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A B S T R A C T   

The growth of microalgae as food for astronauts is one of the main challenges in view of future manned missions 
on Mars. The possibility of cultivating the cyanobacterium Synechococcus nidulans in a medium consisting of a 
mixture of simulated regolith leachate and astronauts’ urine, called Martian Medium, is investigated with the 
aim of reducing the payload deriving from nutrients to bring from Earth. 

The strain was capable of surviving and grow with a biomass productivity of about 29 g m− 3 day− 1 in a 
medium containing 40% v/v of Martian Medium and urine. The composition of the strain, showing a prevalence 
of proteins, was not affected by the Martian Medium content up to 60% v/v. The produced biomass was char
acterized by a good antioxidant power and a relevant content of carotenoids that, together with the biochemical 
composition, make this strain a potential food for astronauts. The experimental results were well simulated by a 
mathematical model considering the effect of CO2 level, light intensity, and Martian Medium content on the 
growth of the strain. Once validated, the model was used to predict the biomass productivities achievable when 
using Martian CO2 in pressurized domes hosting the culture. The model estimated that a pond of about 85 m2 and 
40 cm deep hosted in CO2 pressurized domes might allow to meet the 40% of proteins astronauts’ needs during 
manned missions on Mars.   

1. Introduction 

It is nowadays widely acknowledged that issues such as Earth re
sources depletion, overpopulation, climate crisis, pandemics and wars, 
call for an immediate identification of suitable strategies to allow hu
manity to survive in the future. Though probably the most challenging, 
space colonization can be for sure considered among these possible 
strategies [1]. 

This goal can be pursued through the development of new technol
ogies to sustain long duration manned missions in planets beyond the 
Lower Earth Orbit (LEO) [2]. These technologies should allow to pro
duce in-situ consumables such as water, oxygen, and food [3–6]. Indeed, 
interplanetary trips are very expensive [7] and require consumables that 
cannot be continuously replenished from Earth. On the contrary, they 
should be produced with the available resources on the hosting planet 
according to a paradigm known with the acronym ISRU (In Situ Resource 

Utilization). 
Among the planets where human life might be made possible by 

using this approach, Mars is one of the better candidates due to its 
proximity to Earth, which would allow even some re-supply trip, tem
peratures close to those of continental winters (− 14 ◦C on average in the 
equator), day duration (~25 h), average solar irradiance levels (~20 E 
m-2 sol-1) and resources availability such as atmospheric carbon dioxide 
(CO2) water and regolith which might be transformed and exploited to 
produce useful consumables [8]. 

However, most ISRU technologies are based on physic-chemical 
methods for the production of oxygen and propellants but cannot 
contribute to the production of food [9,10]. Indeed, among the tech
nologies to achieve such a goal, the ones relying on bio-engineering 
techniques that involve microalgae, macroalgae and cyanobacteria 
and fungi, can play a key role”. It should be noted that only a few works 
dealt with the application of microorganisms to transform in-situ 
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resources available on Mars into food. The so called bioregenerative 
ECLSSs (Environmental Control Life Support Systems) takes into ac
count the production of food by recycling cabin air and metabolic wastes 
[2,3,6,11]. However, the amount produced is not sufficient to supply the 
daily caloric needs of a crew, which have been estimated to be ~3000 
cal sol− 1 per component of the crew [8]. Thus, biobased ISRU technol
ogies for food production on Mars are needed. 

Two main categories of bio-ISRU technologies can be used to this 
aim, i.e., the ones relying on methylotrophic bacteria and autotrophic 
microorganisms, respectively. The first ones consist of using methanol, 
which can be produced in-situ via physic-chemical ISRU [9], to obtain 
protein-rich edible biomass by means microorganisms such as Pichia 
pastoris and Methylophilus methyloprophus or engineered Escherichia coli 
and Bacillus subtilis [8,12]. The second category of bio-ISRU processes 
are based on rock weathering cyanobacteria which photosynthetically 
convert nitrogen (N2) and CO2 available in the Mars atmosphere, along 
with sulfur (S), phosphorus (P), iron (Fe) and several micronutrients 
which can be extracted from the regolith, into newly formed edible 
biomass by relying on the water and light available in-situ [11,13]. The 
use of cyanobacteria and microalgae leads to the further positive effect 
of producing photosynthetic oxygen crucial for the crew and to integrate 
the corresponding amount produced via physic-chemical methods. 

The possibility of using several cyanobacteria, exposed to simulated 
Martian conditions (− 27 ◦C, 0.8 kPa, pure CO2) has been investigated by 
Olsson-Francis and Cockell [13] who found that the strains A. cylindrica, 
Chroococcidiopsis 029, Gloeocapsa OU_20, Phormidium OU_10 and Lep
tolyngbya OU_13 were able to survive several days using a regolith 
simulant as growth substrate [13]. 

Recently Verseux et al. [11] investigated the diazotrophic growth of 
Anabaena sp. PC7983 under an artificial low-pressure (~101 hPa) at
mosphere composed by N2 (96%) and CO2 (4%) which the authors 
envisioned to be produced by taking advantage of the Martian atmo
sphere. This strain was capable to grow by taking up C and N from such 
atmosphere and other micronutrients from a Martian regolith simulant 
immersed in the growth medium BG-11 [11]. Thus, whereas the possi
bility to produce these conditions within closed domes on Mars still 
needs to be evaluated, this work demonstrated that cyanobacteria 
cultivation by exploiting in-situ available resource on Mars might be 
feasible. 

A study where Mars-like conditions are taken into account [14] 
investigated the capability of the autotrophic strain Chrococcidiopsis sp. 
CCMEE 029 to tolerate perchlorate salts, that are typically found in Mars 
regolith. The results showed that the growth of this strain was not 
affected by Mars-relevant concentrations of Magnesium (Mg) or Calcium 
(Ca) perchlorate, thus demonstrating that Chrococidiopsis is a good 
candidate for bio-ISRU contexts on Mars. 

. Although great efforts are being made to develop novel techniques 
to cultivate microalgae on Mars, further research activity is needed to 
verify the possibility to use microalgae and cyanobacteria as potential 
food source in the framework of manned missions on Mars that rely on 
ISRU technologies. Accordingly, in this work, we investigate the possi
bility of using a mixture of simulated Mars regolith leachate and astro
naut’s urine to grow the cyanobacterium called Synechococcus nidulans. 
To be used as potential food by the crew members. We chose to inves
tigate Synechococcus nidulans because it is an extremophile cyanobac
terium capable of adapting to extreme environments such the ones 
taking place on Mars. While urine could supply macronutrients such as 
phosphates and ammonium, regolith leachate could provide relevant 
micronutrients and in particular iron which is known to strongly affect 
the growth microalgae and cyanobacteria [15]. Also, the nutritional 
characteristics of the biomass produced using the above growth media 
are investigated for the first time. The experimental results have been 
interpreted by a mathematical model that allows the identification of the 
set of operating conditions to maximize the biomass, and thus food 
productivity. 

The results of this activity provide a first assessment on the 

possibility of growing this strain within a pressurized and heated dome 
on Mars, in the framework of the general ISRU-ECLSS process recently 
proposed by Cao et al. [16] in the patent literature. This process involves 
two interacting sections, i.e., the physic-chemical one and the biological 
one. In the first section, different units specifically designed to operate 
under Martian conditions, permit to produce water, oxygen, and pro
pellants along with suitable amounts of fertilizers to be used in biolog
ical section. The biological section takes as inputs local natural resources 
(CO2 from atmosphere and regolith), urine from the ECLSS and the 
outputs from the physic-chemical allowing to produce edible biomass 
and photosynthetic oxygen by growing microalgae and or cyanobacteria 
in photobioreactors hosted by pressurized and heated domes. 

