever as a cell.

Roboticists are adopting a related strategy by constructing mac-
roscale robots that mimic the neuron connectivity and sensing
capabilities of small organisms. A good example is a demonstra-
tion by the collaborative OpenWorm project, which is currently
attempting to create a virtual C. elegans worm in silico that uses
machine learning based on the actual worm’s neural network.
OpenWorm attracted media attention in 2014 when the collabo-
rators uploaded the bioinspired Al algorithm into a “neurobot”
endowed with some sensing capabilities—and posted online vid-
eos of the very un-worm-like device behaving somewhat like a
worm.

This kind of science may help us in the future to achieve in-
creasingly sophisticated computation, technologies, and even Al,
but it will also be useful in elucidating why our universe has cre-
ated brains and minds so keen to understand space and structure,
as the fascination of the film Powers of Ten eloquently testifies. The
brain’s hierarchical, complex organization, and its connections
with the rest of the body all the way down to our cells, proteins,
and DNA, make us both eager and able to explore the world
around us. This kind of hierarchical assembly is the way evolu-
tion has consistently embedded in itself the capacity to learn and
adapt, at the molecular, cellular, and organism levels. Bacteria,
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plants, animals, and humans explore, adapt, and learn because we
are built by the rules that govern the universe. Some of the more
audacious scientific theses even describe the whole universe as a
huge cellular automaton able to evolve and compute its own be-
havior. Science has come a long way from the reductionism of the
“central dogma?”

BY EMBRACING BIOLOGY'S COMPLEXITY,
SCIENCE IS CLOSING A HISTORICAL LOOP OF
THOUSANDS OF YEARS

In learning the workings of biology and intelligence and uncov-
ering their hierarchical understructure, modern science is reinves-
tigating something that humans have both practiced and intuited
from ancient times: we are intensely interested in hierarchical
structures and patterns—good at recognizing them, and also
good at making and enjoying them. And we are not alone. Not
only humans, but unicellular organisms, ants, bees, spiders, birds,
monkeys, fish, and more, all build and understand networks and
patterns. Humans are particularly hardwired to look for connec-
tions and patterns, to search for and identify pieces of the cosmic
jigsaw puzzle, and to adjust the way we place ourselves in the
universe by abstracting ideas from those patterns. Patterned
structure and hierarchy are the underlying principles of aesthetics
and art, music, language, science, philosophy, and even religious
spirituality. From ancient times, humans have felt enjoyment,
tulfillment, and reassurance constructing hierarchical, patterned
explanations of reality. And we have also wondered where our
interest in patterns comes from.

Early civilizations condensed their knowledge and intuitions
about the universe into intricate cults and myths; Western and
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Eastern religions and philosophical traditions held that the human
ability to interpret reality emanated from God (often identified as
the universe itself). Lacking science, they nevertheless intuited
that living beings emerged mirroring the structure of the universe—
or, as many ancient religions put it, we are created in the image of
God, imago dei. The gods of patterns and hierarchical structuring
live inside us, in our language and soul.

In the twenty-first century, modern quantitative biology,
physics, computer science, neuromorphic electronics, and other
branches of natural computing*® and mathematics are in fact clos-
ing a historical loop in the human quest to understand life and
nature—and getting us closer to consummating the primeval in-
tellectual efforts of ancient civilizations. As we strive to discover
the precise ways in which living, intelligent organisms contain the
physics of the universe at the core of our biology, scientists and
technologists (often unwittingly) reconnect with our ancestors to
identify the plan of the universe itself inside human and nonhu-
man beings, though in a secular way. Another way of saying all
this is that biology is entering the realm of physics. In its most fun-
damental form, physics is the quest to find the rules that con-
struct and govern the universe in all its scales and manifestations,
and to express them in mathematical language. Engineering then
uses the knowledge that physics has encoded into mathematics to
create technology. Biology has now become the natural ground
where both physics and engineering are happening.

The physics perspective on biology is powerful not only because
in the twenty-first century the knowledge hidden in biology’s
complexity will transform our technologies and health-restoring
capabilities. Physics is powerful because it shifts the scientific cul-
ture from which we inquire into ourselves, our life, and our health.
We are no longer the output of genetic computations; we emerge
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from the cosmos itself. This is why the modern technological
revolution that extracts its energy and potential from life itself is
bringing us back to the starting point of human thinking. Pure
scientific inquiry is leading us to very old questions: What are we?
How do we learn? What is our place in the universe? I will come
back to these thoughts in the last chapter of the book and the
epilogue, but before that we need to explore a bit more science.

In this chapter, I have summarized how the convergence of
quantitative sciences is constructing a very different picture of
biology, accepting and exploring its multiscale complexity, and
abandoning the reductionism of the previous generation. In the
next chapter, I move back to molecules to show how biology is
utilized as both a material and a blueprint for construction in the
new materials sciences of the twenty-first century. I will explore
how the practical method of “learning (biology) by making (nan-
otechnology)” is being pursued. We'll begin with DNA and pro-
tein nanotechnologies.
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DNA and Protein Nanotechnology

Biology’s multitasking nanomaterials, proteins, are assembled
with atomic precision in the cell during translation of the genome
by the ribosome, a complex molecular machine that is itself made
of protein and RNA. The ribosome adds amino acids in the cor-
rect order, one by one, to create a precisely arranged string that
spontaneously’ folds into a three-dimensional shape, one specific
to each protein type in each living species—bacteria, animal, or
plant. Folded proteins are then further assembled and transported
by the cell machinery to create biological structures and functions.
Nanotechnology is still far from controlling the assembly of mol-
ecules in such an efficient and elegant way, but for decades now,
it has been learning how to use the natural self-assembly proper-
ties of molecules such as DNA and peptides to fabricate increas-
ingly sophisticated nanostructures.

Self-assembly, the self-organization of nanoscale building
blocks into patterns or structures without involvement of an as-
sembler (human, cellular, or otherwise), occurs often in biological
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organisms. These processes often take advantage of comple-
mentarity of structures and/or forces between the molecules,
which naturally orients and assembles the molecules in the opti-
mal way using the temperature of the water environment as the
source of energy to drive the process.

In this chapter, I review the emergence of nanotechnology
made with DNA and proteins, its progress, and the applications
in which it is already having an impact. DNA, RNA, and proteins
have all been used for more than two decades as nano-building
blocks to assemble designer architectures. DNA nanotechnology
pursues the design and construction of any arbitrary shape using
artificial DNA building blocks, and, more importantly, it attempts
to give these structures nanoscale functionality. This functional-
ity has been demonstrated in the performance of such complex
roles as active template for the synthesis of complex molecules and
programmable molecular computer. Nanostructures have even
been tasked with regulating the functions of living organisms and
targeting tumor cells.

The field of protein nanotechnology endeavors to achieve the
same goals using artificial or natural proteins. This is a tougher
task than doing it with DNA (proteins are combinations of twenty
building blocks, the amino acids, while DNA is made from only
four bases), but can lead to many more applications, because pro-
teins can take on literally any three-dimensional shape and func-
tionality at the nanoscale.

The last five years have substantiated an eagerly anticipated
dream: the emergence of “protein designers,” able to draft on their
computers “post-evolutionary proteins” that don't exist in nature.
The ability to use nature’s tricks to redesign biology’s building
blocks opens up possibilities beyond evolution. Protein nanoen-
gineering is poised to revolutionize many fields, from medicine
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to electronics and materials sciences, and to generate a deeper un-
derstanding of matter at the nanometer scale.

THE BIRTH OF DNA NANOTECHNOLOGY

From our twenty-first-century perspective, the idea of construct-
ing things at the nanoscale using the complementarity of DNA’s
bases looks rather straightforward. But it took a great deal of pre-
vious knowledge, and a special point of view, just to realize that
DNA could actually be used as a building block for complex
shapes.

The history of these ideas can be traced back to the discovery
of DNAs structure. First of all, it took more than twenty years to
confirm that the right-handed, double-helical model proposed by
Crick and Watson in 1953 was correct. It was in 1973 that Alex
Rich verified the details of the double helix. Confirming the
structure of DNA required the availability of high-quality sam-
ples of DNA molecules, as well as much-improved methods for
crystallizing balky biomolecules and analyzing the data from X-
ray diffractometers. Rich pursued his structural studies of nucleic
acids, both DNA and RNA, for years, making groundbreaking
discoveries that revolutionized the field and laid the foundations
of modern biotechnology. A particularly important moment
came in 1973, when Rich’s lab succeeded in making the crystal
and, using new computational methods, at last could resolve the
structure in detail. After all that effort, there were no surprises.
Watson and Crick were right. That is how science works: things
must be proven. And often the effort to prove difficult things
brings about unexpected dividends, because solving them requires
thinking from different angles and making connections with other
fields.
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Apart from resolving their structures, making crystals of bio-
molecules for X-ray analysis brought a radical shift in the way sci-
entists worked with and thought about the molecules. Starting in
the 1920s, with James Sumner’s early efforts to crystallize the en-
zyme urease, scientists struggled to make crystals out of molecules
that had not evolved to be symmetrically patterned in space. This
requires a special point of view; it requires seeing the molecule—
its structure, its charge, its interactions with water and ions, tem-
perature and pressure—not as a natural biomolecule working in
a cell, but as a building block of a symmetrical, unnatural 3-D
structure. As I discussed in the previous chapter, reductionist ap-
proaches to science often lead to creativity; once we discover the
building blocks of something and how they work, we often find a
practical use for them: technology ensues. The success of toys
like LEGO is based on human love of building with blocks. This
change of vision led the crystallographer Ned Seeman (one of the
authors of the work that verified the structure of DNA in Rich’s
lab) to envision DNA as a building block of shapes that could not
be found in nature.

After his successful work with Rich at MIT, Seeman went on
to set up his lab at the State University of New York. By 1980 his
potential for success and tenure was severely threatened by the
lack of good single crystals. As he famously says now in his lec-
tures, “No crystals, no crystallography . . . no crystallographer.”
Desperate at the lack of results, he turned to making computer
models of DNA structures instead, and started to think of DNA
as a building block.

Seeman was interested in a particular DNA that forms a cross,
the Holliday junction.? Holliday junctions are a branched struc-
ture of DNA, comprising four double-stranded arms, that appears
in nature during the replication of chromosomes in cell division.
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Seeman realized in 1979 that these junctions could be made from
synthetic DNA, and that if one managed to connect the junctions
in the right way, it would be possible, in principle, to create arti-
ficial lattices and networks out of them.

Lattices and networks have been a human preoccupation from
antiquity. In realizing that DNA could be used to make lattices,
Seeman linked up with many millennia of human intellectual and
artistic interest in the symmetry of space, and with ancient bas-
ket weavers’ practical mathematical search for symmetrical struc-
tures useful for carrying things. The exploration of space and
materials in art, science, and technology has always been inter-
twined. In the 1950s, in M. C. Escher’s artistic explorations of the
“language of matter, space and the universe,” his recurrent motifs
of tessellation and infinity were stimulated by crystallography.?
One of the examples of his work on three-dimensional periodi-
cal patterning is Depth, a wood engraving that he made in 1955.
Depth is an array of “robotic fish-aeroplanes” disappearing into
infinite space; the depth effect is achieved, Escher himself wrote,
by a “[r]hythmic positioning of each fish at the intersections of a
cubic threefold-rotation-point system.”*

Seeman was thinking of junctions made of four and six
branches of DNA when he related his shapes to the fish in Escher’s
Depth, each with its head, tail, top fin, bottom fin, left fin, and right
fin creating a six-arm shape. An acute analyzer of crystal struc-
tures could not miss the symmetries of Escher’s robotic fish and
its infinite copies in space. Could one make patterns with junc-
tions of six branches using artificial DNA? Seeman recognized
that it could be done if sticky ends to glue the structures together
could be engineered into the structure. Such sticky ends exist: they
were well-known in genetic engineering at the time, and they can
be constructed from an overhang at the end of a DNA double
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Figure 2.1. M. C. Escher’'s Depth (1955) was inspired by crystallography and later

became the inspirer of DNA nanatechnology. © 2019 The M.C. Escher Company-The
Netherlands. All rights reserved. www.mcescher.com.
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helix. Success came in 1988, when Seeman’s lab used ten strands
of DNA to create a molecule whose edges were connected like the
edges of a cube. This marks the beginning of DNA nanotechnol-
ogy. Seven years after the invention of the scanning tunneling mi-
croscope, three years after the discovery of carbon fullerenes
(“buckyballs”), and two years after K. Eric Drexler’s book
Engines of Creation, the sciences were simultaneously making
their way to the nanometer scale.

MAKING NANOSTRUCTURES WITH DNA

The DNA double helix forms naturally when two complemen-
tary DNA strands come into close proximity. This is because the
four bases (also known as DNA nucleotides) that make up DNA
(adenine, guanine, cytosine, and thymine) fall into two comple-
mentary pairs: A binds to T (and only T), and G to C (in bio-
logical notation, A=T, G=C). The complementarity of the DNA
nucleotides confers on the DNA molecule the potential to be-
come a programmable construction material, beyond being able
to just make double helices. One could, in principle, construct
any arbitrary shape by designing and synthesizing DNA strings
in which the nucleotides are carefully positioned so that they
bind to their complements in other strands, creating a nanoscale
structure that folds into a particular shape. This is also possible
because, apart from complementarity, a key feature of DNA is
that it is structurally stable and robust for relatively long periods
of time.

Ultimately, building with DNA strings would make it possi-
ble to construct any shape of potentially any size, with the struc-
ture designed down to the level of the DNA nucleotides. But to
make this technology useful, it must be cost-effective as well.
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For this reason, DNA nanotechnologists strive to find the best
way of producing the shapes desired for specific applications.
Eventually, the aim of the field is to produce both computer pro-
grams and DNA materials that anyone can use to create struc-
tures for their particular purposes. This will eventually facilitate
the crafting of functional structures out of DNA much as archi-
tects and mechanical engineers now design structures in com-
puter simulations, where they can test the suitability of a partic-
ular material for a desired task before it is manufactured in real
life. DNA nanotechnology is currently developing both the
building blocks and the software that will make this objective
possible in the not-too-remote future. Always inspired by the
holy grail of the ribosome, a main aim of the field is to create
active structures, nano- and micro-DNA robots that can, for
instance, synthesize molecules, or influence cell behavior in a
therapeutic way.

The beginnings of the field were humble. It started with the
construction of the cube that I mentioned in the previous sec-
tion. The cube was followed by more-complex shapes, such as
an octahedron. The initial research was an exploration of what
shapes were possible, and it was marked by the determined ef-
fort of the pioneers to gain the knowledge necessary to ad-
vance. While the evolution of the field looks quite obvious in
retrospect, it did not look so clear when the first PhD students
were trying to build things out of DNA in the lab. One of the
main hurdles was the vast amount of knowledge from differ-
ent fields—chemistry, physics, microscopy, mathematics, and
more—that needed to be brought together to succeed in mak-
ing shapes.

After the cube and the octahedron, in the 1990s came knots
made of DNA and RNA. With the knots, DNA connected with
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other ancient arts of constructing shapes using strings (e.g., cro-
cheting and knitting), and also with the mathematicians’ interest
in topology.® The most sublime of knots, the Borromean ring, was
tied with DNA in 1997.

All these structures were interesting but floppy, and this matters
because you could not make lattices with them. If you want to con-
struct large structures, one of the best strategies is to use tiles that
are robust enough to self-assemble over relatively large areas. The
next step toward constructing such tiles was to find rigid DNA
motifs that could be used to build stable networks.

The breakthrough came with the creation of robust DNA dou-
ble crossovers, or DXs, which allowed the first two-dimensional
arrays of DX tiles to be constructed. Since then, two-dimensional
arrays have been made from other motifs, including the Holliday
junction rhombus lattice and various DX-based arrays. DX arrays
have been made to fold up into 3-D structures, such as DNA nano-
tubes that can be connected to other structures. At the turn of
the century, DNA patchwork and basketry using tiles was well on
its way.

Scientists have always associated DNA with algorithms, and
so the selectivity of DNA strings to preferentially bind to other
DNA strings whose nucleotide sequence is complementary was
immediately used to create two-dimensional DNA arrays able
to implement computing programs. For example, DX tiles could
be designed so their sticky ends would explore the possibilities
of assembling different types of tiles into a lattice, so they act
like Wang tiles (where edges of adjacent tiles must match),® al-
lowing them to perform computation. A DX array encoding an
XOR (Exclusive OR) operation has been constructed and dem-
onstrated; its assembly allows the DNA array to implement a
tessellation automaton that generates a fractal shape.
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Figure 2.2. DNA origami. A long strand of DNA is folded by DNA staples that bind
to specific locations, directing the spontaneous folding of the DNA strand into the
desired shape, which is programmed in the design of the staples. Reprinted by per-
mission from Springer Nature.

DNA ORIGAMI

A major breakthrough in the construction of planar structures
with DNA was the realization that one could use small pieces of
DNA as “staples” to stably fold long DNA strings. Paul Rothemund
demonstrated in 2006 that any arbitrary shape could be made by
folding a long DNA (usually a natural DNA strand from a virus)
using computationally designed staple DNA strands, able to glue
together bits of the long DNA strand so it can self-assemble into
any arbitrary shape.” The staples are designed to be complemen-
tary to specific sections of the long DNA; as they bind they guide
the folding process. The genius of “DNA origami” is additionally
that it is easy and cheap to design and to build because the origi-
nal DNA does not need to be synthesized. Rothemund’s smiley
faces made of DNA have become the unofficial logo of the field
(fig. 2.2). Using an adaptation of this method, three-dimensional
shapes have been created, too, such as DNA origami boxes that
can be programmed to open the lid and release a cargo in response
to a stimulus.®

DNA arrays have been used to add other molecules and create
hybrid structures with proteins, carbon nanotubes, nanoparticles,
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quantum dots, and fullerenes to make molecular electronic de-
vices. DNA arrays have been assembled on artificial lipid mem-
branes, which offer their potential to create compartments and
higher-order structures. It is also conceivable to attach DNA struc-
tures to membranes of living cells that can be used as handles on
the cell to remotely modulate cellular function.’

DNA NANORGOBOTS

The discovery of robust DNA structures that were not wobbly
made it possible to fabricate DNA nanomechanical devices—DNA
nanorobots capable of controlled movements. The idea of build-
ing a DNA nanomachine able to change from right-handed to left-
handed DNA was conceived quite early in this field (1987), and it
was in 1999 that the first DNA nanorobot was built. The first ro-
bots were nanowalkers, inspired by the walking behavior of pro-
tein motors, such as the myosin stepping motion I introduced in
chapter 1.Several DNA walking systems have been demonstrated
to date, using various strategies to generate and control their
movement. Many of these DNA walkers use externally controlled
DNA “fuel” strands (short strands of DNA that bind to specific
places on the DNA robot, such as its “legs”), which then can be
digested, for example, by enzymes. The energy produced in the
enzymatic process is then used to generate movement of the DNA
structure. DNA walkers locomote with strides a few nanometers
in length, by advancing the trailing foot to the lead with each step.
However, these early DNA nanorobots, because they were driven
by molecular reactions, were very slow, had a low assembly or
operation yield, or were unable to exert appreciable forces against
external loading.

In 2010, Seeman’s lab managed to make the first nanoscale as-
sembly line. A DNA walker walking on a track embedded in a
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DNA origami structure was able to pick up specific cassettes con-
taining nanoparticles, move along the track, and assemble eight
different products using three different cassettes.

In 2009, a DNA nanorobot made by DNA origami folding
was built to release a drug payload when its aptamer (a piece of
DNA that binds to a target molecule) sensors recognized specitic
small molecules.'” The robot is a hexagonal prism box made of
DNA that is latched closed with two DNA hinges; inside the
box are twelve docking sites for therapeutic molecules. Two pieces
of DNA that act as sensors open the box in response to cancer
antigens. DNA nanotechnology has also been used to sense con-
centrations of chemicals in living cells''and to create and assem-
ble chemical molecules that are difficult to make by traditional
synthetic chemistry, as I will explain further in chapter 3 in the
context of nanomedicine.

In 2018 a new way to control the robots has been successfully
demonstrated: using electrical fields to move the different com-
ponents of a DNA machine relative to each other. Doing this, the
robot gains “many orders of magnitude in operation speed, almost
perfect switching yield (precise, millisecond changes of position),
and the capability of computer-controlled nanoscale motion and
positioning”**The latest electric DNA robot is a 55 X 55-nanometer
DNA-based molecular platform with an integrated robotic arm
25 nanometers in length, which can be extended to more than 400
nanometers. The arm can be used for electrically driven transport
of molecules or nanoparticles over tens of nanometers. It is con-
ceivable that in the future an array of these arms could be fabri-
cated and remotely controlled to manufacture drugs—a nanoscale
automated pharmaceutical plant.
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SCALING UP DNA NANOTECHNOLOGY

DNA origami and tiles and cubes made of single-stranded DNA
have proven to be the most useful technology for creating two-
and three-dimensional objects by self-assembly. So far, however,
the maximum size of the structures that can be achieved with
these building blocks has been limited.'* For example, one widely
used scaffold for DNA origami is a genomic DNA approximately
7,200 nucleotides long, which folds into origami structures no
more than 100 nanometers in diameter.

The other popular design strategy in DNA nanotechnology is
the single-stranded tile assembly (SST), in which nanometer-scale
2-D rectangles or 3-D bricks made from single-stranded DNA are
designed to interlock with each other. SSTs can be assembled into
2-D sheets or 3-D blocks that can be selectively “sculpted” to cre-
ate different patterns and shapes, simply by including or omitting
SSTs at specified locations in the structure. DNA shapes produced
in this way are generally comparable in size to DNA origami
nanostructures; larger structures have been built, but only at low
yields.

In 2017, several research teams broke another barrier and
managed to produce micrometer-size structures of DNA—orders
of magnitude larger than those previously achieved—while at
the same time scaling up the amounts that could be produced.
Using a new computing algorithm, it is now possible to build up
shapes using DNA origami square building blocks in a hierarchi-
cal, multistep process that assembles increasingly large arrays of
the origami. The design software, FracTile Compiler, has been
made available to the research community, so even non-experts
can devise DNA sequences and experimental procedures to
make large DNA patterns. The authors validated this automated
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design process by using it to make several “pictures” in DNA,
including a Mona Lisa 700 nanometers wide."

Another team has demonstrated that is possible to build
millimeter-size structures using V-shaped DNA origami building
blocks. Using sophisticated ways to control the assembly of the
V-shapes, they have constructed three-dimensional tubes and
several types of polyhedra.!” Meanwhile, another group has suc-
ceeded in creating an SST DNA brick that can be used to assemble
3-D micrometer-size objects using their new software, “Nano-
bricks,” as they demonstrated by creating various complex shapes,
including a DNA teddy bear.

A lot of effort has also gone into reducing the cost of construct-
ing with DNA. In 2017, advances in biotechnology have made it
possible to reduce the price of DNA origami from $200 per mil-
ligram to around 20 cents.

