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A B S T R A C T

Cyanobacteria are ideal candidates to use in developing carbon neutral and carbon negative technologies; they are
efficient photosynthesizers and amenable to genetic manipulation. Over the past two decades, researchers have
demonstrated that cyanobacteria can make sustainable, useful biomaterials, many of which are engineered living
materials. However, we are only beginning to see such technologies applied at an industrial scale. In this review,
we explore the ways in which synthetic biology tools enable the development of cyanobacteria-based bio-
materials. First we give an overview of the ecological and biogeochemical importance of cyanobacteria and the
work that has been done using cyanobacteria to create biomaterials so far. This is followed by a discussion of
commonly used cyanobacteria strains and synthetic biology tools that exist to engineer cyanobacteria. Then, three
case studies—bioconcrete, biocomposites, and biophotovoltaics—are explored as potential applications of syn-
thetic biology in cyanobacteria-based materials. Finally, challenges and future directions of cyanobacterial bio-
materials are discussed.
1. Introduction

Cyanobacteria have used photosynthesis to shape the biogeochemical
cycles of Earth for billions of years. As the first organisms to evolve
oxygenic photosynthesis, this phylum of photoautotrophic bacteria was
responsible for the massive oxygenation of the planet two billion years
ago which allowed for aerobic multicellular life to develop. Their
photosynthetic metabolism significantly reduced the amount of CO2 in
the atmosphere [1] in multiple, drastic planetary CO2 reduction events
[2]. Today cyanobacteria are integral to many biogeochemical processes;
they are estimated to be responsible for 25% of primary productivity in
the ocean [3] and play an important role in nitrogen fixation and the
burial of organic carbon in ocean sediments [4].

To combat the threat of climate change due to increasing levels of CO2

in the atmosphere, researchers are exploring alternative production
methods, which use CO2 as an input, rather than an output [5]. Photo-
synthetic carbon fixation enables many proposed methods for Carbon
Capture, Utilization, and Storage (CCUS) [6] by using atmospheric or
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emitted CO2 as a building block to create products. CO2 might be stored
in products temporarily, as in biofuels, to replace fossil fuel emissions
with a carbon neutral product, or could potentially be stored long-term,
as in building materials, creating a net-negative drawdown of atmo-
spheric CO2 [7].

Cyanobacteria are a prime candidate for biological CCUS technology
development for several reasons. These include inexpensive feedstock
requirements (they require only sunlight, CO2, water and a few nutri-
ents), ease of genetic manipulation, native production of commercially
interesting biomolecules [8], and fast growth rate. In addition to their
carbon capture potential, cyanobacteria are more sustainable than
traditional microbes used for bioproduction because they do not require
sugar as a feedstock (feedstock sugar requires large amounts of arable
land to grow). Agriculture is predicted to face more challenges as climate
change intensifies, making this feature increasingly important [9,10].
Additionally, many cyanobacteria grow in seawater salinity, so they can
be grown at-scale without using limited freshwater resources [11].

A number of material scientists have made progress developing
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cyanobacteria-based biomaterials with applications in carbon capture,
construction, energy, and food production. Many of these materials could
be considered engineered living materials (ELMs) as they utilise living
cyanobacteria to perform “smart” functions: assembly, repair, and
response to external stimuli [12–14,148]. Researchers have capitalized
on the natural biomineralization of cyanobacteria to produce regenera-
tive building material made of a hydrogel-sand scaffold and Synecho-
coccus elongatus PCC 7002 [15]. A network of Anabaena sp. cells and
graphene nanoribbons has been 3D printed onto a fungal platform to
produce a photocurrent [16]. A prototype of a textile-based cyanobac-
teria biocomposite to capture CO2 during wastewater treatment has been
fabricated [17]. Some cyanobacteria-based products have already
reached commercial-scale: Spira uses genetically engineered cyanobac-
teria to produce food dye and flavorings [18], Prometheus Materials
makes concrete masonry units (cinder blocks) using biomineralizing
cyanobacteria [19], Lumen Bioscience has developed biologic drugs that
use cyanobacteria to deliver therapeutic molecules [20], and Photanol
produces industrial biochemicals extracted from cyanobacteria [21]. At
the same time, synthetic biology researchers have developed a suite of
genetic techniques and computational tools to manipulate cyanobacteria,
and there is a growing repository of standard biological parts, genome
editing tools, and metabolic models for several strains [22].

So far, there has been little intersection of materials science and
synthetic biology in the creation of cyanobacteria-based biomaterials
[23,24]. In this review, we will explore the ways in which
cyanobacteria-based biomaterials can be improved using synthetic
biology, discussing existing genetic, genomic, and computational tools,
three case studies of potential applications of synthetic biology in
cyanobacteria-based biomaterials development (bioconcrete, bio-
composites, and biophotovoltaics), and future directions of the growing
Fig. 1. Schematic illustration of synthetic biology tools that enable development of c
Biomaterials illustrated (from left to right): Biocomposite of cyanobacteria grown on
industrial carbon capture system for scrubbing CO2 from flue gas; Bioconcrete block
become a sustainable structural material that can “regrow”; a 3D printed microarray
scale to become an efficient biophotovoltaic energy source.
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field of cyanobacteria-based biomaterials (Fig. 1).
1.1. Cyanobacteria vs. other photosynthetic organisms

Several other photosynthetic organisms have been explored as po-
tential photosynthetic chassis for biocarbon capture, notably plants and
eukaryotic microalgae. Plants produce many useful biomolecules (ter-
penes, fatty acids, phenylpropanoids) [27], and their macroscopic
structure can be utilized to easily form large biomaterials [28,29].
However, a plant-based carbon capture system at scale would require
large amounts of arable land and their extremely slow growth makes
them difficult to engineer [30]. The latter is also a limitation for
macro-algae (e.g kelp), which have been investigated for their carbon
sequestration abilities [31].

