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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• C.vulgaris successfully grow in alginate 
beads for space-oriented cultivation.

• A bead-to-volume ratio (1:1) lead to a 
biomass productivity of 0.240  g/(L⋅d).

• Protein 18–24%, lipids 27–32%, and 
carbohydrates 11–12% on DW basis.

• Simple harvesting, reducing energy and 
resource demand.
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A B S T R A C T

As space missions extend in duration and distance, there is an increasing need for autonomous life-support 
systems capable of recycling resources and producing essential compounds in situ. In this context, alginate- 
entrapped microalgae were used to assess growth under reduced liquid conditions, testing two different 
beads-to-volume ratios (1:1 and 1:2). In batch cultures conducted in flasks without aeration, the immobilized 
microalgae using HEPES-Acetate-Phosphate (HAP) medium reached a maximum dry weight (DW) of 
0.93 ± 0.03 g/L and 33.65 ± 1.19 x 106 cells/mL in the 1:2 configuration, compared to 1.01 ± 0.02 g/L and 
37.44 ± 1.56 x 106 cells/mL in suspension. Biomass productivity peaked at 404 mg/(L⋅d) for suspension and 
240 mg/(L⋅d) for 1:2 immobilized cultures. Biochemical analysis of immobilized biomass revealed high nutri
tional value, with up to 32.5 % DW lipids, 23.6 % DW proteins, and 12.5 % DW carbohydrates. In the pre- 
prototype column reactor with medium recirculation and air bubbling, microalgae showed lower productivity 
than in batch tests indicating the need for further optimization of process configuration. Immobilized Chlorella 
vulgaris offers a trade-off between reduced productivity and engineering advantages, such as ease of recovery, 
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and suitability for automated, closed-loop bioregenerative in space life-support systems as well as for terrestrial 
application.

1. Introduction

Scientific and technological progress has enabled humanity to 
consider longer and more complex space missions (Smith et al., 2022). 
However, the major constraint of space exploration is the need to 
maintain an Earth-based resupply missions for essential resources such 
as food, oxygen, and water, as well as for waste management (Klopotic 
et al., 2023). This dependency significantly increases mission costs and 
imposes a distance limit on exploration. Notably, the cost of transporting 
materials to space remains over $10,000 per kg (Volpin et al., 2020). To 
reduce this dependence, researchers are advancing Life Support Systems 
(LSS) capable of sustaining human life in-situ. Bioregenerative life sup
port systems (BLSS) aim to create a closed-loop environment in which 
plant-growing modules, microbial bioreactors, and advanced environ
mental control systems regenerate essential resources, such as oxygen, 
water, and food (De Micco et al., 2023). Different projects (e.g. 
MELISSA, PBR@LSR, BIOS-I, and BIOS-III) have focused on these sys
tems through Earth-based simulations and experiments on the Interna
tional Space Station (ISS), but the development of efficient and reliable 
BLSS remains a key challenge (Santomartino et al., 2023, Fahrion et al. 
2021).

In this context, microalgae have emerged as a promising component 
for BLSS due to their ability to efficiently convert CO2 into oxygen, 
recycle nutrients, and provide nutrient-rich biomass. Recent work by 
Revellame et al. (2024) demonstrates that microalgae can outperform 
higher plants in BLSS for biomass yield, illumination, water demand, 
and can grow even on waste streams. Chlorella spp., in particular, are 
attractive because of their robust growth, high photosynthetic effi
ciency, and nutritional value, including proteins (40–60 % of dry 
weight), lipids (5–20 %, rich in polyunsaturated and omega-3), carbo
hydrates, vitamins (A, B-complex, C, E) and minerals (Ca, Mg, K, Zn) 
(Canelli et al., 2021; Mendes et al., 2024). Studies have also shown their 
adaptability to microgravity and spaceflight environments, reinforcing 
their relevance for future missions (Santomartino et al., 2023; Wang 
et al., 2024; Cycil et al., 2021). However, conventional suspended 
cultivation methods remain resource-intensive, requiring large amounts 
of water and nutrients, and involve a complex, high-cost harvesting 
process, that can account for 20–30 % of total production costs (Moreno- 
Garrido, 2008; Han et al., 2023). Bioreactor design optimization, as 
demonstrated by Fahrion et al. (2021), is essential to address gas–liquid 
exchange and light penetration limitations in space-based algal culti
vation. Microalgae immobilization offers an alternative approach that 
can enhance biomass recovery and stability, while potentially reducing 
the need for complex mixing and harvesting systems (Hu et al., 2021).

