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Abstract

Recent far-reaching advances in synthetic biology have yielded exciting tools for the creation
of new materials. Conversely, advances in the fundamental understanding of soft-condensed matter,
polymers, and biomaterials offer new avenues to extend the reach of synthetic biology. The broad
and exciting range of possible applications have significant implications to address grand challenges
in health, biotechnology, and sustainability. Despite the potentially transformative impact that lies at
the interface of synthetic biology and biomaterials, the two fields have to date progressed mostly
separately. This perspective article provides a review of recent key advances in these two fields, and
a roadmap for collaboration at the interface between these two communities. We highlight the near-
term applications of this interface to the development of hierarchically structured biomaterials, from
bioinspired building blocks to “living” materials that sense and respond based on the reciprocal

interactions between materials and embedded cells.



The field of biomaterials research has expanded significantly in the past few decades, with
a growing interest in the concept of ‘programmability’. A key promise of programmable
biomaterials is in their use as a synthetic extracellular matrix (ECM) to direct the fate of cells
through tunable properties, encoded using chemical approaches. However, in contrast to natural
biomaterials like the native ECM—which is highly dynamic, and continuously modified through
reciprocal feedback between cells—many current generation biomaterials are static, and transfer
information in one direction (i.e. from the material to the cell).

Synthetic biology has long championed programmability as a central feature. Tunability is
achieved by introducing genetic modifications in a systematic way via promoters, inducers, and
nucleic acid-modifying enzymes. Recent years have also seen an expansion of synthetic biology
tools from their origin in bacterial cells to increasing applications in mammalian cell programming.
Meanwhile, a new growing front of research is focusing on the construction of artificial / synthetic
cells, which can be programmed to have defined input-output relationships, much like a natural
cell. Here, we review the state of the field for both synthetic biology and biomaterials, discuss recent
work at this interface, and close with an outlook on future opportunities at the intersection of these
areas. The idea for this Perspective was triggered by the stimulating discussions held during the
two-day National Science Foundation Square-Table workshop in Alexandria, Virginia in October
2019. Nonetheless, there are numerous distinct research groups, clusters, and centers across the
world working at the interface between synthetic biology and engineered materials, and this piece

aims to provide a broad overview of the recent achievements in this exciting filed.

New frontiers in synthetic biology
Synthetic biology turned 20 years old in 2020 and represents a research topic with

immense potential for transforming life in the 215t century’. Remarkable achievements in DNA
synthesis and assembly, along with standardization of genetic components and automated
sequence designs, have helped biology evolve into an engineering science. From the early days
of building genetic circuits in bacteria, synthetic biology approaches have now extended to

mammalian systems, and even to engineering completely synthetic cells from the bottom up.

Advances in cell-base technology

Synthetic biology has revolutionized our capability to program how cells perceive, process,
and react to external information (Fig. 1a), and cells can now be engineered to perceive specific
inputs, such as the concentration or the kinetics of biological, chemical, or physical stimuli2. Of
particular interest are optogenetic tools as they allow optical control of molecular reactions with

exquisite spatiotemporal precision, dose-dependency, reversibility, and orthogonality®. The
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information perceived by such input stimuli can subsequently be processed by synthetic networks
inspired by fundamental computational operations and algorithms. First pioneered with computing
gene networks?, this information-processing capability has recently been transferred to networks
of enzymes composed of kinases or proteases?°. The capability for information processing ranges
from Boolean algebra to CRISPR-based networks that record and genetically store sequential
information input®, or control-theory-inspired integral feedback controllers that maintain specific
biological setpoints in fluctuating environments’. The concept of cellular information processing
can be extended to multicellular systems interconnected by ‘chemical wires’ to increase, in a
modular fashion, the complexity of computational operations®. Finally, the outcome of such
information processing can be translated into desired cellular outputs like cell growth and
differentiation, or the synthesis of a product ranging from simple proteins to complex, hitherto

unavailable small molecule drugs®.

