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Hybrid life support systems combining physicochemical and biological subsystems are in 

great interest for the midterm future of manned spaceflight including extensive basic 

habitation LSS research on ground exploration missions on Moon and Mars. While many 

possible systems have been theorized and tested in lab conditions, no experiments on realistic 

system level have been performed in space. The DLR experiment PBR@LSR (Photobioreactor 

at the Life Support Rack) (former name PBR@ACLS) is set to give a first technology and 

performance demonstration on board the ISS in the U.S. module Destiny in 2018 by combining 

a microalgae driven photobioreactor with the carbon dioxide concentrator of ESA’s Advanced 

Closed Loop System built by Airbus DS. This paper focuses on cultivation aspects of the 

ongoing preparations for the flight experiment. These ground-based experiments include 

several experiment runs with the microalgae Chlorella vulgaris with durations up to 25 days 

in a complete closed loop photobioreactor prototype and additional small scale experiments 

for pre-cultivation storage and post cultivation control of the C. vulgaris suspension. The 

cultivation requires a sensitive setting of parameters to sustain an environment for microalgae 

growth such as illumination, nutrients, temperature, etc. to aim for long-term period 

cultivation of up to 180 days. The paper concludes with recommendations for PBR@LSR to 

enable an improved cultivation. 
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Nomenclature 

 

ACLS = advanced closed loop system 

CO2 = carbon dioxide 

DS = dry substance 

DSN = diluted seawater nitrogen medium 

EC = experiment compartment 

ETC = electron transport chain 

H2O = water 

IC = inhibitory concentration 

I/F = interface 

ISS =  international space station 

LCC = living cell count 

LEO = low earth orbit 

LSS = life support system 

NEO = near earth objects 

OD = optical density 

O2 = oxygen 

PBR = photo bioreactor 

PPFD = photosynthetically active photon flux density 

PTFE = polytetrafluorethylene 

RT = room temperature 

SN = supernatant 

T/C = thermal control 

TCC = total cell count 

µg = microgravity 

w/o = without 

 

I. Introduction/Motivation 

 

A. Life support systems - a hybrid approach 

 

 At the beginning of the 21st century, the International Space Station (ISS) provides a manned outpost in space. The 

next mission step after the ISS is the exploration of outer space1. Within the near future, interesting destinations for 

human space exploration beyond low earth orbit (LEO) include liberation points and near earth objects (NEO) which 

require self-sutstaining transfer vehicles operating for up to one year. Further future destinations towards the end of 

the first half of the 21st century include the Martian surface where not only a suitable transfer vehicle but also a surface 

habitat will be needed. Therefore, life support system (LSS) technologies which allow the reduction of system and 

essentially re-supply mass are required. Since self-

sufficient working LSS (bioregenerative LSS) are in 

far future, a hybride approach is planned for the 

synergetic integration of biotechnological 

subsystems in a physicochemical LSS. 

 The experiment “photobioreactor at life support 

rack” (“PBR@LSR”, formerly “PBR@ACLS”) 

addresses the combination of a µg adapted 

photobioreactor (PBR) and the carbon dioxide 

(CO2) concentrator of ESA’s physicochemical 

Advanced Closed Loop System (ACLS) built by 

Airbus DS, see Fig. 1. Surplus CO2 from the ACLS 

shall be delivered to the PBR via a physical interface 

(I/F) without disturbing ACLS performance. Within 

the PBR, the CO2 is converted into oxygen (O2) 

which (together with residual CO2) can be delivered 

 
Figure 1. Process schematic of the ACLS with the added 

PBR experiment, a hybrid system approach2. 
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to the cabin air. Hence, the O2 cycle of the ACLS 

can additionally be closed with surplus CO2, directly 

converted into O2 by photosynthesis of microalgae 

in a PBR, without passing the Sabatier processor and 

the electrolyzer. As a backup solution, CO2 from a 

buffer (bottle) shall be used if ALCS is not 

delivering CO2 for the PBR. The experimental setup 

is shown in Fig. 2. Core element of the experiment 

is the pump driven algae cultivation loop located 

within a gastight experiment compartment (EC). 

The EC provides the required cultivating conditions 

(e.g. illumination, thermal control (T/C), required 

gas atmosphere). Further information including 

technical structure and development of the µgPBR 

and the hybrid interface with the ACLS can be 

obtained in detail from2,3. 

 

 

B. Microalgae cultivation in space 

 Microalgae are uni- or multi-cellular, aquatic, eukaryotic microoganisms. For photoautotrophic growth, they 

conduct photosynthesis given by the top-level formula (1) of: 

 

6 CO2 + 12 H2O + ΔHhν → C6H12O6 + 6 H2O + 6 O2            (1) 

 

(where ΔHhν = 2870 kJ mol-1 glucose) 

 

which is a key ability for production of O2 and edible biomass (glucose, C6H12O6) from CO2 and water (H2O) in a LSS 

of a space station by using light energy. These days it is important to investigate the influence of the space environment 

including microgravity (µg) and cosmic radiation on microalgae as well as the efficient cultivation of microalgae in 

space environment in a so-called µg adapted photobioreactor (µgPBR) system.  

