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Abstract: The present human population is more than three times what it was in 1950. With that,
there is an increasing demand for the consumption of fossil fuels for various anthropogenic activities.
This consumption is the major source of carbon dioxide emission causing greenhouse effects leading
to global warming. The dependency on fossil fuels around the globe is such that it would be hard to
move away from it any time soon. Hence, we must work on strategies to improve carbon dioxide
fixation as we are making advancements in clean energy technology. This review explores the
natural carbon dioxide fixation pathways in plants and various microorganisms and discusses their
limitations and alternative strategies. It explains what necessitates the exploration of synthetic
pathways and discusses strategies and matrices to consider while evaluating various pathways. This
review also discusses the recent breakthroughs in the field of nanosciences that could accelerate
chemical methods of carbon dioxide fixation.

Keywords: rubisco; cyanobacteria; C4 pathway; CAM; acetogens; diatoms; nanoparticles; syngas;
dinoflagellates; synthetic pathways

1. Introduction

Carbon is the most important element of organic matter, forming the major part
of its dry weight. Elemental carbon exists in the atmosphere as carbon dioxide (CO2)
and is dissolved in water, rocks, and soils as carbonic acid (H2CO3), bicarbonates, and
carbonates [1]. In fossil fuels, it exists as carbon rings or chains and in biomolecules such as
nucleic acids, carbohydrates, proteins, and lipids. Atmospheric CO2 is the major cause for
global warming through the greenhouse effect; hence, carbon dioxide emissions must be
strictly regulated to minimize the greenhouse effect [2–4]. The Intergovernmental Panel on
Climate Change (IPCC) report from 2018 forewarns us that catastrophe in the form of floods,
poverty, drought, etc., will be unleashed by a mere change in global temperature of a degree.
In the Paris agreement in February 2021, 186 countries that are responsible for 90% of global
emissions pledged carbon emission reduction through 2025 or 2030. India (the third-largest
carbon emitter) has committed to generating 50% of its energy needs by renewable means
by 2030 and reaching net-zero carbon emissions by 2070. China (the largest carbon emitter)
has not made any such commitments, since they are the manufacturing hub and are
wary of disrupting the supply chain worldwide. Nevertheless, irrespective of the verbal
commitment, China leads the world in electricity production through renewable energy
resources and also in the investment in renewable energy innovation and capacity building
according to the UN Environmental Program Report.

Though the top three major carbon-emitting countries, i.e., China, the United States,
and India, are aggressively working on cutting down their emissions by reducing their
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dependency on fossil fuels, it will still take a few more decades to slow down before we see
any observable effects. This fact necessitates that we explore scientific methods that could
reduce emitted carbon via synthetic, photosynthetic, and chemical methods. This review
provides a brief overview of the theories related to photosynthetic pathways, explores their
potential for enhancing fixation capacity, provides an overview of approaches to identify
novel synthetic carbon fixation pathways, and gives a brief overview of non-photosynthetic
approaches and speculates on their potential.

2. Engineering Photosynthetic Plants

One of the main contributors to biological carbon fixation is plants, during the process
of photosynthesis. Plants are divided into three main categories based on their photosyn-
thetic pathways, i.e., C3, C4, and crassulacean acid metabolism (CAM) [5]. These pathways
are differentiated by their respective methods of carbon fixation and their ability to combat
photorespiration. Photorespiration is the process by which the enzyme RuBisCo reacts with
oxygen when there is a lack of CO2, wasting necessary energy and creating more CO2 [6,7].
C3 plants account for approximately 85% of the plant population. Characterized by its
production of a three-carbon compound, 3-Phosphoglycerate, C3 photosynthesis does not
have a mechanism capable of reducing the occurrence of photorespiration [5].

The C3 cycle, also known as the Calvin–Benson–Bassham cycle, has been determined
to be the least efficient of the group. This is because in other pathways such as the reductive
tricarboxylic acid cycles, the consumption of ATP is reserved only for inauspicious reactions
that ultimately expedite carbon fixation such as RuBP-based carboxylation and carboxyl
reduction. Additionally, to better conserve cellular resources, most of these unfavorable
reactions are coupled with exergonic reactions, which, due to their spontaneous nature,
diminish the need for the utilization of ATP [7]. Conversely, the Calvin cycle has no such
functionality and frivolously uses ATP for these processes that have been optimized in
other pathways.

C4 and CAM plants differ from C3 in their internal mechanisms to combat the occur-
rence of photorespiration. C4 plants are the least prevalent, accounting for approximately
5% of the plant population. In C4 plants, photosynthesis occurs in two different types of
cells, mesophyll cells and bundle sheath cells. During C4 photosynthesis, CO2 reacts with
the enzyme phosphoenolpyruvate carboxylase (PEPC), creating oxaloacetate. Oxaloacetate
is then reduced into malate and transported to the bundle sheath cell, where decarboxy-
lation occurs, allowing the CO2 molecule to enter the Calvin cycle [5]. By carbon fixation
and the Calvin cycle occurring in two separate cells, RuBisCo is surrounded by a higher
concentration of CO2, greatly reducing the chance of photorespiration. Approximately
10% of the plant population are CAM plants. Instead of photosynthesis occurring in two
separate cells, like C4 plants, CAM plants complete photosynthesis in two separate parts
of the day. During the night, CAM plants open their stomata to accumulate CO2, create
oxaloacetate, and malate through the same mechanism as C4 plants, but during the day,
their stomata are closed, and the CO2 proceeds to enter the Calvin cycle [5].