All in all, the ability to construct any 2-D or 3-D shape out of
DNA in an efficient and economical way is increasing at a very
rapid rate. Any of the newest structures could be assembled into
devices large enough to interact with biological cells—for thera-
peutic interventions, for example. It is conceivable that these
structures can be used to program interactions between cells or
other biological or inorganic objects, e.g. by designing scaffold
materials that can connect such objects to create larger structures,
such as an artificial biological tissue or an array of bacteria opti-
mized to produce electricity. They will also enable the construc-
tion of molecular machines and assembly lines to synthesize mol-
ecules and polymers.

DNA nanotechnology has become an established field. Approx-
imately sixty labs around the world are working on it, thinking
and realizing shapes and functions, collaborating to find applica-
tions in medicine, computation, nanophotonics, and nanoelec-
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tronics. Open-source software is available that anyone can use to
design a structure made of DNA; the DNA components needed
to fabricate such structures are increasingly cheap; and the pro-
cedures to create many of the structures are relatively simple.
These advances are accelerating the usefulness and the possibili-
ties of DNA nanotechnology, which is poised to become a stan-
dard laboratory tool for atomic-precision construction in the not-
so-distant future.

The main challenges to DNA nanotechnology applications in
medicine are 1) degradation of DNA nanostructures when they
are placed inside living organisms, and 2) the possible responses
of immune systems to foreign DNA, since in many cases, such as
DNA origami, the DNA is extracted directly from potential patho-
gens. Research is ongoing to improve the science that will enable
the future utilization of DNA as a therapeutic agent.'®

PROTEIN NANOTECHNOLOGY

The twenty amino acids that form proteins could, in principle, fur-
nish a more multipurpose building material than the scantier
four DNA bases. In fact, the polypeptide chains built of those
twenty amino acids are the most versatile material on Earth. A
folded protein is not only characterized by a stable shape; it is also
carefully designed to have softness in the right place, the neces-
sary interactions with water and other surrounding molecules and
ions, the right assembly and disassembly properties to be capable
of such feats as extracting energy from the environment to per-
form stepping movements, as myosin does. Beyond nano-walkers
such as myosin and kinesin, proteins work as enzymes to catalyze
chemical reactions; photonic nanodevices (e.g., thodopsin in our
eyes); pressure sensors (mechanosensitive channels); ultrasensitive
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chemodetectors of molecules (olfactory receptors); structural
scaffolds (collagen in the extracellular matrix of tissues or tubu-
lin and actin proteins forming key fibrillar structures of the cyto-
skeleton); nano-rotary motors (ATP synthase); protein factories
(ribosome); electrical nanochannels and pumps . . . and more.

Natural proteins offer many possibilities for assembly, but their
practical application to making arrays is only starting to be ex-
plored. In the previous section we saw what a challenge it has been
for DNA nanotechnologists to construct lattices that expand be-
yond hundreds of nanometers. It has been shown, however, that
it is relatively simple to construct regular two-dimensional lattices
of clathrin protein that expand to several square millimeters
(plate 7). Clathrin (from the Latin clathratus, or lattice-like) has
three legs, forming a triskelion shape; in the cell it self-assembles
into polyhedra that surround lipid vesicles, producing robust
shuttles for transporting molecules across the cell. Clathrin’s ap-
titude for assembly can be tailored to pattern a plane in large
millimeter-wide sheets with a 30-nanometer periodicity, and it
has been shown that these lattices can be useful for assembling
enzymes and nanoparticles attached to the lattice.!” Other natu-
ral proteins, such as ferritin, S-layers (proteinaceous lattices that
coat the surfaces of some bacteria and archaea), and hydrophobins
(which assemble at the surface of fungi), have also been used to
create large 2-D lattices.

While making self-assembling lattices can be technologically
very useful, the most fundamental aim for a nanotechnologist is
to be able to utilize the versatility of the protein polypeptide chain
to construct any arbitrary three-dimensional shape.

Is it possible to learn the mechanisms by which proteins fold
into shapes and interact with other proteins, and then to use their
design principles to engineer materials with atomic precision? To
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answer this question, I will succinctly review the efforts of the
scientific community to understand how proteins fold into stable
shapes inside the cell. Most proteins in an organism have a cor-
rect native conformation they must fold in; otherwise a disease as-
sociated with misfolding occurs, which can be fatal. (Alzheimer’s
and Parkinson’s diseases are among such proteopathies.) “Disor-
dered proteins” are exceptions to this picture, and actually use
their disorder as their main functional feature, but I won't discuss
them here. In the 1950s it was realized that the shape of a protein
is determined by its sequence of amino acids and the environ-
ment. Under the right conditions of temperature, pH, and con-
centration of salts, the amino acid sequence folds spontaneously
into a functional three-dimensional protein structure.'® This is a
very important finding, because it means that if one is clever
enough it could be possible to predict the shape of a protein from
its amino acid sequence, avoiding the costly process of determin-
ing the structure experimentally through X-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy, or cryo-
electron microscopy. The experimental determination of a pro-
tein’s structure can take weeks or even months or years, and it is
expensive, around $100,000 per protein. In contrast, protein se-
quences are discovered at a very high rate; there are more than
7,400,000 protein sequences available in the National Center for
Biotechnology Information non-redundant protein database, but
fewer than 52,000 proteins’ 3-D structures have been solved and
deposited in the Protein Data Bank (the international online re-
pository of “resolved” protein structures).

But how difficult is it? The problem of simulating folding in the
computer is that the unfolded polypeptide chain has an astronom-
ical number of possible ways to fold: for a typical small protein,
the number of possible conformations would be 3°® or 10'®. For
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example, a protein with 100 amino acids would have 99 peptide
bonds; each bond has 3 stable configurations, and thus the chain
could have 198 different bond angles. If each of these bond angles
can be in one of three stable conformations, the protein can in
principle fold into a maximum of 3'*® different conformations (in-
cluding any possible folding redundancy). If a protein achieved
its final shape by sampling all the possibilities, it would require a
time longer than the age of the universe, and perhaps it would take
an algorithm even longer to compute the shape by exploring all
the possibilities. But, in real life, proteins fold spontaneously in
milliseconds, even microseconds if they are small enough.

Years of experimental research have proven that proteins fold
into a sequence of intermediate states (the hierarchical construc-
tion strategy of nature discussed in chapter 1appears to be func-
tioning here too). At each step the protein folds into a relatively
stable shape (i.e., a state characterized by an energetic minimum).
This relative stability prevents it from moving and exploring all
the possible conformations of the unfolded state.' This multi-step
process from the sequence of the protein to the folded 3-D shape
was immediately targeted by scientists looking for a computational
solution to the protein folding problem. Over the years many
strategies have been tried, with incremental success. But the tar-
get has remained elusive; probing all the conformations that a
polypeptide chain could assume would take far too much time and
computational power.

An important fact was soon recognized by the brave scientists
trying to tackle this seemingly impossible task: since twenty amino
acids in nature are available to make proteins, in principle one
could build 20%* different proteins of a typical size. But the num-
ber of proteins that have been produced by organisms on earth is
much smaller, on the order of 10'2 Ever since life on earth started
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from unicellular organisms, evolution has produced a much
smaller number of proteins than are possible, and furthermore,
the proteins that do exist are structurally related. Studying and
comparing them, scientists have classified them into families. This
allows us to predict, to some extent, the plausible shapes that a
protein of unknown structure but known sequence can take, by
comparison to other known structures in databases. This is not
enough, however; the problem is particularly difficult in the case
of proteins for which there is no template to compare to, because
they have to be solved with ab initio (“from scratch” in physics
slang) methods.

For years, the problem of protein folding was considered too
difficult to be solved. But the protein-folding community has been
very good at organizing to find ways to cut through this unman-
ageable problem. Trying to balance the overall goal of a field with
the local competitive conditions for researchers’ academic survival
is not easy. In physics there is a strong history of collective organ-
ization, such as in the search for the Higgs Boson at CERN, or the
sharing of telescope networks by the large international commu-
nity of astrophysicists. But these fields are established around mas-
sive research infrastructure, so that collaboration and competi-
tion toward a common goal is facilitated by the place where science
is being done.

The protein community found an ingenious way to spur simul-
taneous competition and collaboration: by holding two biannual
challenges, the CASP (Critical Assessment of protein Structure
Prediction) and CAPRI (Critical Assessment of PRediction of In-
teractions) competitions. Every two years the CASP organizers
propose a challenge for the computational protein folding com-
munity: they present the sequences of a series of proteins for which
structures have just been worked out experimentally by X-ray
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diffraction or NMR (nuclear magnetic resonance). The partici-
pants don’t know the folded structure, but the CASP committee
knows. CAPRI asks participants to predict the interactions that
allow two proteins to stick together in a particular way. In the
CASP eleventh protein folding competition in 2014, one submis-
sion from David Baker’s team at the University of Washington on
a large protein called T0806 came back nearly identical to the
experimental structure. The head of CASP remembers that the
evaluator reviewing the predicted structure sent an email straight
off to him when he saw it: “Either someone solved the protein
folding problem, or cheated”®® This point marked the break-
through that would open wide the possibilities not only for pro-
tein folding prediction, but for a real revolution in the way we
understand matter. It is a before-and-after moment not only for
biology, but for materials science, and hence nanotechnology.

David Baker’s team did not cheat. In 1998 they had created
Rosetta, a computer program that was already making better
predictions than the rest, because it was very good at identifying
short protein stretches for which a plausible structure was al-
ready known. Somewhat mimicking the natural protein folding
process, these possible structures were identified and tested in an
increasingly accurate way. Doing this requires massive compu-
tational power and so the team went on to create a crowdsourced
version of the program called Rosetta@home, launched in 2005.
Baker was following other scientists who thought that using the
idle computational power of volunteers would be a good way to
increase their capacity and also to engage with the public, as in
the pioneering Galaxy Zoo, or Folding@home.?! Scientists were
increasingly realizing that amateur citizen scientists could con-
tribute to scientific progress from home. What better way to do
science in the twenty-first century than by engaging with the
whole world?

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

LEARNING BY MAKING 87

There are currently more than 60,000 computers in the
Rosetta@home network, processing at over 210 teraflops. Rosetta@
home was complemented with “Foldit,” a computer program that
allows the players to use a set of rules and their instinct to pin
down the structures of proteins. When they are successful, the
names of the Foldit players appear in the list of authors of the sci-
entific papers. It is now estimated that there are about 1 million
citizen scientists contributing to the resolution of protein struc-
tures, or the interactions of proteins with drugs or DNA. Apart
from amateurs, more than 400 professional scientists are contin-
ually improving the Rosetta software, which is made available for
free to the academic community and for a fee to companies. The
revenue is put back into research. Success came from collabora-
tion and the building of a community that interacts closely with
the public. I would suggest that the lessons learned from this ap-
proach are probably even more important that the scientific break-
throughs that it brought about.

Baker and his collaborators were very quick to incorporate the
latest developments in genetics®* into their software, which led to
the successful prediction of the structure of T0806. Until 2011,ab
initio models had managed to predict just fifty-six proteins from
the estimated 8,000 protein families for which there is no avail-
able template. Since then, Baker’s team alone has added more than
900 proteins, and it is estimated that Rosetta’s approach will work
for 4,700 protein families. With the massively incremental amount
of genomic data available, it is likely that any protein structure
could be predicted in a couple of years.

In parallel to these efforts, the protein folding community has
applied their algorithms and computational prowess to determin-
ing the way two proteins would bind to each other, paving the way
for a revolution in the design of medicines that can bind to spe-
cific target molecules. The natural evolution of this computational
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epic is the implementation of artificial intelligence to help iden-
tify the pathways for folding success, learn from the process, and
increase the speed of the predictions.

Advances are proceeding at breakneck speed in the expected
way (especially from the point of view of our nanotechnology nar-
rative). Once structures can be predicted, one can start to use the
software in reverse: Can we envision a protein that does not exist
in nature and then create it for a specific purpose? In other words,
can we design with atomic precision a nanosize object that is able
to fold into a previously determined shape; interact with water,
ions, and other proteins; and even self-assemble with other pro-
teins to make larger previously determined structures?

De novo design of “post-evolutionary proteins” is now the quest
of the protein folders, who are evolving into protein designers.?®
The first results are astonishing.

Brian Kuhlman of the University of North Carolina, the co-
developer of Rosetta, built Top7,** the first globular protein to be
designed with a fold not existing in nature, in 2003. Much of the
effort in protein design has concentrated on fabricating ideal pro-
tein structure using helices, sheets and small loops (the basic
structural motifs that can be found in natural folded proteins). The
successful designs are then used to construct DNA molecules that
code for them, reversing the process that occurs in biological sys-
tems. Then the DNA molecule that encodes the designed protein
is inserted in a microorganism, such as E. coli or yeast, that fabri-
cates the protein in large amounts in a process known as recom-
binant protein expression. Sometimes this does not work, and the
proteins designed in the computer do not fold into the predicted
shapes, or they aggregate when they are being expressed. In addi-
tion to Top7, several proteins have been produced in this way in
the last four years. These artificial proteins were found to be ex-
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tremely stable, and they had structures that were found to be al-
most identical to the original designs.

Other recent activities have concentrated on the design of
proteins with internal symmetry in which a single idealized unit
is repeated many times, resulting in structures that remain sta-
ble even at temperatures as high as 95° C. The set of equations
that Crick developed in the 1950s predicting the existence of
“coiled coil” structures in proteins have now been used to gener-
ate idealized bundles of parallel or antiparallel helices with dif-
ferent lengths, twists, phasing, and orientation. This approach
has been particularly successful, and several designs—including
a peptide (small amino acid chain or very short protein) that can
bind to carbon nanotubes, parallel self-assembling helical chan-
nels, protein cages, and ion transporters—have been realized.
Again, these idealized proteins are very robust, remaining folded
in very high concentrations of chemicals and in temperatures up
to 95° C.

The approach that is more interesting from a nanotechnology
point of view is the design of specificity and complementarity of
protein interactions—the quest to devise a protein that can assem-
ble with another protein in the right orientation to build any de-
sired shape. The success of DNA nanotechnology is due to the ex-
treme specificity and complementarity of DNA bases: G binds to
C and A binds to T. This specificity arises from the detailed mo-
lecular design of the DNA bases, each of which presents an array
of atoms ready to form hydrogen bonds with the perfectly match-
ing array on its complement. Baker’s lab has demonstrated that it
is possible to do this with proteins, too: they have designed pro-
teins that can assemble into extensive networks held together by
hydrogen bonds located with atomic precision. In the near future
it will surely be possible to apply much the same “digital” approach
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to nanofabrication with proteins as with DNA, using modular hy-
drogen bond networks to code for specificity.

So far, the design of precise interfaces between protein subunits
has permitted the fabrication of self-assembling cyclic structures,
tetrahedra, octahedra, and open two-dimensional assemblies.
Protein interface design has also been used to fabricate 3-D, one-
or two-component assemblies with icosahedral symmetry and 60
and 120 subunits, respectively (plate 8).

Protein designers are already envisioning the potential of in-
corporating artificial amino acids for generating folds and func-
tions that are not available in biological systems.

The main limitation of de novo protein design is that only a
small percentage of the designed proteins can actually be built by
microorganisms, due in most cases to insolubility of the protein
or the formation of unintended folds and structures. But the close
interaction of the computational effort with experiment will lead
to the successful resolution of some of these problems, and prob-
ably along the way new ideas will arise for exploring the possible
applications even further.

Several problems remain before these technologies can be made
useful for large-scale manufacturing of materials, medical devices,
and other applications, such as electronic components assembly.
The two problems are: 1)scaling up of the production of the DNA
and protein structures, and, crucially, 2) simple ways to interface
the nanoscale with the macroscopic world.

Simultaneously with these advances, synthetic biology has been
developing the use of microorganisms such as bacteria and yeast
to manufacture molecules. Synthetic biologists would “all love to
imagine a world where we could adapt biology to manufacture any
product renewably, quickly and on demand,” in the words of
Northwestern University’s Michael Jewett.>> The combined efforts
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of synthetic biologists and protein designers will lead to an in-
creased capacity to create proteins with all sorts of properties.
Furthermore, manufacturing large DNA molecules with deter-
mined sequences is becoming cheap and easy. Synthesis machines
can now churn out strings of several thousand base pairs, and it
can be expected that soon we will reach the point where you
can simply synthesize any DNA, regardless of length. This
facilitates the process of fabricating the genes for protein
manufacturing using microorganisms. The “radical abundance”
predicted by K. Eric Drexler in his pioneering 1986 book Engines
of Creation is getting closer to reality.

NANOSTRUCTURES THAT OPTIMIZE THEMSELVES
THROUGH BIOLOGICAL EVOLUTION

The ability to design synthetic nanomaterials computationally and
then optimize them through evolution might sound like science
fiction, but it has already been realized.*® Baker’s lab has designed
and fabricated artificial proteins that assemble into icosahedral
shapes imitating the structures of real viruses. The synthetic capsids
are able to package their own RNA genome. Using E.coli bacteria as
host for this simplified version of viruses, the team has managed to
get these artificial structures to evolve over several generations.
Evolution has optimized these structures in terms of stability in
blood and in vivo circulation time, giving them virus-like charac-
teristics. This incredible advance opens a host of new possibilities
for creating non-viral structures that could evolve the desired prop-
erties for drug delivery and other medical applications. Such syn-
thetic nanodevices would avoid the safety risks, costs and bioengi-
neering challenges associated with real viruses currently used in
biomedical applications such as immunotherapies.
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BUILDING BIOMIMETIC MATERIALS AND
DEVICES WITH NANOTECHNOLOGY

If in the future we want to create, let’s say, an extraordinarily ro-
bust and sustainable material that can grow and heal damage
caused by the environment, we will probably need to rely on
strategies that mimic the hierarchical organization of biological
systems. The field of biomimetic materials is old,?” but with the
development of nanotechnology and advances in biological re-
search, it is now growing rapidly. In the early days, discoveries
were made by serendipitous observations of nature; the field is
now evolving into a more systematic study of the material prop-
erties and design principles of natural tissues from the perspec-
tives of materials science and engineering. Importantly, collabo-
rations between the physical and biological sciences have made
possible increasingly sophisticated multiscale “multiphysics”
computer simulations and models that incorporate the key char-
acteristics of the materials (e.g. structure, stiffness, chemical
reactivity), which will inform and inspire future design and
engineering.

Hierarchical organization is key to information transmission
across the scales and to growth, healing, and adaptation in mul-
ticellular organisms. To survive and adapt they grow into shapes
using nanoscale proteins, microscale cells and ultimately whole
tissues and bodies. For instance bone consists of a scaffold made
of collagen and other fibrous proteins woven into specific pat-
terns where mineral calcium phosphate (hydroxylapatite) is de-
posited. By combining protein and mineral at the nanoscale, the
bone achieves its particular mechanical properties, it is at the
same time hard and flexible, able to resist damage and fracture
produced by enemies or accidents, and prepared to grow and re-
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generate. In charge of the construction and remodeling of the
bone structure bone cells (osteoblasts and osteoclasts), which
collectively monitor the structure and health of bone tissue and
respond to changes throughout life. There has been considerable
recent research on the hierarchical organization not only of bone,
but also of plants, seashells, spider silk, and the lotus effect (su-
perhydrophobic surfaces) in leaves and feathers; on the optical
micro- and nanostructures of butterflies’ wings; on the exoskele-
ton of arthropods and the structure of sponges. While we are still
very far from replicating the properties of living matter in artifi-
cial materials, the first biomimetic materials are already making
their appearance. At Harvard, Jeffrey Karp’s lab is making medi-
cal adhesives based on the tuning of van der Waals forces that
geckos’ micro- and nanostructured feet achieve (commercialized
by Gecko Biomedical). Other researchers are making adhesives
that mimic, for instance, the mechanical properties of spider silk.
In 2018, a simple chemical and mechanical procedure that opti-
mizes the arrangement of cellulose nanofibers has been shown
to make it possible to convert any piece of wood into a high-
performance material that has better mechanical properties than
steel.?®

A recent invention is Watermark Ink, or W-INK, a device that
is able to identify liquids, and impurities in liquids, using a com-
bination of strategies found in biology. The wings of butterflies
owe their brilliant colors to their nanoscale structure. The surface
of the wings contains networks of tiny pores, the size of which
determines the color. Another animal, the brittle star, a relative
of starfish, changes its color from black to white by tuning the
position of pigmented cells inside light-focusing structures (akin
to a biological lens) arranged in patterns on the star’s back.
Mixing both strategies, Joanna Aizenberg’s lab at Harvard has
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developed a liquid decoder that responds optically to liquid infil-
tration into chemically modified arrays of pores. Depending on
the liquid wetting the engineered surface, the structure of the
pores will react to produce a different color, from which the liq-
uid’s composition can be inferred. The device fits in the palm of
the hand, it can function without power, and it has been com-
mercialized since 2013.

FUTURE DEVICES: QUANTUM PHYSICS MEETS
BIOLOGY MEETS NANOTECHNOLOGY

Viruses have been explored for technological applications be-
yond medicine since the 1990s. The virus envelope, or capsid, is
made of proteins assembled in a periodic array. In 2016 Angela
Belcher’s lab at MIT showed how to improve the efficiency of
energy transport in solar energy conversion systems by con-
necting a network of chromophores (light-collecting mole-
cules) on an ordered biological virus template.”” By genetically
engineering the viruses, they could change the spacing of the
chromophores in the pattern, and they established a link be-
tween inter-chromophore distances and energy transport prop-
erties. Doing this, they were able to achieve quantum coherent
energy transport at room temperature, and to tune its efficiency
(fig. 2.32).%°

This example shows how cutting-edge ideas about energy con-
version in physics draw inspiration from the physics of plants’
photosynthesis (which is thought to involve quantum phenom-
ena’!). Then, by engineering protein arrays, nanotechnologists are
able to create patterns of chromophore molecules that come closer
to the efficiency that plants achieve in nature. These are the kinds
of “transmaterials” that will be fabricated in the future, interfac-
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Coherent quantum
excitation hopping

Figure 2.3. Virus genetically modified to achieve energy transport efficiency by tuning
quantum coherence. After the virus is modified to adjust the spacing between the
chromophores, energy can jump from one set of chromophores to the next faster
and more efficiently.

ing advanced physics, biophysics, bio-nanotechnology, and pro-
tein and DNA nanotechnology for radically improved technolog-
ical performance.