Cell-free biology and synthetic cells

Cell-free expression (CFE) has emerged as an expedient technology to build de novo
synthetic cells from the ground up'®. By recapitulating transcription and translation outside living
cells, CFE makes it possible to embed selected pathways and functions into cell-sized
compartments, to produce desired molecules in situ or to engineer life-like processes or properties
(Fig. 1b). First, CFE provides a minimal environment to rapidly characterize and optimize
integrated genetic parts producing biological materials, whose properties may depend on a
multitude of interdependent parameters inside living cells'"'2. The development of synthetic
organelles by spontaneous phase separation in CFE is within reach, with synthetic nucleic acids
playing a crucial role''. Second, CFE makes it easier to engineer the kinetics of reactions and
facilitates the control of biomaterial production across many physical scales', enabling the
synthesis of adaptive, self-regulating materials'®. Third, CFE is amenable to being embedded into
synthetic or composite substrates and biotic-abiotic interfaces’®. Altogether, these advantages are
spurring the development of CFE-based synthetic cells with the capability for chemical
communication that may one day lead to the development of multifunctional biofilms, proto-

tissues, and organoids"’.

Synthetic receptors with novel functionalities
Biological systems, comprised of cells and materials that interact with each other, give rise to

a smart, complex system. Cells read, or sense, their surroundings using membrane-spanning
receptors and can modulate their behavior in response to changing environments. Recently,

synthetic receptors have been developed for programming this crucial behavior'®®. Both the external
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information sensed (the ‘input’) and the corresponding change in behavior (the ‘output’) can be user-
defined (Fig. 1c). For example, the extracellular domain can be a single-chain antibody that
recognizes an exogenous protein, while the intracellular, effector domain can be a synthetic
transcription factor. Many of these receptors have been successfully used for improving cell therapy
for cancer?® and for programming developmental transitions both in vitro and in vivo®2'. Intriguingly,
some of these receptors have proven to be responsive to ligands presented by materials?, paving

the way for programmed interaction between cells and materials.

Application of machine learning and lab automation to synthetic biology

Synthetic biology is on the verge of realizing enormous gains in productivity as each step
in the “design, build, test, and learn” engineering cycle benefits from automation (Fig. 1d).
Abstraction tools, used in electronic circuit design, have also facilitated designs in synthetic biology.
For example, Cello was created as a design environment that translates genetic circuits into DNA
sequences?. In the lab, mobile robotic workstations can be integrated into workflows with existing
equipment. More importantly, in contrast to the overworked (and overcaffeinated) PhD student, the
robot can work flawlessly around the clock with perfect reproducibility, freeing the student to focus
on more creative work?*. Microfluidic approaches (aided by design tools like 3DuF?°) provide further
gains in efficiency by scaling down the required reagents and experimental footprint. Furthermore,
the automated workflow can be harmessed by machine learning algorithms for discovery and
optimization, e.g. enabling genotype-to-phenotype predictions for optimizing tryptophan production
in Saccharomyces cerevisiae®. While the application of machine learning algorithms and artificial
intelligence might sound ‘non-living’, we emphasize the critical role that human/researcher
intelligence plays in setting up the parameter space and protocols for such workflows and drawing
broader and deeper insights from the results. Lastly, information standards, such graphical notation
used in maps of biological processes and machine-readable representations of biochemical

models?, facilitate communication between humans and machines, or between independent labs.

New frontiers in biomaterials

Biomaterials include diverse materials, ranging from titanium or silicone implants, metal
stents, and plastic drug delivery devices all the way to hydrogels, which are water-swollen polymer
networks. In this section, we focus on hydrogels due to their conduciveness to cell-biomaterial
interactions in 3D, and the recent explosion of interest in the field. Hydrogels can be formed from fully
synthetic polymers, biopolymers derived from natural sources, ECM proteins or other polypeptides,
and even nucleic acids. Key traditional applications of biomaterials include drug delivery, tissue

engineering and regenerative medicine, and cell culture models that better recapitulate tissue
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microenvironments. Tremendous effort has gone into designing biomaterials to better capture the
complex features of natural ECMs and to produce desired outcomes in these applications, such as:
spatiotemporally controlled drug release kinetics, stem cell differentiation, enhanced wound healing,

and immune system reprogramming to target cancer®,.