2. Materials and methods 

2.1. Microorganism maintenance 

Unialgal culture of cyanobacterium Synechococcus nidulans CCALA 
188 was obtained from the Culture Collection of Autotrophic Organisms 
(CCALA) in Třeboň, Czech Republic. The strain was maintained under 
axenic conditions. The cultures were kept in 250 mL Erlenmeyer flask, 
containing 150 mL Z-medium (Table 1). Prior to inoculation, the flasks 
containing the culture media were autoclaved at 121 ◦C for 15 min. The 
cultures were kept under photoautotrophic conditions and incubated in 
a thermostatically controlled chamber at 20 ± 1 ◦C. The photoperiod 
was fixed at 12:12 h light and dark periods with white light illumination 
of 25 μmol m-2 s-1 (Lightmeter Delta OHM HD 2302.0). The use of the 
photoperiod was necessary to permit the dark phase reactions of 
photosynthesis to take place, Stirring was set at 100 rpm. 

2.2. Preparation and composition of the Martian medium (MM) 

Synthetic Martian Medium (MM) was prepared by mixing a leachate 
of Martian regolith simulant (JSC MARS-1) and synthetic human urine 
(MP-AU) to simulate astronauts’ urine. Main constituents of JSC MARS- 
1 used in the present study were reported in Table 2 in terms of oxides wt 
%. 

According to the literature [17], the mineral phases of JSC MARS-1 
identified by XRD analysis consisted primarily of tectosilicate plagio
clase feldspar, pyroxene, iron oxides (magnetite and hematite), ilmenite 
and olivine. 

The regolith leachate (RL) was prepared within a 250 mL Erlenmeyer 

Table 1 
Composition of Z-medium.  

Macronutrients mg L− 1 

NaNO3 467.0 
Ca(NO3)2⋅4H2O 59.0 
K2HPO4 31.0 
MgSO4⋅7H2O 25.0 
Na2CO3 21.0 
FeCl3⋅6H2O 3.6 
Na2EDTA 3.7 
Trace elements μg L¡1 

H3BO3 248.0 
MnSO4⋅4H2O 178.4 
Na2WO4⋅2H2O 2.4 
(NH4)6Mo7O24⋅4H2O 7.0 
KBr 9.5 
KI 6.6 
ZnSO4⋅7H2O 22.9 
Cd(NO3)2⋅4H2O 12.3 
Co(NO3)2⋅6H2O 11.7 
CuSO4⋅5H2O 10.0 
NiSO4(NH4) 2SO4⋅6H2O 15.8 
Cr(NO3)2⋅7H2O 2.9 
V2O4(SO4)3⋅16H2O 2.8 
Al2(SO4) 3K2SO4⋅24H2O 37.9  
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flask with a cap by contacting 15 g of regolith simulant (<1 mm diam
eter size) with 150 mL of ultrapure water (pH 6.80). The solid liquid 
mixture was stirred at 200 rpm with an orbital shaker (Stuart SSM1, Bio 
sigma) for 24 h at 25 ◦C. Then the solution was filtered by gravity by 
means of filter paper. 

Analysis of the supernatant was carried out using an inductively 
coupled plasma (ICP) optical emission spectrometry (Varian 710-ES ICP 
OES) for the determination of aluminum (Al), calcium (Ca), iron (Fe), 
potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), phos
phorus (P), silicon (Si), and (titanium) Ti. The ICP was operated under 
the following conditions: radiofrequency generator power 1.2 kW, fre
quency 40 MHz; Ar (99.996% purity) was used both for plasma (15 L/ 
min), nebulizer (200 Kpa), and optic supply (1.5 L/min), respectively. 
The spray chamber was a double-pass, glass cyclonic. The power and 
pressure applied were 600 W and 100 PSI, respectively for 13 min. 
Calibration curves were elaborated on five points and considered 
acceptable for R2 ≥ 0.999. The results of RL analysis through ICP are 
shown in Table 3. 

Synthetic human urine (MP-AU) was produced according to avail
able protocols [18] and then diluted with ultrapure water at a ratio of 
1:10 to both simulate the corresponding effect of flushing water in 
ECLSS systems and meet the nitrogen requirement of microalgae. The 
chemical composition of diluted human urine simulant is shown in 
Table 4. 

Finally, the leachate of Martian regolith and diluted urine were 
mixed (1:1 v:v) to produce the so-called Martian Medium (MM). Con
ductivity was 850 μS/cm and pH 7.4 at 25 ◦C. Dilutions of MM (20, 40, 
60 and 80%) were made whit Zarrouk’s medium which was also the 
experimental control medium. MM and its dilutions have been sterilized 
at 121 ◦C for 15 min prior to use. Table 5 shows the macronutrient and 
metal concentrations in the Martian Medium. Some of the metals, such 
as Zn, Fe, Mg, Si, Mn, and K, served as micronutrients for cyanobacteria. 

The experiments were then performed using different culture media 

composition obtained by replacing specific volumes of Z-medium with 
equal volumes of Martian Medium. The resulting composition of the 
media, hereafter named with the suffix MM followed by the volume 
percentage of Z-medium replaced with Martian medium, is reported in 
Table 6. 

2.3. Growth experiments to optimize MM content in the culture medium 

Growth experiments were performed using media consisting of 
mixtures of MM and Z-medium wherein the volume percentages of MM 
were equal to 0, 20, 40 and 60%, respectively. The batch culture ex
periments were carried out within 75 cm3 rectangular transparent 
vented cap flasks filled up to 40 mL (Corning™). The experiment was set 
in triplicates with an illumination of 100 μE m− 2 s− 1 on the irradiated 
surface of the culture flask. The optical density at the beginning of the 
experiments was about 0.2 at a wavelength of 650 nm. Before inocu
lating the cells, morphology was examined using magnification of 40 
and 100 X (Leica DM750) optical microscope interfaced with Leica EC3 
digital camera (Leica Microsystems, Wetzlar, Germany), and the Leica 
Application Suite (version 3.4.0, Leica Microsystems). All operations 

Table 2 
Fractional percentage of oxides in the Martian Regolith simulant JSC 
Mars-1A.  

Major element compositiona wt % 

Silicon dioxide (SiO2) 34.5–44.0 
Titanium dioxide (TiO2) 3.0–4.0 
Aluminum oxide (Al2O3) 18.5–23.5 
Ferric oxide (Fe2O3) 9.0–12.0 
Iron oxide (FeO) 2.5–3.5 
Magnesium oxide (MgO) 2.5–3.5 
Calcium oxide (CaO) 5.0–6.0 
Sodium oxide (Na2O) 2.0–2.5 
Potassium oxide (K2O) 0.5–0.6 
Manganese oxide (MnO) 0.2–0.3 
Diphosphorus pentoxide (P2O5) 0.7–0.9  

a The normal convention for data presentation uses oxide 
formulae from an assumed oxidation state for each element (with the 
exception of Fe) and oxygen is calculated by stoichiometry. 

Table 3 
Heavy Metals and micronutrients in the 
Martian Regolith leachate (RL).  

Metal mg L− 1 

Al 4.80 
Ca 8.12 
Fe 6.41 
K 8.32 
Mg 1.48 
Mn 0.19 
Na 4.66 
P 0.25 
Si 10.28 
Ti 1.27  

Table 4 
The composition of synthetic urine (MP-AU)a.  

Components g L− 1 

Na2SO4 1.70 
C5H4N4O3 2.50 
Na3C6H5O7⋅2H2O 0.72 
C4H7N3O 0.88 
CH4N2O 15.00 
KCl 2.30 
NaCl 1.75 
CaCl2 0.18 
NH4Cl 1.26 
K2C2O4⋅H2O 0.03 
MgSO4⋅7H2O 1.08 
NaH2PO4⋅2H2O 2.91 
Na2HPO4⋅2H2O 0.83  

a C5H4N4O3 = huric acid; Na3C6H5O7⋅2H2O =
Sodium citrate dihydrate; C4H7N3O = Creatinine; 
CH4N2O = Urea. 