2.1. Engineering C4 Cycle into C3 Plants

With C3 photosynthesis being the least effective method of carbon fixation, geneti-
cally engineering effective photorespiration evasion mechanisms is a primary goal. The
introduction of the C4 photosynthetic processes into C3 plants would help to minimize
the occurrence of photorespiration. C4 plants evolved from ancestral C3 plants due to
environmental conditions, such as decreased CO2 availability. C3 plants already have the
necessary enzymes required to complete the processes of C4 photosynthesis; the main
hindrance is the location where the photosynthesis takes place [8,9]. For C3 plants to
exhibit C4 photosynthesis, the plants would need to incorporate bundle sheath cells into
their processes, since C3 photosynthesis only takes place in mesophyll cells. Modification
necessary to initiate this process includes increasing vein density, increasing the size and
chlorophyll richness of bundle sheath cells, changing the organization of bundle sheath cells
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and mesophyll cells, engineering different forms of chloroplast for the respective cells, and
compartmentalizing necessary enzymes into the respective cells [9]. Attempts to engineer
single-cell and two-cell C4 photosynthesis mechanisms have occurred, to no avail. Since C3
plants already have the enzymes necessary to carry out C4 photosynthetic mechanisms,
once the C4 mechanisms were put in place, overexpression and misexpression become an
issue. It is hypothesized that the causes of failure revolve around the inability to control
diffusion between the chloroplast and cytosol, affecting the necessarily high concentration
of CO2 [9]. In order to effectively induce C4 photosynthetic mechanisms in C3 plants,
extensive gene modifying technologies will be necessary, but these technologies are still in
development. The technology would need the ability to insert genes necessary for the C4
cycle and possibly to remove genes that may suppress the cycle. The use of CRISPR/Cas9
is likely to be useful in knocking out unnecessary C3 functions (Schuler et al., 2016). Re-
cent developments in next-generation sequencing (NGS) have led to breakthroughs in
C4 research. Through NGS, five C4 plant species have been sequenced. Following this
development, previously unknown components of C4 cycle biochemistry were discovered,
and molecular insight regarding Kranz leaf anatomy became available [9].

2.2. Engineering CAM into C3 Plants

Another method to increase the effectiveness of carbon fixation in C3 plants would
be to genetically engineer the photosynthetic mechanisms of CAM into the plants. Simi-
lar to C4 plants, CAM organisms also evolved from C3 plants, but their mechanisms for
evolution are widely unknown. While CAM photosynthetic mechanisms and C4 plants
share their regulatory elements with C3 plants, CAM seems to be a more likely candidate
for genetically engineering C3 plants, based on its single-cell structure [10]. CAM plants
were likely to evolve to increase the plants’ ability to survive in arid conditions, such as
those of desert cacti. For CAM to be engineered into C3 plants, CAM-specific genes would
need to be transferred into the plant, some pre-existing genes would require modifications,
and traits specific to leaf structure might need to be modified. However, it is unknown
how many genes would need to be modified for this process to be successful [11]. A few
known modifications that C3 plants would need are a mechanism for nocturnal opening
and diurnal closing of stomata, a mechanism for the decarboxylation of malate, and an
anatomical modification to increase leaf succulence [10,11]. CAM engineering is still out
of reach for modern plant biotechnology, since it only has the capability of modifying a
few genes at a time. Synthetic biological approaches to CAM engineering prove to offer
more potential. For synthetic approaches to CAM engineering, it is necessary to compile a
library containing the different parts of CAM genes; design a circuit that includes carboxy-
lation, decarboxylation, stomatal control, and anatomical structures; assemble multi-gene
constructs; transfer the constructs into the chromosomes of C3 plants; and evaluate the
newly engineered plants’ functionality. A few of the necessary parts for library construction
include the promoter, terminator, protein-coding sequence, insulator sequence, recombina-
tion site, and linker sequences. After the library assembly, the previously mentioned steps
would repeat in a cycle until the performances of the engineered plants are optimized [11].

3. Carbon Dioxide Fixation by Microbes

Even before eukaryotic plants evolved, single-celled organisms such as cyanobacteria
had come up with mechanisms to fix atmospheric carbon dioxide into useful products [12].
Even though the mechanisms are primitive evolutionarily in comparison to eukaryotic
plants, certain species of microorganisms have more efficient carbon-capture mechanisms
and unique sets of proteins working together to make carbon sequestering possible [13–15].

Microorganisms that fix carbon in extreme conditions such as acetogens and methanogens
have come up with exceptionally efficient methods of fixing carbon [13]. A high variety of
enzymes exist in these ancient microbes as compared to plant systems and could provide
new insight into carbon sequestering. The metabolic pathways used by acetogens and
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methanogens are evolutionarily among the oldest and have had a great impact on later
lifeforms [13,16].

While the carbon-capturing enzymes in plants are incompetent and problematic,
the ones in methanogens and acetogens are highly efficient, and downstream processes
use different strategies to minimize the cost of carbon fixation in them. The two-step
carbon-fixing pathway followed by these extremophiles is the reverse of all other carbon-
fixing pathways [15,17]. Reduction of carbon followed by carboxylation is followed by
methanogens and acetogens. This pathway, namely, the reductive acetyl-CoA pathway, is
least energy-demanding and thus favored by early carbon-sequestering microorganisms.

3.1. Archaea Bacteria

This is a group of unicellular, primitive extremophiles living in harsh environments
that have suboptimal temperatures and no oxygen. Among the three subdivisions, namely,
halophiles, thermoacidophiles, and methanogens, the latter is of concern to our study.
Methanogens are used to produce methane, a biofuel. A study showed Methanobacteriaceae,
Methanospirillaceae, and Methanosarcinacea have high potential in producing methane by
converting carbon dioxide emitted from industries [16].

3.2. Acetogens

Bacteria such as Moorella thermoacetica, Clostridium ljungdahlii, and Clostridium
ragsdalei are anaerobic acetogens that have been known for syngas (CO2, CO, and H2)
fermentation [14]. Acetogens, such as methanogens, use the Wood–Ljungdahl path-
way/reductive acetyl-CoA pathway to fix carbon dioxide into acetic acid or ethanol.
Electrons required for the fermentation of the syngas are derived from hydrogen gas
via hydrogenase enzyme or from carbon monoxide through carbon monoxide dehydroge-
nase. Pathways other than reductive acetyl-CoA are needed for ATP production, because
net ATP production in acetogens and methanogens via this pathway is zero [14,18].

The pathways followed by the acetogens and methanogens include the use of various
energy-conserving enzymes that can use low-potential enzymes, which makes survival
in difficult environments possible [13,15,18–20]. Though all these mechanisms are fasci-
nating, our interest lies mostly in the extraordinary carbon dioxide capture mechanism.
The enzyme responsible for the reduction and carboxylation of carbon dioxide is formyl-
methanofuran dehydrogenase complex, a molybdenum/tungsten-containing protein com-
plex. While every other formyl-methanofuran dehydrogenase enzyme complex releases
carbon dioxide, in methanogens and acetogens, it fixes carbon [21]. What makes the carbon
capture extraordinary are the unique/specialized enzymes that capture and fix carbon
dioxide with low-energy electrons.