Control over intrinsic biomaterial characteristics

At the molecular level, peptide engineering and new chemistries such as bio-orthogonal or
photochemical reactions have been applied to achieve more precise control of mechanical and
biochemical properties of biomaterials?® (Fig. 2a). Natural ECMs and living tissues are not simple
linearly elastic materials, but rather nonlinear viscoelastic systems that undergo irreversible or
plastic deformations, motivating the recent development of systems that recapitulate these more
complex mechanical behaviours®. For example, viscoelasticity can be achieved by incorporating
dynamic or reversible crosslinking interactions such as metal-ligand coordination, host-guest bonds,
hydrogen bonds, electrostatic or hydrophobic interactions, and dynamic covalent bonds, in contrast
to static covalent bonds that typically result in elastic materials®.These crosslinking methods can
be combined with a double network approach to provide additional control of the mechanical
behavior of hydrogels, or the signals presented in cellular and biomedical applications®'. Changes
in stiffness and viscoelasticity impact fundamental cell processes, including cell proliferation,
apoptosis, migration, and differentiation, making these parameters critical to control in any
application involving cells®.

Material engineering at the micrometer (or greater) length scale can also impart mechanical
properties critical to cell and tissue functions. Micron-scale elastic fibers comprising, or incorporated
into, the biomaterial give rise to nonlinear stress-strain responses under tension due to reorientation
and alignment®.. Complementarily, void spaces in the biomaterial formed through bioprinting,
foaming, or microgel annealing provide control over porosity and bulk mechanical properties, which
for example might be important for structural stability of the construct, without altering the nanoscale
elasticity that cells sense through focal adhesions®®. The available palette of tools to control both
intrinsic mechanical properties and architectural features will continue to expand with advances in

bioprinting multi-component, soft material composites®.

Stimulus-responsive dynamic biomaterials
Over the last decade the state of the art in soft biomaterials transformed from mostly

passive, static substrates into dynamic and stimulus-responsive materials that undergo large



changes in stiffness, swelling behavior, and 3D structure at the experimentalist's command, which
in turn can elicit specific on-demand responses from embedded cells (Fig. 2b). These systems
usually involve the removal or conformational change of crosslinks inside the material, and stimuli
include externally applied cues—either physical (e.g. light, temperature, magnetic fields), or
chemical (DNA, proteins, small biomolecules)—to provide (spatio)temporal control over the
biomaterial properties®®. Recent developments highlight hydrogels that show large on-demand
stiffness changes®®®” and strategies for the sequential removal and restoration of covalent
crosslinks®®. Challenges ahead include optimizing response sensitivity (i.e. imparting large
changes with small, biologically relevant cues) and the introduction of multiple orthogonal (and
reversible) cue responses inside a single biomaterial®®. These developments will lay the
foundation for incorporating control circuits— used extensively in synthetic biology, but less so in

biomaterials— to regulate biomaterial functionality.

Multi-phase biomaterials and their characterization

The human body is full of multi-phase biomaterials, with nearly every tissue containing, at a
minimum, cells and a fibrous protein and biopolymer matrix. Such multi-phase biomaterial
composites present a challenging target because of their multifunctional and dynamical nature. A
recent development toward such systems is the condensation of proteins and other molecules via
liquid-liquid phase separation (LLPS)*. LLPS, which has been primarily studied in the context of
understanding fundamental cellular organization, has emerged as an intriguing paradigm for creating
multi-phase protein biomaterials by tuning their amino acid sequence*'. LLPS materials are non-
crystalline and stabilized by numerous heterogeneous non-covalent interactions. which can give rise
to multiscale structure to the materials. The ability to design protein/polymer systems that selectively
co-localize multiple components in a biomolecular condensate is a promising avenue for not only

tissue engineering and drug delivery*?, but also synthetic biology.