Table 5 
The concentration of macro-nutrients and metals 
acting as micronutrients in the Martian Medium 
(MM).  

Macronutrient mg L− 1 

Na2SO4 85 
C5H4N4O3 12 
Na3C6H5O7⋅2H2O 36 
C4H7N3O 44 
CH4N2O 750 
KCl 115 
NaCl 87 
CaCl2 9 
NH4Cl 63 
K2C2O4⋅H2O 2 
MgSO4⋅7H2O 54 
NaH2PO4⋅2H2O 146 
Na2HPO4⋅2H2O 41 
Trace elements μg L¡1 

Al 945 
Ca 4595 
Fe 1305 
K 4655 
Mg 790 
Mn 3 
Na 370 
P 9 
Si 368 
Ti 25  
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were carried out under a microbiological safety cabinet to avoid envi
ronmental contamination. The growth was monitored through absor
bance spectrophotometric measurements (Genesys 20 spectro- 
photometer, Thermo Scientific, Walthmanm Waltham, USA) of the 
chlorophyll-a optical density (OD) of the culture at 650 nm wavelength. 
The biomass concentration Cx (g L− 1) was calculated from OD 

measurements using the calibration curve Cx vs OD shown in Fig. 1. 
The calibration was obtained by gravimetrically analysis of the 

biomass concentration of known culture volumes previously centrifuged 
at 4000 rpm for 15 min and dried at 105 ◦C for 24 h. The pH was 
measured daily by pH-meter (Basic 20, Crison). 

2.4. Biomass characterization 

2.4.1. Reagents and standards 
Methanol and chloroform were grade RPE-ACS-for analysis -Reag. 

Ph. Eur.-Reag and were purchased from Sigma-Aldrich (Merck KGaA, 
Darmstadt, Germany). Sulfuric acid 96%, orthophosphoric acid 85%, 
sodium nitrate, potassium chloride, phenol, copper sulphate, sodium 
hydroxide, and sodium potassium tartrate were grade RPE-ACS-for 
analysis-reag. Ph. eur.-reag and were purchased from Carlo Erba (Val 
de Reuil Cedex, France). Sodium carbonate and Folin-Ciocalteau reagent 
were acquired by Sigma-Aldrich Inc. (St. Louis, MO, USA). Glucose, 
bovine serum albumin and vanillin standards were acquired by Sigma- 
Aldrich (Merck Kgaa, Darmstadt, Germany). Ultrapure water with con
ductivity below 18.2 MΩ was obtained by distillation with a Milli-Q 
system (Millipore, Bedford, MA, USA). 

2.4.2. Preparation of freeze-drying sample powder 
An aliquot of Synechococcus culture was centrifuged at 4000 rpm for 

10 min at 20 ◦C. The supernatant was discarded, the pellet was resus
pended in Milli-Q water and the washing procedure was repeated three- 
times. The cellular pellet was frozen at − 80 ◦C, lyophilized with LIO- 
5PDGT freeze-dryer (5 Pa, Milano, Italy) and suitably pulverized with 
mortar. The dried powder was stored in darkness inside a glass vacuum 
desiccator before analytical purposes. 

2.4.3. Total carbohydrates, lipids, and soluble proteins 
The determination of total carbohydrates was carried out according 

to the suitably modified method proposed by Dubois et al. [19]. 2 mg of 
freeze-dried biomass were weighed inside an Eppendorf tube and sus
pended in 1000 μl of phosphate-buffered saline (PBS) (20 mM, pH 7.4). 
Approximately 150 mg of 1–1.3 mm glass balls were added, the samples 
were vortexed for 10 min and sonicated in an ultrasonic bath for 10 min 
at 20 ◦C for three times. 200 μl of the extract was transferred to a glass 
tube while 200 μl of phenol 5% (w/v) and 1000 μl of concentrated 
sulfuric acid were added. The samples were filtered with 0.45 μm PTFE 
membrane filter and analyzed at λ = 490 nm using a Varian Cary 50 
spectrophotometer. The quantitative analysis was carried out by the 
external standard method using glucose as reference species. 

The 5-points calibration line was made by correlating the absorbance 
with the glucose concentration. The results were reported as means ±
standard deviation and expressed in mg/kg of glucose. All samples were 
analyzed in triplicate. 

The determination of total lipids was carried out according to the 
protocol indicated by Chen et al. [20] with minor changes as follows. 
The 100 μl of PBS, 1,5 mL of 25% methanol, and 1 N sodium hydroxide 
solution were added to 2 mg of lyophilized sample. The suspension was 
sonicated for 10 min in an ultrasonic bath and then heated to 100 ◦C for 
30 min. Lipids were then extracted using the method proposed by Bligh 
and Dyer [21]. The colorimetric reaction was carried out according to 
the method proposed by Mishra et al. [22]. All samples were analyzed in 
triplicate and the results were expressed in mg/kg± SD. 

The determination of protein content was carried out according to 
the method by Lowry et al. [23]. Briefly, 1000 μl of PBS, 20 mM, pH 7.4, 
was added to 2 mg of lyophilized sample. Approximately 150 mg of 
1–1.3 mm glass balls were added and vortexed for 10 min and sonicated 
in an ultrasonic bath for 10 min at 20 ◦C for three times. 250 μl of this 
solution reacted with 250 μl of 1 N sodium hydroxide for 5 min at 
100 ◦C. After cooling for 10 min, 2,5 mL of a 5% sodium carbonate 
(w/v), 0,5% (w/v) cupric sulphate and 1% (w/v) sodium potassium 
tartrate solution were added to the sample. After 10 min, 0,5 mL of 1 N 

Table 6 
IDs and composition of the media.  

Medium name MM-60 MM-40 MM-20 

Volume of Martian medium 60 %v/v 40 %v/v 20 %v/v 

Major elements mg L− 1 mg L− 1 mg L− 1 

Na2SO4 51.0 34.0 17.0 
C5H4N4O3 7.5 5.0 2.5 
Na3C6H5O7⋅2H2O 21.6 14.4 7.2 
C4H7N3O 26.4 17.6 8.8 
CH4N2O 450.0 300.0 150.0 
KCl 69.2 46.2 23.1 
NaCl 52.7 35.1 17.6 
CaCl2 5.6 3.7 1.9 
NH4Cl 38.0 25.3 12.7 
K2C2O4⋅H2O 1.1 0.7 0.4 
MgSO4⋅7H2O 32.5 21.6 10.8 
NaH2PO4⋅2H2O 87.4 58.2 29.1 
Na2HPO4⋅2H2O 24.9 16.6 8.3 
NaNO3 186.8 280.2 373.6 
Ca(NO3)2⋅4H2O 23.6 35.4 47.2 
K2HPO4 12.4 18.6 24.8 
MgSO4⋅7H2O 10.0 15.0 20.0 
Na2CO3 8.4 12.6 16.8 
FeCl3⋅6H2O 1.4 2.2 2.9 
Na2EDTA 1.5 2.2 3.0 
Trace elements μg L¡1 μg L¡1 μg L¡1 

H3BO3 100.0 150.0 200.0 
MnSO4⋅4H2O 72.0 108.0 144.0 
Na2WO4⋅2H2O 1.0 1.4 1.9 
(NH4)6Mo7O24⋅4H2O 2.8 4.2 5.6 
KBr 3.8 5.7 7.6 
KI 2.6 4.0 5.3 
ZnSO4 x 7H2O 9.2 13.8 18.4 
Cd(NO3)2⋅4H2O 4.8 7.2 9.6 
Co(NO3)2⋅6H2O 4.8 7.2 9.6 
CuSO4⋅5H2O 4.0 6.0 8.0 
NiSO4(NH4)2SO4⋅6H2O 4.8 7.2 9.6 
Cr(NO3)2⋅7H2O 1.2 1.8 2.4 
V2O4(SO4)3⋅16H2O 1.1 1.7 2.2 
Al2(SO4)3K2SO4⋅24H2O 15.2 22.8 30.4  

Fig. 1. Calibration line X Vs OD for Synechococcus nidulans.  
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Folin-Ciocalteau reagent was also added. Samples were analyzed at λ =
750 nm with a spectrophotometer (Varian Cary 50). The quantitative 
analysis was carried out using the external standard method by corre
lating the absorbance (Abs) with the concentration of bovine serum al
bumin (BSA) solutions. All samples were analyzed in triplicate and the 
results were expressed in mg/kg ± SD of BSA. 