The term ‘microalgae’ often refers to unicellular eukaryotic algae, but
may be used more broadly to describe both cyanobacteria and eukaryotic
microalgae. This review will use the former definition. Microalgae and
cyanobacteria share many of the same characteristics: photosynthesis,
adaptability to diverse environmental conditions, and natural production
of high-value molecules. They are often used for similar applications [32,
33]. Sometimes they are even used together such as in a carbon-capture
biocomposite made of a loofah scaffold and cyanobacteria and micro-
algae consortium [25]. However, each organism has distinct advantages.
Cyanobacteria display the fastest photosynthetic growth rates measured
[34] and their smaller genomes, lack of subcellular organization, and
absence of epigenetic gene-silencing allows them to be genetically
manipulated more easily [35–37]. Because they are easier to engineer,
more genetic and computational tools have been developed for cyano-
bacteria than microalgae. Microalgae, on the other hand, may tolerate
high light conditions and have more examples of growth at scale [38].
yanobacteria-based biomaterials from lab prototypes to industry scale materials.
a loofah scaffold for enhanced CO2 capture [25] could scale to become part of an
made from biomineralizing cyanobacteria, sand, and gelatin [15] could scale to
that captures current from photosynthesis of cyanobacteria colonies [26] could



I.M. Goodchild-Michelman et al. Materials Today Bio 19 (2023) 100583
Other factors to consider include that cyanobacteria are reported to have
high rates of UV-induced mutation [39] and some produce secondary
metabolites that are harmful to humans under certain conditions [40].

2. The cyanobacteria synthetic biology toolkit

Engineering an organism beyond its natural capabilities is integral to
developing innovative biomaterials. In the development of
cyanobacteria-based biomaterials, desired engineered characteristics
could range from the ability to produce non-native compounds, to
changing phenotype based on environmental stimuli. The “design-build-
test-learn” cycle of synthetic biology [41] is a model for an engineering
workflow used to create new biological behavior and is made up of the
following components: 1) a chassis/host cell with a characterized
genome; 2) standardized biological parts compatible with the host; 3)
genome editing to introduce biological parts and; 4) computational tools
to aid interpretation of results and improve future designs [42–44].
Although not as characterized as tools for model organisms yeast and
E. coli, the advances toward cyanobacteria synthetic biology toolkit are
detailed below.
2.1. Choosing a cyanobacteria species

The phylum cyanobacteria is made up of over 6000 species [45] that
have diverse phenotypes and natural environments. All cyanobacteria
are gram-negative bacteria capable of performing oxygenic photosyn-
thesis, but they vary widely in other traits: some are unicellular, some
filamentous; some can form biofilms; some fix nitrogen; many prefer
aquatic environments, but some are found in terrestrial environments as
well. Only a few of these species have been developed as synthetic
biology targets so far. Traditional model strains include Synechococcus
elongatus PCC 7942, Synechococcus elongatus PCC 7002, and Synechocystis
sp. 6803. Additionally, Anabaena sp. PCC 7120 has been commonly used
as a model for filamentous nitrogen-fixing cyanobacteria. (See Table 1 for
Table 1
Characteristics of common cyanobacteria strains.

Strain Doubling
time
(hours)

Morphology Natural competency Polyploidy
(number of
genome
copies)

Synechococcus
elongatus PCC
7942

12 [56] unicellular conjugation, natural
transformation,
electroporation [22]

3-6 [56]

Synechococcus
elongatus PCC
7002

3.5 [56] unicellular conjugation, natural
transformation [22]

6 [56]

Synechocystis sp.
PCC 6803

6 [56] unicellular conjugation, natural
transformation,
electroporation, ultra
sonic transformation
[22]

60-225 [56

Anabaena
(Nostoc) sp.
PCC 7120

24 [56] filamentous conjugation,
electroporation [22]

8-10 [56]

Synechococcus
elongatus UTEX
2973

1.9 [34] unicellular conjugation [22], 3-6 [22]

Synechococcus sp.
PCC 11901

2-3 [51] unicellular natural transformation
[51]

unknown

Synechococcus
elongatus PCC
11801

2.3 [52] unicellular natural transformation,
conjugation [52]

unknown
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characteristics of commonly used strains).
The genus Prochlorococcus exemplifies the need to continue devel-

opment of genetic editing tools for cyanobacteria. Prochlorococcus are the
most abundant cyanobacterium on earth [46], and they play a major role
in the biological carbon pump [47] and as primary producers in ocean
ecosystems. They also have the smallest genome of any photosynthetic
organism, making them interesting models to study genome-reduction as
a strategy in optimizing biotechnology [48]. However, after over a
decade of work there has been little progress in developing tools that
work to manipulate Prochlorococcus. This is due to their extremely slow
doubling time, sensitivity to contamination and growth conditions, and
resistance to transformation methods [49,50]. Given their ecological
importance and desirable traits, continued efforts should be made to
harness this recalcitrant genus.