Next generation biomaterials

Further advancement of biomaterials will require both the synthesis of new material
compositions and advances in manufacturing, processing, printing, and assembly of material
architecture*®. 3D bioprinting, multistep lithography and stereolithography, or post-processing for
functionalization can each be used to create architectures of responsive or functional material
domains. The resulting anisotropic responses of such hierarchical materials will control where the
responses occur and can direct complex new responses like shape changes*. A key challenge with

some materials, particularly engineered protein-based or DNA-based biomaterials, will be on



producing materials at the kilogram scale*®, where they can be used broadly. Advances in
biomimetic polymers, i.e. protein-like self-assembly*®, are a promising alternative for the
commercial scale synthesis of shelf-stable materials.

Given the overall complexity of biological systems and the multifarious properties of any
given material, the integration of “-omics”-based approaches (e.g. the “materials genome”) with
machine learning will help generate materials for diverse applications of interest (Fig. 2c). For
example, the combination of high-throughput screening of novel biomaterials with broad yet
detailed outputs and machine learning algorithms have enabled the development of antibiofouling
biomaterials*’ or polymers for pharmaceutical applications*®. These approaches can identify
materials with unprecedented properties and enable better characterization or engineering of

biological systems.

Using synthetic biology to fabricate tailored biomaterials

Although synthetic biology and biomaterials have largely evolved as independent fields,
the former has tremendous promise to provide natural or artificially designed modules for the
latter. Programmed cells can (1) produce novel building blocks, and/or furnish simplified motifs
that can be repurposed by materials scientists to create new biomaterials, or (2) synthesize the

material of interest directly.

Innovative bioinspired building blocks can create materials with unique chemical and physical
structures to achieve desired functions and properties. For example, coiled-coil peptides, aided by
computational design, can be assembled into nanofibers with controllable physical characteristics
using click chemistry*®. Similarly, DNA nanotechnology has pushed the boundaries of molecularly
programmable shape and functionality>®. Hybrid systems that combine synthetic DNA with proteins
and other biopolymers are enabling building bottom-up hierarchical structures with readily tailored
functionalities®’.

In a direct application of synthetic biology-based approaches to biomaterials, bacteria can
be used to produce engineered variants of natural proteins as components of materials, for
applications ranging from engineering of cellular microenvironments to nanowires and self-healing
materials®2. For example, the SpyTag-SpyCatcher reactive protein partners® can be incorporated
into the bacterial amyloid curli system, leading to tunable functions of the resulting biofilm>.
Alternatively, this system can be applied to functionalize the 2D surface-layer proteins of

Caulobacter crescentus®, or to engineer the Salmonella microcompartment protein EutM to



organize enzymes in a cascade for efficient substrate tunneling®. Engineered proteins can also
control biomaterial properties using light-responsive proteins, often directly borrowed from the
optogenetic toolbox®, to release tethered enzymes or growth factors from polymeric hydrogels
using light®’.

The production of useful inorganic biomaterials using synthetic biology is in its infancy but
represents an area with great potential, particularly in the context of sustainable building materials.
The development of bio-concrete—by precipitating calcium carbonate through a biomineralization
process that involves the urease enzyme—is a prime example of using programmed cells to
produce a material in situ. Microorganisms genetically engineered for slightly lower urease activity
produced larger calcite crystals with high moduli®®, demonstrating that the morphology and material
properties of biogenic calcite can be tailored by using a synthetic biology approach. Again by
employing microbially induced CaCOs precipitation, it was shown that photosynthetic
cyanobacteria could biomineralize inert sand-gelatin scaffolds and significantly toughen the
hydrogel matrix®®; regulating the cell metabolic activity that in turn allowed for multiple
‘regenerations’ using temperature and humidity switches. Mirroring the rewiring of bacterial
metabolic networks for enhanced production of foods, fuels, and other chemicals®’, synthetic
biology-based rewiring of cellular circuits can be harnessed to further amplify natural
biomineralization processes, or potentially generate novel, bio-orthogonal pathways for inorganic
materials production.

Many natural biological materials result from the cooperation of multiple cell types.
Secreted glucan chains, which are produced by various species of Gram-negative acetic acid
bacteria, can become bundled into cellulose fibrils and form a floating mat around the embedded
cells. Recently, an approach to fabricate functional bacterial cellulose using a stable co-culture of
yeast and cellulose-producing bacteria was demonstrated®'. Enzymes secreted by yeast can
modify bacterial cellulose, generating autonomously grown catalytic materials with enzymatic
functions, illustrating that complex biofabricated materials can be achieved by programming multi-
cellular consortia.