The next chapter continues the theme of “learning biology by
making,” but in a different context: medicine. In the introduction
I explained how medicine acts as the integrator of all biological
knowledge, and from some of the examples in chapters 1and 2, it
should be evident that medical application is very often the in-
spiration for new research. As new technologies appeared that al-
lowed science to interact with matter at the nanometer scale,
many moved to deploy them to solve medical challenges of our
time, such as the development of new drugs and their targeted
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delivery to improve cancer chemotherapies, in a new field termed
nanomedicine. The next chapter is my take on medicine’s past and
future from the precipice of a revolution in the understanding and
control of our health brought about by the convergence of sciences
in medicine.
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NANO IN MEDICINE

After decades of revolutionary drug discoveries—vaccination,
antibiotics, statins, and other “miracle drugs”—that led to an
unprecedented improvement in life expectancy and the conquest
of many diseases, the turn of the twenty-first century saw a sharp
decline in the number of effective medicines that pharmaceutical
research was bringing to market. Science has responded to this
concerning failure with increasingly sophisticated new multidis-
ciplinary approaches for improving drug discovery, which are
converging with the parallel advances of nanotechnologists. In this
chapter, I will review the irruption of nanotechnology into drug
design and delivery, and how it is expected to transform the ef-
fectiveness of treatments. As well as projections and predictions,
I will survey early examples of how nanotechnology is actually be-
ginning to be used to increase the success of leading-edge treat-
ments such as cancer immunotherapies, gene editing, and gene
delivery.
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A BRIEF HISTORY OF DRUG DISCOVERY AND
THE ARRIVAL OF NANOMEDICINE

Before the twentieth century, medicine did not cure very much.
Over hundreds of years and generations, humans developed their
traditional medicines along with all the other aspects of their cul-
tures: their languages, their technologies, their writing systems,
their visions and interpretations of the world. Through hit-and-
miss experimentation and observation, they learned to identify
herbs, plants, and foods that would alleviate certain conditions,
and they passed on the knowledge they had acquired to future
generations. Tea made from willow leaves (which contains “aspi-
rin”) was known to relieve pain, fever, and inflammation by an-
cient Sumerians, who recorded it on clay tablets four thousand
years ago;' the use of sweet wormwood (in Chinese, ging hao) was
known in Ming Dynasty China to be effective for treating ma-
laria.? It took until the twentieth century to understand why
many of these traditional remedies worked, and to derive effec-
tive, mass-producible treatments from the active chemical com-
pounds in medicinal plants.

A crucial point in the development of modern medicine came
when humanity recognized, accepted, and reacted to the fact that
“germs” are the cause of many diseases. After the initial studies
by Italian scientists in the seventeenth century (coinciding with
the development of microscopes), it was not until the 1860s
through 1880s that Louis Pasteur and Robert Koch developed a
germ theory of disease that was widely acknowledged and trusted,
as most people believed that diseases were caused by spontane-
ous generation. Pasteur had to be very creative to design a simple
experiment that finally proved that “there is not a single known
circumstance in which microscopic beings may be asserted to
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have entered the world without germs, without parents resem-
bling them* In 1867, Joseph Lister demonstrated that washing
hands and cleaning wounds, surgical instruments, and operating
rooms reduced deaths from infection in hospitals from 60 percent
to 4 percent. Infection was not a chemical reaction of the exposed
flesh in contact with air; it was caused by germs. From our twenty-
first century perspective of rapid scientific advancement, it is in-
credible that medicine was in this state a mere 150 years ago; it
is also a good measure of the speed of change. Cleanliness and
disinfection made lifesaving operations worthwhile, where be-
fore, they had been ruled out due to the high risk of infection. It
also led to reduced maternal and infant mortality around birth.
Establishing the link between germs and disease also enabled Pas-
teur and others to speed up the development of vaccines—for
cholera (1879), rabies (1882), tetanus and diphtheria (1890), and
plague (1897).

Once germs had been disclosed and blamed for diseases, anti-
biotic substances started to be discovered, with initial reports ap-
pearing in 1877. Notably, Alexander Fleming discovered penicil-
lin in 1929, as a result of observations on a mold that developed
on some germ culture plates. But for penicillin to become widely
available to everyone, someone had to determine the active com-
pound in the mold, isolate it, demonstrate that it was not toxic to
humans, and find a way to produce it in large amounts.

World War II acted as a strong catalyst for the development of
modern antibiotics. In 1938, Ernst Boris Chain, a refugee from
Nazi Germany, joined the Australian Howard Florey at Oxford to
investigate natural antibacterials; their interest led them to revisit
the work that Fleming had done with Penicillium fungi. As for the
motivation of the work, Florey said, “People sometimes think that
I and the others worked on penicillin because we were interested
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in suffering humanity. I don’t think it ever crossed our minds
about suffering humanity. This was an interesting scientific ex-
ercise, and because it was of some use in medicine is very gratify-
ing, but this was not the reason that we started working on it
Although Florey here contradicts my idea that a great proportion
of biological research is inspired by medicine, he reaffirms some-
thing scientists love to repeat: blue-sky research is important, and
leads to important transformations of the real world. This is a
perspective that never stays in the sights of policy makers and
research funders for very long.

In 1939, Florey and Chain, leading a team of British scientists
and financed by a grant from the Rockefeller Foundation, identi-
fied the penicillin compound, started the first clinical trials, and
led the successful small-scale manufacture of the drug from the
liquid broth in which the mold grows. The timing helped to speed
up production, as both the U.S. and British governments would
provide assistance to ensure sufficient quantities of the drug to
treat war wounds. During the war, the Oxford team got increas-
ing economic and scientific support, and they managed to enroll
one of the most talented crystallographers of all time, Dorothy
Crowfoot Hodgkin, who was then a research fellow at Somerville
College, Oxford. Hodgkin had prodigious skills for unraveling the
chemical structures of complex molecules, in a time when com-
puters could not be used to perform the laborious calculations.
The larger the molecule, the tougher the calculations that had to
be performed. The process had to be repeated many times; if the
initial candidate structure proved not to lead to a diffraction pat-
tern consistent with the experiment, then huge sets of calculations
had to be repeated and refined until a good match was found.

On May 8, 1945, Victory in Europe Day, Dorothy Hodgkin
made her way through the celebrating crowds in Oxford holding
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in her hands a delicate model of wires and corks. She had resolved
the structure of penicillin and was trying to get to the Dunn School
of Pathology to tell Chain. Hodgkin’s structure of penicillin was,
as Chain said in his 1945 Nobel Lecture, a great achievement not
only for medicine but also for the determination of chemical
structures from X-ray experiments: “[F]or the first time the struc-
ture of a whole molecule has been calculated from X-ray data,
and it is the more remarkable that this should have been possible
in the case of a substance having the complexity of the penicillin
molecule”™ Knowledge of the structure, together with parallel ad-
vances in synthetic organic chemistry, finally opened new ave-
nues for creating and developing semisynthetic derivatives of
penicillin—such as the cephalosporins—that sparked the creation
of antibiotic treatments. Hodgkin herself was the recipient of the
Nobel Prize in Chemistry in 1964.% As Florey explained, “Devel-
oping penicillin was a team effort, as these things tend to be” Suc-
cess came from the combined techniques and points of view of
scientists working in different disciplines with one application in
mind. It is estimated that penicillin has saved over 82 million lives.

In parallel with biological research and X-ray crystallography,
advances in synthetic organic chemistry played a fundamental
role in the development of modern drugs. The first success was
aspirin. It was known from antiquity that the bark and leaves of
willow trees, genus Salix, can alleviate headaches, pain, and fever.’
In 1853 the French chemist Charles Frédéric Gerhardt determined
the chemical structure of salicylic acid and chemically synthesized
acetylsalicylic acid. In 1897 the German chemist Felix Hoffmann,
working for pharmaceutical company Bayer, possibly under the
direction of Arthur Eichengriin,® found that adding an acetyl
group to salicylic acid reduced its irritant properties, and Bayer
patented the process. Aspirin was born. But it took until 1971 to
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understand why aspirin works so well. John Vane, professor of
pharmacology at the University of London, described aspirin’s
mechanism of action as a dose-dependent inhibition of prosta-
glandin synthesis, which led to his sharing a Nobel Prize in 1982.

The rapid advances in chemical synthesis led to several success-
tul decades for the pharmaceutical industries that had grown up
around the new “miracle drugs,” which were extending life expec-
tancy for the privileged part of the world population that had
access to them. In 1900, 1 in 3 deaths in the United States were
caused by pneumonia, tuberculosis, and diarrhea. In 1940 the
chance of dying from these diseases was 1in 11,and by 2000, 1 in
25. The arrival of antibiotics, as well as drugs to combat hyper-
tension and even cancer, has improved the health and life expec-
tancy of millions.

Synthetic organic chemistry has been particularly successful at
refining and optimizing the activity of known drugs which, in
many cases, had their origin in biologically active natural prod-
ucts (as did aspirin). But this had to be done in a highly empiri-
cal, trial-and-error fashion. For most of the drugs that pharma-
ceutical companies developed in the twentieth century, molecules
were just tried to see if they could be useful to cure diseases, with-
out targeting any specific protein or receptor.

Beginning in the late nineteenth century; a series of key insights
and discoveries allowed scientists to consider the possibility of
strategies for drug design more targeted than just looking for
fortuitous findings in nature, or in the chronicles of ancient tra-
ditional medicines. One such major advance was made by Paul
Ehrlich in the 1870s. Ehrlich, a student and a friend of Koch, was
the first to realize that there were macromolecules in the cell
that acted as “chemoreceptors.” Investigating the effect of coal-
tar derivatives, particularly dyes, on living cells, he argued that
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certain chemoreceptors on parasites, microorganisms, and cancer
cells were different from those in host tissues, and that there-
fore, in principle, they could be targeted with “magic bullets.”
In other words, Ehrlich invented chemotherapy. According to
the database www.drugbank.ca, state-of-the-art pharmacopeia
currently addresses about 60 proteins, of which 70 percent are
proteins associated with the cell membrane and 28 percent are
enzymes—i.e., most of the molecular targets of drugs are located
at the cell surface.

The example of aspirin shows that finding out why a drug
works is not easy. It requires a thorough biological knowledge of
the drug’s interactions with proteins and other molecules in the
body—knowledge that is slow and laborious to obtain. Design-
ing one drug from scratch to target a specific disease is even
more complicated. For this reason, even now most drug devel-
opment is done by trial and error. A lot of the biochemical, bio-
logical, and molecular cell biology research of the twentieth and
twenty-first centuries has dealt with the molecular origins of
disease and the identification of molecular targets to kill patho-
gens or misbehaving cells. Even when targets are known, the de-
velopment of drugs that effectively reach and bind to a target is
also very complicated. Detailed information about atomic struc-
tures is increasing exponentially, as is the power of computer
simulation and analysis, but “rational drug design and delivery”
is still out of reach, mainly because of the complexity of biologi-
cal structures and the multidisciplinary nature of the problem.
The pharmaceutical industry largely abandoned the “rational
design” strategy in the 1990s to develop new empirical methods
based on small molecule library synthesis and high-throughput
screening of drugs in cell cultures. Though these methods use
sophisticated robotics and biological techniques to assay thousands

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use


http://www.drugbank.ca

EBSCChost -

104 CHAPTER 3

of compounds simultaneously, they add up to ... more trial
and error.

But finding drugs by “brute force”—testing all the compounds
in existing libraries—has also failed to deliver results, perhaps as
a result of a lack of chemical diversity in the large industrial li-
braries used for screening. New ideas for opening the pipeline are
needed. An integration of the new quantitative biology explored
in chapter 1 with mathematical models, computational techniques,
engineering, and nanotechnology is expected to lead to the next
stage of drug discovery, but the field has gotten stuck. Pharma-
ceutical companies are big and have enormous inertia; an entire
community of science has been built around this slow and costly
paradigm. Change is difficult when institutions and activities are
very big. In the twenty-first century, however, as we look deeper
into the biology of diseases and, importantly, gain the ability to
model them quantitatively, it becomes much more possible to
base new ideas for therapies on biology, physics, and rational de-
sign. And some of the most interesting advances are happening
in the multidisciplinary arena that nanotechnology helped to
create. Techniques and concepts from the physical sciences are
contributing to the creation of new paradigms for fighting dis-
ease that encompass not only chemistry and biomolecular struc-
tures, but new methods borrowed from physics, engineering, and
mathematics.

ANTIBIOTIC RESISTANCE AND NANOTECHNOLOGY

The push we need to start developing a new, more rational and
agile pharmaceutical industry in the twenty-first century may
come, once again, from bacteria—from their ability to become
resistant to antibiotics. Most of our antibiotics are derived in one
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way or another from the molecular weapons that fungi and plants
have developed over millions of years of warfare with bacteria in
their natural ecosystems. Over those millions of years of constant,
rapid evolution, bacteria have produced an amazing array of
weapons and strategies for neutralizing the threat of antibiotics.
Bacteria can produce enzymes that inactivate an antibiotic drug;
they can change their surface or their cell wall to inhibit the drug’s
uptake; they can alter the protein, enzyme, or receptor targeted
by the drug; and they can even activate drug efflux pumps that
deliberately extract and remove the drug from the cell, acting like
molecular vacuum cleaners just for antibiotics.

Biological scientists have discovered that bacteria evolve resis-
tance by using two types of genetic mechanisms. The first one is
mutation. Mutations in the DNA of the bacterial genome occur
naturally when cells divide. Bacteria are especially prone to mu-
tation, because their genome consists of a single chromosome and
because they can divide very rapidly. Through mutations, a bac-
terium can “discover” and express a tweaked protein that foils the
action of the antibiotic, survive, and then pass the tweak on to its
daughters. Bacteria can also take in or transmit small pieces of
circular DNA called plasmids that may carry mutations. One
possibility is that a bacteriophage virus inserts a plasmid from a
bacterium it previously infected into its next victim, and so gene-
tic material passes from one to the next by transduction. But per-
haps the most powerful and surprising weapon is conjugation.
During conjugation, two bacteria that come into physical con-
tact with each other can transfer a plasmid carrying genes for
enzymes that inactivate antibiotics. In this way, the information
needed to become antibiotic resistant can be passed very rapidly
from one bacterium to others. To make things worse, plasmids
carrying antibiotic-resistance genes can be transferred between
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different species of bacteria, making the wide spread of resistance
to a specific antibiotic through a bacterial population very rapid
and efficient. Bacteria have been evolving on earth over billions of
years, and they have probably the most efficient, quick, and clever
solutions for evolving out of almost any danger and adapting to
any environment.

Conjugation that spread a plasmid carrying the gene for re-
sistance to methicillin (an antibiotic derived from penicillin) is
the prime suspect in the origin of the best-known superbug,
MRSA (methicillin resistant Staphylococcus aureus). Penicillin
and methicillin work by weakening the bacterial cell wall, which
eventually results in the bacterium breaking open, or lysing. In
MRSA, the plasmid transmitted through conjugation encodes a
protein capable of inhibiting methicillin binding. Another ex-
ample is a plasmid carrying a gene for the enzyme beta-lactamase.
Beta-lactamase alters the structure of the penicillin molecule,
rendering it inactive. Use and abuse of antibiotics since the 1950s,
to treat human diseases and also to control infection in factory-
farmed livestock, has created the potential for a public-health
catastrophe: a “post-antibiotic” era in which no antibiotic drug
is effective against infection. Pharmaceutical companies have
not considered antibiotics economically worth the investment in
research and development that has to be justified by shareholder
value. Confronted with this alarming situation, governments
worldwide are issuing calls and funding initiatives to find new
paradigms and drugs that will prevent a return to the death-by-
infection statistics of the nineteenth century. Alongside the old
strategies—identifying more natural compounds that have anti-
biotic activity; modifying existing drugs to make them newly
potent; trying new combinations of existing drugs—the new
multidisciplinary teams are focused on finding new paradigms,
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new targets that make it more difficult for bacteria to develop
resistance.

For instance, the quintessential tool of nanotechnology, the
AFM, is being combined with superresolution fluorescence mi-
croscopy to study the structure and assembly of the bacterial cell
wall, the sacculus, which is made of sugar-and-amino-acid mol-
ecules called peptidoglycans. The sacculus is a dynamic and adapt-
able structure fundamental for responding to the environment
and for signaling, and thus a useful target for antibiotics. Until
2013,the architecture of the sacculus was not known.’ The pep-
tidoglycan mesh, made up of circumferentially oriented bands of
material interspersed with a more porous network, has pro-
duced preliminary hypotheses to explain bacterial growth that
may conduce to the discovery of new antibiotic targets. Labora-
tories including my own lab have developed methods for measur-
ing the mechanical and even electrical properties of bacteria.
Acquiring physical information about bacteria opens up new
possibilities for the design of antibiotics. Rather than just target-
ing molecules and biochemical pathways, with the combined
knowledge of biology and physics we will be able to develop strat-
egies such as targeting architectural patterns or the dynamics or
assembly of the sacculus, and disrupting the stiffness and electro-
statics of the bacterial surface. Bacteria swim, stick, communi-
cate, and feed themselves using physical means as well as chemi-
cal, and the new knowledge generated by nanotechnology and
quantitative biology will allow us to move on from chemical battles
toward more comprehensive physico-chemical warfare against re-
sistant bugs.

The first successful strategy to identify and use a physical tar-
get for antibiotic design has been achieved by the group of Ge-
rard Wong at UCLA, targeting bacterial persisters. Persisters have
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reduced metabolic activity and are tolerant to antibiotics that
target growth processes, such as cell wall, protein, and nucleic
acid synthesis. Persistent bacteria can revert to an actively grow-
ing state after antibiotic treatment is ceased, and in this way, they
are a major factor in recurrent and chronic infections, as well as a
reservoir of resistant mutants that can increase antibiotic resis-
tance. Wong’s group has succeeded in engineering a prototypi-
cal persister-specific antibiotic by adding persister-killing prop-
erties to an existing antibiotic, tobramycin. Tobramycin is a potent
antibiotic, but had limited activity against persisters. The Wong
lab decided to redesign it using new knowledge about the shape
and the topology of the bacterial cell.

In the last five years, several structural studies and simulations
by Wong’s lab have demonstrated that a nanoscopic negative
Gaussian membrane curvature (a way of measuring curvature in
mathematics) is topologically required for membrane permeabi-
lization, such as the formation of pores, in bacteria. The Wong
lab had shown that the ability to generate this nanoscopic mem-
brane curvature is “programmed” into some peptide sequences
by the way that patterns in these peptides’ physical properties
relate to the geometric requirements of membrane curvature
changes. Armed with this model, they designed “Pentobra” by
adding a 12-amino-acid negative Gaussian curvature-forming
sequence to tobramycin, effectively creating a multifunctional
antibiotic that combines the membrane-penetrating activity of
the peptide with the drug’s inhibition of protein synthesis. In
2014 they reported that Pentobra permeates membranes and re-
tains high antibiotic activity. The two mechanisms work with
one another very strongly, and that may be what makes this anti-
biotic so powerful: Pentobra can Kkill persister-cell strains of
E. coli and S. aureus 10,000 to 1 million times better than tobra-
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mycin, but remains nontoxic to eukaryotes. These results suggest
one promising strategy: to renovate traditional antibiotics by
combining several strategies in one molecule. In 2015they dem-
onstrated the successful use of Pentobra in the treatment of bac-
terial acne.

The website of Wong’s lab summarizes not only the philosophy
of his research, but the essence of the new biomedical paradigm
emerging in the twenty-first century—the convergence of disci-
plines: “[W]e use a broad range of tools, including synchrotron
X-ray scattering and spectroscopy, quantitative optical micros-
copy, microfluidic systems, machine learning and ‘big data’
methods, X-ray and electron microscopy, and laser scanning
confocal microscopy . . . [O]ur collaborations include not just bio-
engineers, but also medical doctors, biologists, physicists, chem-
ists, and material scientists.”

Another strategy is to look for radically new ways to prevent
antibiotic resistance from evolving in the first place. This often
involves the design of nanoparticles with special characteristics
that make them lethal and, at the same time, selective of harmful
bacteria. Bacteria are much more negatively charged than most
cells, and so positively charged polymers accumulate at their sur-
face. Research has shown that nanoparticles that self-assemble in
vivo from polycarbonate polymers can penetrate and disintegrate
the bacterial cell wall and membrane, killing the bacterium.'* The
polycarbonate material is biodegradable: it can be broken down
by enzymes in the body, and thus is less likely to accumulate. After
a short period of time, the nanoparticles and their constituent
polymers should revert back to an innocuous by-product with a
very low molecular weight, which can easily be cleared." These
polymers are cheap and easy to produce, and have significant po-
tential as future infection fighters.
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Long before penicillin became the antibiotic of choice, silver
was used as an antibacterial agent. Hippocrates was discussing the
use of silver in the care of wounds 2,400 years ago. In the early
twentieth century, silver was used in eye drops and sutures, and
during World War I soldiers used silver leaf to treat infected
wounds. Although modern research has shown that in most such
cases silver is an inefficient antibiotic agent, its earlier use has in-
spired research into the antibiotic properties of silver nanoparti-
cles. A large body of research in the twenty-first century has shown
that silver nanoparticles indeed present wide-ranging antimicro-
bial, antifungal, and antiviral activity; they have proven effective
at killing bacteria such as E. coli and Pseudomonas aeruginosa, in-
cluding antibiotic-resistant strains. The exact mechanism by
which they kill bacteria is the subject of much debate: Is it their
shape, their size, or the silver ions they leak that destroys the bac-
teria, or a combination of them all? Many applications of antibac-
terial nanoparticles are being investigated, and they are already
common in consumer products such as socks, carpets, and water
bowls for dogs.'?However, there are concerns about their toxicity
to humans, animals, and the environment, which are currently
being addressed in extensive research programs in Europe, the
United States, and Asia.

An alternative, environmentally friendly approach using
nanoparticles of lignin, a natural polymer present in the wood and
bark of plants, was reported in 2015 The lignin nanoparticles
were infused with silver ions and coated with a polymer that be-
comes positively charged on contact with water. This work shows
that it is possible to create a nanoparticle that combines high an-
timicrobial activity with low environmental impact using the
principles of “green chemistry” (a new branch of chemistry that
develops technologies to prevent pollution and reduce consump-
tion of nonrenewable resources).
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Another interesting aspect of using nanoparticles to develop
antibiotics is that bacteria have not evolved in an environment
with artificial nanoparticles, so it would presumably be more dif-
ficult for them to evolve resistance. Recent research has demon-
strated that silver nanoparticles coated with polymers can have a
strong antimicrobial action that bacteria cannot evolve resistance
to. These particles also seem to promote wound healing.!*

Many hurdles need to be overcome in the development of a
totally new kind of antibiotics that prevent the advance of bacte-
rial resistance—the antibiotic research challenge of the twenty-
first century. The scientific community is now using the tools of
biology, nanotechnology, physics, chemistry, engineering,
mathematics, and computer science to craft new strategies and
find new paradigms in increasingly multidisciplinary and interna-
tional teams. Another significant innovation in this effort is the
“responsible” way science is being done in the labs to avoid unin-
tended consequences, such as environmental damage.

RATIONAL DRUG DESIGN USING
DESIGNER PROTEINS

Modern efforts toward rational design of medicines are not limited
to antibiotics. The new protein designers introduced in the pre-
vious chapter have a very strong motivation to use their newly
acquired powers to design new drugs. Computational methods
based on the peer-to-peer computing platform Rosetta@home
were used in 2011by David Baker and colleagues at the Univer-
sity of Washington to design new antiviral proteins not found in
nature. These artificial proteins target specific molecules on the
surface of flu viruses, with the purpose of blocking the virus’s in-
vasion of the cell and its reproduction. Their approach can be
seen as akin to engineering a small space shuttle that is able to
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break the secret code, dock with the enemy’s space station, and
destroy it—except that to do this with a virus, it is necessary to
engineer the docking mechanism and code at the atomic scale. It
took almost eighty rounds of computing efforts to design a protein
that targeted multiple strains of flu, which could then be pro-
duced by yeast cell cultures.'” Eventually the team succeeded,
and in 2016 they proved that their molecule was ten times more
effective than Tamiflu.'® The designer protein binds the virus sur-
face molecule so tightly that the lab dubbed it “Flu-Glue.” It is
small and stable, so that it can be formulated for delivery to the
lungs by aerosols through the nose. Delivered repeatedly to mice’s
lungs, this anti-flu protein has proven safe, and able to protect
animals from lethal doses of flu virus. The initial results in mice
seem to indicate that it does not provoke any significant immune
response. In a common move of modern biomedical research,
once an idea shows potential, someone will try to turn it into an
industrial activity. Aaron Chevalier, a former Baker lab Ph.D.
student, is now one of the leaders of Virvio, a Seattle biotech
company that is working to commercialize the protein as a uni-
versal anti-flu drug.