The main enzyme that is relatively conserved in both acetogens and methanogens is
carbon monoxide-dehydrogenase/acetyl-CoA synthase, which is involved in the pathway
involving the reduction of carbon dioxide. It uses Fe- and Ni-containing clusters to make
this process possible. The C-cluster containing Fe-[NiFe3S4] uses low-potential electrons
to reduce carbon dioxide to CO, which is then channeled to acetyl-CoA synthase to be
fixed on Ni-[Fe4S4] containing clusters. The conversions of these reactions require metal
catalysts and hydrophobic channels. A system of 46-[Fe4S4] clusters combined with catalytic
enzymes and hydrophobic/hydrophilic channels working together in the presence of
an electron donor make this no-energy carbon fixation possible in methanogens [21].
Acetogens have a wider variety of enzymes as compared to methanogens [22].

3.3. Methanogens

Methanogens have an astoundingly complex biochemical makeup to convert carbon
dioxide into methane. More than 200 genes are involved in coding for the enzymes, which
are unheard of in plants. These genes are specific to archaea and cannot be found in other
organisms. Electrochemical sodium potential is used to derive energy for certain steps of
the reaction [23].
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Another group of microbes involved in carbon fixation that use the same reductive
acetyl-CoA pathway is Clostridium spp. Similar to certain acetogens, these species of
bacteria also require hydrogen gas to function. These are found in anaerobic conditions
and are highly sensitive to atmospheric oxygen [24].

3.4. Algae

Red algae are of importance to our discussion because of a few convergently evolved
enzymes. RubisCO tends to form toxic metabolites due to its oxygenase activity, which then
have to be repaired. RubisCO is inhibited by inhibitors such as xylulose 1,5-bisphosphate
(XuBP) or Ribulose-1,5-bisphosphate. RubisCO in plants needs to be remodeled once they
are inactivated by inhibitory action on xylulose 1,5-bisphosphate (XuBP)/Ribulose-1,5-
bisphosphate (RuBP) binding. Reactivation is achieved by motor enzymes called rubisco
activase, which, with the help of ATP hydrolysis, mediate reactivation of RubisCO [25].

Rubisco activases have a major role to play in the activity of the RubisCO enzyme.
These belong to a superfamily of proteins called ATPases associated with various cellular
activities (AAA+) [25]. Rubisco activases act as molecular chaperons “reactivate” RubisCO
after an inactivation event. Red algae RubisCO has better kinetics and is a target for
synthetic pathways. However, these need rubisco activases to achieve the desired rate of
carbon dioxide fixation. Green algal rubisco activases and plant activases differ from red
algal activase enzymes and are thought to be inherited from proteobacterial horizontal
gene transfer of gene cbbX [26,27].

Algal species which have properties such as highest carbon capture and incorporation,
maximum carbon dioxide stress tolerance, maximum nutrients assimilation, pH, and
thermal fluctuation tolerance are looked into for industrial purposes [28]. Although for
carbon dioxide assimilation such rigid norms for selection are not necessary, all the qualities
are highly desirable. Botryococcus braunii, Scenedesmus obliquus, Nannochloropsis oculate, and
Chlorella vulgaris are a few species that are of industrial relevance in biofuel production.
These algal species meet the required criteria of high carbon dioxide assimilation and stress
tolerance [29].

Marine autotropic species have an advantage over the terrestrial alternatives because
of the presence of large bodies of water, in which the area for growth is not limited. The
land is a limited resource, and competition for requirements such as food and human
residency would always be a priority [30]. These issues would only increase with time, but
with marine algal species, this problem would not arise. Other advantages are the high
assimilation rate and byproducts that could be made from algae. These advantages give
algae an edge among other options.

3.5. Proteobacteria

Bacteria belonging to the phylum of proteobacteria are also known to fix carbon by
using the reverse tri carboxylic acid (TCA) cycle (also known as reductive TCA cycle)
directly into the cytoplasm. Certain members of this phylum are of great relevance to
carbon-sequestering efforts due to their ability to convert it into commercially valuable
products such as bioplastics and medicine. In a study using the extracts of T. denitrificans
and Candidatus Arcobacter sulfidicus to test for carbon-fixing pathways, no RubisCO was
detected in either of the two bacteria, but the activity of enzymes such as ATP citrate
lyase and 2-oxoglutarate: ferredoxin oxidoreductase, which are enzymes involved in the
reductive TCA cycle (Figure 1), were found in it [31]. Other groups of proteobacteria may
contain the RubisCO enzyme, such as Acidithiobacillus ferrooxidans, which is a well-studied
acidophilic bacteria [32]. Detailed studies on the activities of rubisco activases involved in
proteobacteria also pave the way for synthetic pathways [33].
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Figure 1. Schematic representation of reverse tricarboxylic acid cycle.

3.6. Engineering Microbes for Carbon Dioxide Fixation

Naturally occurring carbon-dioxide-fixing autotrophs have limitations that need to
be dealt with before they can be used for macroscale carbon sequestering. Autotrophs
such as acetogens and methanogens have efficient carbon capture and carbon assimilation
enzymes but require certain conditions such as suboptimal temperature, pH, and anaerobic
conditions for growth. Certain proteobacteria need specific requirements, such as low pH,
for growth. Fungi assimilate carbon quickly but would require dead decaying matter for
growth and take much-needed terrestrial space. Algae seem to be the best option yet, but
with the pressing demands for carbon sequestration, more efficient microbes may be needed.

Scientists are exploring possibilities for combining synthetic pathways from different
organisms to propose a new pathway that is superior to natural pathways [30]. Geneti-
cally engineering microorganisms to produce unique and efficient pathways for carbon
sequestering is an important field of research. Researchers have already used genetically
engineered E. coli for carbon sequestration [34]. Among other factors, the motivation to
choose E. coli lies in their accelerated doubling time, being cost-effective and easier to
genetically engineer as compared to multicellular organisms. Various groups are explor-
ing the possibility of artificially adding genes to code for carbon-fixing enzymes in them.
Table 1 compares the advantages and disadvantages of various carbon fixation pathways
in bacteria and algae.