Growth rate is a very important factor in choosing a chassis, as most
model cyanobacteria have doubling times of 7–15 h, making it difficult to
quickly prototype experiments [22]. A recent discovery of several species
capable of doubling every ~2 h (a rate comparable to the popular syn-
thetic biology workhorse Saccharomyces cerevisiae), Synechococcus elon-
gatus UTEX 2973 [34], Synechococcus elongatus PCC 11901 [51], and
Synechococcus elongatus PCC 11801 and PCC 11802 [51,52], allows for a
much faster cycle of “design-build-test-learn” in cyanobacterial synthetic
biology. Polyploidy (having multiple genome copies in a cell) is a com-
mon trait in cyanobacteria, with most species having between 3 and 200
genome copies per cell [53]. The function of polyploidy has been asso-
ciated with enhanced stress tolerance and increased metabolic output
[54]. However, a cell with many genome copies is much more time
consuming to genetically engineer, as it requires repeated selection steps
in order to obtain a homozygous strain that has the desired edit in every
genome copy. Advances have been made in alternative genetic editing
methods that address the polyploid nature of cyanobacteria (see section
2.3.4. Genome Engineering). Continuing to make a strain that is tolerant of
extreme environmental conditions—salinity, light, temperature, and
moisture levels—is needed for eventual environmental use of
Salt
tolerance

Metabolic
model

Notes Biomaterial
references

freshwater
[22]

yes [57] carbon-capture
biocomposite [25],
bionic battery [58],
3D-printed
biomaterial [59]

marine
[22]

yes [60] bioconcrete [15]

] freshwater
[22]

yes [61] biophotovoltaic [26],
biophotovoltaic [62],
bioconcrete [63]

freshwater
[22]

yes [64] nitrogen fixation ability
[56]

3D-printed
biomaterial [16]

freshwater
[22]

no fastest growth rate
under laboratory
culture conditions [34]

marine
[51]

no produces the most dry
cell biomass under
laboratory culture
conditions [51]

freshwater
[52]

no closely related to PCC
11802, recently
reported to perform
better under outdoor
cultivation conditions
[52]
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cyanobacteria-based biomaterials. Salt tolerance is an especially impor-
tant trait given that large-scale cyanobacteria growth will require large
amounts of water. This could be solved by either using a marine strain as
a chassis, or by optimizing a freshwater strain to tolerate high salinity
(via overexpression of proteins involved in ion transport and molecular
chaperones) [55].

2.2. A synthetic biology primer

Synthetic biology, the rational engineering of cells to do useful things,
is a bottom-up approach based on the foundational idea that standard-
ized molecular “parts” can be developed from studying natural organisms
[65]. These parts can be combined in circuits to control a cell's behavior,
much like the programming of electronic circuits. The most basic
parts—the promoter, RNA-coding sequence, and terminator—combine to
form a “transcription unit,” a sequence of DNA that codes for the tran-
scription of an RNA molecule (Fig. 2A). This RNA will then be translated
into a protein which provides some functionality in the cell, or it will act
to knock out the function of a native gene. Different combinations of
these parts can produce complex synthetic devices: cellular logic gates,
switches, amplifiers, memory elements and oscillators, as well as
non-natural metabolism [66] .

The field is exemplified by two breakthrough genetic circuits devel-
oped in the early 2000s: the Collins group's construction of a genetic
toggle switch that caused a cell to switch between two different states
(e.g., producing or not producing a fluorescent protein) in response to
external stimuli (e.g., heat) [67], and the Elowitz lab's “repressilator,” a
three-part repressor system that induces periodic oscillations in produc-
tion of a protein [68].

Today, synthetic biology has been used to create many successful
commercial products, from medicines to food products to biomaterials
[11]. However, compared to model organisms such as E. coli and
Fig. 2. Transcription unit and plasmid types. (A) Diagram of a transcription unit, o
ribosome-binding site, RNA-coding sequence, and a terminator. (B) A replicative pla
host cell. (C) An integrative plasmid has homology arms that promote homologous
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S. cerevisiae, relatively few biological parts and assembly methods
developed for cyanobacteria so synthetic biology in cyanobacteria has
been limited. Additionally, the thousands of parts that have been char-
acterized for model organisms (see the iGEM BioBrick database for a
large collection [69]) often do not function in cyanobacteria [70].

The attraction in using cyanobacteria to convert CO2 into useful
bioproducts has led to increased genetic tool developments in recent
years, by adapting existing parts from other species or deriving novel
parts from natural cyanobacteria sequences. Most tools have been char-
acterized only in specific strains and are not guaranteed to function in
diverse cyanobacteria. This host-dependency limits the speed at which
novel chassis strains are developed, because each new species requires
the testing and development of its own “toolkit” [71–73].