Besides killing viruses, Baker’s team at the Institute for Protein
Design (launched at the University of Washington in 2012) has
discovered that their designer protein can detect viruses. They in-
sert “Flu-Glue” into low-cost nitrocellulose paper membranes to
make viral infection diagnostic test strips that are very sensitive.
Their paper strips are able to detect fewer than 100 flu virus par-
ticles in a single nasal swab.

The ability to design proteins to target problems is inspiring the
creativity of students. In 2011,a UW student team won the grand
championship prize at the annual International Genetically En-
gineered Machine (iGEM) competition. Led by Ingrid Swanson
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Pultz, the students used the computational design powers of Bak-
er’s lab to reengineer the specificity of an enzyme so that it would
zero in on and break down gluten in the harsh acidic conditions
of the stomach. They called their enzyme KumaMax after the en-
zyme they modified, kumamolisin. In 2015, they produced an
advanced version of KumaMax, Kuma030, which breaks gluten
proteins at the precise places that are known to cause an im-
proper immune reaction in the small intestine of people who suf-
fer from celiac disease. Kuma030 has high enough activity in the
stomach to ensure that a small tablet taken before a meal can
completely break down any accidentally ingested gluten. Kuma030
is now being developed by a spinout company.

The power to design and build proteins has also been applied
to the development of vaccines. In 2010, Baker’s lab proved, using
Rosetta, that proteins designed to approximate parts of the AIDS/
HIV virus can promote the production of neutralizing antibod-
ies to HIV when they are injected into animals as vaccines. Using
the same strategy in 2014, they created a new protein for immu-
nization against the respiratory syncytial virus (RSV), which is
particularly deadly to infants and the elderly.'”

Most of these new protein designs are currently tested in ani-
mals to assess their efficacy, their side effects, and their possible
toxicity. Developing a drug up to the point where it is suitable for
use in humans takes many years of preclinical and clinical trials;
many strategies have to be abandoned or redesigned. But the com-
bination of techniques and ideas from all the available sources of
knowledge can be expected to bring major breakthroughs in the
coming decades.
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DNA NANOROBOTS FOR PROGRAMMABLE
CHEMICAL SYNTHESIS

The DNA nanotechnologists introduced in the previous chapter
have been working since 2002'® to create molecular assemblers
that can be programmed to construct any desired large molecule,
including proteins. This is highly relevant to drug discovery
because one of the bottlenecks to producing new drugs is insuf-
ficient variety of the molecules in chemical libraries, and expand-
ing those libraries requires new synthesis methods. Chemical
synthesis is usually done by a series of chemical reactions between
several compounds. Achieving this for the construction of large
molecules in sufficient amounts is very difficult. Indeed, biology
needs a molecular assembler, the ribosome, to construct the pro-
teins in all living organisms. In recent years, DNA nanorobots in-
spired by the ribosome have been developed—molecular-scale
assemblers that in the future will be programmable to construct
any desired molecule. The ribosomes are able to build all the pro-
teins in an organism by selecting building blocks from a pool of
RNA-linked amino acids and concatenating them in a sequence
defined by the messenger RNA molecular program. Mimicking
the “block by block” assembly method of the ribosome, DNA nan-
otechnologists are getting much better at constructing complex
molecules, using DNA strands and their interactions to tether re-
actants together so they can meet and react in the right order and
in the right orientation. DNA assemblers can be designed to evolve
autonomously according to DNA-encoded programs.'®* While it
is still a long way to industrial-scale production of chemicals using
DNA or other molecular assemblers, the path to achieving it has
been found, and will be traversed at increasing speed in the com-
ing years.
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NANOTECHNOLOGY FOR TARGETED DELIVERY
OF DRUGS

Even when a drug is effective, it is very difficult to bring it to the
right place. In fact, most of any drug’s side effects arise from the
diversion of the drug to places in the body where it is not needed.
Let’s take insulin as an example. Insulin is a hormone that helps to
control the amount of glucose in the blood. In healthy individuals,
insulin is secreted by the beta cells in the pancreas when sugar lev-
els in the blood rise. The main target of insulin is the liver, which is
able to remove glucose from the blood and turn it into glycogen
(or fat, or both). The insulin released from the pancreas also acts
on adipose and muscle tissue to stimulate glucose uptake. Diabetic
patients cannot produce enough insulin (type 1),or their cells be-
come immune to insulin (type 2). In both cases, a usual medical
strategy is to monitor glucose levels (which still requires a blood
test), and the common treatment is to administer insulin. Despite
the efforts of pharmaceutical companies, it is very difficult to cre-
ate an oral insulin pill that can be effective, since the intestinal lin-
ing is a barrier that is very difficult to cross; and so, painfully, insu-
lin remains in injectable form. The chief complication is that most
of the injected insulin does not reach the liver, and this means that
patients treated with insulin develop many side effects, including
weight gain, microvascular disease, renal failure, cardiovascular
complications, blindness, and problems with healing—even am-
putation of limbs. The International Diabetes Federation estimates
that 382 million people—8.3 percent of all adults in the world—
have diabetes, including 175 million adults who have the disease
but are undiagnosed. The numbers will continue to rise, reaching
592 million in a generation, and injecting insulin is still the main,
albeit unsatisfactory, treatment.
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Another case is cancer chemotherapy. Most of us have been
close to someone who has had to undergo the excruciating ordeal
of “chemo.” The reason for such a harsh treatment is that in order
to eliminate cancer cells, the drugs have to reach them in effec-
tive concentrations. Unfortunately, this can mainly be achieved by
increasing the dose, which has the side effects that have made the
treatment so feared: pain, diarrhea, vomiting, blood disorders,
nervous system damage, organ damage, infertility, cognitive dys-
function, hair loss.

Frequently, the drug cannot reach the target at all. A particu-
larly tough case is the brain, which is protected by the almost im-
penetrable blood-brain barrier. This makes treatment of brain
diseases very problematic from a pharmacological point of view.

Drug delivery is a major challenge of our time; fortunately, it
is coming into the sights of the multidisciplinary approaches that
are transforming biomedical research. In particular, nanostruc-
tured materials with tailored physical and chemical properties
are being investigated for ingenious solutions to the problems
of selectivity and access. A minute nanoparticle has, in principle,
enough space on it and in it to engineer in several properties that
could not be combined in one smaller molecule. For example,
nanostructures have the potential to target more than one recep-
tor, extend time of availability in the blood, and/or tackle
physical obstacles such as the intestinal lining or the blood-brain
barrier. A formidable array of problems has to be overcome: ag-
gregation of the particles on contact with blood or other fluids;
their accumulation in the wrong places; their chemical changes
inside a living body; the immune system’s responses to them;
the ability of the kidney, the liver, and immune system cells to get
rid of foreign material of any size or shape; and their potential
toxicity.
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Tumor cells

Drug nanocarrier

Figure 3.1. Nanocarriers of drugs. Passive tissue targeting is achieved by extravasa-
tion of nanoparticles through enhanced permeability of the tumor vasculature (EPR
effect). Active cellular targeting is achieved by functionalizing the surface of nanopar-
ticles with ligands that promote cell-specific recognition and binding. The nanoparticles
can (i) release their contents in close proximity to the target cells; (ii) attach to
the membrane of the cell and act as an extracellular sustained-release drug depot;
or (iii) internalize into the cell.

A particularly interesting finding is that nanoparticles seem to
accumulate in tumor tissues much more than they do in normal
tissues. This discovery, reported from Japan in 1986, has become
perhaps the most cited in the field of nanomedicine. It is the leg-
endary enhanced permeability and retention effect, or EPR. In order
to grow, tumors generate a network of blood vessels around them
(a process called angiogenesis); tumors’ vessels, however, are usually
abnormal. The cells in their lining are not well aligned, and have
little imperfections and holes through which nanoparticles can exit
the vessel (extravasate) and accumulate in the tumor tissue.

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

Targeting molecule
(e.g., antibody)

Drug

o <X

x:
o

Dendrimeric nanostructure

118 CHAPTER 3
OO
Carbon nanotube
\

Q)

,}kX:

Nanoshell (made e.g.
of polymer or metal)

Nano-liposome

Figure 3.2. A whole range of drug delivery systems have been developed. They typically
include a nanocarrier (nanoparticle, nanoshell, dendrimer, lipopsome, nanotube, etc.); a
targeting molecule attached to the nanocarrier; and a cargo (e.g., chemotherapy drugs).

The possibility of engineering nanoparticles that selectively
detect and destroy cancer cells using the EPR effect, among other,
more sophisticated strategies, has led researchers to engineer
myriad nanoparticle designs (generally derived from lipid mole-
cules, polymers, or metals) of specific sizes, shapes, and surface
chemical and physical properties, programmed with a fantastic
diversity of biological and medical functions. Nanoparticles can
be loaded with drugs to achieve a more targeted and concen-
trated delivery of therapeutic compounds. If biodegradable par-
ticles are used, they can also keep up a sustained delivery activity
over a longer time. Several systems have been demonstrated,
such as polymer-based nanostructures that can self-assemble to
target cancer, and nanoparticles made of metals or other inor-
ganic materials that home in on tumors and, when irradiated
with light or exposed to magnetic fields, produce enough heat to
eradicate them. Other nanoparticles carry one or more contrast
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agents so that they can be monitored by MRI and, when they
reach their target, release drugs via a trigger, such as pH or enzy-
matic catalysis. Nanoparticles can display a combination of diag-
nostic and therapeutic agents, currently known as theranostics.
Molecular assembly techniques can also be used to build nano-
systems with multiple functions, such as targeting tumors and
facilitating clearance from the body.

Many studies have shown that nanoparticles can detect and
kill cancer cells in vitro—in cell cultures in the lab—and in
vivo, in mouse models. Very few of these nanoparticles have
been translated to clinical use, however—despite much aca-
demic effort and the hot pursuit by startup companies all over
the world of the “magic bullet” to destroy tumors. In 2016 a
controversial article appeared in Nature Reviews Materials, ex-
amining all the available literature to try to understand why all
that research and promise was not being translated into medi-
cine. The problem seems to be that the nanoparticles, in most
cases, do not reach the actual tumor. The majority of injected
nanoparticles come to a halt in the liver, spleen and kidneys;?!
the body is doing its job—it is these organs’ role to clear foreign
substances and poisons from the blood. This suggests that re-
searchers may have to control the interactions of those organs
using nanoparticles. It is conceivable that an optimal particle
surface chemistry, size, or shape is required to access each
organ or tissue. One possible strategy is to engineer nanoparti-
cles that can dynamically respond to conditions in the body by
altering their surfaces or other properties, much as proteins do
in nature. This might prevent them from being filtered out by
the liver.

Ultimately, though, more knowledge of the biology and the
physics of the delivery process is needed to crack the problem,
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rather than just changing characteristics of the nanoparticles
themselves. Nanomedicine is failing just where more-traditional
pharmacology is also failing: by trying to go fast, nanomedicine
researchers are overlooking the actual physics and chemistry in
play at the surfaces of nanoparticles and proteins in the body.
Perhaps, to achieve the goal, the community needs to join forces
to coordinate a long-term strategy based on a broader, more
contextual view of the problem of drug delivery. As has been
shown again and again, tough biological problems need multi-
disciplinary approaches and coordinated efforts. Collaboration
can go hand in hand with constructive ways of organizing com-
petition, as witness the very successful contests established by
and for protein folders, mentioned in chapter 2.

That we cannot yet control nanoparticle transport inside the
body presents a major limitation for using nanotechnology to di-
agnose and treat cancer—or diabetes, cardiovascular disease, or
any of the other ills for which nanotechnology has raised high
hopes and large research budgets. To make further progress, re-
searchers will need to understand much more about the multi-
scale interactions between nanoparticles and the body’s organs
and tissues than they do today.

As fast as engineers can invent them, the multidisciplinary
approach is bringing together the powers of new databases;
advanced imaging and biosensing technologies, to track the
movements and interactions of nanoparticles with cells, tissues
and organs; and the best computational techniques, from big-
data analysis to artificial intelligence algorithms based on
sound quantitative mechanistic models. All these, and their ex-
plosive synergy, will be required to achieve this breakthrough,
but above all, good strategy and good leaders will be the key to
success.
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The good news is that the very limitations of nanoparticles for
cancer drug delivery become advantages on one of the most prom-
ising battlefronts against the disease: cancer immunotherapy.

NANOTECHNOLOGY TO ENHANCE
CANCER IMMUNOTHERAPY

For the last two years, newspapers have been astounding readers
with news of miraculous cancer cures. They are based on immu-
notherapy, a new way of dealing with cancer and other diseases
that seeks to unleash and enhance the power of the patient’s own
immune system to detect and destroy malignant cells. It is with-
out doubt the most promising new cancer treatment approach
since the development of the first chemotherapies in the late 1940s.
Immunotherapy is bringing about a medical revolution: it is esti-
mated that more than half of current cancer clinical trials include
some form of immunotherapy.

Although these results are new, the ideas behind them are not
entirely original. Like most stories in modern medicine, immuno-
therapy’s narrative started with bacteria in the late nineteenth
century.*? In 1890, William Coley, an American bone surgeon and
cancer researcher, tormented by the death of one his patients from
sarcoma (a kind of cancer that affects soft tissues), came across the
case of a sarcoma patient whose cancer had disappeared after a bac-
terial skin infection. This was some twenty years after the discover-
ies of Pasteur and Koch about microbes and infection. Coley found
documented examples going back hundreds of years of people hav-
ing a “spontaneous regression” of cancer after an infection. Based
on his own findings that seemed to be confirmed by these early
discoveries, he constructed the hypothesis that infections triggered
some kind of immune response in the body that improved cancer
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survival outcomes, Based on this hypothesis, he developed a star-
tling treatment method: he would infect cancer patients with Strep-
tococcus pyogenes—and in many cases he achieved their recovery.
Over the years he perfected his method; eventually, he managed to
achieve a safer form of the treatment by realizing that you did not
need whole living bacteria to produce the desired effect on the im-
mune system. Bacterial proteins extracted by heat-killing the bacte-
ria were as effective as living bacteria to clear cancer. This made it
possible to avoid the potentially dangerous infection step that is
necessary when living bacteria are used. Furthermore he found out
that adding a second bacterial species to the treatment further im-
proved the outcome. He treated hundreds of people. In 1999, a sci-
entific investigation compared his results with those of modern
therapies. His results were better. Fifty percent of Coley’s sarcoma
patients lived for ten years, compared with the 38 percent achieved
by modern therapies. Coley also got better ten-year survival rates
for ovarian cancer and kidney cancer.

The main problem with Coley’s work was that it was difficult
to standardize at that time. Coley was good at it, but training other
doctors to do it was not always successful, mainly because the
underlying biological mechanism was not known. When, in the
mid-1900s, chemotherapy and radiation therapy were established
as the standard of cancer care, Coley’s approach was widely
forgotten.?®

The past few decades have seen an outpouring of research on
the immune system, yielding a deeper understanding of how can-
cer progresses and inspiring new ways to stop it. A range of
unprecedentedly successful cancer therapies that have recently
been reported in the press exploit the complex interactions be-
tween tumors and immune cells revealed by this effort. As in
most current biomedical research, the progress is the product of
reciprocal learning: as soon as the immune system teaches re-
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searchers about its intricacies, researchers find tricks for teaching
immune cells how to use those abilities more effectively. By using
what they learn about the immune system, scientists can assist the
immune system to target disease with sharper aim.

In a modern version of Coley’s strategy, immunologist Karolina
Palucka helped to treat Ralph Steinman’s pancreatic cancer with
avaccine based on dendritic cells—the cells he had co-discovered,?*
earning him a Nobel Prize that was announced three days after
his death.”” We now know that immunity is an intricate interplay
between the adaptive immune system (which is specific for each
antigen, or molecule capable of inducing an immune response in
the host) and the innate immune system (which is not antigen
specific). B cells and T cells of the adaptive immune system have
receptors that recognize antigens in a highly specific way. Dendritic
cells are the link between the innate and adaptive immune re-
sponses. To create an immune response to cancer, the organism
needs dendritic cells to present cancer antigens to T cells. But
cancers can create an environment that inhibits T cells. The aim
of dendritic cell vaccination is to boost cancer-specific T cells
that can not only fight existing cancer, but also induce immuno-
logical memory to control the reappearance of cancer.

To treat Steinman, Palucka took cells that are precursors of den-
dritic cells from his blood, activated them in the lab, loaded them
with tumor antigens and adjuvants,?® and then injected the cells
back into him, hoping that these cells would activate tumor-
specific T cells. Steinman received eight injections of this vaccine
over the course of eight months, in combination with chemother-
apy. He survived for 4.5 years after his diagnosis—longer than
95 percent of patients with this disease.

Some of the results reported are staggering—patients in termi-
nal stages of the disease having a complete recovery. But many
other patients’ cancers don’t respond, and researchers struggle to
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understand why.”” Most immunotherapy treatments, especially
those directed against solid tumors, have so far benefited only a
minority of patients.

Recent research is showing that nanotechnology might help to
overcome some of the limitations of current immunotherapy
strategies.”® For example, in order to get a robust antitumor re-
sponse, it is important to expose each dendritic cell to both anti-
bodies and adjuvants, “booster” substances that enhance the im-
mune response. Currently both are administered as separate
drugs, and this has the disadvantage that some dendritic cells only
get exposed to one or the other of them. Co-encapsulation of both
antigen and adjuvant in a single nanoparticle enables co-delivery
to the same dendritic cell, which leads to a more effective activa-
tion of the T cells. It is also possible to encapsulate both antigen
and adjuvant in a particle that acts as a reservoir and is able to re-
lease the molecules over a longer period of time; this could be
useful to avoid booster injections and also to improve the effi-
ciency of the treatment.

While vigorous T cell responses have often been induced in
mice in the lab, this has been difficult to achieve in large mam-
mals. But preliminary trials of nanoparticle-based vaccines in
nonhuman primates and humans show results very similar to
those in mice, which suggests that nanoparticle-based vaccines
could become an important breakthrough.?

Targeting nanoparticles to dendritic cells is much easier than
targeting them to cancer cells. Because the particles resemble
pathogens in size, immune system cells such as dendritic cells
readily take them up, phagocytosing a nanoparticle in the same
way as they would a virus.

Nanoparticles also offer another advantage; they naturally ac-
cumulate in the spleen (and other secondary organs of the lym-
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phatic system). This is a problem for targeting a specific tumor,
but it is an advantage in immunotherapy, because there are many
dendritic cells in the spleen. Furthermore, organs like the spleen,
unlike solid tumors, do not present a complex physical barrier that
prevents nanoparticles from reaching the target cells. Using
nanoparticles, it is also possible to target multiple types of den-
dritic cells by selecting different types of antibodies; in this way it

1% immune re-

is possible to induce both cellular and humora
sponses. By prolonging their retention at the tumor site, nanopar-
ticles can also be used to produce an immune response in the local
environment of the tumor. This reduces toxicity to the patient and
allows for strong doses of extremely potent immunostimulatory
molecules while still promoting a response in the whole body.

Scientists at MIT managed to stick adjuvant-loaded nano-
particles to the surface of T cells to create “pharmacytes,” pro-
ducing much better results in tumor elimination by T cells.’!
This approach has been taken further: immobilizing nanoparti-
cles loaded with immunostimulatory drug combinations to the
surface of adoptively transferred T cells (tumor-specific T cells
extracted, expanded in the lab, and injected back into the host)
has induced an immune response in tumors of mice superior to
that obtained by loading the drugs separately. These drugs can
help T cells override the immunosuppressive signals that tumors
emit to shield themselves while they grow and spread, but, given
systemically, these drugs are very toxic and not very effective.
By concentrating them at the surface of T cells, the authors dem-
onstrate that a nanoparticle-based strategy can by much more
effective.’

Wenbin Lins lab has designed nanoparticles between 20 and
40 nanometers in size, loaded with light-sensitive chemicals and
coated with a special shell that allows them to survive a long time
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in the bloodstream and find tumors. Once the particles infiltrate
their targets, shining near infrared light on the tumors triggers a
chemical reaction that ruptures the cells. The broken tumor cells
expose their antigens to dendritic cells, enabling a powerful anti-
tumor response by the T cells nearby. These nanoparticles have
been applied successfully in mouse models of colon cancer and,
more recently, breast cancer—a type of cancer that often does not
respond to current immunotherapies. The immune response trig-
gered by these nanoparticles is not limited to the primary tumor
site: metastases were also wiped out.*

NANOPARTICLES FOR GENE EDITING AND
GENE DELIVERY

Gene editing using CRISPR has also been making headlines in
newspapers all over the world. In this case, too, the tools for
medical research come from bacteria. CRISPR (pronounced
“crisper”) are bits of DNA that bacteria use to flag the beginning
and the end of any DNA segment that does not belong to the
bacterium but that has been inserted in its genome by, for exam-
ple, a viral attacker. The Cas enzymes of the bacterium recognize
the CRISPR DNA flags, attach to them, and cut the exogenous
DNA elements at both ends, effectively editing the foreign gene-
tic information out and acting as a tool of the bacterium’s im-
mune system.

The CRISPR/Cas system is a game changer in biological sci-
ences and biomedicine, because it can be used in other organ-
isms to cut and replace specific parts of DNA using Cas proteins.
The potential of this technique is enormous; among many other
things, it can lead to the correction of genetic diseases, as well as
to pest-resistant crops and malaria-free mosquitoes.
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The success of CRISPR/Cas-based gene editing relies, like most
of the therapies I have discussed, on the efficient delivery of the
therapeutic material to the part of the body where it needs to act.
Otherwise, the treatment is either inefficient or toxic, or both. In
this case the cargo must be delivered to the inside of the cell, which
is not an easy task. The cell usually isolates foreign material in-
side itself by encapsulating it in a lipid membrane vesicle, the so-
called endosome. Endosomes are impermeable, and drugs trapped
inside them are useless. Breaking the endosome is a fundamental
goal of all the therapies that target molecules inside the cell.
Groups are already working toward improving the effectiveness
of gene editing by designing lipid nanoparticles that can cross the
mammalian cell membrane to effectively deliver Cas proteins to
the intracellular environment.