In one study, two sequential enzymes along with carbonic anhydrase from cyanobac-
teria for carbon fixation were incorporated into E. coli. The carbon dioxide fixation rate was
19.6 mg/Lh, which is comparable to certain species of cyanobacteria and algae [35]. Syn-
thetic pathways have also been designed, some of which have been demonstrated in vivo.
The crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) pathway is an exam-
ple of a synthetic carbon dioxide fixation pathway. It uses a kinetically faster carboxylase
and 17 enzymes from nine different organisms to achieve this synthetic pathway. It imple-
ments enoyl-CoA carboxylase/Reductase (a carboxylase found in alpha-proteobacteria and
Streptomycetes), which is insensitive to oxygen and has two to four times as much catalytic
efficiency as compared to RubisCO [36].

Cell-free conversion of carbon dioxide to methanol was carried out by using three
dehydrogenases from Clostridium ljungdahlii, Burkholderia multivorans, and Saccharomyces
cerevisiae. Formate dehydrogenase, formaldehyde dehydrogenase, and alcohol dehydro-
genase were respectively isolated, cloned, purified, and manipulated for this study [37].
Another study used 13 enzymes from five different organisms to construct a synthetic
pathway that fixed carbon dioxide into malate [38].
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Table 1. Comparative analysis of carbon fixation in bacterial species and algae.

Microorganism Description Pathway Advantage Disadvantage Reference

Methanogens Prokaryotic, anaerobic, archaea Reductive acetyl-CoA
pathway

Efficient carbon capture, require low energy
for carbon fixation, used for waste water

treatment

Require specific conditions
for growth, slow growth rate,

oxygen-sensitive
[13,16]

Acetogens Prokaryotic, anaerobic, bacteria Reductive acetyl-CoA
pathway

Efficient carbon capture, require low energy
for fixation

Require specific conditions
for growth, slow growth rate,

oxygen-sensitive
[13,39]

Cyanobacteria Prokaryotic, aerobic, bacteria Calvin cycle Carbon-concentrating mechanism present Use inefficient RubisCO for
carbon-fixation [39,40]

Algae Eukaryotic, single- or multi-cellular Calvin cycle

Quick conversion of carbon for biomass and
useful byproducts, may contain

carbon-concentrating mechanisms, red algae
contain better rubisco activases than other

species.

Use inefficient RubisCO for
carbon-fixation [22,29,41]

Proteobacteria
Usually, Gram-negative bacteria,
includes nitrogen-fixing bacteria,

pathogenic

Reductive acetyl-CoA cycle,
Calvin cycle

Different pathways across species, production
of bioplastics and medicines as byproducts

Some require high pH,
certain may use RubisCO [35,42,43]
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4. Phytoplankton

Oceans are the largest reservoirs of carbon on the planet. It is strongly believed that
the ocean’s capacity to store carbon is not infinite and the pH will change by 0.3 to 0.4 units
by the turn of this century [44]. In oceans, 90% of the inorganic form of carbon is in
bicarbonate, with the release of a proton that contributes to lowering the ocean pH causing
acidification [45].

Marine phytoplankton account for more than half of the carbon dioxide fixation of
Earth. The export of carbon is highest at the photic zone of the ocean, which is domi-
nated by phytoplankton. The term phytoplankton comes from the Greek words phyto
(plants) and plankton (wanderers or drifters). Plankton can also be zooplanktons that feed
on phytoplankton and release fecal pellets that are made of dissolved carbon particles.
Phytoplankton constitute organisms across multiple kingdoms such as Kingdom Monera,
e.g., Cyanobacteria; Kingdom Protista, e.g., fire algae, diatoms, dinoflagellates, etc.; and
Kingdom Plantae, e.g., Brown algae (Sargassum); while Kingdom Animalia consists of
zooplankton [46].

The growth of the phytoplankton mainly depends upon three factors, i.e., nutrients,
sunlight, and carbon dioxide. Phytoplankton-like plants have chlorophyll that fixes carbon
dioxide to glucose using the Rubisco enzyme. Phytoplankton-like plants are sensitive to
nutrient availability, and hence, depending on the species, their growth is limited in the
ocean based on nutrient availability. Other factors that affect phytoplankton growth are
water depth and temperature, pH and salinity, and the diversity of predators that feed
on them. When all factors are optimal, there phytoplankton boom over the surface of the
ocean to an extent that can be captured by satellite images, as they cover hundreds of miles
over the ocean, jeopardizing other oceanic flora and fauna [47,48].

4.1. Cyanobacteria

Cyanobacteria are a class of prokaryotic microorganisms that are blue-green photo-
autotropic Gram-negative bacteria or algae. These are the predecessors of green plants
and possess carboxysomes, which are carbon dioxide concentration mechanisms. The
enzymes used for carbon capture are the same as in plants, namely, RubisCO, and carbonic
anhydrase. Carbon-concentrating mechanisms exist in cyanobacteria, similar to algae
that increase the carboxylase activity of RubisCO enzyme by increasing carbon dioxide
concentration near the fixing enzyme.

Among all the naturally found carbon-sequestering organisms, algae seem to be
most efficient in converting carbon dioxide to biomass and fuel. Microalgae include
microorganisms such as diatoms, euglenoids, and green, blue, golden, red, brown, and
yellow algae, which fix carbon dioxide using RubisCO and are mostly single-celled. With a
biomass accumulation rate that is 100-fold faster than terrestrial plants, microalgae are a
very promising candidate for carbon-sequestering units [49,50]. Algae are high in lipids
and could have direct use in the production of biofuels [51]. Biochar derived from algae
has been studied and found to have excellent properties to be used as a fertilizer [52].
Microalgae have carbon-concentrating mechanisms, which increase the concentration of
carbon dioxide near the RubisCO enzyme by separating it into a different membrane
compartment, into which carbon dioxide and bicarbonates are transported. Uluva and
Laminaria species of microalgae are prime choices for bioenergy production [34].

Every 1 kg of algae can fix 1.83 kg of carbon dioxide in ideal conditions [29,53].
Atmospheric carbon dioxide concentrations range from 0.03–0.06% (v/v), and algae can
grow efficiently at 2% or higher. Certain species such as Scenedesmus sp. have a carbon
dioxide tolerance even at 10–20% (v/v) concentration of carbon dioxide. An increase in
biomass is the most significant pointer to indicate carbon dioxide sequestering [33].