Immobilization can be classified into two main categories: i) passive, 
as biofilm-based, and ii) active, as with polymer matrix (Moreno-Gar
rido, 2008). For this last method, various immobilization matrices have 
been explored, including: i) polysaccharide gels (such as alginates, agar, 
carrageenan, chitosan and poly galacturonic acid), and ii) polymeric 
materials (such as gelatin, collagen, and polyvinyl alcohol) (Han et al., 
2023). Among these, alginate-based matrices have been widely studied 
due to their mild gelation process, cost-effectiveness, transparency, and 
high biocompatibility (Bauer et al., 2020; Han et al., 2023). Alginate, 
derived from brown algae, is an unbranched binary copolymer of 1–4 
linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) (Bauer et al., 
2020; Gomez et al., 2009). The varying proportion of G-G blocks, G-M 
blocks, and M− M blocks determine the polymer’s physiochemical 
properties (Han et al., 2023). Bivalent ions, such as Ca2+, are commonly 
used to crosslink alginate by binding to its guluronic acid blocks, 
forming a stable “egg-box” structure. This mild gelation process occurs 
at room temperature, minimizing stress on microalgae cells (Cao et al., 

2020). Liu et al. (2024) have shown that novel hydrogel scaffold designs 
can increase yield per water unit by nearly 9-fold in microalgae cultures, 
addressing one of the key resource constraints. Despite these advan
tages, immobilization techniques still face important challenges, 
including mass transfer limitations, bead stability and reusability, cell 
leakage, and light penetration (Bauer et al., 2020; Han et al., 2023). 
Most immobilization studies have focused on wastewater treatment, 
while few have investigated its potential for biomass growth and 
bioactive compounds production (Bauer et al., 2020; Han et al., 2023).

Despite its potential, limited research has optimized immobilized 
microalgae cultures for enhanced growth and biomass productivity for 
space life support. In particular there is limited knowledge of how 
immobilization in alginate matrix influence growth dynamics, biomass 
yield and biochemical composition of microalgae. To address this gap, in 
this study, we present a novel approach by cultivating Chlorella vulgaris 
immobilized in calcium alginate beads under mixotrophic conditions. 
Unlike most immobilization studies that employ photoautotrophic 
metabolism and suspended culture for space application, we deliber
ately used another type of microalgae metabolism and a reduced liquid 
volume, mimicking the resource constraints of BLSS and aiming to 
minimize water use while facilitating downstream harvesting more 
easily separated compared to suspended cultures, reducing the need for 
energy-intensive harvesting processes. Furthermore, we assessed not 
only bead morphology and cell viability but also growth parameters, 
biomass yield, and biochemical composition, starting from controlled 
batch flask to a pre-prototype photobioreactor system. By integrating 
mixotrophic metabolism with immobilization in a resource-efficient 
setup, our work provides new insights into optimizing microalgal pro
ductivity for closed-loop space life support systems.

2. Materials & methods

2.1. Microorganism and culture medium

The axenic culture of microalgae Chlorella vulgaris NIES-224 was 
obtained from the culture collection of INRAE-LBE (Narbonne, France) 
on an agar plate in a HEPES-Acetate-Phosphate (HAP) medium. The 
culture was maintained on this synthetic medium following the method 
described by (Lacroux et al., 2021).