Apart from editing genes, nanoparticles are also being investi-
gated for other forms of gene delivery. Almost any sequence in the
genome, and every coding and noncoding messenger RNA in the
cell, has the potential to be become a therapeutic target that can
be addressed by an artificial nucleic acid. Over the past two de-
cades, much research has been devoted to the clinical application
of gene-based therapies for treating or preventing a wide range of
diseases. In clinical trials, however, success has been very limited.
Most of this research has used viruses to deliver the gene therapy
material. Viruses are able to insert their DNA into the host’s cell
nucleus and edit its genome, and so hacking the machinery of vi-
ruses has been pursued as a possible strategy to achieve benefi-
cial gene editing, but so far it has led to incomplete results, un-
wanted side effects, and complications. Nanoparticles have the
potential to overcome some of the limitations of viruses for gene
delivery.** Several approaches are currently being developed, in-
cluding libraries of biodegradable polymers® that can bind DNA
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and condense it into small, stable, nontoxic nanoparticles, able to
cross the cell membrane and become active in the intracellular
medium. Although effective treatments have yet to be achieved,
such nanoparticles have proven useful to efficiently deliver gene
therapy in a mouse model of cystic fibrosis. Using a nanoparticle-
based formulation that can be delivered through the nose, re-
searchers have demonstrated efficient gene delivery to the lungs
of mice, which is a very promising advance.*® Success will prob-
ably come by combining what we've learned from biological re-
search with viruses and from nanoparticle delivery of cargoes in-
side the cell.

CONTROLLED RELEASE OF DRUGS AND
MOLECULES FROM POLYMERIC MATERIALS

Judah Folkman, the youngest full professor at Harvard Medical
School at the age of thirty-four, reported in 1971that solid tumors
depend for their survival on their ability to generate blood ves-
sels around them.”” He hypothesized the existence of growth
factors secreted by tumors to promote the growth of blood ves-
sels; after he experimentally found them, he proposed blocking
the growth factors as a strategy to kill tumors, or at least to halt
their development. Folkman pioneered the collaboration between
the university and industry in medical research, and in 1974, his
medical inventions were the first for which Harvard allowed its
faculty to submit a patent application.

A decisive moment for the field of drug delivery came when
Robert Langer, a chemical engineer, joined Folkman’s lab as a
postdoc. After extensive trial-and-error experimentation, Langer
developed a polymer system that provided slow and constant re-
lease of an anti-angiogenesis factor. Furthermore, he found poly-
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mers that could be used for controlled release of molecules of vir-
tually any molecular weight.*® Langer’s results were met with great
skepticism by the scientific community—and also by the patent
office. Langer later tinkered with the fabrication procedure so that
the polymers could be made into microparticles of different shapes
and sizes, which could be implanted to continuously release bio-
molecules for over 100 days at a constant rate. This discovery was
initially ridiculed by scientists, and Langer’s first nine grant ap-
plications were turned down. He almost lost his professorship.

He persisted. Over time, his science and technology enabled the
medical use of many peptides, nucleic acids, sugars, charged low
molecular weight pharmaceuticals, and proteins. These larger
molecules have extremely short lives (minutes, in some cases) in
the body, which deploys its immune machinery to destroy them.
Controlled, localized delivery is required if the molecule is to
reach its target. The polymeric systems developed by Langer have
had a significant impact on developmental biology and on the de-
ployment of many clinically used therapeutics.”® Langer is cur-
rently revered as the most important figure in the field of drug
delivery.

In 1969, a controlled release system based on Langer’s poly-
meric microspheres was approved by the FDA for use with a
large-molecule peptide drug to treat cancer. This drug delivery
system has become the most widely used for advanced prostate
cancer patients. Later, the polymeric microspheres were optimized
for the treatment of Type 2 diabetes, alcoholism, schizophrenia,
and narcotic addiction, and they became implantable materials to
release high levels of chemotherapy agents to brain tumors in a
sustained, controlled way.

In 1996, for the first time in more than twenty years, the FDA
approved a new treatment for brain cancer, using Langer’s
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microparticles; it was also the first time that the FDA had ap-
proved a system that directly delivered chemotherapy to a tumor.
Its use has extended the life of patients, from a few weeks to, in
some cases, many years. Over 2 billion lives have been improved
worldwide by the technologies developed by Langer and his lab
over the years.

Langer also made the first “smart polymers” that could be con-
trolled with external signals—for example, ultrasound or mag-
netic fields—to release drugs on demand. Langer has also devel-
oped drug delivery systems that can be activated by enzymatic
activity, or even by intelligent chemical microchips.*’

Microchip-enabled implantable pumps have been used to de-
liver human parathyroid hormone fragments in clinical studies for
the treatment of osteoporosis. A bidirectional wireless commu-
nication link with the implant was used to program the dosing
schedule and to monitor the status of the implant during the
operation.!

CONTROLLED RELEASE OF DRUGS FROM SKIN
PATCHES USING BIORESPONSIVE MATERIALS

Improved knowledge of the responsive mechanisms of biological
systems is leading to innovations in materials chemistry, biomo-
lecular engineering, pharmaceutical science, and micro- and
nanofabrication. Together, these advances are facilitating the cre-
ation of bioresponsive materials for a range of applications, includ-
ing controlled drug delivery, diagnostics, tissue engineering, and
biomedical devices.*? This field seeks to evolve from the pioneer-
ing ideas of Langer toward smarter release of drugs when and
where they are needed.

Several prototype materials and devices are being fabricated to
respond to specific biological, chemical, and physical environ-
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ments. A skin patch displaying 121 microneedles, loaded with
nanoparticles designed to release insulin when glucose levels are
low, was reported in 2015* The authors were inspired by the func-
tion of the pancreatic beta cells, which tightly control insulin
levels in the body by monitoring blood glucose concentrations
(plate 9).

There is increasing interest in developing skin patches for mon-
itoring and treating disease. Diabetes is usually the model system
in which to test and develop the technology. In 2016 a collabora-
tion of several Korean institutions reported a flexible graphene-
based device for sweat-based diabetes monitoring. The patch in-
corporates a heater; temperature, humidity, glucose, and pH
sensors; and polymeric microneedles that can be thermally acti-
vated to deliver drugs through the skin.** Electronics, materials
chemistry, and biology merging to monitor and treat disease is the
trend of many of the cutting-edge programs in this field.

IMPLANTS FOR IMPROVED IMMUNOTHERAPIES

A particularly interesting use of porous materials is their adop-
tion in the framework of immunotherapies. Implants the size of
a pill are currently being designed to recruit and stimulate im-
mune cells to attack tumor cells.* The implants contain mole-
cules that recruit dendritic cells and DNA fragments, which then
stimulate the dendritic cells by mimicking bacterial infections.
The ingenious plan is to include ground-up tumor tissue from
biopsies to teach dendritic cells that these are foreign substances
that must be eliminated.

The implants have been a complete success in experiments
treating melanoma in mice. The WDVAX vaccine is currently
being tested in patients with metastatic melanoma in a phase 1
clinical trial. This approach is currently being extended to other
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Figure 3.3. General strategy to use biomaterial systems for immune therapies, to
recruit and reprogram cells to target tumors.

types of cancers, such as brain gliomas and breast cancers. Simi-
lar approaches are being tested on lymphomas.*®

Because vaccine implants require minor surgery, research is
under way to make the strategy less invasive. For example, a
method has been reported that would swap out the polymer scaf-
fold for a cryogel of porous microparticles;*” following injection
under the skin, these particles clump together to form a sort of
immune-priming depot.

TOWARD THE SUPER-ENHANCED
IMMUNE SYSTEM

No matter how much power a drug, enzyme, or cell has to cure a
disease, the crucial feature needed for therapeutic success is to de-
liver it to the right place. The body has many barriers to prevent
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this: the mucosa of the lungs, the blood-brain barrier protecting
the brain, the filters of the kidneys, and the intestinal environment
are all designed to prevent pathogens and poisonous molecules
from killing the organism, and so they also prevent drugs and
treatments from reaching the targeted areas. Cancers and tumors
have evolved to prevent any external agents, such as immune cells,
molecules, or proteins, from attacking them. These barriers are
physical as well as chemical, and much of the research in biomed-
icine is devoted to finding strategies for crossing these barriers
and delivering treatment where it is needed, while avoiding tox-
icity. Nanomaterials will be key to achieving this goal because on
them it is possible to engineer the right chemistry and the right
physics to achieve it. Nevertheless, the task is far from completed.

A future area of drug delivery that can be improved by nano-
technology is to extend the targeting of drugs to the interior of
the cell. Currently, most drug targets are situated in the cell mem-
brane. Being able to cross the cell membrane to deliver drugs,
nucleic acids such as DNA and RNA, and short proteins to intra-
cellular targets would open up the possibility for many new treat-
ments. While this is being increasingly achieved, it remains a
fundamental hurdle, especially for gene-based therapies.

The general self-assessment of the field of nanomedicine that
is pouring into the scientific literature is that we are getting closer,
but we are not quite there yet. The results so far suggest that the
most effective way to progress will be to develop common strate-
gies in the research community. Driven and inspired women and
men will be needed as leaders to push for those common goals
and strategies. My impression is that the nanomedicine commu-
nity is finally bringing the necessary focus to bear on the tough-
est problems: targeted delivery to different parts of the body,
and intracellular delivery. The speed of research on new materials,

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

134 CHAPTER 3

new biology, new techniques, and quantitative methods of moni-
toring disease will contribute to finding solutions. The history of
medicine indicates that our urge to solve problems is unlikely
to disappear.

Another key to achieving success will be to develop better math-
ematical modeling of drug delivery to help design and refine treat-
ments for maximum efficiency and results. Nanotechnology-
enabled biosensing platforms will increasingly be able to monitor
molecules and a variety of physical and chemical signals in patients
in real time. Smart mathematical modeling techniques currently
in development include Al algorithms to make sense of the large
data sets specific to individual patients. From these compiled
data the algorithms will sculpt mechanistic models of disease
and treatment that can predict a new patient’s optimal dose and
response, based on actual physical pro cesses within the
body across the temporal and spatial scales.

The combination of nanotechnology, electronics, physics, math-
ematical modeling, artificial intelligence, materials science, and
biology will result in ever smarter drugs, delivery systems, and
diagnostic strategies, with the ultimate goal of continually
monitoring the body to be able to respond quickly and fix it
when it first malfunctions. This is, in fact, what our own immune
system does: continuous monitoring and repair. From this per-
spective, it is not surprising that the technologies and sciences of
health are now converging in immunotherapies. Our immune
systems have weak points, which cancer and pathogens can
exploit. Our eagerness to heal forces us to learn how biology does
it, and to identify the weak points so we can eliminate them. In the
future, we will prob ably be able to create super-enhanced immune
systems, boosting evolution’s already astonishing creation with hybrid
transmaterials and smart mathematical models that take it to the
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next level. That will bring us closer to the ultimate goal of all this
striving: gradual mastery of the basic principles of biology, with
its ability to create and to heal.

In the next chapter, I will show how these ideas are all being
deployed in one of the most potentially transformative fields of
research: regenerative medicine. Whether trying to recreate liv-
ing tissues in the lab for transplantation or to enhance the regen-
erative powers of the body, researchers in this area are quickly
integrating all the knowledge that I have introduced in this and
the previous chapters—from bioelectricity and the mechanics
of biology to nanotechnology, biosensing, and mathematical
modeling.
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RECREATING TISSUES
AND ORGANS

Going through life keeping our physical integrity unscathed
is no cakewalk. Cancer, accidents, violent encounters, medical
treatments, diabetes, infections, and burns often lead to severe
tissue damage and organ failure. Fear of maiming and amputa-
tion is as significant to our human identity as is our wholeness.
From ancient times, humans have dreamed of being able to fix
and replace diseased, diminished, or lifeless body parts, and
even to regenerate the whole body to achieve immortality.! This
is a yearning that has never been suppressed, partly because
humans have always witnessed salamanders, axolotls, starfish,
crayfish, newts, hydras, and worms regrowing whole arms, legs,
tails, jaws, internal organs, and eyes in front of our jealous, ad-
miring gaze. Humans can regenerate skin if the injuries are not
too big; the liver, kidneys, and bone can also regrow to some
extent. Women regenerate our endometrium during each men-
strual cycle. But for the most part, evolution has hidden the
recipe for the regeneration of human organs and limbs in our
ability to do science.

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

RECREATING TISSUES AND ORGANS 137

Currently, the main remedy is transplantation. This is a diffi-
cult, expensive, and culturally loaded activity that can only be per-
formed by very skilled surgeons, who have become the stuft of
hero worship and legend.? Tragically, the demand for organs and
the increase in the number of doctors and institutions that can
successfully carry out transplants has led in some cases to shock-
ing organ market activities. Organs are routinely and inhumanely
removed from the weakest people of this world to feed the sur-
vival demands of those who can afford them, profiting from
desperation.

In this chapter, I will very briefly review the history of scien-
tific and medical understanding of healing and tissue regenera-
tion, from the discovery of the unit of life, the cell, in the seven-
teenth century to our current accomplishments in isolating and
generating stem cells. The efforts to regenerate and repair organs
have given rise to the field of tissue engineering, a multidisci-
plinary ground where medicine, evolutionary and developmen-
tal biology, physics, engineering, and nanotechnology all meet to
solve fundamental questions about how cells communicate with
each other and with their environment. These questions are ex-
pediting the development of new nanomaterials, sensors and
monitors of biological and physical activity in vivo, new mathe-
matical models that capture the complexity of living tissues, and
new strategies such as the control of biological electricity to re-
generate organs. As the first artificial organs have already been
successfully transplanted, the field transcends medicine and leads
to profound questions about the identities of cells. How does a cell
know that it has to behave like a heart cell or like a neuron, or
when it needs to die? How does a body or an organ know its
shape? Can we control the behavior of cells with artificial mate-
rials or electrical and mechanical signals to create post-evolutionary
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functionalities that do not exist in nature? Can novel biohybrid
structures be fabricated that combine the engineering princi-
ples of biology and nanotechnology to create new transmaterial
devices—or even creatures?

FROM THE DISCOVERY OF CELLS TO STEM CELLS

As you will recall from chapter 1,Robert Hooke in England man-
aged to construct a microscope that allowed him to observe that
plants were made of cells, a term he coined to describe the plants’
building blocks (because their packing reminded him of the small
rooms in monasteries where monks lived). He published his find-
ings in the book Micrographia, in 1665. More than a century later,
Lorenz Oken, a German biologist, used the observations of mi-
croscopists to develop hypotheses about the cell’s roles in life. In
1805 he stated that “all organic beings originate from and consist
of vesicles or cells” At that point science got on the right track to
understand tissues.

Microscopy that could reveal cells in tissues led to progressive
observation of the stages of development of multicellular organ-
isms as they grow in complexity from a small number of cells.
Science learned that in sexual organisms, the fertilized egg di-
vides to form a ball or sheet of similar cells, the blastula or blas-
toderm; the embryonic pluripotent stem cells contained in the
blastula then go on to divide and differentiate to create the diver-
sity of tissues and organs and specialized cells that can be found
in nature, from leaves to eyes and brains. To the early observers
of cellular life, it soon became apparent that if we learned how to
get hold of those pluripotent stem cells, and how to activate and
assemble them in the right way, we could perhaps build tissues
and replace, even recycle, our malfunctioning organs.
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Jacques Loeb? in the nineteenth century was probably the first
person who thought that learning biology’s tricks for creating tis-
sues was possible, and had the audacity to try. Loeb was an icon-
oclastic German Jewish physiologist who developed “an engineer-
ing standpoint” on biology, influenced by the practical ideas of
the botanist Julius Sachs.* Like Sachs, Loeb was interested in con-
trolling biology; his experiments and ideas led him to establish a
long correspondence relationship with the physicist-turned-
philosopher Ernst Mach. Mach was an advocate of “scientific
positivism”: he thought that scientific research had to be consid-
ered as part of its social and cultural context, as a way to human
social and economic advancement, in a deep relationship to tech-
nology. For Loeb, reinforced by Mach, a biologist should be an
engineer.

In a series of pioneering experiments with tubularians (small
animals related to jellyfish) in the Naples Zoological Station, he
began to study regeneration as a capacity of organisms to react to
changing environmental conditions. In a letter to Mach in 1890,
he wrote, “The idea is now hovering before me that man himself
can act as a creator even in living nature, forming it eventually ac-
cording to his will. Man can at least succeed in a technology of
living substance.”” He fervently pursued his ideas at the Univer-
sity of Chicago and became a celebrated scientist; he inspired the
protagonist of Arrowsmith (1925), the first novel to romanticize the
world and culture of science, written by Sinclair Lewis. In 1897,
Loeb first reported the idea of growing cells outside the human
body, in “cell cultures,” and in 1914 he described the activation of
sea urchin eggs to begin embryonic development in the absence
of sperm, using ultraviolet rays.® Ross Harrison was the first to
grow cells in vitro in 1907, developing the first neuronal tissue cul-
ture line from frog embryo ectoderm.” Throughout the twentieth
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century progress in growing and maintaining cell cultures con-
tinued, increasing the ability to grow cells from specific tissues in
vitro. A fundamental piece of this story is John Enders, who
found a way to culture human embryonic cells (using fetal tissue
from abortions and miscarriages) for the development of viral
vaccines in 1952.

The interest in cell types, cancer, development, and cell cultures
led scientists in the 1950s to investigate the biology of “monster
tumors,” or teratocarcinomas (malignant) and teratomas (benign).
Teratocarcinomas and teratomas have terrified and intrigued
people since antiquity, because they are composed of a slapdash
mixture of tissues and organs and often contain teeth, bone, hair,
muscle, skin, and even eyes, all in a single tumor. Teratomas are
very rare, especially in mice. This meant that although potentially
a boon for understanding development, teratomas were very dif-
ficult to study without an accessible animal model. This changed
in 1954, when the first mouse strain was reported that showed an
incidence of spontaneous testicular teratoma of about 1 percent.®
The research on teratocarcinomas grew in the 1970s with the
tide of interest in mammalian developmental biology and cell
differentiation.

In 1970, retransplantable teratocarcinomas from mouse em-
bryos grafted to extrauterine tissues confirmed that stem cells in
teratocarcinomas were essentially embryonic; this explained their
pluripotency, i.e., that they could turn into almost any tissue in-
side the tumor. Between 1970 and 1974, several isolations of cell
lines derived from teratocarcinomas were reported.” Improvement
of cell culture techniques made it possible to reliably clone cul-
tures of mouse pluripotent teratocarcinoma cell lines.'° Following
the work with mice, the isolation of human carcinoma cell lines
was reported in several publications between 1977 and 1980. These
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cells were useful for understanding tumors and cell differentiation,
but had limited medical utility because of their cancerous origin.
For medical applications, healthy human stem cells were needed.

The isolation of mouse embryonic stem cells was reported in
the early 1980s, but the derivation of the first human embryonic
stem cell and germ cell lines took longer. Besides the technical and
scientific hurdles, most investigators were understandably reluc-
tant to work in a field that is fraught with ethical dilemmas, po-
litical difficulties, and even legal dangers. The ban in the United
States on supporting human stem cell research with federal funds
put an important brake on progress.

The breakthrough came in 1998, when James Thompson vis-
ited Israel at the invitation of Dr. Joseph Itskovitz of the Technion,
the Israel Institute of Technology. Their collaboration led to the
first successful isolation of human embryonic stem cells.' The cells
were isolated from embryos donated by couples who had under-
gone fertility treatment in Haifa. Once the first cell lines were iso-
lated, scientists and the public realized that stem cells could have
a colossal impact on medical practice. At the turn of the century,
the pages of the press began to be inundated with articles on the
promise of the science of stem cells.

The work progressed at a remarkable speed, and in the United
States the federal funding ban gradually relaxed, especially under
the Obama administration. In 2012, Shinja Yamanaka of Japan
and Sir John Gurdon of the UK shared the Nobel Prize in Physi-
ology or Medicine for the discovery that mature, differentiated
cells can be reprogrammed to become pluripotent. This finding
means that pluripotent stem cells can now be created from the
cells of any tissue (skin, for example) without the need of an em-
bryo, which clears many ethical and legal dilemmas and also
opens the way for self-transplantation. In 1962, Gurdon had done

printed on 2/13/2023 5:47 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



EBSCChost -

142 CHAPTER 4

pioneering experiments removing the nucleus of a fertilized egg
cell from a frog and replacing it with the nucleus of a cell from
the intestine of a tadpole. This modified egg cell grew into a new
frog, proving that the mature cell’s nucleus still contained the ge-
netic information needed to form all types of cells. Before this
experiment, most scientists had thought that once a cell was al-
ready differentiated, it could not return to the pluripotent stem
cell state. In 2006, Yamanaka succeeded in identifying a small
number of genes within the genome of mice that he could acti-
vate to reprogram skin cells from mice back to the stem cell state,
in which they had the capacity to differentiate and grow into any
of the types of cells of the body: neurons, heart muscle cells, reti-
nal cells—any cell.

While stem cells have within themselves the potential to be-
come any cell in the body, to create a living differentiated tissue
from them—and even more so, a complex solid organ—remains
an enormously complicated task.

EARLY TISSUE ENGINEERING

In tissues, cells are assembled in complex, more or less symmet-
rical three-dimensional structures. In most cases, they are embed-
ded in a complex network of active nanostructured “cables”
made predominantly of protein that form a scaffold: the extracel-
Iular matrix (ECM). The ECM provides a structural, physical, me-
chanical, and biochemical environment to support the cells’
growth and interaction in tissues. The extracellular matrix is an
active gel secreted by cells, and is made of a large variety of fibrous
proteins and sugars that include collagen, elastin, hyaluronic acid,
and proteoglycans (names the cosmetic industry has popularized
in its ads, with good reason).
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When we incur a wound, the extracellular matrix is destroyed;
when cells move into the wound space, the information of the
extracellular matrix has disappeared, so the cells generate scar
tissue to fill the void. Scar tissue is stiffer, and does not conform
well to the rest of the structure. In scars the new collagen secreted
by cells has a different structure and is usually more aligned in one
direction.

Early on, it was recognized that in order to generate tissues, it
would be necessary to recreate the environment that the extracel-
lular matrix provides in tissues, by generating artificial scaffolds
in which to seed the cells. W. T. Green at the Boston Children’s
Hospital was perhaps the first to realize this requirement in the
1970s, when he was trying to work out how to regenerate carti-
lage by seeding chondrocytes (cartilage cells) onto spicules of bone
that he then reimplanted in mice. Although his pioneering efforts
were not fully successful, he rightly predicted that with the advent
of innovative biocompatible materials, it would become possible
to generate functional tissues.'?

Several years later, also in Boston, the first attempts were made
to produce artificial skin in the lab, using a collagen matrix to sup-
port the growth of a type of skin cells called fibroblasts.*> This
work was followed by breakthroughs in treating burn patients
with epidermal sheets of keratinocytes (the main cellular compo-
nents of skin), alone or atop a dermal layer grown from fibro-
blasts seeded on collagen gels."* These examples represent the
foundational stage of the new discipline now known as “tissue
engineering.”

A momentous day for the field came in the mid-1980s, when
Joseph Vacanti of the Boston Children’s Hospital approached Rob-
ert Langer, the MIT chemical engineer who had started a revolu-
tion in drug delivery in 1976 with his application of polymers for
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controlled release of molecules, as I briefly recounted in chapter 3.
Vacanti was interested in designing scaffolds of artificial materi-
als for cell delivery; he thought that such materials would allow
the scaffolds to be given predetermined physical and chemical
properties, in contrast to the less controllable biological materi-
als (such as collagen) that had been used up till then. The col-
laboration led to an extensive program to generate functional
tissues.