Compared with higher plants, microalgae have a higher harvest index (> 90%) and a five times higher biomass 

productivity at higher light exploitation (> 10%) and lower water demand4,5. Microalgae are a key factor and 

reasonable technological step from a state-of-the-art 

physicochemically based LSS to a hybrid LSS due to 

mass and energy savings6-9. Microalgal growth 

depends mainly on the choosen illumination strategy, 

availability of CO2 as well as inorganic nutrients. In 

principle, their cultivation can be conducted in batch 

or continuous mode. The controlled cultivation in a 

PBR requires a complex infrastructure consisting of 

illumination, nutrients supply, gas exchange, thermal 

control, media/solution control, harvesting and 

stowage/processing10. 

In addition to the technical realization of a 

sufficient cultivation environment, the choice of the 

microalgae species is crucial. Factors of interest are 

cell morphology, biomass composition, cell-cell 

interaction, photosynthetic performance (O2 synthesis 

rate), regeneration potential and genetic stability 

under space conditions. Unicellular or small colonies 

forming green algae meet the requirements for 

application in a LSS in space11,12. Since 2010, several algae species have been investigated at the IRS Stuttgart for 

usability in space applications, Chlorella vulgaris particularly showed very good results.  

 

 

 
Figure 2. Experimental setup of a µg PBR2. 

 

 
 

Figure 3.  Cultivation of Chlorella vulgaris at IRS. Stable 

semi-continuous growth pattern of C. vulgaris in non-

axenic culture. 
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C.  Chlorella vulgaris 

 

The eukaryotic green algae Chlorella vulgaris (Chlorophyta) is an immotile single cell organism of spherical shape 

with a diameter of 2-10 µm13-15. Depending on culture growth status and culture condition C. vulgaris can form small 

cell aggregate structures16. C. vulgaris shows a wide temperature and pH tolerance17-19 and grows within a wide range 

of CO2 concentrations20. By choosing a selective illumination strategy21 or by variation of medium composition22,23, 

the growth behavior and proliferation of C. vulgaris can be actively controlled. Due to high resistance to cross 

contamination the cultivation process can be performed in a non-axenic manner24. This is an important factor for a 

robust cultivation process serviced by the crew. Biomass from C. vulgaris is also a nutritive food source containing 

7.3% carbohydrates, 48.2% proteins and 15.9% fats with addition of several vitamins, minerals and polyunsaturated 

fatty acids25. A change in biomass composition due to a longterm cultivation process will not be expected25. Due to 

theoretical and experimental studies25-27, C. vulgaris (SAG 211-12) emerged to be a promising candidate for a long-

term cultivation experiment (> 180 d) on the ISS, see Fig. 3, a long-term cultivation at IRS in a flat plate airlift 

photobioreactor (Subitec®, Stuttgart, Germany). 

 

 

D.  Experiment mission profile 

 

The on-ground preparation, the cultivation of C. vulgaris in orbit and the safe termination of the experiment follow 

a dedicated mission profile as given in Fig. 4. The on-ground preparation includes the preparation of two packages to 

be launched: the first package contains the µgPBR system and further hardware equipment, the second package 

contains the inoculum from a terrestrial purified PBR (ref. section II A). Within a short period of time, the two 

packages are transported to the launch site and integrated on the launch rocket payload. After launch and arrival on 

ISS, the packages both have to be commissioned as soon as possible. Between Phase 1 (on-ground preparation) and 

Phase 4 (arrival on ISS) two weeks must be assumed. According to available crew time, the experiment can be started 

and the C. vulgaris culture of the second package is inoculated. The experiment duration of maximum 180 days begins 

(Phase 6). Culture growth is regulated by light intensity. The optical density (or cell density) is controlled by regular 

feeding and harvesting. The experiment is terminated by switching off the light and stopping circulation in the algae 

medium loop (Phase 7). Ensuring a safe state, the (non-axenic) algae suspension is treated with a neutralization 

solution (ref. section V). A temperature profile is also proposed in Fig. 4 for successful storage and operation. As a 

cool environment, 4 °C are taken as reference. Following sections describe preparatory experiments for the safe 

storage and transport of C.vulgaris to the ISS before inoculation, extracts of performed cultivation experiments in the 

 
 

Figure 4. Mission profile of experiment PBR@LSR. 
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µgPBR prototype as well as experiments for the control of non-axenic C. vulgaris suspensions post cultivation in the 

context of safety. 

