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SUMMARY
One of the major challenges of a Mars mission is
the production of human life support supplies
including a nutritious source of food. Currently,
almost all supplies are supported from the earth.
Dependence on earth is a risk for long-duration
space missions. Therefore, development of
innovative solutions for in-situ resource utilization
(ISRU) is critical to provide a self-regenerative
food system for long-duration space missions.
One such ISRU solution can be modeled after
natural photosynthesis in plants that can harvest
the abundant solar energy to convert CO2 and
water to glucose and oxygen. CO2 is an ideal
feedstock for ISRU since astronauts breathe out
1kg/day/person of CO2, and 96% of the air
consists of CO2 on Mars. CO2 and water are the
main ingredients for production of a wide variety
of life support resources such as nutrients and
pharmaceuticals and the chemicals and polymers
needed for establishing a settlement. Figure 1
shows a workflow for in-situ manufacturing using
Cemvita's Factory’s process.

In this study, we designed a bionic plant which
mimics the photosynthesis process. Our enzymebased synthetic pathway absorbs sunlight, CO2,
and water to generate glucose and oxygen.
Glucose is a base nutrient and a critical feedstock
for almost all biomanufacturing processes. Results
of the first phase of our research indicated
the feasibility of glucose production utilizing an
enzyme-based
system
which
mimics
photosynthesis. In the next step, we will focus on
the large-scale glucose production and the
generation of
other human
life
support
resources including pharmaceutics.

Figure 1. CO2 and water are the main ingredients for production of a variety of resources in space and on Mars
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INTRODUCTION
Photosynthesis provides the base energy
requirements for sustaining of life on earth.
However, growing plants in space is very difficult
due to microgravity and harsh environmental
conditions. An alternative approach would be a
synthetic system which mimics the natural
photosynthesis process by bioengineering of
enzymatic processes in a more controlled
environment. Figure 3 provides a summary of the
photosynthesis reaction and Figure 2 provides a
schematic image representative of photochemical
and enzymatic pathways involved in natural
photosynthesis in plants Including:
1. light-dependent phase: in the first step of
photosynthesis solar energy is used for
hydrolysis of water. Oxygen is released to
the environment and hydrogen is used for
the next step CO2 reduction reactions.
2. light-independent phase: in this stage CO2
reduction leads to the production of
glucose.

Figure 2. Photosynthesis equation

Here, we designed a bionic plant which simulates
the photosynthesis in plants to produce glucose
as a base nutrient and a major feedstock in
biomanufacturing processes. The system
comprises two units:
1. light-dependent phase: in the first step of
photosynthesis solar energy is used for
hydrolysis of water. Oxygen is released to
the environment and hydrogen is used for
the next step CO2 reduction reactions.
2. light-independent phase: in this stage CO2
reduction
leads
to
the
production
of glucose.
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Figure 3. Schematic image representative of two main stages of
photosynthesis in plants

Extensive research has been done on artificial
photosynthesis. However, the major focus has
been on producing solar fuels (Zhang et al., 2011;
Nocera, 2012, Liu, et al., 2016; Li, et al., 2017;
Sakamoto, et al., 2017; Schlager et al., 2017). In
other attempts, artificial photosynthesis has been
applied as a biomanufacturing method to produce
chemicals (Zhang et al., 2011; Nocera, 2012).
These methods also use rare and expensive metals
like platinum, rhenium, and iridium as catalysts.
Very limited research has been done on the
manufacturing of food and human life-supplies
with artificial photosynthesis.
We have applied the existing knowledge in
biomanufacturing and with inspiration from
photosynthesis in plants, we suggest an innovative
approach for in situ production of human life
supplies, starting with glucose. To this end, we
designed a synthetic biochemical pathway
applying methods of synthetic biology. The main
objective of this study was to find out if we could
replicate the photosynthesis reactions using
controlled biochemical pathways to absorb
sunlight, carbon dioxide, and water from the
environment and produce oxygen and glucose.

EXPERIMENTAL DESIGN
In this study we divided the photosynthesis
reactions into three steps:
1. Production of oxygen and hydrogen by
water-splitting reaction (Figure 4-A).
2. CO2 fixation and biosynthesis reaction
(Figure 4-B).
3. Regeneration reaction and recharging of
initial substrates.