2.4.4. Antioxidant activity 
The DDPH spectrophotometric assay was performed in accordance 

with the method by Brand-Williams et al. [24]. Briefly, 250 μl of 
methanol were added to 2 mg of lyophilized Synechococcus powder. 
Approximately 100 mg of 1–1.3 mm glass balls were then added, and the 
solution was vortexed for 10 min and sonicated in an ultrasonic bath for 
10 min at 10 ◦C for three times. The sample was centrifuged for 5 min at 
4000 rpm 50 μl of the methanol extract supernatant was added to 2 mL 
of a methanol solution of DDPH (50 μmol) for the determination of total 
or standard polyphenols (Trolox). After 60 min of incubation the solu
tions were analyzed at λ = 517 nm. The quantitative analysis was carried 
out using the external standard method (Trolox) correlating the absor
bance with the concentration. The results were expressed in mmol/kg 
TEAC (Trolox equivalent antioxidant capacity). 

2.4.5. Chlorophyll-a and total carotenoids content 
The method proposed by Zavrel et al. [25] was adopted. Briefly, 

1000 μl of culture were placed inside Eppendorf tubes and centrifuged at 
10,000 rpm for 10 min at 4 ◦C. The supernatants were discarded, and 1 
mL of neutralized methanol was added to the pellets. The solutions were 
left one night in the fridge and after 24 h, approximately 150 mg of 
1–1.3 mm glass balls were added. The samples were homogenized using 
three cycles of 10 min of a vortex and ultrasonic bath. The solutions were 
centrifuged for 10 min at 10,000 rpm. Spectrophotometric analysis was 
performed on the supernatant for chlorophyll-a and total carotenoids at 
λ = 720 nm, λ = 665 nm, respectively while λ = 470 nm was used for 
methanol as a blank. The following correlations proposed by Ricthie 
[26] and Wellburn [27], were used to estimate the total carotenoids and 
chlorophyll-a concentrations, respectively: 

Chl − a
[
μg ml− 1]= 12.9447 (A665 − A720)

Carotenoids
[
μg mL− 1]=

(
1000 (A470 − A720) − 2.86

(
Chl − a

[
μg mL− 1]))/221  

3. Mathematical model 

The experimental data have been simulated by a mathematical 
model of chemical reactions taking place in stirred tanks operated in a 
semi-batch mode, i.e., batch for the liquid and continuous for the 
gaseous phase, respectively. Thus, the model accounts for the diffusive 
mass transfer of CO2 between the gas and the liquid phase with the 
culture. Specific nutrient’s concentration, light intensity, and medium 
pH, respectively, were the main limiting growth factors. The dynamic 
mass balance equation for the functional microalgal biomass may be 
reported as follows [28,29]: 

dX
dt

= μmax ⋅ f (N) ⋅ g(Iav) ⋅ h(pH) ⋅ X − μd⋅X (1)  

along with the initial condition: 

X = X0 ​ @ ​ t = 0 (2) 

Symbol’s significance is reported in the notations. The terms f(N), 
g(Iav) and h(pH) are suitable functions expressing the growth-limiting 
effect of nutrients N, average photosynthetically active photon flux 
within the culture Iav, and pH, respectively. Among the macronutrients, 
total inorganic carbon (TIC), nitrogen (TIN) and phosphorus (TIP) were 
assumed to be limiting. The Monod’s kinetics was adopted for all mac
ronutrients to describe their influence on microalgae growth rate: 

f (N) =
∏n

j=1

[
Cj
]

[
Cj
]
+ Kj

​ where ​ j = TIC,TIN, TIP (3) 

Moreover, according to the literature, the kinetic dependence of 
growth rate on light intensity, g(Iav) was evaluated as follows [30]: 

g(Iav)=
Iav

Iav + IK,h +
I2
av

IK,i

(4)  

where the average light intensity Iav(μE m− 2s− 1), within a rectangular 
culture flask, was calculated according to Grima et al. [31] through the 
following equation: 

Iav(t)=
I0(t)

L⋅τa⋅X
[1 − exp(− L ⋅ τa ⋅ X)] (5)  

where L is the length of the rectangular basis in the direction parallel to 
the light beam. Since microalgae enzymes contain ionizable functional 
groups which, depending on pH, present different specific ionization 
states, microalgae growth rate can be strongly influenced by culture pH 
[32]. To describe the dependence of μ on pH, the model proposed by Tan 
et al. [33], was adopted: 

h(pH)= h([H+])=

⎛

⎜
⎜
⎝

k0
k1
+ 1

K1
[H+] + k2

k1K1K2
[H+]

2

1 + 1
K1
[H+] + 1

K1K2
[H+]

2

⎞

⎟
⎟
⎠ (6) 

In the liquid phase, the total inorganic carbon (TIC) concentration 
change was described by a mass balance which considers carbon con
sumption by microalgae and CO2 mass transfer to the gas phase: 

VL
d[CTIC]

dt
=VRkLa

(
HCO2

[
Cg,CO2

]
−
[
CL,CO2

])
− YTIC

dX
dt

VL (7)  

along with the initial condition: 

[CTIC] =
[
C0

TIC

]
​ @ ​ t = 0 (8) 

The CO2 concentration in the gas phase (Cg,CO2 ) was related to the 
molar fraction of CO2 in air (xCO2 ) by the ideal gas law as: 

[
Cg,CO2

]
=
[
C0

g,CO2

]
= xCO2

Pair

RT
for∀t (9) 

Once adsorbed in the liquid phase, CO2, which is assumed to be in 
equilibrium with the gas phase, contributes to alter the speciation 
equilibria reported in Table 7. 

Based on the mass action law of equilibria (E1- E4) and the equation 
expressing the electroneutrality, as well as on the calculations reported 
in Appendix 1, it is possible to express [H+] as a function of the con
centration of total inorganic carbon and equilibrium constants as re
ported in what follows. 

[H+]=
KW

[H+]
+K1CKC

[H+][CTIC]

ψ([H+])
+ 2K2CK1CKC

[CTIC]

ψ([H+])
+ [Alk] (10) 

The only unknown [H+] was evaluated by numerical methods once 
the instantaneous value of CTIC is available. The term [Alk] in Eq. (10) 

Table 7 
Equilibrium and corresponding constants of the main reactions involving carbon 
species in the liquid phase.  

ID Chemical Equilibrium pK Ref. 

E 1 
CO2,L + H2O ​⇄ ​

K’
C

H2CO3 
2.77 [34] 

E 2 
CO2,L + OH− ​⇄ ​

K’’
C

HCO−
3 

6.32 [35] 

E 3 H2CO3 ​⇄ ​
K1C

H+ + HCO−
3 

3.6 [36] 

E 4 HCO−
3 ​⇄ ​

K2C
H+ + CO2−

3 
10.33 [36]  
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represents the summation of non-carbonic ions species concentrations in 
the electro-neutrality condition as shown in Eq. (A10) of Appendix 1. 