The pre-culture was maintained in an orbital shaker (150 rpm), 
under constant illumination provided by a 4000 K white LED at 
80 µmol/(m2⋅s). The temperature was controlled at 30 ◦C in a thermo
static chamber (Pol-Eko, Poland). After the 4 days of cultivation, during 
the exponential growth phase, algal cells were harvested by centrifu
gation at 3900 rpm for 5 min. The pellet was washed and resuspended in 
sterile deionized water, resulting in a concentrated algal suspension to 
use for inoculating the tests.

All chemicals were purchased from Sigma Aldrich (USA).

2.2. Microalgae immobilization on alginate beads

The microalgae C. vulgaris was immobilized in alginate beads using 
the ionotropic gelation method, where CaCl2 was used as a cross-linker 
(Naskar et al., 2024). The procedure described by (Cao et al., 2020) was 
followed with some modifications, namely changes in crosslinking time 
and microalgae concentration.

Sodium alginate was dissolved in the medium at pH 7 to prepare a 
2 % (w/v) solution. A 1.5 mL aliquot of algal suspension was mixed with 
the alginate solution to obtain a final OD750 = 0.1 and an inoculum-to- 
medium ratio of 10 μL/mL. The resulting solution was dropped into a 
2 % (w/v) CaCl2 solution to form Ca-alginate beads (~5 mm diameter) 
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using a peristaltic pump (flow rate: 24 mL/min). After 1 h of crosslinking 
reaction, the beads were thoroughly washed with distilled water and 
then used for the tests. All procedures were performed under sterile 
conditions in a laminar flow hood. The same procedure was repeated to 
obtain an alginate solution with distilled water as control. The different 
immobilization configurations and the respective labels are reported in 
Table 1.

2.3. Analysis for beads characterization

2.3.1. Morphology characterization
The microalgae-immobilized alginate beads were analysed for 

morphological and dimensional characteristics using the open-source 
software ImageJ®. Digital images of the beads were captured against 
a contrasting background, with a ruler included for calibration, using a 
digital camera (Aguirre Calvo and Santagapita, 2016; Ciarleglio et al., 
2023). Circularity, roundness, solidity and aspect ratio (AR) were 
determined as indicators of particle roundness (Vetrano et al., 2023). 
Feret’s diameter (or maximum caliper length) that is the longest dis
tance between two parallel tangents on opposite sides of an object, were 
also determined. If the object is a circle, the Feret’s diameter is equal to 
the diameter of the circle. These main parameters were analyzed for at 
least 10 beads.

In addition, scanning electron microscopy (SEM − Hitachi TM 3000 
Tabletop), was performed on freeze-dried beads to investigate the sur
face morphology, as well as the medium and microalgae distribution 
throughout the bead matrix. Beads were fixed to the SEM holder using 
double-sided adhesive tape and coated with a thin metal layer. Mea
surements were conducted at different magnification and at an accel
eration voltage of 15.00 kV.

2.3.2. Water content and swelling behaviour
The total water content (WC, %) of the beads was determined 

gravimetrically as reported by (Zazzali et al., 2019). The swelling 
behaviour was calculated as reported by Vetrano et al. (2023) with some 
modifications: the alginate beads were immersed in the growth medium 
and kept on an orbital shaker (150 rpm). All the measurement was 
performed on ten beads.

2.3.3. Diffusion preliminary assessment using bromothymol blue
The diffusion of small molecules and nutrients from the medium in 

alginate beads matrix was preliminary evaluated using the pH indicator 
bromothymol blue. Beads were prepared by dissolving 2 % (w/v) algi
nate in distilled water with the addition of bromothymol blue and 
dropped in a CaCl2 (2 % (w/v)) solution. The prepared beads were 
immersed in a NaOH (pH 10) and in a HCl (pH 3) solutions. The diffu
sion rate was assessed by measuring the time required to detect the 

colour change in the pH-indicator inside the alginate matrix and reach 
equilibrium.

2.3.4. Mechanical properties
The mechanical strength was evaluated by a compression test at 

25 ◦C according to the methodology adopted from de Jesus et al. (2019)
with some modifications (TA.XT Plus Unit Texture Analyzer, Stable 
Micro System Ltd., Godalming, UK). The distance between the probe (P/ 
36R cylinder probe, diameter 36 mm) and the flat plate was adjusted to 
10 mm. The force (N) at 50 % compression was used as an index of the 
specimen resistance or hardness. Each sample was tested with 10 
replicates.