For sustainability purposes, we regenerated the
initial substrates (e.g. Ribulose 1,5-bisphosphate
and ATP) and cofactors (e.g. NADH) through
enzymatic reaction. We used CO2 and sunlight as
the source of feedstock and power. Figure 5-A
illustrates a lab-scale prototype of our water
hydrolysis system. We then used the output
hydrogen, generated from the water-splitting
reaction, for reduction of CO2.

Figure 4 (A-B). A schematic image representative of photo and biochemical reactions that are involved in
designing of Cemvita's bionic solar cell. 1- In the first step, we hydrolyzed the water-applying a pair of
graphite electrodes and a power supply (A). 2- In the second step, we simulated the light-independent
reactions of photosynthesis through a synthetic enzyme pathway (B).

Figure 5 (A-B). Image illustrates a Lab-scale prototype of water hydrolysis unit (A) and the lab-scale enzyme-based
bioreactor unit (B).
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METHODS & PROCEDURES
Production of oxygen and hydrogen
through water-splitting reaction
To simulate the first stage of photosynthesis
(and to accelerate the efficiency of hydrogen
and oxygen production reaction), we applied
an electrochemical method for the watersplitting reactions and utilized a solar panel
to provide the energy required. We performed
the water-splitting reaction at low voltage
starting from 1.9 V and gradually increased up
to 5 V. To increase the conductivity, we
prepared a NaCl solution (0.9%) and initiated
the reaction using a pair of graphite-based
electrodes at voltage 1.9 V. We adapted the
design of electrodes and experimental
conditions for water-splitting reaction from
microbial electrosynthesis systems (Liu et al.,
2018; Hass et al., 2018; Rabaey and Rozendal,
2010).

The first enzymatic reaction was operated by
Rubisco which plays a major role in carbon dioxide
fixation/reduction. The initial product of carbon
dioxide reduction is glyceraldehyde 3 phosphate
(GA3P), which is a simple 3C sugar. In the next
stage, conjugation of two molecules of GA3P leads
to the production of 6C- sugars. To produce 6Csugars (including fructose and glucose), Aldolase
was added to the reaction. Aldolase causes
the conjugation of two molecules of GA3P to
generate a 6C- sugar (Fructose 6-phosphate).
Phosphoglucoisomerase was also added to the
reaction to convert Fructose 6-phosphate to
Glucose
6-phosphate.
Finally,
Glucose
6Phosphatase converts Glucose 6-Phosphate to
glucose. Figure 5 illustrates a schematic image
representative
of
the
above-mentioned
biochemical reactions for in-vitro reduction of CO2
and production of glucose molecules.

CO2 Fixation and
Biosynthesis Reactions
To perform the CO2 fixation and
glucose biosynthesis reactions, we
designed an enzyme-based pathway
which mimics the light-independent
reactions of photosynthesis. Figure 6
shows the enzymatic-based pathway
to produce glucose from CO2 and
hydrogen. The reaction cocktail
included enzymes, cofactors, and
critical
substrates
for
in-vitro
production of glucose. We injected
CO2 into the reaction with the flow
rate of 100 ml/min and used NADP+
as a carrier of hydrogen between
water-splitting reaction and CO2
fixation/reduction process.

Figure 6. Schematic shows the photoelectrical and biochemical reactions involved in synthetic pathways of glucose production.

© Cemvita's Factory Inc. 2019. All Rights Reserved.
© Cemvita's Factory Inc. 2019. All Rights Reserved.

To optimize the experimental conditions, glucose
synthesis
was
evaluated
at
different
environmental conditions including different ranges of
temperature (25, 30, and 37, 40, 45. And 50
⁰C), pH and concertation. We collected samples at
different time points (after 6, 12, and 24, 36 and 48
hours) and stored at -20⁰C until the analytical assays.