The studies highlighted above represent the beginning of the convergence between
synthetic biology and biomaterials research. Computational approaches are enabling the design of
new building blocks inspired by (but not directly derived from) nature. Engineered peptides and
proteins are essential building blocks for modular, bottom-up design of innovative materials with
programmable and dynamic functions and structures. Controlling the stability, size, and spatial
display of chemical functionalities on these molecules will enable well-defined hierarchical structures

that span the nano- and micro- to macro-scales. Applying the concepts of parametric chemistry and



tunable hierarchical structuring, a multi-material, 3D printing platform for additive manufacturing
of bio-cement has been developed®.

Beyond proteins, polysaccharides or hybrid systems that combine proteins,
polysaccharides, DNA, and engineered cells enable the bottom-up assembly of multi-component
and hierarchically structured materials systems (Fig 3a). For example, plant-derived starches are
already used for the production of biodegradable bioplastics, yet their widespread adoption is
limited by a combination of high costs and narrow range of material properties. Since metabolic
pathways for many polysaccharides are well characterized, the prospect of controlling features like
molecular weight distribution, sugar composition, and branching could lead to bioderived-materials
with a wider range of material properties and replace existing petrochemical-derived materials.
Polysaccharides can also be produced in much higher yields (>10 g/L) relative to proteins and
nucleic acids, by using engineered cells or enzymes. Structural RNA self-assembly has been
investigated as a scaffold for intracellular enzyme display®?, raising intriguing questions about
whether oligonucleotide nanomaterials could be secreted extracellularly by cellular systems.
Finally, the growing interest in engineering non-living artificial cells (i.e. protocells) from the bottom-
up provides yet another opportunity for creating novel biomaterials and/or providing unique sense-

response capabilities.

Towards ‘living’ materials
A second exciting direction for merging synthetic biology and biomaterials is to create ‘living’

materials that not only instruct the cells but can in turn be modulated by the cells, to together provide
functionality to the material. For example, all living organisms move in some way; in mammals,
myocytes within muscle convert chemical energy into reversible mechanical work, in response to
electrical and chemical stimuli. Designing living actuators driven by myocyte activity requires
materials that define cell shape and orientation, cytoskeletal assembly and organization, and enable
communication with excitatory inputs. Beyond repairing or replacing injured muscle tissue, such
materials could create soft, biologic robotics. For example, recent work patterned genetically
engineered rat cardiomyocytes that contract in response to light to create a biohybrid laser-guided
stingray®*.

Living organisms also sense and respond to physiological cues, and cells programmed with
stimulatory transmembrane receptors can induce numerous responses upon activation, including
differentiation and immunomodulation. For example, researchers engineered synthetic Notch
receptors that cause cells to undergo an epithelial to mesenchymal transition upon contact from

specific sender cell ligands®. In addition, T cells can be engineered with transmembrane
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receptors that dimerize in the presence of vascular endothelial growth factor and respond by
producing a cytokine (IL-2)%. In these systems, ligands only induce a positive response, but cells
programmed with stimulatory and inhibitory transmembrane receptors would provide biological
feedback useful for engineering living materials. For example, cells embedded in a temporary
scaffold with a stimulatory ligand could secrete a matrix that replaces the scaffold with nascent
material containing an inhibitory ligand to regulate production (Fig 3b). It was recently shown that
cells secrete matrix in biomaterials that they then respond to®% and can remodel certain
biomaterials through protease activity and mechanical force®, but control over these dynamic
interactions is missing. This paradigm has wide applicability ranging from creating regenerative
tissues that otherwise have limited healing capacity, to adding lifelike properties to inanimate

materials, like bricks that repair themselves (Fig 3c).

Another hallmark of living systems is the processing of raw materials into useful products.
Cells within exocrine systems like the pancreas act as factories that assemble individual proteins
into large complexes that are excreted from the cell. This natural process could be adapted for
bioremediation, where dispersed pollutants are converted into environmentally inert materials.
Recently, an implantable bioactive material was developed that degrades into succinate, which can
enter the tricarboxylic acid cycle in mitochondria to accelerate bone regeneration®. In the future,
cells programmed with engineered metabolic pathways could serve as central processors that

support homeostasis and growth of living materials.