According to the considerations made in Appendix 1, the non- 
carbonic alkalinity [Alk] varies in time because of ions uptake by 
microalgae and its evolution was described by the equation: 

d[Alk]
dt

= YAlk
dX
dt

(11)  

which can be solved along with the initial condition 

[Alk] =
[
Alk0]@t= 0 (12)  

where [Alk0] was calculated imposing the known initial values [H+] =

[H+]
0 and [CTIC] = [C0

TIC] in Eq. (10). The mass balance for the limiting 
nutrients TIN and TIP in the liquid phase was defined as: 

d[CJ ]

dt
= − YJ

dX
dt

⋅ θ(Iav) with J = TIN,TIP (13)  

along with the corresponding initial conditions: 

[CJ ] =
[
C0

J

]
with J =TIN, TIP (14) 

The variable θ(Iav) considered that in absence of light there was 
neither consumption nor production of nutrients and was defined as 
follows: 

θ(Iav) =

{
1 ​ when ​ Iav ​ > 0
0 ​ when ​ Iav ​ ≤ 0 (15) 

The resulting system of ODEs constituted by Eqs ((1), (7), (11) and 
(13) was then solved along with the non-linear algebraic Eq. (10). Dif
ferential equations were numerically integrated as an initial value 

problem using the subroutine DIVPAG of the standard numerical li
braries (IMSL) that implements the fifth-order Gear’s backward differ
entiation formulae in Fortran 90 (Compaq Visual Fortran 6.1). The 
nonlinear Eq. (10) was solved using the IMSL subroutine DZBREN 
(Compaq Visual Fortran 6.1) which implements numerical algorithm 
based on the combination of linear interpolation, inverse quadratic 
interpolation, and bisection. Some model parameters were taken from 
the literature while some others were suitably tuned by fitting the 
experimental data through the Fortran subroutine BURENL [35]. In this 
subroutine the objective function is evaluated as the weighted sum of the 
objective functions related to pH and biomass concentration data. Each 
of the two functions consisted of the sum of square errors of the model 
with respect to experimental data. The minimum of the resulting 
objective function is searched through the golden section algorithm. 

4. Results and discussion 

The time profile of the biomass concentration and pH during these 
experiments are shown in Fig. 2. 

By starting from an initial concentration of 0.8 g L− 1 the strain was 
capable of achieving a concentration of about 1.2 g L− 1 after ten days of 
cultivation in pure Z-medium (cf. Fig. 2a). It should be noted that growth 
took place albeit a low PPFD of just 20 μE m− 2 s− 1 was provided to the 
cultures and atmospheric CO2 diffusion occurred passively through the 
permeable membrane in the vented cap rather than through CO2 
bubbling. The medium’s pH increased correspondingly from 8 to about 
10.5 because of the photosynthetic activity of algae utilized the dis
solved CO2 and bicarbonates during their growth. 

To simulate this experiment, the model parameters in Eq. (6) were 
estimated by a fitting procedure using the experimental data by De 

Fig. 2. Effect of volume replacements of Z-Medium with equal volumes of Martian Medium MM (a) 0%, (b) 20%, (c) 40%, (d) 60%.  
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Farias Silva et al. [37] reported in Fig. 3. In the same Figure, it is also 
shown the effect of pH on the h(pH) for the strain Synechococcus PCC 
7002. 

The best fitting values for these parameters are reported in Table 8. It 
should be noted that, while few pH values were evaluated in the 
investigation by De Farias Silva et al. [37], the latter represents the only 
study in the literature capable to provide an experimental evaluation of 
h(pH) for the concerned strain. 

Once the parameters in Eq (6) are obtained, the time evolution of 
biomass concentration and pH reported in Fig. 2a were simulated by 
using the literature values of model parameters along with the tuned 
values of YTIP and YAlk reported in Table 9. The latter ones represent the 
TIP and non-carbonic alkalinity (Alk) consumed per unit weight of 
biomass produced, respectively, and, while the obtained value of the 
former one was close to corresponding literature values of other strains 
[28]. Even the value of YAlk was consistent with the one provided in the 
literature [28] 

Fig. 2a shows that the experimental data are well simulated by the 
proposed model when tuning only two parameters against two series of 
data. Indeed, an average relative error equal to 3.53% and an adjusted r2 

value of 0.997 were obtained through the fitting procedure. As far model 
results, it is worth mentioning that the seemingly wavering trend of 
model results depends on that a photoperiod of 12:12 h was imple
mented during the experiments. Indeed, during the 12 h of light, light 
reactions of photosynthesis take place leading single cells mass to in
crease while, during the dark period, cell mass growth is inhibited and 
mass loss phenomena, including cell respiration, lysis, and apoptosis, 
prevail thus provoking a slight decrease of biomass concentration. On 
the other hand, it is important to highlight here that cell division takes 
place during night. Therefore, even the dark phase represents a crucial 
step of this technology. 

To evaluate the applicability of in-situ Mars resources utilization, a 
further experiment was performed by replacing 20 %v/v of Z-medium 
volume with a corresponding value of MM. In this case, the biomass and 
pH evolution in time increased (Fig. 2b) without a significant lag-phase 
thus demonstrating that the MM components do not show an inhibiting 
effect on Synechococcus spp. Cells. The results were like those ones ob
tained when only Z-medium was used as growth medium, except for a 
slightly lower biomass concentration and a lower pH achieved at the end 
of the cultivation period. The replacement of 20% of Z-medium with a 
corresponding volume of MM did not significantly affect microalgae 
growth. This strategy might allow to reduce the payload associated to 
the nutrients needed to produce the Z-medium. As it can be seen from 

Fig. 2b these data were well predicted by the proposed model, both in 
terms of biomass and pH, by using the same parameter values obtained 
as described earlier. The predictive capability of the model was sup
ported by an average relative error in predicting the experimental data 
equal to 1.3% and a determination coefficient equal to 0.9997. 

The replacement of Z-medium with 40%v/v of MM had a significant 
minor effect on the culture evolution (Fig. 2c) except for a barely 
detectable reduction of the overall growth rate and a stationary phase 
occurring after 238 h of cultivation. Even the pH evolution was like the 
one obtained in the MM-20 experiment except for the slightly lower 
values obtained at the end of cultivation related to a lower photosyn
thetic rate of the culture. The proposed model, though slightly over
estimating the concentrations, sufficiently quantified the experimental 
data without tuning any parameter value. Indeed, the average relative 
error in predicting the experimental data was equal to 1.91% whereas 
the determination coefficient (r2) was equal to 0.999. 

In the case of a replacement of 60% v/v of ZM (In Fig. 2d) the overall 
growth rate significantly decreases to reach a final concentration (0.9 g 
L− 1) lower than that obtained with the lower ZM volume fraction 
adopted in this work. This difference might be due to a too high increase 
of the concentration of toxic metals of the MM or because of the osmotic 
shocks caused by the high salt concentration in the urine simulant. Also, 
a reduced nutrients content in the ZM might have contributed to the 
lower biomass concentration observed during the MM-60 trial. In 
contrast, the pH evolution was similar to that observed in previous ex
periments. In MM-60 one reported in Fig. 2d, model prediction was less 
accurate (r2 equal to 0.994) and relative error is equal to 5.63%. Much of 
the error was due to the incorrect simulation of biomass concentration 
data. In particular, the model overestimated the experimental results 
especially in the final period of the cultivation probably because it 
neglected potential inhibition phenomena due to toxic metals and me
dium osmolarity increase. On the other hand, the model predicted the 
achievement of a stationary phase due to nutrients depletion, being the Fig. 3. Effect of pH on the controlling function h (pH) and fitting with kinetics 

data from literature [29]. 