4.2. Dinoflagellates

Dinoflagellate are a major part of oceanic phytoplankton that use Rubisco form II
as a primary enzyme for carbon fixation [54]. The form II has both lower specificity and
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affinity for carbon dioxide/oxygen. This suggests that they have an advanced mechanism
to increase carbon dioxide concentration, since they cannot fix carbon dioxide at lower
ambient carbon dioxide concentration [55]. Of the various isomers of carbonic anhydrase
(α, β, γ, and δ), δ-carbonic anhydrase has been implicated in lowering carbon dioxide
concentration [54]. The enzyme carbonic anhydrase (CA) catalyzes rapid conversion of
carbon dioxide and bicarbonate ion [56]. Many dinoflagellates have carbon-concentrating
mechanisms (CCMs) to transport carbon into the cell [54]. One of the biggest bio-indicators
of global warming is the bleaching of coral reefs. Coral reefs that belong to Kingdom
Animalia are a complex system of multiple species belonging to phylum coelenterates. The
base of the ecosystem is built upon dinoflagellates that live as intracellular photosynthetic
symbionts. Loss of these dinoflagellates is believed to be the primary cause of coral
bleaching that eroded 85% of the Great Barrier Reef in Australia in 2016 [57,58]. How do
coral reefs become bleached? A slight change in water temperature (2 ◦F) disturbs the
photosynthetic electron transfer and in the process damages the PsbA (D1), a photosystem
II reaction center protein. This disruption of photosynthesis triggers the bleaching of coral
reefs [59–63].

While genetically engineering cyanobacteria has some success, engineering genes to
improve the carbon fixation in diatoms and dinoflagellates has been a challenge due to the
lack of critical gene transformation strategies. Initial studies of transformation using silicon
carbide whiskers were suggested, but the experiments were difficult to reproduce [64,65].
Experiments with glass beads were performed for transient expressions, but even these
were hard to reproduce [57,66].

Recent studies showed that the stable transformation of dinoflagellates is reproducibly
possible when they bombarded microparticle-containing plasmid-like minicircles that
carried chloroplast gene psbA. They successfully transformed two minicircles providing
resistance to chloramphenicol and astrazine and in the process assisting the selection of
successful transformants. Inability to stably transform has less to do with the inherent
genetics of protists than it has to do with the DNA’s inability to cross the membrane
barrier [57].

4.3. Diatoms

Diatoms exhibit a wide range of metabolic diversity due to their evolution that includes
endosymbiosis among diverse lineages. This is why they can be used to make a wide
range of compounds. Previous studies have shown that manipulating carbon dioxide
levels of Navicula pelliculosa, P. tricornutum, T. pseudonana, and Asterionella formosa [67]
can increase the accumulation of both lipids and carbohydrates. Diatoms T. weissflogii
and P. tricornutum have exhibited excellent absorption systems for carbon dioxide and
bicarbonate at quantities typical of ocean surface waters. It has also been observed that their
absorption rates can adjust to a wide range of inorganic carbon supplies [68]. Mixotrophic
cultivation regimes, in addition to photoautotrophy, can aid in the production of higher
biomass concentrations and productivities [69–71].

Marine photosynthetic organisms such as diatom and other microalgae uptake carbon
dioxide using a mechanism called carbon-concentrating mechanism or CCM [69,70]. In
diatoms, the carbon dioxide travels inside the cells similar to plants and concentrates near
the site where Rubisco is located for fixation. This mechanism is important because it
helps regulate the carbon flux and raise it to higher concentrations inside the cell com-
pared to the outside for optimal Rubisco activity [69–73]. Very few mechanisms are known
for the majority of diatoms. For the ones that are known, they use the Rubisco Calvin–
Benson–Bassham (CBB) cycle in their chloroplasts, carbonic anhydrases, Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), Phosphoglycerate kinase, Fructose 1,6 bis phos-
phatase, Sedoheptulose-1,7-biphosphatase, and various transporters [65,66,70,71].

Presently, there is a dearth of literature with regards to carbon fixation in diatoms.
Studies have shown that the assimilation of carbon dioxide is not linearly proportional to
the availability. P. tricornutum showed a higher fixation rate with supplemented carbon
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dioxide concentration but had reduced biomass productions. The carbon fixation rate did
not change when subjected to diverse pH ranges. There is diversity among diatoms for
carbon substrate specificity for fixation purposes. While P. tricornutum assimilates in the
form of bicarbonate, T. pseudonana takes up carbon dioxide predominantly [67–73].

4.4. What Are the Challenges in Genetically Modifing Diatoms?

Though diatoms are being used as bioreactors for environmentally sustainable manu-
facturing of valuable metabolites, there is little research to explore their potential for carbon
sequestration and fixation [70,72,73]. There is a huge opportunity available for research on
this aspect; hence, it is surprising that this has been less explored. We predict one of the
reasons is the environmental impact of genetically modified microorganisms. Diatoms, like
other microalgae, provide huge potential as promising candidates for carbon sequestration
and fixation. Genetically modified diatoms have the potential for explosive growth like
other microalgae and are hard to predict. They can have a huge environmental impact,
jeopardizing the marine ecological balance [74]. The genetically modified diatoms also
need to be tested for the new metabolites that they may start producing post-modification
that may prove toxic in large quantities to the grazers that are at the top of the food chain.
Hence, marine ecosystem modeling need to be used to test and simulate the challenges
associated before introducing a new species in the wild. New experimental marine models
need to be developed that can assist in predicting and simulating the underlying challenges
in a marine ecosystem.