Glucose Analytical Assays
For total carbohydrate and glucose measurement
assay,
we
used
Abcam
carbohydrate assay and Megazyme, D-Glucose assay
kits. Abcam carbohydrate assay kit was based on
the
Phenol-sulfuric
acid
method.
Carbohydrates (including glucose) were hydrolyzed in
the presence of sulfuric acid and converted to furfural
or hydroxy furfural. Furfural compounds were detected
by addition of the developer solution which caused
the formation of dark orange chromogen. The
chromogen was quantified by measurement of
absorbance at 490 nm.
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In addition, we applied Megazyme assay kit
for more specific detection of glucose
level. Megazyme assay kit is designed based
on two enzymatic reactions for specific
detection of glucose. Before performing
of glucose assay, firstly we heated up all the
samples to 60 ⁰C for 10 min to
deactivate the existing enzymes(from the glu
cose synthesis pathway) in the solution.
Then we cooled the samples on ice for 15
min
for
measurement
of
glucose content. Megazyme assay were done
by two sequential enzymatic reaction
which cause the conversion of glucose to
glucoronate-6-phosphate.
In
the
first
reaction, glucose converts to glucose 6
phosphate (G-6-P) by Hexokinase (HK) and
in the presence of ATP.
In the second reaction, in the presence of
Glucose 6-phosphate dehydrogenase (G6PDH), G-6-P is oxidized by NADPH to
gluconate-6-phosphate with the formation of
NADPH. The outcome product (which was
stoichiometric with the amount of glucose)
was measured in absorbance 340 nm.

RESULTS & DISCUSSION
We observed the initiation of the water hydrolysis
reaction at low voltage starting from 1.9 V.
Formation of hydrogen and oxygen bubbles were
observed around cathode and anode immediately
after the connection to the power supply. Figure 3
illustrates the water hydrolysis reaction in the labscale hydrogen producing system. After the
operation of the experiment in the bioreactor unit
(containing all enzymes and cofactors), we evaluated
the production of glucose at different time points (6,
12, 24 hours) using the glucose colorimetric
measurement assay. Results of glucose measurement
assay confirmed the glucose production under the
present experimental conditions (Figure 7).

Figure 7. Image illustrating the formation of orange color by the glucose
colorimetric assay in multiple samples obtained from glucose synthesis
reaction after 24 hours compared to the control group.

Figure 8 illustrates the trend of glucose production by time at 37⁰C and pH 7.4. We observed glucose
production at levels of 2, 5.8 and 10.6, 18.4 and 39.3 mg/ml after 6, 12, and 24, 36, and 48 hours under
the present experimental conditions. Figure 9 illustrates the effect of temperature on glucose production
in enzyme-based photosynthesis reactions at pH 7.4, after 24 hours. We observed the optimal glucose
biosynthesis reaction to be at 37⁰C. Results of this study indicated that glucose production rate
enhanced significantly by increasing the temperature from 20 to 37⁰C. By increasing the temperature up
to 40⁰C we observed no significant difference in the reaction rate. We observed a significant decline
in glucose synthesis when the temperature increased more than 40⁰C. This can be related
to the denaturation of enzymes beyond 40⁰C. Figure 10 shows the effect of pH on glucose
production in enzyme-based photosynthesis reactions in 10% enzyme mix solution after 24
hours. We observed the highest glucose production at pH 8.

Figure 8. Graph shows the trend of glucose production by time in an enzyme-based reaction in at 37⁰C and pH 7.4.
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Figure 9. Graph shows the effect of temperature on glucose production in the
enzyme-based photosynthesis reactions, pH 7.4 and after 24 hours.

The main advantage of this cellfree biomanufacturing system
compared to the bacterial cellculture, especially for space
application, is that the system
does not require the timeconsuming cell-culture processes
(including
the
continuous
monitoring of cell growth and
sub-culture systems). In addition,
compared to the chemical-based
CO2 reduction method (which
relies on the application of
chemical catalysts), all reactions of
an enzyme-based system can be
operated in mild environmental
conditions. In the present study,
we achieved the CO2 reduction at
37⁰C,
while performing similar
CO2 reduction reactions applying
electrochemical methods requires
significant energy consumption to
achieve and maintain the high
temperature.
For
instance,
Sabatier reaction which is a well
defined electrochemical method
for absorption and processing
CO2 typically runs at 300-400°C
(Guerral, et al., 2018).