With the development of synthetic biocompatible and biode-
gradable materials for biomedical applications, research on tissue
engineering and biomaterials finally took off in the 1980s. Bio-
medical engineering departments were established at major uni-
versities around the world. The initial successful results were sum-
marized by Langer and Vacanti in the journal Science in 1993.!°
These achievements included the fabrication (by Vacanti, his
brother Charles, and colleagues) of a scaffold that was implanted
under the skin of a mouse to guide bovine cartilage-forming cells
to grow tissue in the shape of a human ear.'® The scaffold was bio-
degradable: it dissolved slowly while the tissue was growing. The
image of the “Vacanti mouse”"” displaying a human ear on its back
is perhaps the most visually disturbing example of tissue engineer-
ing, but the startling, groundbreaking experiment paved the way
for future applications.

Out of this intensive activity the first commercial products
started to appear on the market. Interpore’s Pro Osteon coral-
derived bone graft material was announced in 1993. In 1996, In-
tegra’s Artificial Skin was approved as a nonbiological tissue re-
generation product. In 1998, the General and Plastic Surgery
Devices Advisory Panel to the U.S. Food and Drug Administra-
tion (FDA) recommended unconditional endorsement of Apli-
graf (Graftskin) Human Skin Equivalent for the treatment of
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venous leg ulcers. Apligraf, by Organogenesis, was the first man-
ufactured living human organ to be recommended for approval
by an advisory panel to the FDA.!8 Ever since then, fundamental
science, technology, and commercial application have all run in
parallel, often working in partnerships to create better tissues
and materials.

ARTIFICIAL MATERIALS TO CONTROL THE FATE
OF STEM CELLS

The ability to steer pluripotent stem cells to differentiate into cells
of any desired tissue is a fundamental pursuit of the field. Most of
the endeavors of the biological and biomedical research commu-
nities were initially devoted to finding the molecular signals (e.g.,
growth factors) that trigger the differentiation. But the irruption
of physical scientists and engineers into the field led to a funda-
mental change in strategy. Forces and mechanics are now recog-
nized as a fundamental piece in the construction of tissues and
in the transmission of information from the molecular to the cel-
lular and tissue levels.

As T introduced in chapter 1,cells exert and respond to forces.
Furthermore, stem cells can be driven to differentiation by the me-
chanical properties of the environment where they attach and
grow. This opens up the possibility of constructing tissues with
biocompatible materials engineered at the nanoscale to transmit
physical and chemical signals that guide cell differentiation. A new
generation of multidisciplinary tissue engineers is currently work-
ing in labs all over the world to bring physics and engineering
principles to biology, with the goal of reconstructing living tissues
by using artificial material scaffolds that mimic the physical and
chemical conditions of real tissues.
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Nanotechnology has become a fundamental tool of tissue en-
gineers. As I explained in chapter 1,integrins and other cell ad-
hesion proteins that act as molecular “hands” to attach to the out-
side world need nanometer-scale handles to hold on to; hence
nanotechnology is required to fabricate the right architectures to
enable cells to attach, survive, evolve, and divide.'” Apart from ma-
terials, nanotechnology is also needed for measuring. Mechani-
cal properties of living cells and tissues are not easy to measure,
especially at the scale of proteins and subcellular structures. AFM
and other nanotechnological tools are currently being utilized to
quantify the mechanical properties of cells and materials, such as
their elasticity, their viscosity, and their poroelasticity (the sum of
mechanical properties arising from having a porous structure with
water inside).?°

Having quantitative measurements of the mechanical proper-
ties of cells is important for designing the materials of scaffolds,
and also for making mathematical and computer models of the
mechanical behavior of cells and materials. Computer models can
assist in understanding the biology, and, crucially, they have the
capacity to become predictive. The ultimate goal is to create the
“tissue engineering app” of the future, a computer program that
would help to design a tissue construct and a protocol for each
application. We are still very far from an app-based design; the
most fundamental pieces of information that are needed to put it
together are, on the one hand, quantitative measurements, and on
the other, good mathematical modeling—and they are both still
very much works in progress.

Research has shown so far that to guide the growth of a tissue
with an artificial scaffold, the scaffold must match the mechani-
cal, structural, and chemical properties of the tissue one is trying
to recreate. Having detailed structural and mechanical measure-
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ments of both the healthy tissues and the scaffolds becomes a fun-
damental part of the research, which is also a work in progress.

NANOSTRUCTURED MATERIALS FOR
TISSUE ENGINEERING

Several methods of fabricating nanomaterials are currently being
used to produce tissue-engineering constructs. Polymeric fibers
that mimic the topography and mechanical properties of the ex-
tracellular matrix are being produced, for example, by “spinning”
polymers with electric fields (electrospinning). The protein nano-
technology researchers introduced in chapter 2 are also produc-
ing proteins and protein fragments that can be used to create scaf-
folds and meshes for culturing cells in three dimensions. In a
modern, nanotechnological version of paper, nanostructured
cellulose is also being used to create the scaffolding for cells.
Methods of producing nanostructured porous materials by
freeze-drying solutions of polymers, and of mimicking nature’s
hydroxyapatite structures (which harden bones and teeth), are
also in the works.'®

Another attractive possibility is to build tissues using building
blocks. Microporous polymeric materials with controlled sizes
and shapes can be used to construct three-dimensional architec-
tures, or can even be implanted or injected into the body. The
blocks can be directly loaded with cells, drugs, and signaling mol-
ecules, offering long-term local delivery of therapeutic molecules
at the injury site or within the cell culture. This modular approach
to tissue engineering has evolved in several very ingenious strat-
egies that aim at the self-assembly or bottom-up selection and ar-
rangement of the building blocks, creating complex tissue archi-
tectures that can even include blood vessels and other nutrient
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transport architectures within the construct.”! Hagan Bayley’s lab
at Oxford has invented a system for modular tissue engineering
that involves 3-D printing of modules the size of cells with com-
plex 3-D microarchitectures; it is currently being developed by the
company OxSyBio.”* A common strategy that is alluring in its sim-
plicity is to build three-dimensional tissues out of stackable
sheets.

Making a fully functional organ using an artificial scaffold is a
very hard task. One of the main problems is that diffusion of nu-
trients and oxygen in the artificial constructs is difficult to achieve.
This means that although it is possible to construct small func-
tional cell cultures of a few millimeters, it is difficult to make them
bigger and to keep them alive, because oxygen and necessary nu-
trients do not reach the cells. Transport in real tissues is achieved
by a combination of very complex biological and physical mech-
anisms, including the generation of blood vessels that can carry a
constant cargo of oxygen and nutrients to cells in very dense en-
vironments. It is known that it is only possible to supply oxygen
and nutrients to, and remove wastes from, cells that are less than
200 microns away from a blood capillary. The generation of blood
vessels in a fabricated tissue is still a complex biological and bio-
engineering problem. Sophisticated bioreactors that mimic the
conditions of the body are being designed, as well as strategies for
overcoming the many diverse challenges. A further complication
for making large tissues is finding appropriate cell sources that can
deliver sufficient quantities to generate a tissue large enough to
have medical relevance. In all circumstances, scientists strive to
keep learning by making, advancing the field scientifically and
technologically even when the final goal is difficult to reach.
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ENGINEERING ORGANS

While fully functional fabrication of the most complex human or-
gans is still a distant aim, great progress is being made in many
specific tissues. The simplest organs to fabricate are flat and
relatively stiff, such as skin. The next level of complexity is to en-
gineer tubular structures such as blood vessels and tracheas. Hol-
low non-tubular structures such as the bladder are next in the
scale of difficulty. The holy grail of the field is the production of
solid organs such as the heart, kidney, and liver.”

The area of biomaterials for orthopedics and ophthalmology is
particularly active, especially in the tissue regeneration of cornea
and cartilage.?* Articular cartilage and the cornea have many com-
mon characteristics: for example, they are not vascularized,
which is to say they do not need blood. Both cornea and cartilage
have a dense, highly organized extracellular matrix with relatively
low cell density. Both tissues suffer from an inability to self-repair,
and they form bothersome scars when they are damaged, which
can lead to reduced vision, in the case of injured corneas, and
weaker mechanical response in cartilage. Furthermore, they are
not extremely soft, which is an advantage for creating matching
artificial materials. Several new commercial products have been
developed.? But it is difficult for the new materials to displace the
cruder cartilage-substitute implants available on the market since
the 1960s. In the case of cartilage, plastic and metal implants are
routinely used in the clinic, and although they produce many
problems and side effects, they are still preferred because they are
well known. The new tissue-engineered strategies are more com-
plex and expensive and still have not delivered clear solutions. A
main complication is how to interface cartilage engineered in the
lab with the host tissue of the patient. Several strategies have been
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put forward, including biological adhesives, but it remains chal-
lenging to bring the new constructs to the clinic.

Tissue engineering is also a promising technology for repair-
ing spinal cord injuries.” Spinal cord injuries often lead to per-
manent motor and sensory dysfunctions, which have devastating
consequences for patients’ quality of life. Many scaffold materials
are currently being investigated for use in these applications. Neu-
ral tissue is particularly soft, and a big challenge is to create a
scaffold soft enough to sustain healthy neurons. Injectable, very
soft-gelling hydrogels seem to have the best clinical potential,
because they can be delivered into the injured region with mini-
mal tissue damage. A particularly exciting development is the use
of materials that can electrically stimulate neurons. These mate-
rials can deliver an electrical current to cells and thus have great
potential for nerve regeneration and functional recovery. They can
also be utilized as a guiding channel for broken nerves, to pro-
mote nerve regeneration, or to mimic neural tissue for in vitro
testing. Several clinical trials are under way, studying the effects of
electrostimulation as well as stem cell transplantation for spinal
cord injury using bioengineered materials.?® In 2015,a team head-
quartered at Harvard reported the invention of soft 3-D electronic
scaffolds that can be delivered to specific regions, such as cavities
and living organs, through a syringe needle.?” These injectable
electronic materials could be used to monitor physiological and
electrophysiological signals in vivo, and also to deliver therapeutic
electrical signals. The integration of the injectable electronics with
other functional units, such as wireless components, is expected to
lead toward implantable bioelectronics and continuous biomoni-
toring that could be connected, e.g., to a smartphone.

The science media often highlight the work of Anthony Atala
and his colleagues at the Wake Forest Institute for Regenerative
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Medicine in North Carolina. Atala started his work on regenera-
tive medicine and tissue engineering in the 1990s, also at Boston
Children’s Hospital. The interest is in part due to the mediagenic
character of some of the organs that the three hundred members
of Atala’s lab are trying to engineer, given the importance of the
“technologies of the self” (this phrase of the French philosopher
Michel Foucault seems particularly relevant in this context) in
contemporary societies. For example, Atala’s lab has managed to
fabricate lab-grown human penises, using decellularized collagen
scaffolds on which cells of the patient are seeded.?® Men who have
lost their penis through genital defects, traumatic injury, or can-
cer surgery, or as victims of violence, and transgender people who
seek to actively determine the physicality of their sexuality, are
hopeful that this technology can help them to live better lives. The
current technology for penis replacement was established in the
1970s and is rather crude. Penises are constructed with skin and
muscle from the patient’s thigh or forearm. Reproductive use is
not achieved, and sexual function is implemented either using soft
malleable rods, which are difficult to conceal, or inflatable bars
with a saline pump implanted in the scrotum. Furthermore, the
desirability of these phalloplasties may be questioned by some pa-

>«

tients’ “aesthetics of existence” (Foucault again), which can lead
to further problems.

Atala has been growing penile cells in artificial scaffolds since
1992. In 2008 his lab had full success with rabbits. First, they im-
planted bioengineered penises into twelve penectomized male
rabbits, and then they put the mended males together with female
rabbits, hoping they would have sex. All tried to mate; in eight rab-
bits there was proof of ejaculation, and four produced offspring.*

Making a human penis is more complicated, however, mainly
because it is bigger than a rabbits. As with most attempts to
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engineer complex organs in the lab for transplantation into
humans, the scaffold is not artificial; it is obtained from the
organ of a donor. The tissue engineers wash a donor penis in a
mild detergent that does not destroy the extracellular matrix, but
removes all donor cells. After two weeks, a collagen scaffold of the
penis is left, onto which they seed the patient’s cultured cells—
smooth muscle cells first, then endothelial cells, which line the
blood vessels. Atala’s team are assessing the structures for safety
and functionality to seek approval from the FDA before they can
move to a first in-man test. The preparation of the scaffold prior to
cell culture and implantation, so that immune responses from
the host patient are inhibited, is a particularly important issue
to overcome.

In 2006, Atala and his team announced the first successful bio-
engineered organ transplant, a lab-grown bladder, which had
been implanted into seven patients in 1999. Between 2005 and
2008 they announced the successful follow-up of four women
given bioengineered vaginas. They also implanted the first urethra
in 2004.

While building complex organs such as hearts, kidneys, or
lungs remains far from the current abilities of tissue engineers,
some of them are thinking of building patches that can be used
to fix damaged organs. Teruo Okano®® has managed to create
vascularized heart tissue layers by growing heart cells on petri
dishes that are coated with a temperature-sensitive polymer.
When the temperature is lowered, the cells detach from the
polymer in a compact layer. The layer contains cytokines (small
signaling proteins that prompt the body to grow blood vessels),
so that when the layers of cells are implanted in patients, they
can grow blood vessels and prevent cell death. The method has
been successfully evaluated in a clinical trial with heart disease
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patients,” and was approved by the Japanese government in
2018 for treating patients. A similar approach could be applied
in the future to fabricate tissues that mimic those of the liver or
the kidneys.

3-D BIOPRINTING

A new technology increasingly in use in tissue engineering labs
is 3-D bioprinting, which can control the architecture of scaffold
materials, chemical signals, and even the position of cells with
superior precision. The technology has already been used for the
generation and even transplantation of several tissues, including
multilayered skin, bone, vascular grafts, tracheal splints, heart tis-
sue, and cartilage, and it is hoped that it will help to build solid
organs such as kidneys, hearts, and livers.

Linda Griffith-Cima at MIT, one of the scientists behind the
“Vacanti mouse” experiment, has now invented a 3-D bioprint-
ing process to create complex scaffolds for bone regeneration. An-
other successful example of a 3-D printed tissue is a tracheal re-
placement.* Biomaterials made on 3-D printers have the advantage
that they are designed to factor in mechanics and degradation in
response to tissue growth, so that the engineered shape can change
over time. This is particularly important in infants and children.
Tracheobronchomalacia (TBM) occurs when abnormal develop-
ment causes a collapse of the tracheal (or windpipe) walls. Severe
TBM in babies and small children may require the insertion of
stents, and, in more-severe cases, tracheostomy (making a hole
through the front of the neck into the windpipe). In 2015,success-
ful implantation of an external airway splint was reported in
three cases of severe TBM, using 3-D printed tissues shaped like
the original airway of each child. The splint changed shape with
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the growth of the child, and was gradually resorbed as the child’s
natural airway strengthened.*

Tissues made by 3-D printing are very attractive to cosmetics
companies. In 2015,LOreal announced the beginning of a collabo-
ration with Organovo, a 3-D bioprinting company based in San
Diego. LOreal has a well-established process for producing Episkin,
its patented artificial skin made of skin cells donated by surgery
patients and grown in a collagen scaffold. LOreal reportedly sells
50 mm-wide Episkin samples to other cosmetic and pharmacology
companies. The artificial skin is used, for example, to study the ef-
fects of aging by exposing it to UV light or air, or to understand
how human skin would react to proprietary cosmetic formulations.
By hooking up with Organovo, LOreal is hoping to automate pro-
duction, using the technologies of 3-D bioprinting. (See plate 10.)

Atala’s lab is also putting considerable effort into developing a
3-D printing technique that allows the fabrication of solid organs
and vascularization. In 2016, they reported on an integrated
tissue-organ printer that can fabricate stable, human-scale tissue
constructs of any shape.’® The shape of the tissue is achieved by a
computer that uses a detailed model of the anatomical shape of
the organ, obtained by modern imaging techniques, to control the
motions of the printer nozzles, which dispense cells to discrete
locations. The printer is able to incorporate microchannels into
the tissue to facilitate the diffusion of nutrients to printed cells,
overcoming the diffusion limit of 100-200 micrometers for cell
survival in engineered tissues. The paper reports the fabrication
of mandible and calvarial (skullcap) bones, cartilage, and skel-
etal muscle. Atala’s ultimate aim is to print a human kidney, as he
explained in his TED talk in 2011.In 2019 scientists from Tel Aviv
University reported a 3-D-printed heart-shaped construct that hit
the mainstream media headlines. “This is the first time anyone any-
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where has successfully engineered and printed an entire heart re-
plete with cells, blood vessels, ventricles, and chambers,;” said Tal
Dvir, the leading senior scientist. While their printed heart is an im-
pressive demonstration that 3-D printing can be used to create living
shapes, their heart-shaped tissue is not functional in any sense.*

Scientists are also developing ways to mimic the mechanical
signals and stimuli that are so crucial for tissue development. In
my lab, we are engineering magnetic nanostructures inside the
scaffolds that can be targeted with magnetic fields to modulate the
mechanical properties and the diffusion inside the material. Don-
ald Ingber’s lab at the Wyss Institute has developed a polymer
that can react to changes in temperature.’® When the polymer
warms up to body temperature, it shrinks and squeezes the cells
inside the material. The forces that the cells feel induce tooth de-
velopment by triggering the genes responsible for mesenchymal
stem cell differentiation.

ORGANS ON A CHIP

As it remains very difficult to grow big, vascularized, fully func-
tional organs, some scientists are trying to make miniature organs
inside chips, which, although they are not good for transplanta-
tion, might find applications as lab models for understanding
organ function and disease and for toxicity testing of drug candi-
dates. Organs-on-a-chip are expected to reduce or even eliminate
drug testing in animals and humans. Scientists around the world
are developing this approach to study cancer and tumors, inflam-
mation, neurodevelopmental disorders, and other diseases, using
the chips as miniature experimental models of disease and health.
The chips are transparent and allow high-resolution imaging and
monitoring of the cells. Models of the liver, kidney, gut, lung, fat,
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muscle, and the blood-brain barrier have all been made on a
chip.” Scientists are even trying to combine several of these chips
with different organ models to replicate the body’s physiology.
Organ-on-a-chip versions of the heart-liver-blood system* and
of the connections between the kidney and the liver*® are being
developed to probe and model drug toxicity and disease. Ingber’s
lab has reportedly managed to keep multi-organ chip setups going
for more than a month. In the future, they might be used to ad-
just different treatments before they are tried on a patient. Several
companies such as Emulate, Hepregen, and HemoShear Thera-
peutics are all working in commercial applications for organs-
on-a-chip. HemoShear has started a collaboration with Pfizer to
understand the effects of drugs on blood vessels, such as inflam-
mation or injury, using organ-on-a-chip technology.

Another application of 3-D bioprinting is organ-on-a-chip set-
ups optimized to create thick tissues that are vascularized to allow
for the flow of blood.** Using very advanced technology, which is
able to use inks made from different materials, researchers have
managed to recreate the proximal tubule of a nephron, the basic
functional unit of a kidney for blood filtration. In 2016, a heart-on-
a-chip device was reported that has integrated micron-size soft sen-
sors to guide the assembly of the tissues and to provide electronic
readouts of tissues’ contractile forces and responses to drugs.*

USING BIOLOGY, PHYSICS, AND MATHEMATICS
FOR ENGINEERING AND REGENERATING TISSUES

Apart from relying on artificial materials and cells to try to create
tissues, scientists are trying a more fundamental approach by
starting with small balls of stem cells that are treated so that they
differentiate to form millimeter-size organoids. Organoids have
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been made for many tissues, including intestine, kidney, brain,
and retina. Brain organoids self-organize into swirls that contain
several types of brain cells, and they have been kept alive for about
a year. Although, like the scaffold constructs, organoids lack a
blood supply, they are considered a major technological break-
through for the understanding of tissue renewal, stem cell func-
tions, and tissue responses to drugs, mutation, or damage. Organ-
oids have already been established as an essential tool in many
basic biology and clinical applications.*?

Another interesting approach is to try to give a model tissue
the best possible approximation of the chemical, physical, and
electrical signals that a normal tissue presents so that it can re-
generate after an injury. In chapter 1,I introduced the ground-
breaking work of Michael Levin, showing that electrical fields
generated in the brain control the development of tadpoles. His
method has been used to help adult frogs regenerate amputated
legs, and even to create a two-headed flatworm. Levin plans to
develop a “physiological phrase book” of mathematical models
that will allow us to create electrical signaling programs to stim-
ulate tissues to regenerate.*’

While many challenges remain, the progress is rapid and ac-
celerating. Modern tissue engineering is an applied field that in-
tegrates physical, mathematical, and biological sciences in the
context of medicine. This practical application background is
important for raising the funds and creating the multidisciplinary
arena that bring rapid progress. Solving the problem of organ re-
generation is spurring collaborations to understand fundamen-
tal biological problems and to generate new ways to test drugs
without the need for animal or human testing.

Advancement will require better quantitative physical measure-
ments and mathematical modeling to overcome the main
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challenges, such as transport of nutrients, oxygen, and wastes.
Tissue engineering constructs need to achieve better real-time
monitoring of all the relevant biological parameters, which in-
clude the concentrations of chemicals and proteins, the volumes
of cells, the dynamic topological and mechanical properties of
the tissue constructs, and the electrical signals that are so
important for communication of cellular information. The ratio-
nal way to proceed is to create both sensing technology that can
generate large amounts of data on all the relevant parameters,
and increasingly sophisticated computer models that can crunch
all that data into specs for the rational design of future implants.
The analysis of so much data will require machine learning algo-
rithms (AI), as well as mechanistic models of the detailed func-
tions of molecules and cells, including their complex chemical,
electrical, and mechanical interplay in the multiscale three-
dimensional architecture of tissues. Before tissue engineering be-
comes able to create a heart or a kidney; it will become the research
arena where tissues are studied and modeled in a controlled set-
ting. Rather than learning biology by observing it in real organ-
isms, tissue engineering challenges us to understand biology by
creating it.

The ever-regenerating body remains a distant aspiration, but
on the way to achieve it, many fundamental and groundbreaking
discoveries will be made. Plausibly, the progress will render organ
transplantation obsolete by the end of the twenty-first century.
Apart from regenerating worn-out and damaged organs, the new
frontier of integrating artificial and natural materials in our bod-
ies has the potential to enhance our senses, minds, and muscles
with hitherto unavailable capabilities, leading to entirely new psy-
chological and social scenarios for the human species.
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THE FIRST BIOHYBRID, TRANSMATERIAL ROBOT

Beyond human enhancement, the creation of artificial biohybrid
forms and applications will usher in an increasingly diverse “trans-
material” ecosystem.