2.4. Culture conditions of immobilized Chlorella vulgaris

Immobilized microalgae were batch-cultured in 300 mL flasks with a 
working volume of 150 mL using HAP as the growth medium for mix
otrophic metabolism (HAP-MA-1:1 and HAP-MA-1:2). Two different 
volumetric beads-to-medium ratios (1:1 and 1:2) were tested for 7 days 
with periodic sampling under reduced free liquid volume conditions for 
potential use in space applications. Algae beads were kept in suspension 
using an orbital shaker set at 150 rpm. Batch cultures in suspension 
mode served as controls. The culture conditions for all the tests were the 
same as those used for inoculum preparation. If necessary, the pH was 
adjusted to 7 using an 1 M HCl solution. All the tests were performed in 
triplicate. Beads were observed under optical microscopy at each sam
pling from their cross-section. At the end of the test, microalgae biomass 
was recovered for further analysis (biomass composition).

2.5. Pre-prototype culture conditions of immobilized Chlorella vulgaris

The same culture conditions used for the batch tests were applied in a 
pre-prototype column reactor (Fig. 1) with medium recirculation 
(24 mL/min) and air bubbling from the bottom through a sintered glass 
filter (160–250 μm of porosity). Air bubbling was used to ensure proper 
mixing of the medium and beads inside the reactor. The pre-prototype 
reactor was made of transparent glass with a height of about 30 cm 
and external diameter of 5 cm. Growth and nutrient consumption were 
monitored over 7-days test period with daily sampling. The tests were 
labelled as C-HAP-MA-1:1 and C-HAP-MA-1:2.

2.6. Analysis of growth parameters

Microalgae growth in immobilized culture was quantified by 
measuring the optical density at 750 nm (OD750) using a UV–Vis spec
trophotometer (ONDA Spectrophotometer UV–vis 31 Scan). The wave
length of 750 nm was chosen to minimize pigment interference (Griffiths 
et al., 2011). Before measurements, the microalgae beads were dissolved 
in a 0.5 M trisodium citrate (Na3C6H5O7) solution (Murujew et al., 
2021). Algae beads (1 g, ≈13 beads) were added to 4 mL of the citrate 
solution and stirred for 20–30 min. As a blank, alginate beads without 
microalgae were used. To determine the dry weight (DW, g/L) and cell 
count (CC, x106 cells/mL) were used the calibration curves from the 
suspended biomass test. Dry weight and biomass productivity (Pb, mg/ 
(L⋅d)) was determined as reported by (Fuad et al., 2021).

Microalgae cell density was determined as reported by (Pastore et al., 
2018). All the measurements were done in duplicate 1–2 times per day, 
depending on the growth phase. The correlation equations were: 

DW = 0.2701 × OD750,R2 = 0.997 (1) 

CC = 9.7638 × OD750,R2 = 0.994 (2) 

2.6.1. Nutrients in the cultivation media
The analysis of carbon and nitrogen source consumption was moni

tored in the liquid phase after filtration with a 0.22 µm cellulose acetate 

Table 1 
Description of tests labels used in this study.

Test ID Reactor type Beads-to-medium 
volume ratio

HAP-MA- 
1:1

Flask 1:1

HAP-MA- 
1:2

Flask 1:2

C-HAP- 
MA-1:1

Pre-prototype column reactor with 
recirculation and aeration.

1:1

C-HAP- 
MA-1:2

Pre-prototype column reactor with 
recirculation and aeration.