 

II. Materials and methods 

 

A.  Microalgae strain and preculture cultivation in Subitec© flat panel photobioreactors  

 

 The microalge strain C. vulgaris (SAG 211-12) was obtained from the culture collection of algae at Goettingen 

University, Germany. The algal material was inoculated in modified diluted seawater nitrogen medium (DSN; pH 7)28. 

The cultivation of a non-axenic C. vulgaris preculture was conducted in a 5 L flat panel airlift photobioreactor (FPA-

PBR; Subitec®, Stuttgart, Germany) in “semi batch” mode at 27 (± 1) °C, with continuous illumination (mean 

photosynthetic active radiation (PAR) or photosynthetic photon flux density, PPFD = 350 µmol photons m-2 s-1) and 

[CO2] = 8 vol.-%. Algae suspensions required for experiments were taken during the (exponential) growth phase of 

the respective cultivation cycle. 

 

 

B.  Cultivation of C.vulgaris in µgPBR 

 

 Microalgae were cultivated in flat bed, meandering reactors, see Fig 5. The reactor chambers were sealed by a gas 

permeable polytetrafluorethylene-membrane (PTFE) that provides a sufficient gas transfer for O2 and CO2 between 

the liquid medium phase inside the reactor and the gaseous phase of the gas tight EC. The culture was circulated in a 

closed loop driven by a peristaltic pump. Pumping speed was set to 100-

300 ml min- 1. The interacton of flow speed and meander structure allowed a 

constant mixing of the culture resulting in a homogenious distribution of algae 

suspension and nutrients, also see Fig. 2 (experimental setup). Before inoculation, 

the EC was initially flushed with N2. A CO2 atmosphere consisting of 5-15 vol.-% 

(in N2) was established and macronutrients ([NH4
+] = 500 mg L-1; [PO4

3-] 

= 200 mg L-1) were added to the loop. Continous illumination was provided by LED 

Panels (red, blue; developed at IRS, Stuttgart, Germany). Illuimation intensity was 

set between 50-300 µmol photons m-2 s-1, depending on algal biomass concentration 

of the inoculum (DS =1-3 g L-1). Thermal control was set to 27 (± 1) °C. By using a 

ventilation system within the EC, an active convection was established to provide a 

good mass transfer/distribution to and from the gas exchange membrane.  

 

 

C.  Cell morphology and clustering, total cell count and vitality assay 

 

 Morphology of C.vulgaris single cells and cell clusters as well as other microorganisms were investigated by using 

a DM 750 light microscope (Leica Mikrosystems, Wetzlar, Germany) with magnification of 400 to 1000. Before 

counting, cells were standardized diluted to a concentration of biomass dry substance DS = 0.3 g L-1. Total cell couts 

(TCC) as well as living cell counts (LCC) were determined by using a Thoma hemacytometer according to 

manufactuer protocols (Brand GmbH, Wertheim, Germany). Cellular staining was performed by using Eosin Y 

disodium salt solution (10 mg/ml; Sigma-Aldrich, St. Louis, USA) according to a modified protocoll29. Eosin Y is 

able to penetrate porous cytoplasma membranes of heavily damaged or dead cells. The intracellular machinery of dead 

cells is not further able to degrade or remove the dye resulting in a selective red staining. Living cells remain unstained 

or green30. As a performance control, a thermal neutralized algae sample (80 °C for 10 min) was used. Current culture 

vitality was defined in Eq. 2: 

 

           Vitality = LCC / TCC * 100   [%]                   (2) 

 

 

 

 

 

 
 

Figure 5. µgPBR reactor 

chamber. 
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D.  Optical density and biomass concentration 

 

 Biomass concentration was indirectly detected by measurement of optical density at 750 nm and 680 nm (Hach 

spectrophotometer, DR 2800; Berlin, Germany). High concentrated samples were diluted with de-ionised H2O, if 

necessary. For determination of biomass dry substance optical densities (OD750 or OD680) of the respective sample 

were measured as dublicates, values were averaged. A defined suspension volume was centrifuged (4000 rpm for 

10 min) and the cell sediment was washed three times with de-ionised H2O. Cellular material was dried at 105 °C for 

24 h and the dry mass was weighted (Miosture analyzer, MB 50; PCE Instruments GmbH, Meschede, Germany). OD 

and DS were correlated by using Microsoft Excel, see Eq. 3 and Eq.4:  

 

            DS = 0.2312 x OD680    [g L-1]                    (3) 

 

            DS = 0.2886 x OD750   [g L-1]             (4) 

 

 For a clear determination of OD, culture homogeneity is required. Since Aug. 2015 a purified C. vulgaris culture 

could be cultivated without clustering (data not shown) to provide optimal culture start conditions for other cultivation 

experiments. 