Table 8 
Parameter values obtained by fitting the experimental data by De Farias et al. 
[37]with the kinetics proposed by Tan et al. [33].  

Parameter Estimated value Unit 

k0 6.0× 10− 1 hr− 1 

k1 1.80 hr− 1 

K1 4.00× 10− 9 mol L− 1 

k2 5.00× 10− 2 hr− 1 

K2 9.95× 10− 9 mol L− 1  

Table 9 
Model parameters.  

Parameter Value Units Reference 

HCO2 8.32× 10− 1 / [34] 
I0 2.00× 101 μE m− 2s− 1 Experimentally set value 
IK,h 2.97× 101 μE m− 2s− 1 [38] 
IK,i 5.12× 101 μE m− 2s− 1 [38] 
kLa 1.8× 101 hr− 1 [39] 
KTIC 7.60× 10− 5 molC L− 1 [40] 
KTIN 2.07× 10− 5 molN L− 1 [41] 
KTIP 2.84× 10− 6 molP L− 1 [42] 
VL 6.00× 10− 2 L Experimental value 
VR 4.00× 10− 2 L Experimental value 
YTIC 4.10× 10− 2 molC g− 1 Evaluated from [43,44] 
YTIN 1.07× 10− 2 molN g− 1 Evaluated from [45] 
YTIP 4.27× 10− 5 molP g− 1 This work 
YAlk 3.83× 10− 2 mol g− 1 This work 
xair 3.8× 10− 4 / Experimental value 
μd 5.58× 10− 5 hr− 1 [38] 
μmax 1.81× 10− 2 hr− 1 [38] 
τa 5.80× 10− 2 L m− 1 g− 1 [46]  
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latter one a plausible phenomenon contributing to the reduced biomass 
concentration experimentally detected. Therefore, although the use of 
60%v/v MM would lead to a significant reduction of mission payload, it 
also would significantly reduce the edible biomass production thus 
hindering the goal of the technology. Ultimately, it can be stated that 
while the growth was quite low with all the media due to the low level of 
light intensity adopted, the model, which considers the effect of light, 
was capable of well simulate the experimental results. On the other 
hand, it is important to point out that, to validate the model and the 
identified set of parameter values, further experiments, performed at 
higher light intensities, should be carried out and simulated. 

The effects of MM content in the growth medium on the feasibility of 
the process were further assessed by quantifying (Fig. 4) the biomass 
productivities (g m− 3day− 1) attained after 10 days of batch operation 
and comparing them with the prediction model. 

Biomass productivities achieved when using pure Z-medium or MM- 
20 medium were close to 35 g m− 3 day− 1. However, when the volume 
content of MM was increased to 40%, a slight decrease of biomass 
productivity to 30 g m− 3 day− 1 was observed. A further increase of MM 
content to 60% v/v led to a biomass productivity too low to sustain the 
astronauts needs in terms of food requirements. Apart from this last case, 
the biomass productivities were well simulated by the proposed model 
which thus demonstrates to be suitable to provide quantitative infor
mation on the feasibility of the process. 

Ultimately, the growth medium MM-40 represented the best 
compromise between the investigated ones, since it would allow a sig
nificant reduction of the payload while ensuring a biomass productivity 
capable to satisfy the astronauts needs with relatively small 
photobioreactors. 

As reported in a study by Enzing et al. on behalf of the Europen Union 
[47], Synechococcus sp. Was relevant among the cyanobacteria species 
for food applications and safety aspects. Indeed, no toxins are known to 
be produced by this strain [47] and no relevant cytotoxic properties 
have been reported in the literature [48,49] for a strain phylogenetically 
close to S. nidulans, i.e. Synechococcus elongatus. Moreover the possibility 
of using S. nidulans biomass as food supplement or food with high 
antioxidant power was also reported in the literature [50,51]. Therefore, 
the possibility to use cyanobacteria belonging to the Synechococcus 
species as a source for food production was confirmed by the literature. 
However, to further verify whether the composition of the produced 
algal biomass was suited for the astronauts’ diet, the analysis of protein, 
carbohydrates and lipid content was performed (cf. Fig. 5) according to 

the procedures shown in the materials and methods. 
The biomass consisted mainly of proteins (about 40 %wt) while 

carbohydrates and lipids were in ranges of 15–25 %wt and 7–9 %w, 
respectively. This composition, that well reproduces the ones reported in 
the literature for this strain [52], make this biomass a potential valuable 
source of proteins for astronauts diet. Furthermore, as it can be observed 
from Fig. 5, except for the case of lipids and carbohydrates in MM-40, 
no-significant variation of the biomass composition was observed with 
respect to that obtained by growing the algae in Z-medium, thus 
demonstrating that the use of in-situ available resources simulants would 
not result in a relevant effect on the nutritional characteristics of pro
duced biomass. 

The possibility of S. nidulans biomass as a food source for astronauts 
has been further investigated through a trolox equivalent antioxidant 
capacity (TEAC) assay for the analysis of its antioxidant capacity. 
Indeed, the exposure to ionizing radiation and reduced gravity during 
missions in the deep space can cause excessive production of reactive 
oxygen species (ROS) that contributes to cellular stress and damage in 
astronauts [53]. Therefore, a balanced diet rich in antioxidants is crucial 
for the wealthiness of astronauts. The antioxidant capacity of S. nidulans 
grown in Z-medium and MM40 measured through the TEAC assay was 

Fig. 4. Effect of MM content in the batch growth medium on the final biomass 
productivity after 10 days of cultivation: comparison between the biomass 
productivity experimental data and simulated data. 

Fig. 5. Effect of growth medium composition on the content of carbohydrates, 
proteins and lipids in the microalgal biomass harvested at the end of cultivation 
(11 days). 

Fig. 6. Comparison between antioxidant activity of S. nidulans cultivated in Z- 
medium and MM-40 (after 11 days). 
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shown in Fig. 6. 
Radical scavenging capacities equal ranging from 15 to 20 mmolTEAC 

kg− 1 were obtained for the biomass grown in Z-medium and MM-40, 
respectively. Such values were comparable to those (~20 mmolTEAC 
kg− 1) reported by Goiris et al. [54] in a survey of the antioxidant ca
pacity of different microalgal strains. Moreover, the cultivation in 
MM-40 led to an antioxidant power 33% higher than that one obtained 
with the Z-medium. This could be due to the stress provoked by the 
relatively high salinity and heavy metal concentration in the MM-40 
which in turn may have boosted the biosynthesis of antioxidant com
pounds such as carotenoids. Indeed, it is well known that microalgal 
cells synthesize antioxidant molecules when subjected to stress condi
tions [55]. Thus, albeit the biochemical phenomena underlying this 
result should be further investigated, the phenomenological evidence 
showed that the use of the Martian medium led to an amelioration of the 
antioxidant properties of the biomass produced with the Mars media. 

Some microalgal pigments such as lutein, carotenoids and phyco
cyanin play a key role in the diet of astronauts since they show health 
benefits such as anti-inflammatory, immunomodulatory, neuro
protective, hepatoprotective effects among others [56]. For this reason, 
the pigment content of the microalgal biomass has been quantified and 
shown in Fig. 7. 

It can be noted that in general the use of MM-40 led to a slight 
decrease of the pigment content except for the case of chlorophyll and 
carotenoids. The increase of carotenoids content obtained with MM-40 
is a welcome effect because they have relevant antioxidant and anti- 
inflammatory properties [57]. However, the differences between the 
results obtained in Z-medium and in MM-40 are not statistically 
relevant. 

Ultimately, both literature and the biochemical characterization 
carried out in this work confirm that the biomass produced by culti
vating S. nidulans in a medium produced using simulants of resources 
available on Mars is qualitatively suited to contribute to the feeding of 
astronauts in the framework of long period manned mission in the deep 
space. 