1:2

Bead ID Medium Microalgae
AB-H2O Distilled water No
AB-H2O- 

MA
Distilled water Yes

AB-HAP HAP medium No
AB-HAP- 

MA
HAP medium Yes
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filter. The remaining concentration of acetic acid in the cultivation 
media was measured using an HPLC (Agilent Technologies 1100 series, 
Santa Clara, CA, USA) column Acclaim™ Organic Acid 5 µm 4x150 mm 
with a mobile phase of methanesulphonic acid 2.5 mM and acetonitrile 
at a flow rate of 1 mL/min. The residual ammoniacal nitrogen was 
measured using an ion selective electrode-ISE (HI4101, HANNA 
Instruments-USA) with a PTFE membrane permeable to NH3 gaseous. 
The nutrient removal rate (NRE) was calculated by Eq. (3): 

NRE(%) =
Xi − Xf

Xi
× 100 (3) 

where Xf and Xi are the concentration of acetic acid or N-NH4
+ (mg/L) at 

the end and at the start of the test, respectively.

2.6.2. Biomass characterization
At the end of the test, microalgae biomass was harvested by dis

solving the beads in a 0.5 M sodium citrate solution at a 1:4 ratio, fol
lowed by centrifugation at 9000 rpm for 5 min, and then lyophilized for 
the determination of biomass composition. Lipid content was quantified 
using the sulfo-phospho-vanillin method as reported by (Lacroux et al., 
2021). The proteins quantification was determined using the Bradford’s 
method and phenol–sulfuric acid for carbohydrates analysis were con
ducted following the methods of Andreeva et al. (2021).

2.7. Statistical analysis

Data analyses were performed using RStudio programme (version 

4.4.2, R Foundation for Statistical Computing) and data were reported as 
means ± standard deviation (SD). Data were analysed using Student’s t- 
test to determine any statistical difference. The significance was deter
mined at the 95 % confidence level (p < 0.05).

3. Results & Discussion

3.1. Beads formation and crosslinking

Beads formation through the extrusion dripping method of alginate 
into CaCl2 solution occurred due to ionotropic gelation between divalent 
calcium ions (Ca2+) and the negative charged carboxylate group of 
alginate polymer (Banerjee et al., 2019). Particularly, at a pH higher 
than the pKa of mannuronic (3.65) and glucuronic (3.38) acids, as in the 
case of this study where the alginate solution had a pH of 7, the car
boxylic acid groups (–COOH) are deprotonated and negatively charge 
(Naskar et al., 2024). As previously described alginate beads crosslink 
via the egg-box structure, which affect porosity and stability (Bajpai and 
Sharma, 2004). Crosslinking occurs rapidly at the outermost layer in 
direct contact with the CaCl2 solution, while it proceeds more slowly in 
the inner layers of the bead (Hu et al., 2021). Regarding microalgae, 
they are physically entrapped within the polymer matrix. At neutral pH, 
the microalgae surface had a negative zeta potential (− 18 mV) due to 
the presence of functional groups such as carboxylic, sulphate, phos
phate, amine groups. This could result in electrostatic repulsion between 
microalgae and the negative charged functional groups of the alginate 
polymer (Procházková et al., 2012). The structural stability and the 

Fig. 1. A) pre-prototype column reactor scheme for microalgae alginate beads growth, and b) pre-prototype in thermostatic chamber used for the tests in lab.
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physical entrapment of microalgae through the matrix is particularly 
relevant for BLSS application, where beads integrity and stability are 
crucial to optimize the system performance. For this reason, the initial 
part of this study focused primarily on determining the most important 
characteristics of alginate beads.

3.2. Beads characterization

Alginate beads (AB-HAP-MA) were analysed through image software 
both after their production by the extrusion dripping method (0 h), and 
again after 67 and 163 h of testing. As control, the samples AB-HAP, AB- 
H2O, and AB-H2O-MA, were analysed. The size and morphological 
characterization of the beads are crucial as they can influence physico
chemical properties, such as nutrient exchange for microalgae growth 
(Aguirre Calvo and Santagapita, 2016). Evaluating the sphericity of 
alginate beads is a key parameter for ensuring their long-term stability, 
especially for their use in long-term space missions. In fact, Lee et al. 
(2013) reported that non-spherical beads exhibit reduced gel strength 
and stability compared to spherical ones. The data of the different 
analysed parameters by digital image processing techniques have been 
reported in Table 2.