 

 

E.  Macro nutrient concentration 

 

 For determination of macro nutrient concentration the cell suspension was centrifuged (4000 rpm, 4 min) and the 

supernatant (SN) was seperated. SN samples were prepared according to manufacturer protocols (Hach GmbH, Berlin, 

Germany) and ammonium (NH4
+) and phosphate (PO4

3-) concentrations were measured in test cuvettes (NH4
+ in LCK 

303 at 694 nm, PO4
3- in LCK 049 at 435 nm).  

 

 

F.  Gas concentration and gas transfer in µgPBR 

 

 Concentrations of O2 and CO2 were measured in the gaseous phase within the surrounding EC of the prototype 

µgPBR. For O2 measurement a FIGARO SK25F sensor (Figaro engineering group; Osaka, Japan) and for CO2 

measurement a COZIR GC-006 sensor (CO2 Meter, Inc.; Ormond Beach,USA) were used. Gas leakage rates for the 

EC were determined for both, O2 and CO2. By superposition of pre-determined leakage rates and conversion rates 

measured throughout the experiment, gas transfer rates could be calculated. The calculation was semi quantitative 

since the leakage rates may vary due to environmental conditions in the lab (e.g. ambient pressure, ambient 

temperature, relative humidity). 

 

 

G.  Dissolved O2 concentration 

 

 Dissolved oxygen was measured by fluorescence using an O2 sensor SP-PSt3-NAU-D5-YOP (Presens-Precision 

Sensing GmbH, Regensburg, Germany) and signal data was transformed by using Oxy-4 (Presens-Precision Sensing 

GmbH, Regensburg, Germany).  

 

 

H.  Revitalization of stored C.vulgaris culture samples 

 

 The productivity (= ability of reproduction) of C. vulgaris culture samples (e.g. after a storage period or chemical 

treatment) was investigated on the basis of culture revitalization. Treated algal samples were inoculated in Erlenmeyer 

flasks (50 ml modified DSN medium, incl. [NH4
+] = 300 mg L-1; [PO4

3-] = 200 mg L-1) with a start OD750 = 0.2. 

Microalgae were cultivated for 14 days at 150 rpm (Multitron Pro; Infors GmbH, Einsbach, Germany) and 

25 (± 0.2) °C with continuous illumination (mean PPFD = 35 µmol photons m-2 s-1; warm white metal halide lamp) 

and ambient CO2 level. Algal growth was determined at regular intervals by measurement of optical density at 750 nm. 
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J.  Bacterial staining 

 

 Bacteria were identified via Gram staining using the Gram staining kit HP02 (Carl Roth, Karlsruhe, Germany) 

according to manufacturer instructions. G+ bacteria were selectively stained by using carbolic gentian violet and G- 

bacteria by using carbolic fuchsin solution. 

 

 

III. Pre-launch storage of C. vulgaris inoculum units 

 
A successful cultivation of microalgae on board of ISS requires a safe pre-launch storage and transport of the 

C. vulgaris inoculum units from the terrestrial pre-culture PBR to the µg adapted PBR in orbit. Due to inoculation and 

culture adaption to the new PBR environment being very critical steps, a selection of parameters like storage time, 

temperature, cell density and putative additives can be optimized for successful inoculation and growth of microalgae 

in the µg PBR loop. Also the choice of a space qualified and biocompatible 

storage and transport container is of essential importance31. Hence, experiments 

concerning different temperature levels, optimal cell density as well as the effects 

of the additives as glucose and a complex antibiotic antimycotic solution were 

conducted. Evaluation criteria for a successful storage were the culture vitality 

or productivity. Unless otherwise indicated, given experiments were performed 

in triplicates. 

 

 

A.  Temperature 

 

 The abiotic factor temperature has a direct impact on the metabolic activity 

of all microorganisms, caused by enzymatic turnover32. To investigate the 

influence of heavily different temperatur levels on culture stability as well as 

growth conditions for contaminants during storage, two scenarios were defined. 

One fraction of a non axenic C. vulgaris culture (DS = 3 g L-1) was continuously 

stored at 4 (± 2) °C for 6+ weeks (“best case pre-inoculation storage condition”) 

and a second fraction at 22 (± 2) °C (room temperature, RT; “post cultivation 

storage condition”) without illumination. Samples were not moved within the 

storage period. Culture vitality was determind using Eosin Y staining. The 

cooled fraction (4 °C) showed no reduction of current culture vitality after 

storage. In contrast the vitality of  RT samples was reduced to 20 (± 5) %, see 

Fig. 6. Both fractions showed no change in pH level (pH 7) after the storage time.  

 Productivity was qualified by plating the respective resuspended cell 

suspensions on DSN-agar solid culture media (containing Glc = 100 mg). 

Samples were mixotrophic recultivated for 72 h at 22 (± 2) °C with 

PPFD = 40 µmol m-2 s-1. Revitalization of cooled samples was successful, RT 

samples could not grow on DSN medium indicating their loss of ability for reproduction after storage at RT (data not 

shown). Based on given data a long term storage of C.vulgaris at 4°C for 6+ weeks under preserving of culture 

productivity appears to be feasible.  