An alternate conception of ‘living materials’ is systems that can evolve like a living system,
with successive rounds of selection, ‘mutation’ (of material properties), and amplification. Such
efforts require high-throughput synthesis and characterization/screening, with machine learning
approaches to identify the best candidates for subsequent rounds of ‘evolution.” Advances in robotic-
enabled chemical synthesis and separation provide unprecedented opportunities to rapidly
generate polymeric materials. These solution chemistry approaches are complemented by
emerging advances in bioprinting (which provide spatial control of material composition’®) as well
as efforts in bio-templated synthesis’' and engineered evolution, selection, and amplification’2.
However, the development of property libraries linked to formulation and composition remains a
significant challenge™, due to the vast property space of biomaterials, which includes (time-
dependent) physical, structural, and biochemical parameters. There is also a need for clever
screening/selection schemes (devised by talented, though probably still caffeinated, PhD students
freshly liberated by automatic workflows to pursue creative work) that can maintain physical

connections between functional material properties and specific genetic variants. There is often a
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tradeoff between accuracy and speed, requiring a detailed formulation-property analysis on a

select subset of systems.

Despite these challenges, several promising platforms have emerged for high throughput
analysis, using volumes in the pico- to nanoliter range and measuring changes optically. Polymer
microarrays, with the content of each reaction spot encoded by its spatial coordinates, enable
screening hundreds or thousands of substrates for supporting the growth of different cell types, such
as stem cells or islet cells, or for those minimizing cell adhesion for anti-fouling applications™.
Alternatively, cells and other materials can be encapsulated in aqueous droplets suspended in an
immiscible oil using microfluidics, where each droplet serves as an independent reactor. Coupling
continuous flow capabilities to a high droplet generation rate (>10 kHz) enables, for example, the
directed evolution of enzymes from a library of >10” enzyme variants within 10 hours™. Finally, for
materials synthesized directly by cells, flow cytometers or fluorescence-activated cell or droplet
sorting” provide powerful interrogation methods. Extending these approaches to measure a wider

range of material types and properties is a priority for biomaterials discovery.

High throughput synthesis and emerging advances in characterization provide important
inputs to establishing design, build, test, and learn cycles, but advances in data science and high-
performance computing infrastructure are also critically important. Standardization of data collection
and management are needed, including the wide adoption of uniform naming formats for polymers
and composite formulations, and standardizing experimental devices and procedures. Standardized
formats are particularly critical for machine learning and algorithmic searching of data sets across
numerous laboratories. These are concepts at the heart of the Materials Genome Initiative, launched
across multiple federal agencies in the US aimed at “discovering, manufacturing, and deploying
advanced materials twice as fast and at a fraction of the cost compared to traditional methods™”’. It
is also likely that granting and regulatory agencies will play a key role in defining and enforcing these
metrics within the field. We further highlight the emergence of various interdisciplinary consortiums
and research clusters throughout the world that are interested in similar questions. International

cooperation can likely make these developments more rapid and efficient.

Outlook
Synthetic biology and biomaterials research will each continue to flourish as independent

fields, but the intersection between the two is poised to become a major focus of research efforts
over the near- to mid-term, with tremendous potential for pressing materials challenges. Bridging
the gap between laboratory demonstrations and fabrication techniques that can be implemented