2.3. Synthetic biology in cyanobacteria

The below section is an overview of synthetic biology techniques
developed in cyanobacteria. First, common biological parts and their use
in cyanobacteria are discussed (promoters, terminators, ribosome-
binding sites, selection markers, origins of replication, and homology
arms). The next section highlights methods to assemble these parts into
functional genetic vectors, deliver the vectors into the cell (trans-
formation), and, once in the cell, to localize the vector to a specific target
on the genome (homologous recombination and CRISPR). Finally, co-
culture techniques and computational tools are discussed. For a thor-
ough characterization of synthetic biology techniques characterized in
cyanobacteria see Sengupta et al. and Sun et al. [33,74].

2.3.1. Standardized biological parts
Promoters are biological parts that control downstream gene

expression and can either be constitutive or inducible under certain
environmental conditions such as light, temperature, or the presence of a
r segment of DNA that encodes a RNA molecule. The unit contains a promoter,
smid has an origin of replication that enables its independent replication in the
recombination with a targeted region on the host genome.
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chemical. Promoters have been characterized in cyanobacteria that are
induced by light intensity, CO2 level and time of day. Many of the pro-
moters used in cyanobacteria have been adapted from the extensive
promoter libraries for E. coli, for example a tetracycline and IPTG-
regulated promoters have been adapted from E. coli and found to work
in several cyanobacteria [72,74]. However, promoter function often
varies between species, so cyanobacteria promoter libraries that have
been tested on multiple strains need to be developed. A suite of inducible
and constitutive promoters that function in multiple cyanobacteria was
assembled as part of the CyanoGate kit [75].

Ribosome Binding Sites (RBS) are transcribed and recognized by ri-
bosomes to initiate translation. RBS can be edited to affect translation
efficiency, allowing for fine tuning the expression of a protein. The
strength of 20 RBS sequences native to Synechocystis sp. 6803 has been
determined [76]. Several online calculators exist for predicting RBS se-
quences. However, these tools were developed in E. coli and do not
currently make predictions as reliably for cyanobacteria [77].

Terminators are sequences found downstream of a gene that end
transcription of that gene by triggering the release of the gene transcript
from the transcription complex. They have varying efficiencies, so it is
important to test the strength of a terminator in your host organism. The
strength of 34 terminators in Synechococcus elongatus UTEX 2973 and
Synechocystis sp. PCC 6803 has recently been evaluated [78].

SelectionMarkers are genetic elements on a plasmid that allow for the
selection of cells that have taken that plasmid. The most commonly used
selectionmarkers are antibiotic resistance genes; by including a gene that
confers resistance to an antibiotic on a plasmid construct, transforming
that plasmid into a population of cells, then treating the population with
the antibiotic, only the cells that have taken up the plasmid will survive.
Antibiotics commonly used in cyanobacteria include ampicillin (Ap),
chloramphenicol (Cm), erythromycin (Em), gentamicin (Gm), kana-
mycin (Km), neomycin (Nm), spectinomycin (Sp), and streptomycin (Sm)
[79]. Light sensitive antibiotics such as tetracycline (Tc) and rifampicin
(Rf) are not effective in cyanobacteria given their high-light growth re-
quirements [80].

Origins of Replication (ori) are sequence sites at which replication of a
plasmid is initiated. Ori are included on plasmids to enable replication
within the host without integrating into the host genome (Fig. 2B).
Replicative plasmids are useful for rapid prototyping of a desired func-
tion and the chosen ori determines the copy number (number of plasmids
per cell). However, the exact copy number of the introduced gene is
variable in replicative plasmids so they cannot be used to achieve precise
gene expression levels. Additionally, replicative plasmids need to be
maintained with a selection marker to ensure they are passed down to
daughter cells. Several plasmid origins of replication (the backbone of the
plasmid that is recognized by host cell replication machinery) have been
found that function well in cyanobacteria: RSF1010 across clades [81],
pCA and pCB for Synechocystis sp. PCC 6803 [76], and pANS in Syn-
echococcus elongatus PCC 7942 [82].

Homology Arms are sequences on a plasmid complementary to a
target locus on a genome. They flank an expression cassette (a gene of
interest and regulatory elements) to allow for its integration into the host
genome at the locus (Fig. 2C). Integrative plasmids undergo homologous
recombination to become a part of a cyanobacteria's genome. They are
ideal to permanently introduce a function to a cyanobacteria cell line and
to do gene knockout (as they replace native genes on the chromosome)
for loss-of-function studies. For example, pSyn6 is a commonly used
integrative vector in Synechococcus [83] and has built-in homology arms
for integrating genetic payloads to a neutral site on the genome. How-
ever, it is more time-consuming to acquire homozygous, fully-segregated
transformants using integrative plasmids as cyanobacteria are polyploid
and several passages have to be taken to ensure the plasmid is integrated
into all copies of the genome in a cell.