5. Photosynthesis and Rubisco: An Evolutionary Perspective

When oxygenic photosynthesis evolved around 2.4 billion years ago, it is believed that
all the oxygen-evolving organisms used the ribulose bisphosphate carboxylase-oxygenase
(Rubisco)- photosynthetic carbon reduction cycle (PCRC) despite there being five other
major CO2 assimilation pathways [75,76]. Rubisco-PCRC was dominant, with the highest
specific activity in presence of carbon dioxide at high concentrations without the pres-
ence of oxygen. The other five pathways are (a) reverse tricarboxylic acid cycle (TCAC),
(b) Hydroxypropionate, (c) Hydroxypropionate-4-hydroxybutyrate, (d) dicarboxylate-4-
hydroxybutyrate, and (e) Wood–Ljungdahl pathway. What is unique about the Rubisco-
PCRC pathway compared to the other five pathways is that oxygen is a competitive
inhibitor for the Rubisco-PCRC pathway, while it is not for all the other five pathways.
Rubisco enzyme is present both in prokaryotes and eukaryotes [77–80]. Four major forms
of Rubisco have been identified (I, II, II/III, and IV) that are known to catalyze carboxy-
lation and oxygenation of RuBP (Ribulose 1,5 Bisphosphate) [81,82]. Form II of Rubisco
is associated with anoxygenic photosynthesis by proteobacteria before the evolution of
oxygenic photosynthesis. The rise in oxygen concentration in the atmosphere with the
proliferation of cyanobacteria over one billion years ago caused a decrease in CO2, ushering
in the Great Oxidation Event (GOE) [75]. This change in atmospheric oxygen led to the
evolution of oxygenic photosynthesis. The first time when Rubisco was exposed to oxygen
led to the oxygenation of RuBP that in turn produced 2 phosphoglycolates, ushering in the
evolution of the photorespiration pathway [75]. This photosynthesis with the evolution of
oxygen eased the evolution of aerobic respiration, which is a bio-energetically more efficient
process in comparison to anaerobic fermentation [75]. It is believed that the evolution of
form I of Rubisco is closely linked to the increase in oxygen in the atmosphere [75]. The
lowering of carbon-dioxide-to-oxygen ratios in the aerobic environment led to the evolution
of more carbon-dioxide-specific enzymes starting to take place.

5.1. Can Engineering Photosynthesis Provide Solution?

Plants play a major role in fixing the global carbon footprint. Modern agriculture
techniques with the use of fertilizer and irrigation provide evidence that carbon fixation
could be a rate-limiting step. Many C3 plants when exposed to twice the carbon dioxide
concentration have been shown to produce a significantly higher amount of biomass [83].
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This suggests that plant growth could be regulated by manipulating biochemical pathways
related to carbon fixation [84]. Studies have shown that Arabidopsis grew faster with more
soluble sugars and enhanced shoot and root biomass when the natural photorespiration
pathways were replaced with bacterial photorespiration pathways [85]. In another study
with tobacco plants overexpressing an enzyme (sedoheptulose-1,7-bisphosphatase) that
operates in the reductive pentose phosphate cycle, (rPP); showed enhanced biomass as
well as a 30% increase in photosynthesis [86,87].

5.2. Why Is It Important to Look beyond Rubisco?

Diverse autotrophic organisms use the reductive pentose phosphate cycle (rPP cycle)
for carbon dioxide assimilation. This cycle is rate-limited by the low catalytic rate of Rubisco
(ribulose-1,5-bisphosphate carboxylase/oxygenase) [88–90]. The turnover of Rubisco and
the low catalysis rate are negatively correlated, which suggests that the Rubisco enzyme is
perhaps naturally optimized after evolving for millions of years [90–92]. Hence, optimizing
Rubisco using genetic engineering may not prove to be a profitable endeavor [92]. This also
suggests that it is imperative to look beyond the rPP cycle and identify Rubisco-independent
pathways that have a higher carbon fixation rate.

5.3. What Are the Other Natural Carbon-Fixing Metabolic Pathways?

To date, apart from the rPP cycle, there are five other natural carbon-fixing metabolic
pathways that have been identified. They are (a) 3-hydroxypropionate cycle; (b) reduc-
tive tricarboxylic acid (rTCA) cycle; (c) oxygen sensitive reductive acetyl-CoA (rAcCoA)
pathways) (Figure 2); (d) dicarboxylate/4-hydroxybutyrate cycle (Figure 3); and (e) 3-
hydroxypropionate/4-hydroxybutyrate cycle (Figure 3) [90,92–94].

Figure 2. Schematic representation of reductive acetyl-CoA pathway.
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Figure 3. Schematic representation of dicarboxylate/4-hydroxybutyrate and 3-hydroxypropionate/4-
hydroxybutyrate cycle. Green arrows indicate the dicarboxylate/4-hydroxybutyrate metabolic path-
way, and blue arrows represent 3-hydroxypropionate/4-hydroxybutyrate cycle pathway. Black
arrows represent common metabolic pathway between the two pathways.

6. Exploring Other Alternatives: Introduction to Synthetic Pathways

To explore other alternatives, it is important to be aware of various factors that are
to be considered while searching for alternative pathways. Studies have been conducted
exploring approximately 5000 enzymes from the KEGG database to seek potential carbon
fixation pathways [95]. The pathways were analyzed and evaluated based on four criteria,
i.e., kinetics, thermodynamics, the efficiency of energetics, and topological compatibility.
All the criteria were compared to the six naturally occurring carbon fixation pathways to
validate the results [96]. Other studies have included a few other factors in addition to
the ones mentioned above such as toxicity of metabolites produced and regulation of the
cycle [97–99].

Combining the six criteria from the above studies would provide a comprehensive
matrix to analyze and establish novel carbon fixation pathways.

6.1. How to Use the Criteria Matrix to Select Synthetic Carbon Pathways?
6.1.1. Kinetic Analysis

While considering the kinetics of theoretical pathways, the Kcat/Km of each of the
enzymes should have a high value for Kcat and a low value for Km. This will ensure
that there is high enzyme specificity in addition to a high rate of catalysis [100]. Now the
question is, where do we start? The best way to get started is to look for rate-limiting steps
and identify enzymes associated with them. An example could be finding carboxylation
enzymes that have higher specific activity and have higher affinities for carbon dioxide and
bicarbonate ions under ambient conditions. Enzymes such as phosphoenolpyruvate (PEP)
carboxylase, pyruvate carboxylase, acetyl-CoA, and propionyl-CoA carboxylases are some
of the examples.
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6.1.2. Resource Consumption and Energetic Efficiency

Too much dependence on kinetics could be detrimental, as it does not provide infor-
mation on resource consumption for each pathway. It is important to calculate the energetic
cost simultaneously for each pathway under consideration. The energetic cost for each
pathway can be classified into NADPH cost and ATP cost. While calculating NADPH cost,
one needs to consider the number of moles of NADPH consumed to produce one mole of
a product. Under NADPH, other redox carriers such as ferredoxins and FADH2 are also
counted. Similarly, for the ATP cost, consumption of 1 mole of non-redox carriers such
as nucleotide triphosphates (NTPs), coenzyme A thioesters, and phosphoesters for the
production of 1 mole of product needs to be calculated.