Figure 10. Graph shows the effect of pH on glucose production in enzyme-based
photosynthesis reactions at 37 ⁰C after 24 hours.

In conclusion, the results of this study revealed the feasibility of glucose synthesis from CO2 in a cell free
enzyme based system. Similar results were reported by Schwander et al., 2016, developing a synthetic
enzymatic pathway containing seventeen enzymes to convert CO2 into glucose. In the present
study, glucose synthesis pathway was composed of nine critical enzymes. This makes the process more
cost-effective compared to the previous efforts.
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Methods
of
enzymes’
stabilization
and
immobilization are very well established in the food,
beverage, and pharmaceutics industries (Rigoldi et
al., 2018: Silva et al., 2018). However, these methods
have been less applied for the generation of
enzyme-based
artificial
photosynthesis
and
CO2 utilization systems. The objective of this study at
phase one was to determine the feasibility of glucose
production through a hybrid photoelectrochemical
and
enzyme-based
system
which
mimics
photosynthesis. Our goal was to apply the existing
knowledge in biomanufacturing and by inspiration
from photosynthesis to offer an innovative approach
for in-situ resource utilization.
The main concern about the application of
enzymes in biomanufacturing processes is related
to their functional stability at industrial scale.
Methods
of
bioinformatics
and
genetic
engineering have been applied extensively
in bioengineering of industrial enzymes to
generate new isoforms with higher structural and
functional stability (Sigh et al., 2013: Damborky et
al., 2014; Rigoldi et al., 2018; Silva et al., 2018).
Also, immobilization of enzymes and biocatalysts
on the surface of solid matrices (such as carbon
nanotubes) or encapsulation in hydrogels have
been applied to increase the shelf-life of
industrial enzymes (Mohammad et al, 2015;
Zucca et al., 2016; Satagopn, et al., 2017).

THE NEXT STEPS
In the first phase of this study, our focus was on
design and optimization of reactions for the glucose
synthesis. In the next phase, we will continue our work
with the scaleup study. To this end, we also provided
a photobioreactor setup for growing of cyanobacteria
and large-scale production of photosynthesis enzymes
to be used in the next step cell-free enzyme-based
biomanufacturing processes (Figure 11).

Figure 11: Cemvita's Factory’s photobioreactors for production of
enzymes of photosynthesis pathway in cyanobacteria.
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We have also designed a hydrogelbased enzyme immobilization system to
increase the stability of enzymes.
We applied Calcium Alginate which is a
linear polysaccharide derived from
marine brown seaweed and algae.
Alginate is a biocompatible polymer and
has been applied widely in food and
pharmaceutics industry (Blandino et al.,
2001; Chakrabarti et al., 2003; Al-Mayah
et al., 2012; Zucca et al., 2016). Figure
12- A, B illustrates a batch of
Calcium Alginate beads that we
generated for enzymes’ immobilization.
Figure 12. image illustrates the prototype design of Cemvita’s photobioreactor (A) and
Calcium Alginate beads (B). Alginate calcium beads will be loaded with the enzymes of
photosynthesis (glucose synthesis) pathway from Cyanobacteria (C)

In the next step we will continue our work with the scaleup study. Alginate loaded beads will be applied for
CO2 fixation and biomanufacturing processes. Enzyme immobilization is critical for large-scale production
of biomaterials and can improve the efficiency of biomanufacturing by increasing the structural and
functional stability of enzymes, recycling of enzymes, and enhanced isolation of products from reactants.
In addition to glucose, in the next phase of this study we will work on biomanufacturing of other
critical biomolecules including amino acids and vitamin as well as probiotics and critical pharmaceutics for
deep space exploration and settlement applications.

CONCLUSION
In summary, results of this study indicated the feasibility of glucose production, applying the combination of
electrochemical and enzyme-based methods which mimic photosynthesis. Application of this bionic plant in
largescale provides a sustainable solution for in-situ production of human life support resources for long
duration space missions and settlement of Mars. Same approach can also be deployed to achieve energy
sustainability on earth via CO2 Utilization.
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