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Synthetic biology: The search for a biological

=

periodic table

By Marcia C. Barbosa

at will be the next revolution in
materials science? If you search
on the Internet, you will find possible
answers such as nanomaterials, 2D mate-
rials, biodegradable materials, sustainable
materials, metamaterials, advanced poly-
mers, quantum materials, smart materials,
energy-storage materials, space explora-
tion materials, and bioinspired materials.
Even though this list comprises areas in
which we are already working, it does not
respond to the question of “where should
we go?” Maybe understanding how we
evolved could help in shedding some
light in answering this question.
Throughout human history, the abil-
ity to manipulate new materials has
been closely intertwined with advances
in basic science and technological pro-
duction. For the general population,
it is the technological breakthroughs
that become visible and have a direct
impact on daily life. Materials science
serves as the crucial bridge connecting
fundamental scientific knowledge to the
products we use in our everyday lives.
The principles of thermodynamics
and chemistry laid the foundation for
the first Industrial Revolution (mid-
18th century to the early 19th century),
underpinning inventions such as the
steam engine, spinning jenny, and cot-
ton gin. However, the true acceleration
of these industries was made possible
by the development of remarkable new
materials: a more efficient fuel source
derived from coke made from charcoal,
the production of steel, and the synthe-
sis of the first aniline dyes from coal.
Materials science played a critical role
in the fuel, the engine, and the manufac-
turing process.

Due to the steam engine, it became
possible to achieve large-scale iron pro-
duction initially using charcoal. Iron
was not a novelty, having been known
for more than 3000 years. The decline
in charcoal production prompted the
search for an alternative energy source,
leading to the use of coke from coal.
The efficiency of coke allowed for
the conversion of iron into steel in the
absence of air. Naturally, this transition
was not without challenges, as impu-
rities in the coal posed technical dif-
ficulties that ultimately drove further
advancements. This textbook history
suggests that this technological transi-
tion was only feasible because of a fun-
damental understanding of heat transfer,
chemical reactions, and rudimentary
concepts of matter, all thanks to indi-
viduals who discovered processes for
manipulating solid materials to produce
steel with minimal impurities.

During the second and third Indus-
trial Revolutions, the use of oil and gas
as energy sources followed by advance-
ments in quantum mechanics and devel-
opments in organic and inorganic chem-
istry paved the way for the manipulation
of a diverse range of solid-state materi-
als, of particular relevance to semicon-
ductors and nanomaterials. In this “holy
grail” for new technologies, the periodic
table was the source for searching for a
specific material when a property was
on the radar. Additionally, there was
widespread utilization of petroleum-
based materials through polymer sci-
ence. As new energy sources emerged
and the semiconductor industry gained
momentum, production rates increased
significantly, resulting in a substantial

upsurge in waste generation. However,
this rapid production, driven by scien-
tific advancements and the introduction
of new materials, did not come without
drawbacks. At present, global waste
production stands at approximately 2.1
billion tons, with a projected increase to
3.2 billion tons by 2050, with one-third
originating from highly industrialized
countries.' The reliance on petroleum-
based materials has contributed to the
accumulation of 242 million tons of
plastic waste. Although recycling has
emerged as an alternative, the process
of recycling requires energy, resulting
in an additional billion tons of carbon
emissions.

In order to circumvent this continu-
ing catastrophic scenario for the envi-
ronment, we need not only to create
new affordable, efficient, and sustain-
able sources of energy but also to cre-
ate a new production ecosystem, which
produces efficiently but with less waste.

In recent years, synthetic biology has
emerged as a tool not only for creating
artificial life but also for engineering
materials based on biology.>™ These
new materials were designed for imple-
mentation within health and agriculture
systems.>” In principle, materials based
in biology would be more suitable for
applications in life sciences where out-
of-equilibrium phenomena are ubiqui-
tous. However, in attempting to replace
oil-based chemical reactions by sustain-
able production it has become clear that
they could serve as an option to create
new model systems®® This strategy will
probably replace petroleum-based mate-
rials with biologically designed sys-
tems. The challenge in using biological
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systems as a substitute for traditional
chemical reactions and solid-state mate-
rials is that while the science behind the
design of traditional materials has been
well-established in previous Industrial
Revolutions, bio-based materials still
lack a consolidated scientific foundation
to support their use. There is no equiva-
lent of a periodic table for bioprocesses.