No significant difference (p > 0.05) was observed independently of 
microalgae presence or medium used for the parameters of circularity, 
roundness, solidity and aspect ratio (AR) and Feret diameter. This in
dicates that the alginate beads maintain their nearly spherical shape, 
with values of these parameters close to 1. Similarly, in the study by (de 
Jesus et al., 2019), the entrapment of microalgae did not affect the 
spherical shape of the beads. Maintaining sphericity ensures predictable 
nutrient diffusion and uniform growth of microalgae, an advantage for 
scale-up in reactors. Spherical bead formation depends on several fac
tors like alginate viscosity, surface tension, tip size, and dripping dis
tance, which affect droplet stability (Ciarleglio et al., 2023). Masoomi 
Dezfooli et al. (2022) reported that a 2 % (w/v) alginate solution at 
26 ◦C has a viscosity of 930  mPa⋅s, aligning with the experimental 
conditions of this study of a 2 % (w/v) alginate solution at 25 ◦C and a 
9  cm dripping height, which yielded stable spherical beads. The drip
ping height used in this study fits within the effective range of 3–270  cm 
identified by (Lee et al., 2013) for medium-viscosity alginate. The use of 
experimental conditions that allow obtaining beads with a spherical 
geometry, such as those adopted in this study, allows for an improve
ment in the stability of the spheres and better handling. For microalgae 
immobilization, bead morphology, as size, influences also nutrient and 
gas diffusion (De Jesus et al., 2019). In this study, was use “macrobeads” 
with a reproducible diameter of 5 mm to facilitate an easy harvesting 
and handling, serving as a compromise despite the potential limitation 
in nutrient diffusion.

A further morphological analysis regarded the acquisition of SEM 
images to examine both the external surface morphology (500x 
magnification) and to highlight the immobilization of microalgae within 
the polymer matrix (1.8Kx magnification). As shown in Fig. 2b, the 
lower magnification images reveal the overall structure of the beads 
with the salts medium distribution. Contrarily, the Fig. 2a shows the 
smooth surface of the alginate beads produced without growth medium 

using distilled water. The homogeneous distribution of salts throughout 
the polymer matrix is essential for the sustenance of microalgal growth 
within the matrix. Successful physical encapsulation of microalgae is 
evident in the higher magnification image (Fig. 2c) where the alginate 
network forms a 3-D scaffolds that entraps and spatially distributes the 
microalgae through the matrix.

The water content (WC) in the bead is influenced by the syneresis 
process during the formation of the alginate gel network and the water 
exchange across the bead boundaries due to osmotic effects (Zazzali 
et al., 2019). Understanding the WC in alginate beads and the role of the 
medium used in their preparation is essential, considering the significant 
impact of water on beads stability, and on the mass transfer capacity due 
to the porosity and tortuosity (Aguirre Calvo and Santagapita, 2016; 
Kashima and Imai, 2017; Yoshida and Kashima, 2025). The WC content 
was tested after their preparation in four different samples using water 
or growth medium in the alginate solution and with or without micro
algae. No significant difference (p > 0.05) were observed among the 
samples, with all the beads exhibiting a water content of around 95 %, 
indicating a higher water content. The obtained value is slightly lower 
than those reported by Ciarleglio et al. (2023) and Aguirre Calvo and 
Santagapita (2016) in a range between 96 and 98 % using similar 
experimental conditions of alginate, CaCl2 concentration and tempera
ture. So, the low WC% content suggest a tighter structure probably due 
to high guluronic content into alginate polymer used (Kashima and Imai, 
2012). This network has low porosity but high tortuosity thus mass 
transfer could be slower (Yoshida et al., 2025). The moderate swelling 
ratio of 55–65 % is consistent with this interpretation: although the 
beads are highly hydrated, the tighter network limits additional water 
uptake. The alginate beads containing HAP medium without microalgae 
exhibit higher swelling ratio (SR%) of 65 %. This result is consistent with 
the medium composition, as this mechanism is pH and Na+ dependent as 
explained by (Malektaj et al., 2023) and (Matyash et al., 2014). Inter
estingly, HAP beads loaded with microalgae have a significantly lower 
swelling degree (56 %) than those without microalgae (p < 0.05, t-test), 
with values similar to those of beads prepared using water (55 %). The 
lower degree in water-prepared beads may be attributed to the absence 
of Na+ in the preparation solution (Bajpai and Sharma, 2004). The 
compressive resistance measurements, of approximately 1.04 ± 0.05 N 
showed no significant differences (p > 0.05) among beads prepared with 
water or growth medium. The physical properties of alginate beads are 
largely affected by characteristics such as molar mass, G/M blocks ratio, 
polymer concentration, and the type and concentration of the cross
linking agent (de Jesus et al., 2019). In the study by de Jesus et al. 
(2019), the mechanical properties of alginate beads obtained under 
similar condition (2)% (w/v)) of alginate and 2 % (w/v) CaCl2 were also 
tested, comparing the strength of the beads with and without micro
algae. As in this study, they found no significant difference with the 
addition of microalgae to the polymer matrix. The mechanical property 
was examined considering potential applications in a space environ
ment, particularly in a column reactor for the production astronaut’s 
nutraceutical diet addition. This is important because it indicates the 
susceptibility of the beads to different environments, transportation in 
fluids, and exposure to shear or normal forces (Zazzali et al., 2019).