6.1.3. Thermodynamic Analysis

While analyzing kinetics and resource consumption, it is imperative to concurrently
conduct a thermodynamic analysis of the pathways. At ambient conditions and carbon
dioxide concentrations, the Gibbs free energy should be negative, i.e., (∆Go << 0). Some of
the natural pathways such as the rTCA cycle [7] and the rAcCoA pathway do not function
under ambient carbon dioxide concentrations if the ranges of pH and ionic strengths are
broad, as the (∆Go > 0). Interestingly, the rTCA cycle can function under a broad range
of pH and ionic strengths if the carbon dioxide concentrations are 100 times higher than
the ambient concentration. Similarly, the rAcCoA pathway can function at pH < 8 under
high carbon dioxide concentrations. This is possible especially for C4 and CAM plants
that use mechanisms to concentrate carbon dioxide. Hence, it could be safely concluded
that both the rTCA cycle and the rAcCoA pathway work under anaerobic conditions. This
is important, as it is a known fact that anaerobes use pathways that have low energetic
yields. Hence, using such pathways would limit our success in enhancing carbon fixation
yield. The only way these two pathways can be feasible is if the plants are grown under
high-carbon-dioxide conditions.

6.1.4. Analysis of Distributed Thermodynamic Bottlenecks

Theoretically, analyzing the energetics of the whole pathway as stated above can
predict whether the pathway is feasible or not. It can also help us predict when there are
no constraints on the concentration of various metabolites. In reality, the concentrations
of metabolites have an upper and lower limit. Hence, analysis of the energetics of the
overall pathway does not guarantee feasibility. There is always a chance the predictions can
fail despite being ∆Go < 0, as there are sub-pathways within the major pathway that are
concentration-dependent. These sub-pathways are known as thermodynamic bottlenecks.

To analyze thermodynamic bottlenecks, the major pathway is analyzed by analyzing
the Gibbs free energy change at an ambient temperature of the sub-cycles. ∆Go of each sub-
cycle is experimentally analyzed at multiple pH ranges and multiple ionic concentrations
without accounting for the ATP hydrolysis. If the ∆Go of all the sub-pathways for all the
pH and ionic range is negative, then it can be safely concluded that the following major
pathway is feasible and a promising candidate for future carbon fixation studies [101–103].

6.1.5. Metabolic Regulation and Compatibility

As the pathways are analyzed, it is important to simultaneously consider the inte-
gration and compatibility of the network with other pathways inside the cell. The key
parameters to consider are a number of enzymes involved in the fixation cycle and con-
ducting random sampling followed by flux analysis to determine compatibility with the
other endogenous network in the cell. When attempting to design a synthetic pathway, it is
lucrative to engineer it in such a way that there are as few of these manual checkpoints as
possible to reduce the number of complications that would arise from the need to maintain
them. However, there are exceptions. An instance where having regulation points would
be useful is when one wants to limit the number of irreversible enzymes that produce
intermediates to prevent flux imbalances [7].
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6.1.6. Analysis of Metabolites

The metabolic intermediates should be as unreactive and non-toxic to the cell as
possible. Not only this but having the intermediates be considerably hydrophobic should
be avoided in order to prevent them from leaking out from within the cell [79]. Additionally,
metabolites containing low concentrations of cofactors should be used sparingly, if at all [7].
This will reduce the number of challenges that will arise from having to regulate cofactors
and prevent them from depleting.

6.1.7. Application of Synthetic Pathways

Malonyl-CoA-Oxaloacetate-Glyoxylate (MOG) is one of the synthetic pathways discov-
ered using the method mentioned above. Promising candidates for carbon-fixing enzymes
were identified, and the pathway was predicted to be thermodynamically feasible [102,103].
MOG showed similarity with carboxylation products, namely Malonyl-CoA and oxaloac-
etate. It was called the Malonyl-CoA-Oxaloacetate-Glyoxylate (MOG) pathway because of
their common carboxylation and export products. There are limitations like some other
pathways, such as requiring a certain temperature for function, and glyoxylate produces
carbon dioxide via decarboxylation [7,79].

7. Chemical Alternatives for Fixing Carbon Dioxide
7.1. Carbon Nanotube (CNT) Synthesis

Synthesis of carbon nanotubes from carbon dioxide is one of the most promising
non-photosynthetic methods for carbon capture, utilization, and storage [103]. The carbon
material developed from gaseous carbon dioxide can have multiple utilities. Compared to
amorphous carbon, carbon nanotubes are superior due to their superior electronic/ionic
properties and mechanical, chemical, and thermal stability [104–106]. Hence, they are
used to make supercapacitors, lithium-ion batteries, and fuel cells with high performance.
This method, though promising, did not seem feasible, as it was hard to scale up due to
extreme experimental conditions. For instance, it required supercritical carbon dioxide with
magnesium and lithium as reducing agents [104,106]. This made it more reactive compared
to regular carbon dioxide. To conduct such an experiment, one needs to maintain a high
temperature around 1000 ◦C and pressure of 10 kbar, which made it highly improbable
to scale up [107–110]. Recent advances in this production technique have not only made
it more feasible but scalable as well. CNTS can now be synthesized from gaseous carbon
dioxide by one-step chemical vapor deposition in the presence of sodium borohydride
as a reducing agent and nickel catalyst at 500 ◦C and 1 atm pressure [105]. Another
recent advancement was made using another greenhouse gas; i.e., reforming of methane
was done by reacting it with carbon dioxide in the presence of a catalyst to produce
syngas using a series combination of two reactors (carbon generator or CARGEN), which
converts the gasses into multi-walled carbon nanotubes. Carbon nanotubes are in use in
electronics, lithium-ion batteries, aerospace technology, and carbon fiber, to name a few
applications [111].

7.2. Fixing Carbon Dioxide into Plastics

Recent research has shown that using a technique known as flame spray pyrolysis
(FSP) generates zinc oxide nanoparticles that can convert carbon dioxide into syngas [112].
Syngas when mixed with hydrogen and carbon monoxide at various ratios in turn can
generate various chemicals such as diesel, alcohol, and plastics [111,112]. With this method,
carbon dioxide can be converted into precursors, which in turn can be used to generate
various chemicals including plastics [111].