Notwithstanding the challenge of
not having a table of biological pro-
cesses as a guide for their utilization
in materials, much progress has been
made so far.* One notable example is
the biotransformation of agro-industrial
waste, such as sugarcane bagasse, corn
stover, and forestry waste, into biore-
newables, including fuels, chemicals,
and materials. One of the key steps in
this biotransformation process involves
the depolymerization of these lignocel-
lulosic materials, which is typically
achieved through biocatalysis in biore-
fineries.! Complex enzyme formula-
tions, commonly referred to as enzyme
cocktails, are developed to facilitate the
deconstruction of these wastes. These
cocktails are essential but also represent
a significant portion of the overall costs.
The identification of the most efficient
enzymatic package capable of dissolv-
ing lignocellulose remains a challenge
due to the lack of a comprehensive
database of these enzymatic processes
and their synergistic effects, beyond the
sheer structural and chemical complex-
ity of such material.

Where to look for new enzymes?
The answer to this question is nature. If
the idea is to find an enzyme to “digest”
lignocellulose, the natural place to start
the search is the herbivores. Monogas-
tric herbivores are organisms with only
one stomach that are capable of digest-
ing cellulose in their diet by symbiotic
bacteria. Recently, researchers have real-
ized that some of them exhibit intestinal
microbiota capable of obtaining energy
from lignocellulosic materials. One
particular case is the capybaras since
they have included sugarcane in their
diet for decades due to the increase of
plantation in the area they live, possibly

leading to an evolution/adaptation of
their microbiota to digest the fibers. In
order to understand how the capybara
can obtain energy from sugarcane fi-
bers, researchers utilized integrated
multi-omics approaches, functional
enzymology, site-directed mutagenesis,
several biophysical techniques, and
state-of-the-art synchrotron tools.!">'?
These researchers elucidated how the
microbial community and their enzy-
matic systems operate and outperform
the recalcitrance of lignocellulosic mate-
rials to generate monomeric sugars to be
further converted into short-chain fatty
acids, an energy source for the host.'?

Novel bacterial species have been
discovered, which are highly compe-
tent in lignocellulose processing and
harbor a complex enzymatic machin-
ery adapted to the main carbohydrates
present in sugarcane such as heteroxy-
lans.'® Consequently, enzyme cocktails
could be enhanced with enzymatic com-
ponents from these taxonomic novel-
ties to boost the use of lignocellulose in
biorefineries, impacting the production
of second-generation ethanol from agri-
cultural biomass, for instance.

This example highlights the poten-
tial that biological processes can offer
to the production of new materials and
energy in an ecosystem with less waste.
However, this transition faces two chal-
lenges that need to be resolved before
this becomes as common as the use of
petroleum-based materials.

First, we still know very little about
our biodiversity, especially in more
isolated regions such as tropical forests
and the Antarctic continent. For exam-
ple, Brazil boasts one of the planet’s
largest biodiversities, featuring six
distinct biomes: the Amazon, Panta-
nal, Caatinga, Cerrado, Atlantic Forest,
and Pampa.'* In addition to the flora
and fauna, these regions are home to a
colossal and hidden universe of micro-
organisms, estimated to include as many
as 1 trillion microbial species on Earth,
with the vast majority of them not being
culturable in a laboratory.'> Despite the
implementation of several international
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databases of microbial life, such as the
nonprofit American Type Culture Col-
lection (ATCC)'® and the Global Bio-
diversity Information Facility (GBIF),!”
biodiversity remains the “new world”
waiting to be discovered.

The search for specific enzymes or
metabolic pathways is not a trivial task.
Unlike nonliving matter, where the search
within materials with similar properties
can be facilitated by the periodic table,
no such easy roadmap exists for living
matter. Magnificent efforts have been
made toward elucidating microbial life
on Earth, such as the Human Microbiome
Project!® and Tara Oceans,'? but multiple
biomes remain underexplored, including
many found in Brazil.

The development of a multidimen-
sional framework in which researchers
could navigate to search for genetic
information, specific enzymes, or
metabolic pathways to address specific
issues is still missing, and it will require
a deep understanding of some form of
universality in biological processes.

Finally, even if we catalog all the
planet’s biodiversity and design a mul-
tidimensional biological periodic table,
the large-scale production of biomate-
rials is an essential challenge that will
likely only be solved with the produc-
tion of synthetic life.?

The endeavor of synthetic biology
and eventually synthetic life will require
much input and knowledge from the
materials research community, from
the business sector, and governments,
with a vision similar to the Industrial
Revolutions and the courage that led us
to explore space. It is time for this first-
order phase transition to take place now.
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