2.3.2. Assembly of functional constructs for genetic engineering
The parts described above can be assembled into genetic constructs
5

(e.g plasmids) designed for specific functions within the host. Common
DNA assembly methods are BioBrick Assembly [84], Gibson Assembly
[85], and Golden Gate Assembly [86]. Two notable platforms for
designing and assembling genetic vectors for cyanobacteria are
CYANO-VECTOR [79] and CyanoGate [75]. In 2014, the cyanobacteria
vector assembly platform CYANO-VECTOR [79] was developed using the
BioBrick standard for compatible parts [84]. CYANO-VECTOR provides a
platform for the construction of modular plasmids from a collection of
biological parts including: origins of replication, antibiotic resistance
markers, reporter genes, promoters, and RBSs. The parts have been tested
in a range of cyanobacteria species (Anabaena sp. PCC 7120, Leptolyngbya
sp. BL 0902, Nostoc punctiforme ATCC 29133, and Synechocystis sp. PCC
6803). CyanoGate is another modular platform that allows for stan-
dardized assembly of a library of genetic parts compatible with cyano-
bacteria [75]. Based on the plant Golden Gate MoClo kit, CyanoGate is a
library of standardized promoters, terminators, antibiotic resistant
markers, neutral sites (NS), and gene repression systems that can be
assembled into vectors. Platforms like CYANO-VECTOR and CyanoGate
provide the tools to do synthetic biology on characterized cyanobacteria
strains. For example, Puzorjov et al. recently used CyanoGate to insert a
phycobiliprotein gene (used to produce a high commodity dye derived
from light harvesting complexes) from a thermophilic cyanobacteria into
Synechocystis sp. PCC 6803, a mesophilic species more amenable to in-
dustrial production of the dye [87].

2.3.3. Construct delivery
There are several methods to deliver a DNA construct into a bacterial

host. Some hosts can undergo natural transformation (they naturally
uptake plasmids from the surrounding environment). Others require
electroporation or chemical transformation to artificially increase the
bacteria's membrane permeability. Conjugation, or the transfer of genetic
material from one bacteria to another via direct cell to cell contact, is a
technique used for hosts recalcitrant to other transformation methods.
Some cyanobacteria (such as the popular Synechococcus elongatus PCC
7002, Synechococcus elongatus PCC 11901, Synechocystis sp. PCC 6803)
are naturally competent, but others require facilitated transformation
methods such as conjugation (Synechococcus elongatus UTEX 2973 and
Anabaena sp. PCC 7120) or electroporation (Anabaena sp. PCC 7120). All
of these methods rely on selective markers, of which there are limited
characterized in cyanobacteria. Additionally, there is the worry of
releasing antibiotic resistance genes into the environment for some ap-
plications. In response to this, there have been several markerless se-
lection systems developed in cyanobacteria [88,89]. Free fatty acids have
been used to select for markerless aas knockout mutants in both Syn-
echocystis sp. PCC 6803 and Synechococcus elongatus PCC 7002 [90]. And
recently, a CRE recombinase in a two-plasmid system has been designed
to generate markerless mutants in Synechocystis sp. PCC 6803 [91].

2.3.4. Genome engineering
Once a DNA construct is delivered into a cell, it can either continue to

replicate independently of the host cell's genome (via a replicative
plasmid) or it can be integrated into the host genome. Integration via
homology arms on the plasmid is a simple way to integrate a gene of
interest into a specific location on the genome, but homologous recom-
bination has a low efficiency that requires several rounds of passaging to
ensure every genome copy in cyanobacteria has been edited.

CRISPR-Cas9 is a promising genome-editing tool in cyanobacteria. It
can simultaneously edit multiple genes and the double-stranded breaks it
causes at a genome target site are toxic to cells, providing a counter se-
lection strategy to allow for a faster segregation process [92]. CRISPR
tools for cyanobacteria are in early stages of development; CRISPR-Cas9
has been used successfully to increase succinate production in Synecho-
coccus elongatus PCC 7942 [93] and free fatty acid production in Syn-
echococcus elongatus UTEX 2973 [94]; however, high levels of the Cas9
protein are toxic to most cyanobacteria [95]. Solutions to Cas9 toxicity
have been explored. An alternative endonuclease, Cas12a, has been used
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successfully in Synechococcus elongatus UTEX 2973, Synechocystis sp. PCC
6803 and Anabaena sp. PCC 7120, though editing efficiencies are often
lower than in comparable systems in other bacteria [96,97]. An inducible
riboswitch-based CRISPR/Cas9 system was recently developed in Syn-
echocystis sp. PCC 6803. The ability to tightly control of Cas9 expression
allowed for reliable editing efficiency. CRISPR interference (CRISPRi) is
another CRISPR-associated technology that utilizes a dead version of the
Cas9 enzyme to inhibit expression of specific genes [92]. CRISPRi has
been used in several cyanobacteria including Synechocystis sp. PCC 6803
[98], Synechococcus elongatus PCC 7942 [99], and Anabaena sp. PCC
7120 [100].