Table 2 
Different morphological parameters analysed by digital image processing.

Sample Time (h) Circularity Roundness Solidity AR Feret

AB-HAP 0 0.90 ± 0.01 0.95 ± 0.02 0.97 ± 0.01 1.05 ± 0.02 0.49 ± 0.02
AB-H2O 0.90 ± 0.01 0.94 ± 0.02 0.97 ± 0.01 1.06 ± 0.02 0.49 ± 0.02
AB-HAP-MA 0.90 ± 0.02 0.95 ± 0.04 0.96 ± 0.02 1.05 ± 0.04 0.52 ± 0.02
AB-H2O-MA 0.89 ± 0.02 0.94 ± 0.03 0.98 ± 0.01 1.07 ± 0.04 0.51 0.01
AB-HAP-MA 67 0.86 ± 0.05 0.96 ± 0.02 0.97 ± 0.02 1.04 ± 0.02 0.51 ± 0.03
AB-HAP-MA 163 0.89 ± 0.02 0.97 ± 0.01 0.98 ± 0.01 1.04 ± 0.02 0.51 ± 0.02

*AB-HAP-MA: alginate beads produced using microalgae growth medium with entrapped microalgae; AB-HAP: alginate beads produced using microalgae growth 
medium without microalgae; AB-H2O-MA: alginate beads produced using water with entrapped microalgae; AB-H2O: alginate beads produced using water without 
microalgae; each point average (n = 10).
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The effective diffusion coefficient (DHAeff) was estimated using the 
approach reported in (Baldo et al., 2024; Souza et al., 2024) which is 
based on the use of a platinum microelectrode and by chro
noamperometry as discussed in details (see supplementary materials). 
The best fitting of experimental values and the theoretical equation 
provided DHAeff = 2.4 x10-10 m2/s. This value was also confirmed by 
using steady-state voltammetry (Baldo et al., 2024) and the limiting 
current (Il) given by the following equation: 

Il = 4nFrDHAeffCHA (4) 

where n is the number of electrons involved, F is the Faraday constant, r 
is the radius of microelctrode, DHAeff and CHA are the diffusion co
efficients and concentrations of acetic acid species, respectively. The 
experimental limiting current provided Il = 4.52 x 10-9 A provided 
2.3x10-10 m2/s, which compares well with that obtained by chro
noamperometry. In addition, DHAeff found here also compare with those 
reported in the literature for similar sized molecules in alginate gels (e.g. 
urea) (Kashima and Imai, 2012). However, the value found in alginate 
for acetic acid is lower than that reported in water solution (0.95 x 10-8 