 

 

B.  Cell density or biomass concentration 

 

 The parameter cell density can have a significant influence on culture vitality or productivity of microalgae after 

storage33. To identifiy the optimal cell density for the storage of C. vulgaris (SAG 211-12), four culture fractions with 

different biomass concentrations were adjusted and continuously stored at 4 (± 2) °C for four weeks without 

illumination. DS range was chosen to reduce the volume of the inoculation units. Samples were taken once a week 

and productivity was determind by revitalization of the stored algal material and determination of OD at 750 nm 

according to section 2.8. Fig. 7 shows the growth pattern of revitalized C. vulgaris samples during the whole 

experiment time. Any taken algae sample could be revitalized. Due to the similar growth behaviour of the revitalized 

 
Figure 6. Dependency of 

storage temperature on 

culture vitality of C. vulgaris. 
Algae samples (DS = 3 g L-1) 

were continuously stored at 

4 (± 2) °C or room temper-ature 

(22 (± 2) °C) without illumine-

tion for 6+ weeks. N = 3. RT, 

room temperature. Determi-

nation of culture vita-lity via 

Eosin Y assay. 
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samples and the calculated standard deviations no 

significant differences due to storage DS could be 

observed. Given data shows that a cell density of 

10 g L-1 gives good results. Also the storage time of 

four weeks has no major influence on growth. As a 

result, the following experiment was performed with 

a suspension biomass concentration of 10 g L-1. 

 

 

C.  Storage additives 

 

The next step was the investigation of potential 

effects of the additives α-D-glucose (Glc) and a 

complex antibiotic antimycotic solution (Ab) on the 

productivity of C. vulgaris (SAG 211-12) after a 

storage time of 6+ weeks. Former results of other 

working groups showed that a medial carbon source 

like Glc should result in an enhancement of 

microalgal growth after revitalization, cf. 

heterotrophic or mixotrophic cultivation and biomass production34. The addition of Ab should inhibit growth of cross 

contaminations within the preserved non axenic C. vulgaris suspension during storage time resulting in a selective 

growth advantage for C.vulgaris after preservation. For the experiment a defined biomass concentration 

(DS = 10 mg L-1) was adjusted and three additive treatments were conducted: +Glc (10 mg L-1), +Ab (10ml/L algae 

suspension) and +Glc +Ab (same final concentrations). As a control, an untreated microalgae suspension was used. 

Fractions were stored at 4 °C without illumination. Samples from the stored fractions were taken after one week and 

productivity was determind by revitalization of the stored algal material. Fig. 8 shows the growth pattern of revitalized 

C. vulgaris samples after one week (Fig. 8 A) and 6 weeks (Fig. 8 B) of preservation. 

Given data shows that basically all preservation samples could be revitalized regardless of storage time. In 

comparison to the treated samples, the untreated sample (control, ctrl) showed an apparently higher productivity after 

each sampling time. Differences in the growth of triplicates for each sample created relativly high and overlapping 

standard deviations. Due to this the productivities of the respective storage samples could not be clearly distinguished 

nor be quantified. A successive effect on growth of revitalized samples after storage supplemented with Glc could 

also not be observed. In the same way the addition of Ab as well as the combined supplement of Glc and Ab did not 

seem to have a noticeable effect on the growth and productivity of C. vulgaris after revitalization. An inhibitory effect 

of Ab on the growth of bacteria, which could be cross cultivated, could not by verified in this series of experiements. 

A suitable method is presented in section V. In conclusion, a usage of additives for the storage of a non axenic 

C.vulgaris culture is not considered necessary. 

 
Figure 7: Revitalization efficiency of C. vulgaris in 

dependency of cell concentration and storage time. 

Algae samples (10 g L-1) were continuously stored at 4 °C 

without illumination for up to 4 weeks; N = 3. 

 
Figure 8. Dependency of storage additives and storage time on revitalization efficiency of C. vulgaris. 
Glucose (10 g L-1) and Ab (10 ml L-1 suspension) were added directly before storage start. Algae samples 

(DS =10 g L-1) were continuously stored at 4 °C without illumination; A: 1 week; B: 6 weeks. N = 3. Ab, complex 

antibiotic antimycotic solution; Ctrl, untreated sample; Glc, glucose. 