2.3.5. Community engineering and co-culture
When engineering cells for a specific function, a co-culture system, in

which two or more microorganisms are grown together, can sometimes
be advantageous over monoculture. It is difficult to optimize a single
chassis for multiple objectives, since optimizing one trait (e.g. CO2 up-
take in photosynthesis) may come at the expense of other desired
metabolic traits (e.g., producing terpenes from the fixed carbon). Co-
cultures allow for the achievement of complex production objectives
because they allow for the division of labor and the optimization of
different traits across the co-culture partners. They are also more resilient
than monocultures to contamination and other environmental stress
[101]. However, it is time-consuming to adjust the environmental
co-culture conditions (temperature, pH, light) to allow for all species to
grow successfully. Additionally, inoculation ratios of the partners need to
be considered or the system will be unbalanced and one species will
out-compete the others for resources,

Cyanobacteria co-cultures have been designed with yeast, micro-
algae, and other bacteria [102–104]. In a co-culture of Synechococcus
elongatus PCC 7942 and various yeast strains, PCC 7942's ability to
convert CO2 to sucrose was paired with the yeast's ability to ferment
sucrose into biofuel precursor lipids. It was found that the co-culture
produced more biomass and biofuel lipids than the PCC 7942 grown
on its own and that the yeast limited the amount of toxic reactive oxygen
species in the culture, thus facilitating long term PCC 7942 growth [105].
A bio-battery has been developed that uses a four species co-culture of
Synechococcus elongatus PCC 7942, E. coli, Shewanella oneidensis, and
Geobacter sulfurreducens to produce electricity by mimicking the photo-
electric conversion in marine mats [58]. Recently, a “living” bandage
made up of a hydrogel encapsulating a consortium of Synechococcus
elongatus PCC 7942 and a heterotroph was used to promote wound
healing [106].

2.3.6. Genome sequencing
Advances in the quality and affordability of genome sequencing has

allowed for the ongoing discovery of novel cyanobacteria strains with
useful traits. Recent developments in in situ portable NanoPore
sequencing even allows for in the field sequencing [107]. The CyanoBase
database contains genomes of over 376 cyanobacteria strains (86 com-
plete and 290 draft) [108]. The Pasteur Culture collection of Cyano-
bacteria also contains over 100 sequenced genomes [109]. As sequencing
has become increasingly routine, the public availability of more and
more cyanobacteria species genomes is a necessary step to begin devel-
oping synthetic biology tools for these new species [34,51,52].

2.3.7. Computational simulation for metabolic engineering
Computational simulations can reduce the number of wet lab exper-

imental iterations required for designing genetic engineering by pre-
dicting the metabolic manipulation required to achieve a specific
phenotype. Genome-Scale Metabolic Models (GEMs) use the annotated
genome of an organism to construct a simulated network of all reaction
pathways within an organism [110]. A GEM can then be optimized
(commonly using flux balance analysis [111]) to simulate the growth of
the organism in a specific media and the organism's net metabolite
secretion and consumption. Many cyanobacteria genomes have been
6

sequenced. However, GEMs have been reconstructed for only a few
model cyanobacteria species (see Hendry et al. for existing cyanobacteria
GEMS [112]). Various design tools exist that determine which genetic
modification (e.g., deleting genes, upregulating gene expressions) causes
a desired phenotype in a GEM. These include OptGene, OptKnock, Opt-
Force, and MOMA [112]. There are limitations to keep in mind when
using GEMs as simulations of genetic modifications for an organism.
GEMs simulate metabolic behavior and do not capture other factors such
as gene regulation and environmental conditions. Additionally, as GEMs
are derived from genome annotations, poor genomic annotations can
lead to inaccurate predictions.

3. Cyanobacteria-based biomaterials: Three case studies

Now we will highlight three existing cyanobacteria-based bio-
material—bioconcrete, carbon capture biocomposites, and bio-
photovoltaics—and discuss how synthetic biology techniques can be
used to optimize each biomaterial for industrial applications (Fig. 3).

3.1. Bioconcrete

Synechococcus induce biomineralization of CaCO3 because they
naturally raise the pH of their extracellular environment during photo-
synthesis. This spontaneous CaCO3 precipitation has been used to bind a
sand-hydrogel matrix resulting in a “bioconcrete” [15] (Fig. 3A). The
bioconcrete could be cast in various molds, and biotic components could
regenerate for three generations. The group showed that after splitting a
brick in half, the second half grew back if additional abiotic material was
added. The potential for bioconcrete as a sustainable building material is
considerable given that traditional cement production contributes to 8%
of anthropogenic CO2 emissions annually [113].

However, the existing material needs to be optimized in order to be
competitive with traditional Portland cement. Specifically, the material's
tensile strength could be improved by increasing CaCO3 precipitation
further. One potential way to do this is to use carbonic anhydrase, a
common enzyme that promotes CaCO3 precipitation. Engineering cya-
nobacteria to secrete carbonic anhydrase or to display the enzyme on the
outer membrane could promote additional crystallization in the hydrogel
matrix, strengthening the material. Another problem with the current
material production method is that the Synechococcus requires a high
moisture content to remain viable for regeneration (50–100% relative
humidity). Genes associated with desiccation resistance in certain fila-
mentous cyanobacteria have been characterized, and introducing them
into Synechococcus could allow for the strain to remain viable in the
cement for much longer [114]. Additionally, incorporating genetic cir-
cuits that are induced by external stimuli (such as red light [115] or
pollutants [116]) into the cyanobacteria would allow for the develop-
ment of a “smart” bioconcrete that can sense and respond to the
environment.