7.3. Metal-Organic Frameworks (MOFs)

MOFs hold a lot of promise because they are porous and have a large surface area [113].
Though they are being used as a heterogeneous catalyst, more improvements are required
to lower the cost of production and energy requirement. Recently, a MOF was created
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that has acrylamide groups that are accessible and has a copper group exposed, thereby
increasing the efficiency of carbon dioxide adsorption [114]. In these MOFs, they extended
the tricarboxylate ligand backbone using click chemistry that helped create larger pores. In
another study, Zn-MOF-184 was made that had strong Lewis acidity due to zinc cations,
and it showed the highest catalytic activity upon cycloaddition of carbon dioxide under
mild conditions, i.e., 80 ◦C for 6 h under mild solvent conditions and balloon pressure [115].
This is an evolving field and holds a lot of promise for further improvement and research
for sequestering carbon dioxide. Presently, there is enough information to develop intuitive
models to optimize acid-base properties to improve and expedite the search for MOFs with
remarkably improved catalytic properties [116].

7.4. Nanotechnology Based Carbon Dioxide Fixation
7.4.1. Metal-Based Nanocatalyst

Similar to MOFs, metal-based magnetic nanocatalysts hold a lot of promise. In one
of the recent studies, a copper-based magnetic nanocatalyst was found to be a simple yet
efficient way of carbon dioxide fixation. This nanocatalyst adds epoxide and carbon dioxide
to form cyclic carbonates through cycloaddition [117].

Nickel-based nanoparticles hold a lot of promise, as they can catalyze the hydration
of carbon dioxide. This is important, as during carbon dioxide absorption, the hydration
reaction is the rate-limiting step. These nanoparticles showed optimal activity around
20–30 ◦C with pH less than 8. When these nanoparticles were mixed with potassium
carbonate solution, the adsorption capacity was enhanced by 77%. At a commercial level,
heating at 150 ◦C regenerated the potassium-carbonate-saturated nanofluid. Interestingly,
the nanoparticles did not show any surface oxidation post-regeneration [118].

7.4.2. Nanoparticles for Capturing Post-Combustion Carbon Dioxide

Fossil fuel derivatives such as coal, natural gas, and crude oil are utilized to generate
approximately 67% of the world power supply. Hence, one of the largest sources of carbon
dioxide emitters is constituted by the power plants that consume fossil fuels such as coal
and natural gas to generate electricity [119]. Water-based nanofluids have been tested for
the elimination of carbon dioxide. It was found that aluminum oxide and calcium carbonate
were the best-performing nanoparticles. The assessment for efficiency was made based on
the surface area, temperature, and pressure to adsorb carbon dioxide.

8. Conclusions

Global warming due to the accumulation of carbon dioxide is a reality whose ef-
fect could already be observed looking at the receding ice at both the poles and coral
bleaching [120]. This warming has resulted in the rise in the sea level, erratic weather
changes, and droughts, to name a few effects [120]. This review evaluates various re-
search avenues and highlights the challenges for each avenue. Interestingly, present
analyzing of carbon usage places too much emphasis on carbon footprint. The developed
nations have exported their carbon footprint to the developing nations such as India,
China and other Southeast Asian countries. Hence, they are responsible for providing
goods to the world and at the same time are also held responsible for increasing carbon
footprint (https://www.euronews.com/green/2021/02/06/why-we-re-all-to-blame-for-
china-and-india-s-filthy-co2-emissions (accessed on 17 February 2022))). There is no tech-
nological breakthrough yet to minimize pollution from major polluting industries such
as steel, cement, various metal-ore plants etc. Therefore, the only way to reduce carbon
footprint is to stop production. If these countries cut down production, the whole supply
chain around the world will be disrupted, which is already in a mess thanks to COVID.
Due to this reason, advances in chemical carbon fixation are imperative to minimize the
carbon emission from high-polluting industries. As stated previously, since the cutting
down to zero emissions by India and China will not happen in the next couple of decades,
synthetic and photosynthetic methods of carbon fixation need to be explored further.

https://www.euronews.com/green/2021/02/06/why-we-re-all-to-blame-for-china-and-india-s-filthy-co2-emissions
https://www.euronews.com/green/2021/02/06/why-we-re-all-to-blame-for-china-and-india-s-filthy-co2-emissions
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Many (including heads of states) have doubted the scientific community as to whether
the global warming due to greenhouse gasses is really a matter of concern. The same people
argue that nature is the best engineer and would reset the imbalance on its own, and hence
one should not be really be worried. The naysayers need to understand that nature has
reset balance before by mass extinction and the earth has already undergone five mass
extinctions (https://www.cnn.com/2022/01/30/americas/earth-extinction-andrew-knoll-
crafoord-prize-scn/index.html/ (accessed on 17 February 2022)). First, the Ordovician-
Silurian extinction happened 440 million years ago; second, the Devonian extinction hap-
pened 365 million years ago; third, the Permian-triassic extinction happened 250 million
years ago; fourth, the Triassic-Jurassic extinction took place 210 million years ago; and
lastly, the fifth and the most recent extinction, the Cretaceous-Tertiary extinction, happened
65 million years ago [121–128]. According to Knoll and colleagues, the Permian extinc-
tion can be attributed to a rapid rise in carbon dioxide due to volcanic activities. Present
scientific evidence also suggests that we are rapidly progressing towards a sixth mass
extinction [121–128]. Hence, it is imperative that we regulate the rise in carbon dioxide
through anthropogenic activities. In this review, we discussed the various methods that
have been tried to fix carbon dioxide. We also discussed the limitations and challenges for
some of the methods.

Our research group is working on developing an efficient fuel cell system that can
generate a reasonable amount of power with a minimal carbon footprint. We are also
exploring developing efficient nanomaterials to deliver nutrients to plants with minimal
carbon footprint and also easy assimilation. The alternative synthetic pathways for carbon
dioxide fixation are also being explored. Reducing global warming by reduction of carbon
dioxide is a massive problem and cannot be a one-step process with a single solution. It
has to be a cumulative effect of multiple efforts across fields. Hence, fixing carbon dioxide
using bimolecular and chemical methods has been discussed, as they would play a key role
in achieving net-zero emissions in the next few decades.
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