As far as the quantitative aspects, the proposed model was adopted to 
predict the biomass productivity achievable on Mars. Such a prediction 
was performed based on the following considerations. As shown in the 
graphical abstract the algae could be grown in a pressurized dome 
wherein an atmosphere rich in CO2 can be created by taking advantage 
of the Martian atmosphere. The use of Martian CO2 would reduce the 
need to carry carbon sources from Earth and thus mission payload. 
Moreover, up to a certain concentration the increase of CO2 content in 

the gas is capable to boost microalgae growth and thus biomass pro
ductivity. The photosynthetically active radiation (PAR) available on 
Mars changes depending upon the latitude and the season being 
considered while it is generally enough to promote photosynthesis of 
microalgae [58]. Moreover, the light within the dome can be suitably 
modulated by using lamps as shown in the graphical abstract. Thus, the 
set of values of CO2 concentration and light intensity that maximize 
biomass productivity could be identified on Mars. Specifically, we have 
run the model for different values of light intensity and CO2 concen
tration within the dome. The MM-40 medium was considered in the 
simulations. These results were summarized in Fig. 8 where it is seen 
that the better productivity was obtained for all the couples of values of 
light intensity and CO2 concentration falling in the red zone. 

However, to maximize the utilization of local resources the highest 
CO2 concentration should be used. Therefore, the best operating con
dition on Mars consists of a CO2 concentration equal to about 3 %vol and 
a corresponding light intensity of about 50 μE m− 2 s− 1. For this reason, 
when applying the technique on Mars, the outdoor CO2 should be mixed 
with an inert gas such as N2 or Ar, to produce a gas mixture with 3% CO2 
before it can be insufflated and pressurized within the dome wherein 
algae cultivated. It is apparent that N2 or Ar could be brought from Earth 
and could be continuously recycled. Under this condition, a biomass 
productivity of about 33 g m− 3 day− 1 would be obtained according to 
model prediction. Higher CO2 concentration would result in a too low 
pH value that inhibits microalgae growth while high light intensities (at 
the fixed CO2 concentration) would lead to the occurrence of photo
inhibition phenomena. It should be noted that the simulation in Fig. 8 
involved light intensities values of light intensities and CO2 concentra
tion not experimentally investigated. Therefore, the results in Fig. 8, so 
far discussed, should be considered a theoretical insight that should be 
experimentally validated before being suitably exploited. 

By using the highest biomass productivity obtained in this work 
further evaluations have been made regarding the possibility to meet 
astronauts’ food needs. In particular, the volumes of S. nidulans culture 
were quantified (Table 10) to meet the needs of a crew of 6 astronauts. 
Furthermore, it was reported the nutritional needs observed on the ISS 
[59] and the average composition of S. nidulans in Fig. 5. It should be 
highlighted that for these calculations, the conditions and parameters 
obtained with the MM-40 have been used. 

Even considering a diet consisting of only of S. nidulans, relatively 
small volumes of cultures should be cultivated. In particular, to meet the 
protein needs of astronauts, about 34 m3 of culture would be enough 

Fig. 7. Comparison between pigment compositions of S. nidulans cultivated in 
Z-medium and MM-40. PH – phycocyanin; AP – allophycocyanin; PE – phyco
erythrin; Chl-a – chlorophyll-a; CA – carotenoids. 

Fig. 8. Simulated effect of CO2 concentration and light intensity on the biomass 
productivity of S. nidulans in MM-40 medium after 11 days of cultivation. 
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while the carbohydrates needs might be reached using larger volumes. If 
we then consider that a diet consisting only of S. nidulans is not feasible, 
the volumes of necessary culture further decreases. For instance, if we 
assume to satisfy 40% of the crew protein needs with S. nidulans, only 14 
m3 of culture would be necessary. However, it should be stressed here 
that such conclusions, based on modeling inferences, should be further 
corroborated by new experimental results before being exploited to 
design the photobioreactors. 

The geometry and set-up of photobioreactors wherein performing 
cultivation could be different while in principle growth might be carried 
out also in specific open ponds system realized indoor within pressurized 
domes according to the process proposed in the patent by Cao et al. [16]. 
In this way the in-situ realization of the culture would consist of digging 
the regolith up to a deep of about 30–40 cm and then lining the soil with 
an impermeable material. To ensure a culture volume of 34 m3 an area 
of about 85 m2 would be enough. Movement of the liquid could be 
ensured by a pump that recirculates continuously the culture. It should 
be noted that, when considering the same culture volume, such a design, 
if compared with the ones based on the use of closed photobioreactors, 
would for sure result in a lower payload since it would basically consist 
of the liner and the pump. On the other hand, closed photobioreactors 
would permit to achieve higher biomass concentration and avoid 
contamination phenomena. Therefore, a dedicated analysis should be 
performed to identify the most suitable cultivation system. 

Finally, it should be noted here that during its growth S. nidulans also 
produces useful O2 which could be recovered and used to cover a spe
cific percentage of the oxygen needs of crew members. While this aspect 
has not been discussed in this work it is certainly a relevant advantage of 
this technology that will be addressed in the future research activity. 

5. Conclusions 

The possibility of growing S. nidulans in a medium obtained by 
exploiting regolith leachate and urine simulant was investigated. The 
strain was capable to grow in media containing Martian Medium percent 
volumes equal to 20%v and 40%v. On the contrary when using 60%v of 

Martian Medium the growth rate was significantly reduced probably due 
to osmotic effects and too high concentration of some heavy metals from 
the regolith leachate. Accordingly, to minimize the amount of nutrients 
from Earth, the use of 40% of Martian Medium might represent the 
better compromise. The biochemical macro-composition of the obtained 
biomass showed a prevalence of proteins (~40%) followed by carbo
hydrates and lipids (~15–20 %wt and 7–8 %wt, respectively). Suh a 
composition, which might be suited to obtain food for astronauts, was 
not significantly affected using MM in the growth medium. This fact, 
together with the high content of valuable pigments such as carotenoids 
and the good antioxidant power, makes this strain a potential candidate 
for the provision of functional food to astronauts during long period 
missions on Mars where the sustainment is based on the use of local 
resources. The results of proposed mathematical model to simulate the 
growth of microalgae were in agreement with the experimental data 
obtained when using the different compositions of the growth medium. 
The model was then used to extrapolate the operating conditions to be 
set in a pressurized dome on Mars so that biomass productivities could 
be maximized. By taking advantage of these extrapolations along with 
obtained experimental data, it has been estimated that a relatively small 
culture volume might be enough to produce the amounts of biomass 
needed to stratify a significant percentage the astronaut needs in terms 
of proteins. However, it should be noted that such conclusions, based on 
modeling inferences, should be further corroborated by new experi
mental results before being exploited to design the photobioreactors. 
The envisioned cultivation system to be realized on Mars might be 
relatively simple and associated to small payloads. While the latter 
considerations should be further confirmed by additional investigations, 
these preliminary results indicate that the envisioned process might 
represent a promising approach to sustain the astronauts needs on Mars. 
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6. Appendix 1 

The concentration of total inorganic carbon in the liquid phase could be evaluated as: 

[CTIC] =
[
CO2,L

]
+ [H2CO3] +

[
HCO−

3

]
+
[
CO2−

3

]
(A1) 

The system of algebraic equations deriving by mass action law of equilibria (E1- E4) in Table 6 was formulated to express the concentrations of 
ionic species in solution as a function of [H+], and total inorganic carbon [CTIC] as follows: 
[
HCO−

3

]
=K1CKC[H+][CTIC] /ψ([H+]) (A2)  

[
CO2−

3

]
=K2CK1CKC[CTIC] /ψ([H+]) (A3)  

[H2CO3] =KC[H+]
2
[CTIC]

/
ψ([H+]) (A4)  

[
CO2,L

]
= [H+]

2
[CTIC]

/
ψ([H+]) (A5) 

Table 10 
Evaluation of the volumes of culture needed to meet the nutritional needs of a crew of 6 astronauts. The astronaut’s weight is 75 kg.  