3.2. Biocomposites for carbon capture

Given cyanobacteria's unparalleled photosynthetic efficiency, there
have been many attempts at developing cyanobacteria cultivation sys-
tems for carbon sequestration. Where raceway ponds or photobioreactors
cultivate cyanobacteria in a mixed, planktonic suspension, biocomposites
are an alternative wherein a coating containing an organism is fixed to a
non-living scaffold. Such alternative cultivation methods that intensify
biological reactions (e.g., photosynthesis) [117,118]. A novel
carbon-capture biocomposite has been designed that uses a bio-latex
binder to encapsulate cyanobacteria onto a loofah sponge scaffold [25]
(Fig. 3B). The porous nature of Loofah, or dried Luffa fruit, gives it a large
high surface and excellent aeration for cyanobacterial photosynthesis.
Simulating flue gas conditions, they found that this biocomposite allowed
for Synechococcus to fix carbon 5–10 times more efficiently than sus-
pension methods with less contamination and less water use. Their



Fig. 3. Images and diagrams of three of existing cyanobacteria-based biomaterials: bioconcrete, a carbon capture biocomposite, and a biophotovoltaic. (A) Top: image
of a bioconcrete block [15]. Bottom: diagram of internal structure of bioconcrete: cyanobacteria induced CaCO3 precipitation and the crosslinking of the gelatin
scaffold. (B) Top: image of a loofah scaffold for cyanobacteria carbon capture [25]. Bottom: diagram of internal structure of the biocomposite: cyanobacteria cells
trapped on the loofah surface by a latex coating (C) Top: image of a 3D printed microarray biophotovoltaic device [26]. Bottom: diagram of flow of electrons starting
from water oxidation due to cyanobacterial photosynthesis, electrons, then collected at the anode and transferred to a cathode where oxygen is reduced.
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system used wildtype strains, but updating it with a strain engineered to
sequester CO2 into a useful bioproduct (such as ethanol [119] or sucrose
[120]) could make their biocomposite commercially viable. Alterna-
tively, the system could be adapted for long term carbon sequestration
and storage if the engineered cyanobacteria could use the fixed carbon to
promote biomineralization or synthesizing recalcitrant biopolymers that
are not easily biodegradable (see Section 3.1 for methods). One issue
with the biocomposite is the weakening of adhesion and loss of some cells
from the binder into the growth media after several weeks. This release
from encapsulation decreases the carbon fixation efficiency of the
bio-composite. A potential solution is to either use cyanobacteria that
naturally form biofilms or to engineer the secretion of extracellular
polymeric substances (EPS) in Synechococcus to promote adhesion.
3.3. Biophotovoltaics

In biofilms certain cyanobacteria transfer electrons across their
membranes during photosynthesis, producing an electrical photocurrent.
This photocurrent can be “harvested” when a biofilm is grown on an
electrode [121]. 3D-printed electrode pillars have been fabricated to
efficiently harness photocurrent from a biofilm of Synechocystis sp. PCC
6803 or Nostoc punctiforme. They used an aerosol jet printing method
with indium tin oxide particle “ink” to print a novel branched pillar
structure that allowed for light and electrolyte penetration throughout.
Their photocurrent outputs are the highest that has been reported in
semi-artificial photosynthesis systems, and rival the efficiency of existing
biofuel systems [26] (Fig. 3C). In order to scale this technology to be
competitive with other energy sources, improvements in electron
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transfer in these materials will need to be made. Work has already been
done in genetically encoding outer membrane proteins that enhance
extracellular electron transfer [122] and incorporating abiotic materials
like carbon nanotubes to improve function [123].

4. Future directions

With continued work across the fields of materials science and syn-
thetic biology, in the future cyanobacteria-based biomaterials can impact
many sectors, from energy to agriculture, from medicine to construction
(Fig. 4).
4.1. Expansion of the cyanobacteria engineering toolbox

Continued development of cyanobacteria engineering tools will allow
us to manipulate these organisms more efficiently (Fig. 4A). Directed
Evolution (DE) is a process of harnessing evolution to create optimized or
novel biological functions. In classical DE, there are manual, iterative
cycles of mutation and selection. Genes of interest can be mutagenized in
vitro and the resulting variants inserted into host organisms where they
are screened for desired function [124], or DE can be an untargeted way
in which the entire organism's genome is mutagenized in vivo. DE has
been used to increase high light tolerance, alcohol tolerance, and salt
tolerance in cyanobacteria [125–127]. Traditional DE is a labor-intensive
process, requiring iterative rounds of in vitro mutagenesis and selective
cycles. To streamline this process, continuous DE techniques such as
PACE (Phage Assisted Continuous Evolution) [128] have been developed
that complete the mutation/selection cycle rapidly in vivo [129]. Perhaps



Fig. 4. Schematic of future directions of cyanobactera-based biomaterials: expanded genetic toolbox, intracellular biomaterials, and carbon cycle engineering (A)
Expansion of the cyanobacteria engineering toolbox. Cyanophages mediate horizontal gene transfer in the ecosystem and could be used for delivering genetic pay-
loads.Transposon mutagenesis introduces random insertions on the genome, leading to disruption or activation of neighboring genes. Recombineering uses phage-
derived proteins, including single-stranded DNA annealing protein (SSAP), to enable targetable, multiplex genome editing. (B) Intracellular biomaterial engineer-
ing. Cyanbacterial gas vesicles can be extracted (or expressed in living cells) and used as contrast agents in MRI scans. Genes that form the cyanobacterial carboxysome
can be inserted into plants to increase the photosynthetic efficiency. (C) Altering the global carbon cycle with cyanobacteria biomass sinking in the ocean: engineering
cyanobacteria to increase ocean alkalinity and capture CO2 as a CaCO3 shell or other recalcitrant biopolymers would cause cells to sink in the water column, eventually
becoming trapped in deep sea ocean sediments and sequestering the carbon.
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high throughput culture platforms like the eVOLVER (which automates
mating, temperature control, stirring, diluting and cleaning in yeast
culture) could be adapted for use in cyanobacteria to automate the
continuous DE process even further [130].