In July 2016, Kevin Kit Parker and his collaborators introduced
the first tissue-engineered soft robot (plate 11).Parker and his col-
laborators built a 1/Dth-scale version of a stingray fish with a mi-
crofabricated gold skeleton and a silicone body powered by rat
heart muscle cells.**

The ray is powered by 200,000 heart cells placed on top of the
silicone. To organize the cells in a pattern similar to the muscles
in the real ray, the silicone presents a template made from one of
the proteins of the extracellular matrix, fibronectin, to guide the
cells’ attachment. The heart cells were genetically engineered to
respond to light cues,* so that the undulatory movements pro-
pelling the robot through water could be controlled by light. The
speed and direction of the ray was controlled by modulating light
frequency and by independently stimulating the right and left fins,
allowing the biohybrid machine to maneuver through an obsta-
cle course. While the robot ray could not compute the movements
itself, it is not difficult to see how that type of capability could be
implemented in the future. This type of research could also be use-
tul for learning how to build a heart that is transmaterial—half
muscle, half machine.

Building the robotic ray took four years. It took a lot of work
to figure out the muscle architecture of real rays, and then to de-
sign a miniature simplified disposition of the cardiac cells in the
robotic ray to mimic the movement of the real one. Parker regards
the stingray robot as art as well as technology: “Everyone is going
to see something different in it,” he says. “I'm looking at it and I'm
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trying to understand the heart—and impress my seven-year-old
daughter”

The robotic ray sums up how biological and physical sciences
come together to address medical problems, but then, their ex-
perimental transmaterial offspring leaps beyond its practical
origin, seizes the imagination, and pushes us into transformative
new narratives and realms of invention.

We react to the vision of the robotic ray with surprise at the
materialization of an ancient dream that humans have prophesied,
but always from a safe distance. Suddenly, the future is here. We
in awe of both the genius of these inventions and the risk of the
transformative power they unleash. What are we going to do?
What is it pushing us toward? Are we prepared for this?

Tissue engineering is perhaps the richest example of the dual
character of our age of discovery. Convergence, creativity, and ge-
nius unleashed could solve the biggest medical problems; they
could also create even bigger problems. Both the dreams and the
nightmares of our species are closer than ever to coming true.

We could use the new and powerful technologies now becom-
ing available to transform ourselves—or, Foucault warned in the
1970s, powerful institutions, states, and companies could use them
for “the subjugation of bodies and the control of populations”*
The philosophical, social, legal, political, and ethical implications
of these new powers will generate furious controversies with very
large consequences. The new science will have to navigate a mine-
field to achieve the lifesaving dreams of its practitioners—heirs
to the positive spirit of Loeb and the pioneers of regenerative

medicine.
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CONCLUSIONS

Life Changes Everything

Our experience of the present times is marked by the accelerated
deployment of technology, which is transforming life on Earth in
all its manifestations, at every scale. In this dynamic, ambivalent
scenario, full of promise and threat, life itself has become the main
subject of scientific research. The knowledge accumulated by all
the sciences in the previous four centuries has finally reached the
capacity to interrogate, understand, modify, and utilize our own
biological complexity.

The emergence of technical and theoretical tools to investigate
and model life in all its intricacy is creating radical new prospects
for the study of biology and the practice of medicine. While the
previous generation’s reductionist view, streamlining biology to
molecules and genes, still prevails in much biomedical research
and in the media and popular culture, a quieter wave of radical
change is rising. The new quantitative biology, transformed by the
intellectual framework of physics and facilitated by nanotechnol-
ogy (the study and engineering of matter at nanometer scale),
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seeks to integrate nano-size genes and molecules within the
organizational principles of the universe. The new physics of life
tries to find the underlying rules that allow complex biological be-
havior to emerge across the scales, from nano (atoms and mole-
cules) to micro (cells and their substructures) to macro (tissues,
organs, and whole multicellular organisms). As I summarized in
chapter 1,this way of interpreting life puts biology at the interface
of mathematical, physical, and engineering sciences—and will
radically change the way we find, interpret, and treat disease. More
profoundly, it shifts the “scientific culture” and re-homes life and
human existence (and history) within the continuum of the cos-
mos itself. It not only opens the way to a deeper understanding of
biology and matter, but also invites us to revise our position with
respect to nature—to shift the very axis of the cultural history of
humanity.

Chapter 2 shows how quantitative biology has emerged hand
in hand with fundamentally new materials sciences, which enlist
the newly understood powers of biology to pattern matter with
atomic precision and unprecedented functionality, crafting tiny
structures and machines out of proteins and DNA. Learning by
“making matter as biology does,” scientists uncover the physical
principles underlying biological architectures and the emergence
of life itself at the nanometer scale. This gives us the potential to
create a future of “radical material abundance,”! in which bio-
logical and materials sciences merge to fulfill our technological
and medical needs and dreams. The new bio-nanotechnologies
benefit from combining physics, biology, chemistry, machine
learning, citizen scientist communities, synthetic biology, and
mathematical modeling. Inspired by medicine, they are already
producing astonishing breakthroughs, such as designer virus-like
structures with the potential to evolve and revolutionize vaccines,
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or DNA robots able to assemble otherwise hard-to-synthesize
chemicals.

From the point of view of chapters 1 and 2, the first wave
of twenty-first—century nanomedical research (summed up in
chapter 3)—which strove to improve drug delivery by loading
drugs onto nanoparticles to target tumors by trial and error—
already looks obsolete. By mirroring the strategies of pharmacol-
ogy research, nanomedicine largely reproduced pharmacology’s
failures. The lessons learned reaffirm that biology’s multiscale
complexity cannot be sidestepped when designing new treatments.
Although the early stage of biophysical knowledge and technology
makes it as yet impossible to design unerring drugs or treatments,
we can no longer ignore the limitations of the molecular-
fundamentalist view of biology.

Drug discovery is a huge global enterprise, and it is hampered
by a corresponding inertia. It is unlikely that the near-exclusive
reductionistic focus on molecules will change in the near future.
Aside from economic and structural constraints, the education of
current biomedical scientists does not allow them to move easily
to new models of disease that require a strong mathematics and
physics background. This means that things will move slowly, at
least in countries where the pharmaceutical giants and the acad-
emies that have evolved to feed them are entrenched. It is likely
that gradual robotization of the routine tasks currently performed
in biochemistry, cell biology, and pharmacology labs will contrib-
ute to the acceleration of change.

In the meantime, the reductionist vision of biology continues
to spread. A very large amount of research is devoted to obtain-
ing detailed information on the gene expression and protein
and chemical content of cells, using high-throughput tech-
niques to bring biology to the age of “big data” The so called
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“-omics”—genomics, transcriptomics, metabolomics, and
proteomics—are used to collect petabytes of data (a petabyte is
one million gigabytes) for the construction and validation of
models that do not often take into account the physical reality of
the cell. By correlating genes and the epigenetic labels present on
them with the proteins expressed, this approach tries to codify the
output of the algorithm of life, but seems incurious about the
actual physical mechanism of the algorithm, and largely ignores
the principle of emergence: that in life “the whole is more than
the sum of the parts” This has consequences not only for our un-
derstanding of life, but also for the success of research on drugs
and drug targets.

While these “big data” approaches may yet prove a useful but
costly way to identify some molecular targets, future drug design
needs to take into account the whole physical picture of the func-
tion of proteins within their cellular and tissue environments.
Otherwise, drugs will simply have a very hard time finding their
targets, or cells will render them inactive. Bringing in more quan-
titative biology approaches should also narrow down the efforts
of the algorithms built to search for correlations between “-omics”
outputs—an amount of data that threatens to be too large to ac-
tually be useful, despite the power of new computer hardware
and Al

Machine learning and AI can be of the most use if guided by
actual mechanistic hypotheses. To use a simplistic analogy, the
current big-data “-omics” strategy is akin to mapping the position
of every star in the universe over a long period of time, then ask-
ing a machine learning algorithm to make sense of the relation-
ships among the movements of all of them . . . while ignoring the
existence of gravity.

It is to be hoped that biomedical research communities will
marshal their efforts into better strategy and coordination, which
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might lead them to the same conclusion that astronomers and
particle physicists came to long ago: collaboration in large in-
ternational research projects is the best way to tackle very com-
plex scientific problems.

In the current landscape of drug design and delivery, it is no
wonder that the most promising strategy for fighting cancer is im-
munotherapy. Away from the dogma of genes and molecules,
and from brute force approaches to calculate the whole from its
parts, immunotherapy uses biology itself to fight disease, thereby
integrating all the scales necessary to do it. Its success will not only
breed better treatments, but also more of the multiscale, quanti-
tative type of research that is necessary for biomedical progress.
The recent research surveyed in chapter 3 suggests that nano-
technology could help to overcome immunotherapies’ current
limitations and to increase the robustness of the immune system’s
antitumor response. As we saw, it is much easier to target
nanoparticles to dendritic cells of the immune system than it is
to cancer cells. Nanoparticles can also be used to produce an im-
mune response in the local environment of the tumor while re-
ducing systemic toxicity: by prolonging the particles’ retention at
the tumor site, they can release extremely potent immunostimu-
latory molecules and still promote a controlled response in the
whole body. A particularly interesting approach is the use of im-
plants to recruit and stimulate immune cells to attack tumor cells,
working effectively as time-release cancer vaccines.

More-effective, more-targeted drugs alone, however, will still
not be enough to bring about the revolution in medical research
that we are striving for. We need to be able to understand and pre-
dict the effect of a drug in an individual. Without that under-
standing, drugs that could be useful to the majority of a patient
population often cannot be approved because, for example, they
produce intolerable side effects in a smaller but still sizable
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number of patients. Clearly, analyzing complex networks of genes
and proteins alone won’t be enough to design cancer therapies
that work for every patient.

To advance toward personalized medicine, we will have to
go beyond accumulating data on isolated cells in the lab, and
become able to gather physical and biochemical information
directly from molecules and cells inside living organisms, in
real time. Groups around the world are already designing im-
plantable biosensing devices, many of them nanoparticles or nano-
structures, that are able to detect bacteria, viruses, or molecules—
such as antibodies, other proteins, DNA fragments, or
glucose—react to them, and even communicate their status to
the outside world. (The first applications for diabetes, such as
contact lenses that monitor glucose levels, or implantable mate-
rials that can both detect the concentration of glucose and react
with a controlled release of insulin, are being tested in the lab.)
Several detection strategies are being investigated, from the
electrical properties of graphene or carbon nanotubes to nano-
materials that change color when the molecule of interest binds
to them. Many of these systems use antibodies to home in on a
particular molecule, but as we have learned in the last fifteen
years, reaching specific molecules with antibodies and simulta-
neously being able to detect the binding to the target is not eas-
ily achieved. Extracting meaningful data from biological organ-
isms is still a challenge, due to the size of the molecules and the
complexity of the biological environment.

Both in drug delivery and in biosensing, the failures and suc-
cesses of current strategies are spurring scientists to peer deeper
into the basic mechanisms by which molecules interact at the
nanometer scale, and the integration of those nanomechanisms
at the level of cells and tissues.
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Here’s where big data and algorithms come in. To build new
models that incorporate the hierarchical, multiscale physical na-
ture of biology, biosensing devices will need to gather relevant
real-time data from large samples of patients and healthy indi-
viduals (male and female; surprisingly, or maybe not, most cur-
rent medical research is done on male volunteers and male rats?).
To analyze the big data from these future biosensing platforms, it
will be necessary to develop and collaborate with deep learning
algorithms. The goal is to develop multiscale mechanistic models
that explain biological function from the physics of the nanoscale
up through the interactions that link the scales. These models,
in turn, will feed back into the algorithms, refining and being re-
fined by them.

Tissue engineering, the subject of chapter 4, is emerging not
only as the field that may enable the repair and even regeneration
and replacement of organs, but as an arena where fundamental
progress will be made in the basic science underlying biology and
medicine. Studying (or, indeed, even identifying) all the relevant
quantities in a large living organism is still an impossible task, but
tissue engineering can construct artificial biological tissues in
which all kinds of interactions across the scales (chemical, physi-
cal, electrical, mechanical, genetic) can be studied in a controlled
environment and can begin to inform model building. At the same
time, experimental biosensors for constant monitoring of cell cul-
tures and organ-on-a-chip constructs will start to generate real-
time data on living tissues, enabling the development of technol-
ogy that can later be used in vivo. Creating biosensing technology
that monitors living processes to molecular precision and mech-
anistic models of tissues that link the molecular with the macro-
scopic will arguably be the most important contributions to
medicine and biology of tissue engineering in the near future.
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Tissue-engineered models are also very useful for understanding
and modeling targeted drug delivery, and it can be predicted that
such models of human tissues and organs will eventually replace
animals in drug testing.

As the technologies progress, increasingly sophisticated and au-
tomated cultures of living tissues will replace much of what goes
on in molecular biology and biochemistry labs, which currently
rely on endless, selfless hours of tedious and repetitive experimen-
tation by PhD students, technicians, and postdocs. New robotic
technologies will generate biological big data that will be analyzed
and classified by physics-driven machine learning algorithms to
help scientists generate sophisticated models of biology. As Al be-
comes able to relate cause and effect, it will be increasingly em-
ployed to monitor biology with molecular resolution and multi-
scale awareness. The devices and models created on cell cultures
and engineered tissues will eventually make their way into ani-
mal research and then human medicine, finally materializing into
the technology that will be able to monitor and fix our bodies, per-
haps in real time and in a personalized way. This technology may
be based on hybrid transmaterial devices that use both biological
and inorganic materials and principles to achieve a real-time
super-enhanced immune system.

We are still far from that. But the research that began at the in-
terface of nanotechnology and biology in the context of medi-
cine will continue fusing with the rest of the sciences and tech-
nologies as the fourth industrial revolution progresses. It will
incorporate more mathematical modeling, AI, and robotics, and
it will create an increasingly accurate knowledge of both biology
and materials science at the nanometer scale. Nanoscale devices
will be used to learn biology; biology will be used to inspire and
refine transmaterial devices that mimic some characteristics of
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biology and incorporate some features that are not available in
the biological world. The physics being applied to both fields will
finally bring about a new kind of materials science that reunites
biological and inorganic matter, as Kevin Kit Parker’s pioneering
“soft robot” that you met in chapter 4 prophesies.

Beyond medicine, far-reaching consequences for our identity
and relationship with nature ensue from the incorporation of
physics into our understanding of biology. Physics frees us from
the one-dimensional, reductionist molecular tyranny of the genes
and allows us to feel ourselves as emerging from the deep, multi-
dimensional fabric of the universe. Ultimately, biology material-
izes from the interplay of forces, energy, information, space, and
time that has given us our world, senses, intelligence, con-
science—and our immense powers to learn how to heal,
regenerate, and reinvent ourselves, our cultures, and our
environments using technology. The new physics of life allows
us to inquire more profoundly into the physical underpinning
of our human intuition to do science, to dive to the foundations
of inanimate and animate matter; it hints at the underlying
structure that links creativity, intuition, and learning—in
other words, the arts, the humanities, and the sciences.

The anticipated advent of biology to physics and engineering
is relocating our point of view and producing new convergences.
The questions arising from scientific research increasingly coin-
cide with the queries of philosophy, the arts, and the humanities
regarding the very nature of human existence: What is life, and
intelligence, and where do they come from? What is our position
in the world as we gain greater and greater control over matter
and biology? To start with, these inquiries are being formulated
in a purely scientific context. But as we re-pose these questions,
we reconnect with and test the beliefs, intuitions, and inquiries
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that have preoccupied human culture since the birth of early civ-
ilizations more than ten thousand years ago. This junction of mod-
ern sciences and cultural history brings us to the crossroads
where we now stand: between a path to unprecedented vistas of
human advancement, and a path to the mindless exploitation of
our own nature.

During the last four centuries, science led us to the technolo-
gies that we used to indulge in the illusion of complete power over
nature. Current societies largely regard nature as a commodity, at
the service of systems that direct technology to extract its eco-
nomic value. The scientific developments that I have summa-
rized in this book embed human biology and life itself into the
substrate of this commodification of nature. Our bodies and
minds are the next frontier for economic exploitation.

If we are to mature as a technological species and indeed sur-
vive as humanity, we need to confront our adolescent use of tech-
nology, and grow into new social and economic systems that em-
power us to deepen the meaning of our existence. At this moment
in history, we have no other choice than to mature to become “part
of the whole” in a physical, economic, and social sense, and to
advance into the construction of a new relationship with nature
that allows our survival. In the epilogue I argue that the recon-
nection of science and culture happening in our labs is pointing
in the right direction.
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BIOLOGY BECOMES PHYSICS

Our Coming of Age as a Technological Species?

The consequences of the fourth industrial revolution have been
the subject of animated debate in the last couple of years; academ-
ics and authors have produced books, courses, videos, and essays
in which they explore the futures that the expected revolution
might bring. While some of their efforts seek a balance, there are
also overoptimistic predictions of paradise. Other prophets warn
of Huxleyan dystopias in which subjugated citizens will volun-
tarily give up their freedoms and their political and social powers
to Al algorithms for a universal basic wage. They foresee a post-
work society whose robots have taken over all the jobs that gave
meaning to our lives. They take us to a world where a new elite of
super-enhanced humans have used bio- and nanotechnologies to
achieve an incontestable control over the future of humanity, and
of life itself.

In this book, I have briefly presented some of the ways in
which biological research has changed in the last decades.
These changes are not only transforming medicine, but, perhaps
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more importantly, producing a profound scientific culture shift.
The convergence of sciences on biology is a response to major
obstacles insurmountable under current scientific paradigms,
and to the need to speed up technological progress. But the in-
corporation of biology into the realm of physics also reposi-
tions our point of view as humans, and forces us to confront the
meaning of our existence and our relationship with the rules
that govern the universe itself. Some of the most important
consequences of these changes have not been dealt with in most
of the public debate about technology, mainly because scien-
tists have not been very active in thinking about them.

The emergence of tools that allow a mathematical description
of biological phenomena makes it possible to develop new engi-
neering powers, which could lead to a fundamentally new sce-
nario. On the positive side, it will enable unprecedented techno-
logical and medical advances. On the negative side, it may lead
to the commodification of our own biology and to an even deeper
gulf between the haves and the have-nots. In this situation, as sci-
entists and as humans, we yearn for new cultural narratives that
will bring new depth and meaning to our relationship with na-
ture, and will guide our use of technology toward a future of
human advancement and improvement rather than a high-tech
apocalypse.

In this epilogue, I want to show some ways in which scientists
are joining the effort to create and decipher this incipient new
world by interacting in new ways with society as they strive for a
new sense of scientific purpose.
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SCIENTISTS STRIVE FOR NEW
TECHNOLOGICAL CULTURES

The changes wrought on societies by globalization and the deploy-
ment of increasingly transformative technology have also altered
the way scientists do science, and stirred them to engage with their
work and its social context in more-collaborative ways. Three
trends show how scientists are contributing to the creation of new
technological cultures that will keep the sciences conscious and
careful of their impact on the way we live.

First, scientists are taking the lead in anticipating the risks of
the technologies they develop. In fact, nanotechnologists, as a
community, were the first to embrace this commitment, and they
have been at the forefront of the development of the “Responsi-
ble Research and Innovation” (RRI) agenda for the last decades.
The powerful potential of their science and technology has made
nanotechnologists very conscious of the potential for good, but
also the potential for misuse and mismanagement. Nanotechnol-
ogists pioneered technological sustainable development and the
inclusion of responsible principles in the scientific process. They
did so by engaging with social scientists, and by lobbying institu-
tions such as the European Union for the funds to work out the
practicalities of implementing RRI in the scientific day-to-day. The
first RRI program started in the late 1990s. RRI principles are cur-
rently integrated into EU-funded research projects, emphasizing
five aspects: public engagement; distribution of research outputs
(online, free of cost or other barriers, currently known as “open
access”); gender equality (both in the composition of research
teams and study populations, and in the potential impact of the
work); ethics; and science education. Rather than just waiting for
regulators to ban a product once the damage has already been
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done, nanotechnologists left the ivory tower and have been vig-
orous in engaging with the public, politicians, and regulators to
discuss the potential risks (e.g., toxicity and ecotoxicity) along
with the possibilities. NGOs such as Matter' have led the way in
creating partnerships between academia, companies, international
organizations, and the wider society to direct technology to cre-
ate more-sustainable, socially responsive innovations that benefit
us all. Centers, programs, regulatory frameworks, and grants, very
much driven by responsible scientists, have been established
worldwide to ensure that the new technologies integrate the sci-
ences, regulation, sustainable development, and governance, in-
cluding issues of equality. Much of this work started in nanotech-
nology centers, and many lessons about self-regulation can be
learned from nanotechnologists’ efforts of other fields, such as
the emerging artificial intelligence community.?

Beyond work in academic settings, tech workers are finding it
increasingly difficult to participate in the development of technol-
ogies that can be used against democracy, the general public, or
human rights. In the last year the mainstream media have started
to feature news about the Tech Workers Coalition and their suc-
cessful activism in pushing U.S. tech companies to listen to their
workers in cases where the uses of technology raise serious ethi-
cal issues. Tech worker activism forced Google to abandon Proj-
ect Maven, which provided surveillance technology to the U.S.
Department of Defense, in 2018. Tech workers are currently lead-
ing a campaign against Microsofts work with Immigration and
Customs Enforcement (ICE), especially after the shocking images
became public of the separation of children from their parents at
the U.S.-Mexican border.

A second trend is the surge of citizen science projects, such
as Rosetta@home and Foldit, that I discussed in chapter 2. To-
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gether with initiatives in other fields, such as GalaxyZoo, they are
connecting academic science with hundreds of thousands of
participants all over the world at a level that has never been
achieved before. In citizen scientist projects, the public not only
contributes time and processing power on their computers to
amass the power necessary to calculate very difficult problems;
they are also encouraged to participate in the actual process of
solving the scientific questions, to learn about the science and en-
gage with academics, and even to become coauthors of scientific
publications.

The surge of groups that get together to perform experiments
in amateur science labs is also growing. The society DIYbio.org
was founded in 2008 to create “a vibrant, productive and safe com-
munity of do-it-yourself biologists.” Central to its mission is the
belief that biotechnology and greater public understanding of it
have the potential to benefit everyone. DIYbio.org has already es-
tablished more than 100 local groups all over the world, which
hold regular courses, workshops, and meetings. The company
Amino Labs offers kits for amateur scientists to learn the basics
of synthetic biology, including how to extract DNA and how to
genetically modify bacteria to produce proteins. The era of the
citizen scientist has started.

Perhaps the most potentially transformative of all these trends
is the erosion of the boundaries between the arts and technology
and science, which are being breached from both sides. Artists
collaborate with scientists and technologists. Artists become sci-
entists, scientists become artists. This modern combination of the
sciences with the arts generates works that increasingly leave the
art galleries and the research institutions to seek dialogues with
the public in unusual places: streets, hospitals, shopping centers,
pubs. Examples can be found everywhere; they sprout and spread
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fast, building on scientific public-engagement activities such as
Soapbox Science (featuring women scientists) and Pint of Science,
and they often intermingle with the activities of citizen scientist
networks. The general public are eager to know more and to be
inspired by the science, regardless of political inclinations and per-
ceptions of social status, and they naturally recognize the alli-
ance of the sciences and the arts. Very often these activities are
led by women, timidly yet ambitiously hoping to grow into a
stealthy transformative movement. Often, in this and other con-
texts, in both the developing and developed worlds, women are
putting their hopes in science and technology as a path to a fairer
and more meaningful society.