A B 
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IV. Cultivation of C. vulgaris in a µg adapted photobioreactor 

 

A.   From inhomogeneous to homogeneous cultivation in µgPBR 

 

 To verify the reactor design of the μgPBR prototype based on its functionality and to test the suitability for 

cultivation of C. vulgaris in a pumped meanderic reactor, 16 cultivation runs have been conducted with cultivation 

periods between 5 and 25 days. Before inoculation, the current culture vitality was determind with values between 94-

99 %. Microalgae growth (within the loop) and metabolic functionality were detected by measurement of DS (via OD 

at 680 nm), uptake of macronutrients as well as CO2 consumption and O2 production rates. Early experiment runs 

showed a rapid decline of the DS within the PBR loop after inoculation, see Fig. 9, A and B. 
 After inoculation a biomass concentration of DS = 1.4-1.5 g L-1 was equilibrated within the reactor loop. A few 

hours post inoculation a steep decrease of the biomass concentration level could be detected via sampling. The 

apparent loss of biomass can be explained by adhesion of single cells and cell agglomeration on the gas exchange 

membrane (closest location to illumination source) and the reactor chamber itself (optimal growth conditions within 

these areas). Sedimentation processes enhanced local accumulation of the algae cells. Nevertheless, a thin suspension 

flow through the PBR loop could be observed. After adaption of < 5 days to the cultivation environment (flow velocity, 

illumination), a low, but relatively constant DS of C. vulgaris through the whole experiment time was detected 

(measurement outside the PBR chamber). A partial mixture of the suspension as well as the supply of the microalgae 

with nutrients within the reactor chamber could be observed. The uptake of medial NH4
+ ( ca. 80-170 mg L-1 d-1) over 

almost the entire experiment time of max. 25 days correlates with the assumption of the stabilization of DS within the 

µgPBR, see Fig. 9 A and B. A continuous PO4
3- uptake over the entire experiment time could not be verified.  

 The partial immobilization of algae within the reactor chamber could be explained by formation of small cell 

aggregates (close after inoculation) and biofilm formation, especially on the gas exchange membrane, see Fig. 9 C. 

Apart from aggregation processes, the microalgae cells did not show any visible morphological damage which could 

be based on aggregation, adhesion processes or pump stress. Biochemical vitality assays showed that the culture was 

able to keep a continuous vitality of about 94 %. After completion of some experiment runs the PBR chambers were 

shaken to remove the biomass from the reactor chamber and gas transfer membrane. DS was then determined. Initial 

cell densities could be surpassed, cf. Fig. 9 B. Furthermore, it should be noticed that only a part of the immobilized 

biomass could be resuspended resulting in the assuption of a higher total DS (= biomass production). Below, the 

creation and maintainance of a homogeneous suspension within the µgPBR loop was the focus as basis for further 

cultivation experiments. 

 To get information about the steady growth of the microalgae culture within the PBR loop and to ensure a stable 

suspension flow, culture homogeneity must be ensured over the entire long-term cultivation time. An adaptation of 

the inoculation procedure should allow a homogeneous distribution of the microalgae within the loop. Therefore, the 

illumination conditions have been adjusted in regards to the respective cell density (30-50 µmol m-² s-1 OD680 to ensure 

adequate illumination). It could be observed that an instant change of the illumination source (e.g. change of warm 

white sodium lamp to red/blue LED panel) can lead to spontaneous aggregation of microalgae. Therefore, the 

inoculum was dark adapted before inoculation. This should result in the opening of all reaction centers of photosystem 

I and II35. By procedure adaption, a homogeneous algae distribution within the PBR loop could be established and 

held constant at DS = 2.2-2.75 g L-1 for the entire experiement time of 7 days, see Fig. 9 D. Microscopic investigation 

of the culture did confirm previous results, see Fig. 9 F. The constant consumption of ammonium (about 70-100 mg L-

1 d-1) and phosphate (about 75-175 mg L-1 d-1) also confirm previous results concerning maintainance and creation of 

biomass. 

Future experiments involving a stable homogenious long term cultivation of a non axenic C. vulgaris suspension 

in a µg adapted PBR will be conducted in a second generation µgPBR prototype. These shall include total cultivation 

periods up to 180 days. 

 



 

International Conference on Environmental Systems 
 

 

10 

 

  

 

     C          F  
Figure 9. Cultivation of C. vulgaris in µgPBR prototypes. A, B: cultivation up to 25 days, cells adherent in PBR 

chamber, The arrow indicates optical density after shaking of one µgPBR chamber; C: culture condition after 20 days 

in µgPBR (adherent culture after shaking of PBR chamber); D, E: stable homogeneous cultivation up to 8 days; F: 

culture condition after 8 days in µgPBR (homogenious culture).  

A D 

B E 
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B.       Estimation of gas conversion rates 

 

 The following section represents a first 

attempt towards the calculation of gas 

conversion rates. Since the EC of the first 

µgPBR prototype design is not completely 

gastight, leakage is not negligible and must 

therefore be considered. The consideration of 

leakage can only be done qualitatively since its 

effects vary with environmental conditions. 

Accurate conversion rates will be available with 

the second prototype design and a reduced 

leakage of two magnitudes3. 