on larger scales will be increasingly important. Some of the concepts of synthetic biopolymeric
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materials and cell-based fabrication have already penetrated the commercial arena’®, including
the production of textiles from microbially-produced recombinant spider silk proteins, tissue-
engineered leather and meat, colorless polyimides for electronics, and rigid materials based on
fungal mycelium. Continued innovation in this area will enable the large-scale production of
synthetic biological materials that rival or surpass existing materials, from plastics to concrete.
We have identified three major areas where we envision that this ‘living interface’ can have
the greatest societal impact: medicine, biotechnology, and sustainability. In medicine, near-term
goals include the ability for designer cells to serve as drug delivery vehicles with closed-loop
control; long-term goals include moonshots like building artificial organs by hierarchical assembly
of engineered cells. In biotechnology, we anticipate an impact in accelerated vaccine production
and delivery. An even longer-term vision is the non-biologic evolution of materials, especially in
conjunction with dynamic, stimulus-responsive, and ‘computational’ biomaterials. Finally, in
sustainability, we envision many possibilities ranging from cell-based or synthetic cell-based
decomposable materials to completely living building materials that can sense, respond, and
regenerate autonomously. Given that nature has an ecosystem with balanced biotic and abiotic
factors, the living interface of synthetic biology and biomaterials may accelerate how nature comes
up with new biomaterials. We recognize that engineering control/feedback of ‘living’ systems is
inherently difficult and will require continuous innovation. We have no doubt that by imparting life-
like properties into materials—both in conjunction with cells or mimicking their key properties—
scientists will come with many advances that we cannot foresee today, but that will fundamentally

transform both basic and applied research across many fields of science.
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Figure 1| Programmability of synthetic biology. a, The heart of synthetic biology rests on our
capability to program cells as information processing units for sensing a variety of inputs and
produce discrete actionable outputs. Advances in information processing have been inspired by
computational operations and algorithms and more recently propelled by the use of CRISPR-
based networks for information recording. b, Artificial / Synthetic cells made from basic biological
building blocks and incorporating transcription (TX) and translation (TL) machineries can
recapitulate salient features of living cells such as basic chemical signaling, transcriptional
dynamics, intracellular organization, and cytoskeleton organization. ¢, Recent advances in
mammalian synthetic biology are focused on engineering receptors to allow customized sensing
and response behaviors. This leverages the coupling of a desired input to a transcription factor to
alter gene expression. d, Opportunities for automation in the design-build-test-learn cycle of
synthetic biology. To date, partial autonomy exists for portions of the cycle while bridging gaps in
the connections and curation of machine-interpretable information are emerging. Supplying goals
and interpreting the results based on domain knowledge is an important function of the researcher

and will be last to be automated. Figure d is adapted from Ref 7*
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biomaterials, crosslinking type, cell-adhesion ligand type and density, specification of void space,
inclusion of elastic fibers, and multi-phase materials in order to control mechanical properties
(stiffness, viscoelasticity, nonlinear elasticity, plasticity), biological signaling, and micro-scale
architecture of the resulting biomaterial. b, Recent advances in biomaterials where stimuli such as
light, temperature, magnetic fields, and biomechanical signals can induce changes in the properties
of the biomaterial. ¢, The combination of high-throughput biomaterials production and omics-type
measurements of biomaterial properties with the application of machine learning to identify design

rules, may pave the way towards next generation biomaterials. Heatmap in Figure 2c is from Ref
80.
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Figure 3| Using synthetic biology to fabricate biomaterials with tailored properties toward
‘living’ materials systems. a, Biomaterials inspired, derived, or produced by natural systems,
including proteins, polysaccharides, and DNA, are being used in a variety of applications. In
particular, cellular systems are being engineered for the production of materials. An exciting
direction for merging synthetic biology and biomaterials is to create ‘living’ materials that not only
instruct the cells, but where the cells in turn modulate the material properties. b, Schematic of cells
programmed with biological circuitry. Stimulatory molecules (green circles) induce stimulatory
receptor dimerization which causes the cell to perform a specific task (e.g., fluoresce green and
secrete material with an inhibitory molecule). Similarly, inhibitory molecules (synthesized material
with a red circle) cause inhibitory receptors to dimerize, signaling the cell to stop fluorescing and
producing material. ¢, Schematic of SynBricks. Cells programmed with stimulatory and inhibitory
biological feedback can be encapsulated in sacrificial hydrogel scaffolds with stimulatory
molecules, causing resident cells to glow green and replace the hydrogel with calcium carbonate
(raw material of bricks) tagged with inhibitory molecules. Once the inhibitory molecule concentration

surpasses a threshold, cells will stop fluorescing and producing SynBrick material.
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