Artists and scientists are responding to the need for new spaces
for creation and reflection in the face of the radical changes new
technologies bring to our bodies and health. An example is artist
Sofie Layton in the UK, who develops art to help patients and doc-
tors understand the new technologies appearing in hospitals. By
merging science, art, patient care, and medicine, she created the
project Under the Microscope at the Great Ormond Street Hos-
pital in London in 2016. Through workshops with clinicians and
researchers, in which artworks were created, her project explored
how children and their families understand diseases and the com-
plex modern treatments they are subjected to. Bringing the new
medical sciences to patients is complex, and there is a need for
new ways to both understand and shape the uses of the new tech-
nologies. Mark Ackerley created DNA Melody while he was work-
ing for 23andMe, one of the biotech companies that help custom-
ers research their ancestry by analyzing DNA from their saliva.
Ackerley turned DNA snippets into a musical score, using rhythm,
pitch, timbre, and key to translate genes into melody. Better known
are, for example, the works of the Icelandic artist Bjork, especially
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her 2011album Biophilia, in which she combined science, digital
technology, and traditional instruments to create songs and apps
about physics and biology, crystals, atoms, viruses, and dark
matter.

These works seek to prepare us, as well as to prepare the tech-
nologies to serve us, not only in an economics-centric way, but to
foster positive cultural advancement. They seek to explore the
changes that technology causes to our identity, our health, our
biology, our relation with the world, and our perceptions of real-
ity. This activity reflects our natural need for art as a means to
understand and to create the narratives, metaphors, and cultures
that will enable us to take constructive, positive control of our
destiny and our relationship with nature. We need art to link the
modern world with our traditions, cultures, and myths; to build
our space in history, and to create a collective sense of the future.
Art is in fact the best way to take the reins of technology, to
shape it, to imagine it, to give it meaning within our shared val-
ues of humanity and history, to make science merge with our
ever-evolving identities, and to anticipate and mitigate its threats.

There is an underlying theme to all these trends: the drive of
scientists to democratize science, to create platforms and frame-
works of collaboration with the public, and together to imagine
better, more diverse, and more equal futures for us all.

TECHNOLOGY AND EQUALITY

A main preoccupation that drives scientists to engage more pro-
foundly with society is the effect of technology in an increasingly
unequal world—and the cultural perception of technology as a
source of inequality. As with most sources of economic profit, the
rewards and benefits of science and technology are lopsided in our
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society. Much of the Western narrative of technology is about the
surprise it produces, the shock in our lives, and the fear of job-
lessness and human redundancy. This narrative stems from the
fact that technology has mainly been used to control and exploit
nature. Now, we unsurprisingly foresee that this technology will
inevitably be used to render the weak (and the not so weak) so-
cially and economically unnecessary, or even worse, make them
fodder for the dystopian exploitation of human biology itself. Sci-
ence and technology promise to improve our lives, but also to
remove the last of the little control most people feel they have over
technology’s use and exploitation.

The possibilities that science and technology are bringing to us
will probably make the twenty-first century the best and most
exciting time to be alive—but only for the very few who can ben-
efit from them: the educated, the well-connected, the powerful,
and the rich. Inequalities in income and in access to health care
and education are seriously threatening to derail the fabulous
possibilities of our time. The future of “radical abundance™ that
scientists in labs all over the world increasingly feel to be within
human reach will not be brought about if the benefits of technol-
ogy are not shared more evenly.

Yet technology is not an external force acting on society. Tech-
nology’s applications arise from the conditions set and decisions
made by scientists, technologists, the funders of research, the reg-
ulators, the workers, the consumers, and, ultimately, the exploit-
ers and owners of the means of production. Society can determine
the use and fair distribution of technology’s bounty. Robots will
produce unemployment if the main purpose of their deployment
is productivity and revenue for their owners, but this is not the
only possible outcome. They can also be used to make our lives
more comfortable and fairer. As I have briefly shown in a few ex-
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amples, scientists are increasingly active in engaging with society
to create not only economic revenue but also social and cultural
value. Technological change can and should be modulated by the
dialogue between what is possible and what is desirable, and sci-
entists should not be written out of this dialogue.

I would argue that technology and equality can and should feed
each other. We need policy creativity for anticipatory, adaptive
governance to ensure that science and technology are used to re-
duce inequality, rather than to become a new source of it. Such
governance will, correspondingly, need science and technology to
become a reality.

From my point of view as a woman, mother, physicist, and ed-
ucator, the vision is clear: the potential is huge. In the lab, the
international and multidisciplinary tenor of our research at the in-
terface of nanotechnology and biology empowers our female and
male students from all backgrounds, enhancing their scientific
and technological creativity and their social and industrial entre-
preneurship. Many applications of the new materials sciences
emerging at the interface of biology and nanotechnology are po-
tentially cheap and easy to implement, requiring minimum lab in-
frastructure. With the right framework, the new technologies
should become global forces to reduce national and global in-
equalities. We should embrace that potential. Nanotechnologists
are already endeavoring to democratize scientific tools to produce
cheap, easy technology that can get to people around the world,
such as biosensing devices on paper strips. They join others in
“frugal design technology”: for instance, the Raspberry Pi Foun-
dation, born from the University of Cambridge in 2009, created
the Raspberry Pi computer, which costs around $35 and has sold
over 10 million. In 2017 the press brought us images of the 20-cent
Paperfuge, a centrifuge made of paper by Stanford engineers, able
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to separate blood into its components using the principle of the
whirligig toy. Another example is the Foldscope, a paper micro-
scope that costs less than a dollar.

Becoming better at controlling matter naturally brings out the
human instinct to produce technology that is cheaper and more
democratic. Contrary to most of the commentary that we are
subjected to by academics and the press, technology in itself nat-
urally promotes equality by making production better, cheaper,
and more sustainable, and by inspiring scientists to pursue sim-
plicity and practicality. It takes a conscious political and economic
effort to create and maintain the structures that generate inequality
out of technology, and not the other way around.

The seeds of the technology’s potential to set off a global wave
of successful, transformative entrepreneurship have already been
planted. Students are attracted by the opening to disrupt economic
systems that do not offer them promising futures. They want to
create technology that changes their world for the better, and this
is not only happening in Boston, Silicon Valley, or Oxford. Tech-
nology can be a very practical solution for many local problems,
and not only in the developed world; many in developing coun-
tries are putting hopes in it.

The convergence of the sciences around biology offers great de-
velopment opportunities. For example, most Asian countries,
which don’t have strong pharmaceutical industries (apart from
Japan), appreciate the possibility of developing medical technol-
ogy that can be disruptive of the current status quo. They foresee
an opportunity for growth and even global dominance in tech-
nologies that will shape the future; this is clearly reflected in the
research budgets for physics, engineering, and materials science
projects touching on biology and medicine in, for instance, South
Korea, China, Singapore, and Taiwan. It is clear that the research
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I have presented in this book is starting to influence global eco-
nomics and geopolitical strategies.

Doesn't the developed Western world’s fear of technology and
largely negative vision of the future also reflect the fear of the rich
and powerful that they will lose their privileged position in the
world, and even Western societies” fear of falling from their cul-
tural and economic dominance? Isn't it a kind of ambivalent game
where the people who feel entitled to produce and exploit the
technology also produce the fears as a means to facilitate its con-
trol, as well as to prevent its misuse? Does this ambivalent posi-
tion reinforce the current trend in most of the Western world to
reduce budgets for education, basic science research, and collab-
oration that may threaten the dominance of some of the main in-
dustrial players in future technologies?

While it is surely a good idea to interrogate and regulate tech-
nologies such as Al robotics, biology, and nanotechnology, it is
also true that for the large corporations that dominate markets,
many of the products and applications of the new technologies are
disruptive, threaten their current models of economic sustainabil-
ity and growth, and are being developed in places outside their
traditional control. These corporations have the power to put the
brakes on research and development that threaten their control
by effectively lobbying governments. The media and the entertain-
ment industry can divert attention from the actual power strug-
gles by creating narratives that contribute to the public’s feelings
of alienation and frustration and turn them against an elitist class
of scientists, technologists, and experts. Fear of technology is used
as a political and economic weapon as powerful as technology
itself.
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CREATING VISIONS OF POSITIVE
TECHNOLOGICAL FUTURES

And so, the growing fear of a technology that might be soon have
the power to derail human life on Earth coexists with the scattered
attempts of scientists, artists, and citizens to imagine how that
same power might be harnessed to create a better world—one
where life is possible, fairer, and more meaningful.

In this complex scenario, our disoriented hopes, fears, and ef-
forts are struggling to birth new cultures that make our survival
possible. How do we construct narratives and visions of the posi-
tive futures that we would like to inhabit? How do we figure out
what we really want so that we can work toward its realization?

The fear of technology in the West has deep historical roots.
The harshness of the first industrial revolution in England left
deep scars on the psyche of much of the West in relation to tech-
nology, as best summarized by Mary Shelley in Frankenstein; or,
the Modern Prometheus (published in 1818, when she was twenty)
and followed up by the works of George Orwell and Aldous Hux-
ley. This narrative born of the Anglocentric experience is still
prevalent—in the new works of academics forecasting the future,
and in the myriad cultural representations of dystopian futures.

Other Western countries have had very different experiences
with technology. In my native Spain, technology is loved by old
and young; a solar panel on the roof is displayed with pride by the
owner, regardless of social origin, as a sign of liberating moder-
nity, while to my amazement I have often heard in rural settings
in England that solar panels on roofs look “horribly modern” and
spoil the “country living” experience. This is not just for aesthetic
reasons, but out of technophobia. The dominance of English as
the global language for culture and academic writing has spread
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a particular vision of technology that evolved from the founda-
tions of modern Western capitalism. That negative view resonates
again now with the meme of “precarity” and the scarcity mental-
ity of much of the existing job market. The problem with this neg-
ative forecasting is that it leaves us unprepared for progress;
without a vision of what we want, we won’t be able to shape the
future in any way.

The relationship between society and technology is very differ-
ent in countries where science is seen as a source of well-being. A
useful example to look at is Japan. After the Second World War,
Japan skillfully navigated complex geopolitics to become Earth’s
second largest economy—thanks to a growth strategy based on
technological development, with negligible unemployment and an
unprecedentedly fair distribution of wealth among—mostly
male—workers and their families. Technology is felt as a force for
good not only in Japan, but widely across East Asia. Much of mod-
ern popular culture there puts its faith in a future in which the
harmonious integration of humans, nature, and technology be-
comes possible. Japanese fiction has fewer Frankensteins.*

Although contemporary Japan faces serious economic, social,
and intellectual stagnation, fueled by fear of immigration, gender
inequality, and exceptionally low birth rates, its citizens” hopes for
positive transformation remain intertwined with technology. I
would like to share with the reader an example from Japan of pro-
gressive, creative forces identifying ways to generate positive cul-
tures using technology. It is a model that may inspire us to for-
mulate our own wishes and dreams of the futures we want for
ourselves.

Toshiyuki Inoko created teamLab Inc. in 2001,when he grad-
uated from the Department of Mathematical Engineering and
Information Physics of the University of Tokyo. He was interested
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in “technology changing the world and art changing people’s
minds . .. and values,” so he committed himself to create digital
art that would “suggest an alternative way to live in contemporary
society. His dream was to live and create collectively with his
friends, and so he created teamLab. Today, teamLab has become
an association of several hundred “ultra-technologists,” including
programmers, engineers, mathematicians, architects, computer
graphics animators, and other specialists, who work together in a
combined commercial and artistic operation from their offices
in central Tokyo.

The turning point came in 2011,with the exhibition “Life!” at
the Kakai Kiki gallery in Taipei, where teamLab was invited by
the artist Takashi Murakami. Since then, they are gradually be-
coming a global phenomenon. teamLab fuses art, technology,
and the natural world with ancient Japanese narratives and artis-
tic perceptions. They dazzle viewers with spectacular large-scale
installations, immersive and interactive, that confront conven-
tional thinking while rooting the intellectual aspects of the work
in Japanese classic arts and traditions. “I want to be with people
who want to take a step into the new world,” Inoko says. “People
who are creative, who want to change the world, these people I
hope to inspire and have influence on.”® The last two years have
been a frantically productive time for teamLab, with acclaimed
exhibits all over the world. I enthusiastically invite the reader
to visit their website and, if opportunity arises, to pop into one
of their exhibitions and join their visitor-participants in co-
creating the experience.

The works of teamLab respond to the disconnected and con-
tradictory feelings that technology evokes—the mixture of antici-
pation and dread, the sense of doom created by our histories and
our social and economic conditions intertwined with the certainty
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that we can create beauty and happiness if we put the right pieces
into place. In our disoriented present, teamLab’s fusion of artistic
vision and cutting-edge technology shows a beauty that invites us
to embrace our coming of age as technological species.

“WALK FORWARD IN THE RADIANCE
OF THE PAST"

To transmit the inspiration and hope I take from teamLab, I have
chosen one of their works to conclude this book, because it mir-
rors and sums up much of its content: teamLab’s Enso. Enso means
“circle” in Japanese. Drawing circles in one brushstroke has been
a central activity of Zen Buddhist calligraphers since the thirteenth
century. Each enso is different; it reflects the body and soul of the
calligrapher, but also the hearts and minds of those who view it
in that particular instant. It links space, time, human perception,
technology, and action; it represents enlightenment, truth, the en-
tirety of the universe, and human complexity and equality. From
a biological physicist's point of view, enso is a kind of two-
dimensional projection of the state of our consciousness and our
biology in an instant, always different, always changing. A com-
plex convolution of all the signals that we are striving to suss out
with our nanotechnology-based biosensors, a representation of
each of the mathematical models of health and disease that we will
build with our future technologies. (See plate 12.)

teamLab has succeeded in reinventing the enso in three dimen-
sions, using “Spatial Calligraphy” With their technology, one can
paint a three-dimensional circle suspended in space. The algo-
rithm lets the enso evolve in time, using accurate computer models
of the fluid dynamics of the virtual ink as it merges with the
space around it. Inputting wisdom, traditional knowledge, and
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cultural history into algorithms, teamLab is working in parallel to
(but independently of) the fusion of modern medicine, nano-
technology, computer science, and physics, creating a deeper rela-
tionship with nature by accessing the depths of our own biology
using technology.

In this book I have observed that the incorporation of biology
into the realms of physics and engineering forces us to feel our-
selves as emerging from the very rules that govern the universe.
Knowing how those rules govern life will unlock unprecedented
power, but will also force us to merge with nature in a more pro-
found way. Failing to do so will lead to technological stagnation
and possibly to our extinction. We are both susceptible to being
commodified by our immature use of technology and capable of
unleashing a radiant future of human flourishing if we can create
cultures that nurture our technological maturity. As the young
Swedish climate activist, Greta Thunberg, and so many schoolchil-
dren around the world so wholeheartedly remind us, we contem-
plate the end of our technological adolescence confronting dis-
mal prospects, but recognizing within ourselves our life path to
adulthood.

The new science addresses, for the first time in human history,
deep questions such as the origin of intelligence and of life itself,
using the tools of physics. By doing so—mirroring teamLab’s
Enso—it closes a cultural loop of thousands of years, reconnect-
ing with early civilizations’ powerful intuitive attempts to under-
stand our nature and our position in the universe. Naturally, in
the twenty-first century, the sciences and technologies converge
with the arts and humanities, as we all struggle to find a fairer and
more democratic way out of the disillusionment, the angry cries
of nationalism, anti-intellectualism, sexism, and xenophobia that
characterize so much of our world today.
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We are at a crossroads. We can either heed the loud call of the
fearful, reductionist pessimists, and become smaller, or we can
seize the unique opportunity for humanity and emerge into an im-
proved technological, social, and economic democracy. By gath-
ering our collective narratives, we can dare to “walk forward in

the radiance of the past””
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INTRODUCTION. SCIENCES CONVERGE INTO BIOLOGY
TO TRANSFORM HEALTH

. Although most eukaryotic cells are 10-100 microns in size, some can be

very large. For example, an ostrich egg, which has a diameter of 12 cm, is a
single cell; the dorsal root ganglion, a cell carrying sensory information
from the body to the brain, can reach 2 meters in length in a tall human
and 25 meters in a blue whale; the laryngeal nerve of a giraffe is a single
cell that can extend as far as 3 meters; some giant amoebas are single-cell
organisms that can measure 40 mm.

In this book I refer to “intelligence” in a very broad sense, as the capacity
of a living organism to make sense of its environment in order to survive.

Biological information involves extremely large quantities and multiple
types of data, and hence belongs to the category of “big data”; other kinds
of big data include the information collected through the internet from all
its users, or the data collected in CERN and other particle accelerators and
by the Hubble and other deep-space telescopes.

Quantum mechanics is the branch of physics that studies the behavior of
very small particles, such as atoms and subatomic particles—electrons, neu-
trons, and so on. Early twentieth-century experiments gradually demon-
strated that the “classical mechanics” developed by Newton and others to
describe macroscopic forces and movements of objects could not be applied
to atoms and smaller particles. Quantum mechanics differs from classical
mechanics in that in small systems (e.g., atoms), quantities such as energy
and momentum are restricted to discrete values (they are quantized); quan-
tum objects behave as both particles and waves at the same time (wave-
particle duality); and there are limits to the accuracy with which quantities
can be measured (this is the uncertainty principle). Spooky characteristics
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of very small units of matter, such as quantum entanglement—in which two
or more particles’ properties are dependent on each other regardless of how
far apart they are in the universe—are currently the subject of much inves-
tigation for applications such as quantum computers.

In crystalline solids, atoms are arranged in perfectly ordered 3-dimensional
arrays.

For reasons that resonate with much of the creative and intellectual com-
munity, science has been imbued with a sense of altruism that facilitates
scientific progress—but, on the other side, the professional “precarity” in-
creasingly suffered by workers in research and technology is exploited to
pursue goals that do not benefit society. This is a complex topic which is
outside the scope of this book.

CHAPTER 1. EMBRACING BIOLOGY'S
COMPLEXITY, AT LAST

. With great intuition, the founder of microscopic anatomy, Marcello Mal-

pighi, predicted in the seventeenth century the existence of machinery
behind biological complexity. “The operative industry of Nature is so pro-
lific that machines will be eventually found not only unknown to us but
also unimaginable by our mind,” he wrote in De Viscerum Structura, in
1666.

As the publisher summed up Denis Noble’s view in his celebrated book The
Music of Life: Biology beyond the Genome (Oxford: Oxford University Press,
2006).

. The reader may recognize the Eames name from the couple’s work as design-

ers of, among other things, the famous Eames chair.

There is no consensus about the conditions that led to the emergence of
prebiological molecules. Some argue that life emerged in the hot water deep
underground or near hydrothermal vents in the ocean; others, that life
emerged from cold salty water trapped in ice. It is also possible that life ar-
rived from other planets, carried along by a meteorite, or even that life
could have sparked from a meteorite collision.

Jeremy England, and many others since Erwin Schrédinger wrote What is
Life? in 1944, have argued that the formation of complex molecules and evo-
lution itself are programmed into the physics of the universe, in processes
that are not in thermodynamic equilibrium—that is, where energy is dis-
sipated into the environment, e.g., as heat. This use of energy enables the
formation and evolution of complexity, the reduction of entropy that is char-
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acteristic of life. See, for example, a summary of England’s thinking in
Natalie Wolchover, “A New Physics Theory of Life,” Quanta Magazine,
January 23, 2014. My own current work seeks to apply these ideas to the
study of growth and shape in biology.

Others have written about reductionism using the images from the film
Powers of Ten—for example, Robbert Dijkgraaf, “To Solve the Biggest Mys-
tery in Physics, Join Two Kinds of Law;” Quanta Magazine, September 7,
2017. In fact, Powers of Ten has inspired much writing, filmmaking, and
philosophical writing. Another recent example is Derek Woods, “Epistemic
Things in Charles and Ray Eames’s Powers of Ten,” in Scale in Literature and
Culture, ed. Michael Tavel Clarke and David Wittenberg, 61-92 (Cham,
Switzerland: Palgrave Macmillan, 2017).

Microscopes able to see cells were invented in the seventeenth century by
Anton van Leeuwenhoek, a Dutch scientist and tradesman. He developed
a technique for making extremely curved glass to dramatically increase the
resolution of optical devices. His technique may have been inspired by the
lens-grinding techniques of Baruch Spinoza, the philosopher (and crafts-
man) whose writings later inspired Einstein’s views on the origin of the uni-
verse (Spinoza lived a few miles from van Leeuwenhoek, and they had
friends in common). Van Leeuwenhoek’s initial purpose was just to be able
to count the number of threads in fabric to determine the quality of woven
goods. But his microscope was much better than any other constructed be-
fore, and this allowed him to be the first human to see individual micro-
scopic organisms, such as bacteria and yeast. The secrecy with which he
protected his method of constructing lenses is as renowned as his
discoveries.

Robert Hooke in England managed to construct a microscope that allowed
him to observe that plants were made of cells, a term he coined to describe
the plants’ building blocks because their packing reminded him of the small
rooms where monks used to live in in monasteries.

Certain aspects of Brillat-Savarins “Gastronomie Transcendante” inspired
the studies of the nineteenth-century Dutch chemist Gerardus Johannes
Mulder in his search for the “most essential substances of the animal king-
dom. From his studies dissolving silk, beef gelatin, egg whites’ albumin,
and other animal and plant substances with acids and caustic potash, he
inferred that there was a fundamental unit that was present in all biologi-
cal substances. His Swedish colleague Jons Jacob Berzelius suggested that
he could call these units proteins, from the Greek proteios, meaning “of first
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rank or position.” And so proteins were officially discovered and named in
1839. Mulder immediately made the link with the nutritional value of cer-
tain foods and suggested that it would probably be very useful to study
proteins further in the future. The early history of proteins was written by
chemists who developed an intense study and rapid understanding of the
chemistry of life.

As T write this sentence (in January of 2019), Cold Spring Harbor Labora-
tory has announced that it is revoking all titles and honors conferred on
James Watson (who led the lab for many years) over “reprehensible” com-
ments connecting DNA, race, and intelligence. DNA and politics are almost
always intertwined in not-very-nice ways.

Information does not flow in this sequence in all cases, though; for exam-
ple, there are also processes in which information is transferred from RNA
to DNA (e.g., in retroviruses, such as HIV). Some viruses are able to trans-
fer information from RNA to RNA to produce proteins without the involve-
ment of DNA.

Stephen Jay Gould, “Humbled by the Genome’s Mysteries,” New York Times,
February 19, 2001.

John R. Shaffer et al. “Multiethnic GWAS Reveals Polygenic Architecture
of Earlobe Attachment,” American Journal of Human Genetics 101 (2017):
913-24.

Evan A. Boyle, Yang I. Li, and Jonathan K. Pritchard, “An Expanded View
of Complex Traits: From Polygenic to Omnigenic,” Cell 169 (2017): 177-86.
Veronique Greenwood, “Theory Suggests that All Genes Affect Every Com-
plex Trait,” Quanta Magazine, June 20, 2018.

Kat McGowan, “I Contain Multitudes,” Quanta Magazine, August 21,2014.
Elena Kuzmin et al., “Systematic Analysis of Complex Genetic Interactions,”
Science