 To estimate leakage, an experiment run was 

done pumping DSN instead of algae medium 

through the cultivation loop. After the initial 

flushing with nitrogen (N2), the CO2 atmosphere 

was established inside the EC. Due to leakage, 

the gas sensors registered a decrease in gaseous 

CO2 concentration and an increase in gaseous O2 

concentration. The sensor data was used for the 

estimation of analytical, exponential functions 

for the description of CO2 decrease and O2 

increase caused by leakage, in dependency of 

the respectively absolute gas concentration. By 

superposition of these functions with sensor data 

of real algae cultivating experiments, the 

influence of leakage could be deducted. Gas 

conversion rates (for O2 and CO2; Vgas) were 

calculated by      considering     the     volumetric    

gas  concentration changes (Δcgas, in vol.-%) 

during the experiment and multiplying it with 

the total EC gas volume (VEC), see Eq. 5.  

 

                 ���� = ∆���� ∙ �
�                                                         (5) 

 

Fig. 10 and 11 show the gas conversion rates of O2 and CO2 during experiment run 13 with and without (w/o) 

consideration of leakage. It can be seen that the experiment, done with the first breadboard design, is dominated by 

leakage. With the consideration of leakage, gas conversion rates can still be indicated qualitatively. 

 

 

V. Handling of a C. vulgaris culture post cultivation 

 
Since flight safety for the crew and their habitat, the ISS, is of highest value, safety is a major factor not only in the 

design of the experiment but also in its operation. Operational aspects include e.g. the hazard-free storage of 

microalgae and supplementary substances (like nutrients) during the whole experiment. Furthermore, the control of 

the microalgae suspension post cultivation is of major interest to avoid uncontrolled metabolic processes within the 

loop (e.g. bacterial fermentation) which could result in a pressure increase within the loop. A cultivation process as 

clean as possible will be preferred. Accidental introduction of other microorganisms (already present on the ISS “cross 

contaminants”, including other phototrophic microorganisms, bacteria, yeast or fungi) into the loop during the 

operation on ISS (e.g. by manual harvesting and feeding) can not be excluded. In practice some contamination caused 

by the handling of the experiment by the crew should be considered. Thus, after cultivation the inactivation or 

neutralization of all microorganisms must be ensured. In this section suitable basic components for a combined 

neutralization solution will be introduced. Several targets for active ingredients were defined and their efficiency was 

investigated in vitro.  

 

 
Figure 10. Gas conversion rates for O2. 

 
Figure 11. Gas conversion rates for CO2. 
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A.  DCMU 

 

For a specific inactivation of all photosynthetic 

microorganisms the herbicide Dichlorophenyl-

dimethylurea (DCMU) was used. DCMU blocks the 

plastoquinone binding site of Photosystem II (PSII) 

resulting in an interruption of the electron transfer 

from PSII to PSI36. As a result DCMU reduces the 

ability of the phototrophic organisms to turn light 

energy into chemical energy, like creation of 

andenosin triphosphate (ATP) and reduction of 

nicotinamide adenine dinucleotide phosphate 

(NADP+) to NADPH, needed for Glc creation in the 

Calvin cycle36. To confirm inhibitory concentration 

(IC) values from the literature37, an photosynthetic 

performance assay was conducted.   

A previously dark adapted C. vulgaris suspension 

(DS = 3 g L-1) was continuously mixed and 

illuminated with red/blue LED panels (PPFD = 30-

60 µmol m-2 L-1) in a test cell (Fig. 12). Dissolved O2 

was measured through the entire experiment time. 

Due to re-illumination, the photosynthetic apparatus 

was reactivated resulting an increase of dissolved O2. 

After equilibration of dissolved O2, the suspension 

was treated with DCMU (≥ IC50 = 7 µM). The instant 

decrease in dissolved O2 could be explained by the blockage of PS II in association with cellular respiration of the 

algal cells. Given results did confirm DCMU inhibits PS processes after treatment. 

 

 

B.  Antimycin A 

 

Antimycin A was choosen to inactivate metabolic cellular respiration processes of all heterotrophic 

microorganisms which could be cross 

cultivated in a non axenic C. vulgaris 

suspension. Antimycin A binds to the 

multi protein complex III of the 

respiratory chain to interrupt electron 

transfer from coenzyme Q to 

cytochrome c resulting in a 

permanent reduction of complex III 

components. Following that sections 

of complex IV remain oxidized (no 

binding of O2) and chemical energy 

production (ATP)  in complex V will 

finally be inhibited38. 

To investigate the inhibitory 

effect of Antimycin A, C. vulgaris 

suspensions (DS = 3 g L-1) were 

incubated with different Antimycin A 

concentrations (2.5-50 µg mL-1) for 

several days. Culture vitality was 

determind via an Eosin Y assay. 