Additionally, current mutagenesis techniques for directed evolution
(error prone PCR, and chemical mutagenesis) create point mutations
within single genes or across genomes. Transposon mutagenesis allows
for larger-scale mutations: entire gene knockouts or activation of natu-
rally silenced genes [131,132] Transposon mutagenesis has already been
shown to work in cyanobacteria, a transposon sequencing (TnSeq)
technique was used to quickly screen Synechococcus elongatus PCC 7942
for essential and non essential genes [133], as well as enriching models of
metabolism [57].

Expansion of rational genome engineering techniques is also needed.
A recombination-mediated genetic engineering approach like multiplex
automated genome engineering (MAGE) would allow for high
throughput editing of multiple sites in the genome at once [134]. One
relevant application of MAGE is it allows for the recoding of an organ-
ism's genome to rely on synthetic amino acids [135]. Recoding is a
powerful biocontainment approach and could be applied as a biosafety
measure to engineered living cyanobacteria-based materials. Exploiting
the natural role of viruses in controlling cyanobacteria ecology and
evolution through cyanophage mediated delivery of genes is a promising
approach for genetic manipulation of cyanobacteria on an ecological
scale. A preliminary cyanophage genetic engineering method has been
developed [136].
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4.2. Intracellular biomaterials

Cyanobacteria have microcompartments made up of a protein shell
surrounding enzymes that serve a specific function, like an organelle in a
eukaryotic cell. Two of these microcompartments, the carboxysome and
gas vesicles, are strong candidates for biotechnological applications
(Fig. 4B).

The carboxysome is an intracellular icosahedral protein compartment
that concentrates CO2 near the carbon-fixing enzyme Rubisco, enabling
efficient carbon fixation in cyanobacteria. There has been much interest
in introducing carboxysomes into plant chloroplasts that could poten-
tially improve carbon fixation in plants [137]. Recently, a minimal set of
four carboxysome genes successfully produced simplified carboxysome
structures when inserted into tobacco [138]. However, there is still much
characterization of carboxysome associated proteins needed in order to
construct functional carboxysomes in non-cyanobacteria. Carbonic
anhydrase, the enzyme which interconverts carbon dioxide and bicar-
bonate within the carboxysome, has been explored as a possible
component of biomimetic CO2 capture reactors [139].

Gas vesicles are small cylindrical protein structures in cells that pro-
vide buoyancy, allowing cyanobacteria to move vertically in water col-
umns [140]. It has been found recently that purified vesicles from
cyanobacteria can scatter sound, making them candidate contrast agents
for non-invasive ultrasound imaging. There has been initial work done on
using purified cyanobacteria gas vesicles in medical devices as a
stable-high contrast agent for ultrasounds and MRIs [141]. Additionally,
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a recent in vivo study has shown gas vesicle's potential to track microbial
cell location in live mammalian hosts [142]. Engineering cyanobacteria
to regulate their production of gas vesicles in response to certain stimuli
could allow for biomaterials with responsive buoyancy.
4.3. Global carbon cycle engineering

In the distant future, we could even use cyanobacteria to alter
biogeochemical cycles in order to combat atmospheric CO2 imbalance on
a global scale (Fig. 4C). The biological carbon pump is the sequestration
of atmospheric carbon by photosynthetic organisms which then aggre-
gate, and sink to the seafloor, where the carbon remains inert as recal-
citrant biopolymers or precipitated CaCO3. This aggregation is facilitated
by the secretion of transparent exopolymer particles (TEP) [143] which
act as a glue binding cells and other particles. However, carbonate bio-
mineralization could reduce the total alkalinity in the ocean and decrease
dissolved carbon [146]. It is important to evaluate the global impact of
engineered cyanobacteria in a contained environment before involving
the open ocean [147].

Ideally, coupled with ocean alkalinity enhancement, engineered
marine cyanobacteria could use enhanced recalcitrant biopolymer syn-
thesis, tunable biomineralization, controllable buoyancy, and altered life
cycle to promote fixed carbon being exported to the deep ocean. Poten-
tially, engineered cyanophage could also increase the amount of marine
cyanobacteria that are lysed, aggregate, then fall to the ocean floor as
part of the “viral shunt” [47,144].

5. Conclusion

With more CO2 being emitted into the atmosphere each year,
cyanobacteria-based biomaterials have the power to play an important
role in mitigating the effects of climate change on our planet through
carbon capture. But to fully unlock the potential of these powerful mi-
crobes, more work needs to be done in characterizing novel useful cya-
nobacteria and in developing standardized tools and parts that work for
multiple species (especially ecologically relevant species like Pro-
chlorococcus) [75]. Innovation in and integration of materials science and
synthetic biology will allow for cyanobacteria-based biomaterials to
develop from the lab bench to fully scaled industrial applications.
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