Nutrient Nutrient’s need per 
astronaut a 

(g man-1 day-1) 

Nutrient’s 
needs 
(g kg-1 day-1) 

Daily amount of nutrient 
needed for 6 astronauts 
(g day-1) 

Average Nutrient’s 
content in S. nidulansb 

(g g-1) 

Biomass produced to meet 
astronauts needs 
(g day-1) 

Volume of culture to meet 
crew member needsc 

(m3) 

Protein 78 1.04 468 0.413 1133 34.3 
Carbohydrates 58.4 0.78 350.4 0.222 1578 47.8 
Lipids 64.4 0.86 386.4 0.074 5222 158.2  

a From Bychkov et al. [59]. 
b Results obtained in this work with MM-40. 
c Minimum volume of photobioreactors. 
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where: 

ψ([H+])= [H+]
2
+KC[H+]

2
+K1CKC[H+] + K2CK1CK (A6) 

Thus, given a specific pH value Eq. (A6) represented the required relationship between CO2 and total inorganic carbon CTIC in the liquid phase. The 
pH evolution was evaluated based on the electro-neutrality condition: 

[H+]+
∑ncations

i=1
χi[Catχi+

i ] = [OH− ] +
∑nanions

j=1
αj
[
Aniαj −

i
]

(A7) 

Among all the ions in Eq. (A7), only carbonates and bicarbonates are affected by the mass transfer of CO2 from the gas phase while the remaining 
ones are consumed because of microalgae uptake. Thus, for each of the non-carbon ionic species reported in Eq. (A7) it can be reasonably assumed 
that, in a timescale greater than the one needed to achieve equilibrium, their consumption is linked to microalgae growth through a differential 
equation of the following type: 

d
[
Aniαj −

j
]

dt
= − YAni

αj −
j

dCX

dt
​ with ​ j = 1...nanions ​ and ​ Aniαj −

j ∕= HCO−
3 ,CO2−

3 (A8)  

for anions and, 

d[Catχi+
i ]

dt
= − YCatχi+

i

dCX

dt
​ with ​ i = 1...ncations (A9)  

for cations. The symbols YAni
αj −
j 

or YCatχi+
i 

represent the ionic yields, i.e., the weight of biomass produced per mole of anion or cation consumed, 

respectively. Subsequently, in Eq. (A7) all the non-carbon ions can be grouped within a suitable term indicated with the symbol Alk: 

[Alk] =
∑nanions

j=1
αj
[
Aniαj −

j
]
−
∑ncations

i=1
χi[Catχi+

i ] ​ with ​ Aniαj −
j ∕= HCO−

3 ,CO2−
3 (A10) 

The latter one permits to re-write the electro-neutrality condition in Eq. (A10) in the following form: 

[H+]= [OH− ] +
[
HCO−

3

]
+ 2
[
CO2−

3

]
+ [Alk] (A11) 

Since the electro-neutrality condition should be satisfied, the kinetic evolution of Alk can be evaluated by considering the time derivative of Alk, 
which, considering Eq (A8, (A9) and (A10), can be evaluated as follows: 

d[Alk]
dt

= −
∑nanions

j=1
αjYAni

αj −
i

dCX

dt
+
∑ncations

i=1
χiYCatχi+

i

dCX

dt
=

(
∑ncations

i=1
χiYCatχi+

i
−
∑nanions

j=1
αjYAni

αj −
i

)

⋅
dCX

dt
(A12) 

Since all terms within parenthesis in Eq. (A12) remain constants as time changes, they can be combined in a single term Yalk, and thus: 

d[Alk]
dt

= YAlk
dCX

dt
(A13) 

The latter one allows evaluating [Alk] and providing the corresponding value in the electro-neutrality equation which, after inserting the ex
pressions of Equations (A5) and (A6) of the main text and evaluating OH− as a function of H+, assumes the form shown in Equation (19) reported in the 
manuscript: 

[H+]=
KW

[H+]
+K1CKC

[H+][CTIC]

ψ([H+])
+ 2K2CK1CKC

[CTIC]

ψ([H+])
+ [Alk] (A14)  

which is equivalent to Equation (10) of the main text. 

Notations 

a Gas–liquid interfacial area m2 m− 3 

[Alk] Sum of concentration of non-carbon ions in electro-neutrality equation mole L− 1 

[Ani] Generic anion molar concentration mole L− 1 

[Cat] Generic cation molar concentration mole L− 1 

X Concentration of non lipidic microalgal biomass g L− 1 

[Cj] Molar concentration of jth nutrient in the medium, i.e., TIC, TIN, TIP mole L− 1 

f(S) Nutrient dependent kinetics of continuous cell growth/ 
g(Iav) Light dependent kinetics of continuous cell growth/ 
h(pH) pH dependent kinetics of continuous cell growth/ 
HCO2 Henry constant for the gas–liquid equilibrium of CO2/ 
Iav Average photosynthetically active radiation within the culture μE m− 2 s− 1 

I0 Incident photosynthetically active radiation μE m− 2 s− 1 

IKh Half saturation constant of light dependent kinetics μE m− 2 s− 1 

IKi Inhibition constant of light dependent kinetics μE m− 2 s− 1 

k0 Parameter of the pH dependent kinetics) hr− 1 
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k1 Parameter of the pH dependent kinetics hr− 1 

K1 Parameter of the pH dependent kinetics mole L− 1 

K1C Equilibrium constant, cf. Table 7 mole L− 1 

k2 Parameter of the pH dependent kinetics) hr− 1 

K2 Parameter of the pH dependent kinetics mole L− 1 

K2C Equilibrium constant, cf. Table 7 mole L− 1 

K′

C Equilibrium constant, cf. Table 7 L mole− 1 

K′′
C Equilibrium constant, cf. Table 7 L mole− 1 

Kj Half saturation constant of limiting substrate (j = TIC, TIN, TIP), Fig. (5) mole L− 1 

kL Gas–liquid mass transfer coefficient for CO2 m hr− 1 

KW Equilibrium constant for water dissociation mole L− 1 

MW Molecular weight g mole− 1 

Pair Inlet pressure of air Bar 
R Universal gas constant m3 bar K− 1 mol− 1 

t Time Min 
T Temperature K 
TIC Total inorganic carbon mole L− 1 

TIN Total inorganic nitrogen mole L− 1 

TIP Total inorganic phosphorus mole L− 1 

VR Photobioreactor volume m3 

Vg Gas phase volume m3 

VL Liquid volume m3 

x Molar fraction/ 
YAlk Alkalinity consumed/produced for unit weight of biomass produced mole g− 1 

YJ Yield of the jth limiting nutrient, j=TIC, TIN, TIP mole g− 1 

YL Rate of primary production of lipids/  

Greek letters 
αi Valence of the i-th anion / 
θ Function of light intensity / 
μmax Maximum specific growth rate hr− 1 

μd Mass loss rate hr− 1 

χ j Valence of the j-th cation / 
ϱ Cells density g L− 1 

τa Optical extinction coefficient for biomass, cf. Eq. (7) m2 g− 1 

ψ Function of pH and equilibrium constant, see Eq. (20) /  

Superscripts 
0 Initial conditions / 
f Feed value / 
g Gas-phase / 
L Liquid-phase /  

Subscripts 
ani Anionic species / 
av Average value / 
cat Cationic species / 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.actaastro.2023.01.027. 
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