According to the respective 

Antimycin A concentrations the 

highest concentrated working 

 
Fig. 13. Inhibition of respiratory chain of C. vulgaris by using 

Antimycin A. A: Influence of different Antimycin A concentrations 

(2.5 - 50 µg mL-1) on C. vulgaris culture vitalities, N = 3;  

B: Neutralization efficiency based on incubation time. Normalization to 

untreated sample. T= 22 (±2) °C.  

 
Figure 12. Inhibition of photosynthetic activity of 

C. vulgaris by DCMU. Evolution of dissolved O2 of a dark 

adapted C.vulgaris culture before and after DCMU 

treatment (≥ IC50 = 7 µM) with T = 20 (± 2) °C and 

PPFD = 30 - 60 µmol m-2 L-1; N = 8. 

A 

B 
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solutions (final conc. 25 and 50 µg mL-1) were able to inactivate C. vulgaris significantly within 92 h. An inactivation 

of 100 % of algal cells could be observed after 288 h (Fig. 13 A).  To identify the neutralization efficiency of the 

analysed Antimycin A concentrations, the dead cell count (100 – LCC [%]) at two incubation times (192 h and 288h) 

are shown in Fig. 13 B. Based on the model organism C. vulgaris, the effeciancy of Antimycin A could be 

quantitatively evaluated. 

 

 

C.  Complex antibiotic antimycotic solution 

 

 The cultivation process as well as the storage of a non axenic C. vulgaris culture could support bacterial growth. 

In terms of flight safety, non cooled samples could be endangered due to potential bacterial fermentation processes. 

To get a realistic impression of bacterial species, which could growth in a non-axenic C. vulgaris culture, several 

C. vulgaris samples were stored for 30 days at 23 (±2) °C without illumination. After sedimentation, the supernatant 

was collected and the bacteria were qualitatively detected. SN samples were checked for absence of algae cells. 

According to the Gram staining, mainly G+ bacteria were cross cultivated (Fig. 14 A). A minor number of G- bacteria 

were also detected (not shown). To qualify the inhibitory effect of the chosen complex antibiotic antimycotic solution 

(Ab), SN samples were incubated with Ab (initial addition of 10 ml L-1 SN) for several days at 23 (±2) °C without 

illumination. As a medial carbon source Glc (50 mg L-1) was added. Growth was detected by OD measurement at 

750 nm. Untreated cells showed an increase of OD = 0.3 within 6 days. The growth of the treated samples was 

inhibited for min. 6 days (Fig. 14 B). 

 

A    B  

Figure 14. Bacterial growth in non-axenic C.vulgaris cultures. A: Gram staining of supernatant of a non-axenic 

C. vulgaris suspension, stored for 30 days at 23 (± 2) °C. B: Inhibition of bacterial growth in supernatant by 

antibiotic antimycotic solution (Ab, 10 ml L-1), N = 3.  

VI. Conclusions and Outlook 

 

 The long-term cultivation on-board the ISS offers the great opportunity to investigate the growth behaviour and 

metabolic performance of the microalgae C. vulgaris (SAG 211-12) under realistic operating conditions in earth orbit. 

By using CO2 provided by the ACLS the µgPBR will be able to produce O2 and algal biomass.  

 Before inoculation, the pre-launch storage and transport conditions were investigated resulting in initial settings 

for the stable transport and inoculation of C.vulgaris. Furthermore, storage experiments comfirmed the robustness of 

C. vulgaris cells. Experiments on specific temperature settings for launch scenarios are on-going.  

 In more than 16 cultivation runs the functionality of the first generation µgPBR prototype was shown. Microalgae 

growth and metabolic functionality were detected, as indicated by the uptake of macronutrients as well as CO2 

consumption and O2 production rates. In particular, the maintainance of a homogeneuous algae distribution within the 

µgPBR loop seems to be the key factor for stable longterm cultivation. Based on current results, homogenous 

cultivation runs have to be validated and total cultivation periods of future experiments have to be extended up to 180 

days. Feeding and harvesting procedures will be established and tested. A first attempt towards the estimation of gas 

conversion rates was introduced. With the improved second µgPBR prototype design, leakage will not be a dominant 

20 µm 
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factor anymore. Hence, a quantitative description of gas conversion rates will be possible. Further informations 

concerning developments in µgPBR design are given in the references3. 

 After the cultivation process on ISS, the non-axenic microalgae suspension has to be brought into “save mode” 

including the avoidance of gas creation (e.g. by fermentation). Basic active substances for a neutralization of all cells 

post cultivation were successfully tested. Further experiments within the closed loop of the µgPBR are on-going. 

By a return of selected algae suspension samples (harvested at several time points through the whole experiment 

period up to 180 days and stored in a suitable preservation agent) and sequencing of the isolated genetic material, 

possible changes in the genome of C. vulgaris by µg and cosmic radiation can be investigated in the future, including 

possible effects on photosynthesis associated genes. Regarding its genetic stability, C. vulgaris will be finally 

evaluated for its permanent application as a biological component in a hybrid life support system. 
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