m2/s) (Baldo et al., 2024). This reduction can be attributed to the 
relatively tight polymer network, smaller pores, increasing tortuosity 
and obstruction that decrease mobility of the species. The diffusion 
properties of alginate beads were evaluated also using the pH indicator 
bromothymol blue to assess the transport of acetic acid through of the 
matrix. Bromothymol blue, a pH-sensitive dye, exhibits a colour shift 
based on the pH environment (Rungsima et al., 2021). Moreover, unlike 
other dyes, is a low molecular weight molecule (624 Da) and is un
charged, so its diffusion is not influenced by any interactions with the 
charged groups present in the alginate structure, making it a suitable 
indicator for visualizing diffusion (Fig. 3) within the beads (Neves et al., 

2024).The beads, immersed at first in a solution (KOH 3 M, pH 10) and 
then in an acidic solution (Acetic acid 20 mM, pH 3.78), were observed 
over time (Fig. 3a). The colour change at a specific time reflects how far 
CH3COOH diffuses through the polymer matrix.

The colour shift of a cross-section was analysed at ImageJ program 
after 30 min to estimate the radius of acetic acid penetration during time 
and compare with the electrochemical data for a further confirmation 
(Fig. 3b). The colour-front analysis revealed that after 30 min the acetic 
acid was diffused throught the matrix at 1.06 ± 0.08 mm confirmed by 
the theoretical estimation using DHAeff (≈1.2 mm). The permeation 
process is influenced by factors such as bead porosity, crosslinking 
density, and the presence of other components that may alter the in
ternal structure of the hydrogel network. A faster diffusion rate suggests 
a more open structure with lower crosslinking, whereas slower diffusion 
indicates a denser network with restricted molecular mobility (Privman 
et al., 2016). Understanding the diffusion behaviour of alginate beads is 
essential for optimizing their applications in bioreactors, and other 
biotechnological processes. In this study, the pH of the alginate solution 
for microalgae growth was set to 7, which is higher than the pKa values 
of the two monomers of the alginate polymer chains. At this pH, the 
–COOH functional groups are in their anionic form (–COO–), enabling 
them to attract positively charged species such as NH4

+, thereby facili
tating their absorption into the matrix. Conversely, phosphate ions 
(PO4

3–) can interact with the Ca2+ ions (Banerjee et al., 2019). Consid
ering the importance of nitrogen for microalgal growth, the diffusion 
coefficient of this nutrient in the form of NH4

+ was also estimated using 
bulk-uptake measurements and modelling based on fitting the diffusion 
series equation as discussed in details (see supplementary materials). 
The effective diffusion coefficient of ammonium (DNH4eff) in the alginate 
matrix was estimated to be approximately (1.2 ± 0.78) x10-10 m2/s, 

Fig. 2. A) 500x magnification surface structure of alginate bead without growth medium, b) with growth medium and c) microalgae encapsulation into the algi
nate matrix.

Fig. 3. A) scheme of diffusion through alginate beads, and b) alginate beads colour change at different sampling time.
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which is similarly about one order of magnitude lower than its value in 
aqueous solution (Stefan-Kharicha et al., 2018). This result also in
dicates that diffusion of ammonium is hindered within the alginate 
network, consistent with the observations for acetic acid.

Therefore, from the perspective of immobilized microalgae growth 
in a BLSS system, it is an interesting result for long-term applications 
that microalgae are able to grow in the matrix even when nutrient 
diffusion coefficients for compounds such as acetic acid and nitrogen are 
lower than in aqueous solution, and that the addition of microalgae does 
not compromise the matrix stability during the growth period.

3.3. Growth of immobilized microalgae Chlorella vulgaris

The growth profile of Chlorella vulgaris was analysed under sus
pended (as control) and immobilized conditions over 160 h (Fig. 4). The 
increase in OD750 confirms active photosynthesis, as explained by pre
vious studies (Banerjee et al., 2019; Tam & Wong, 2000). In contrast to 
suspended biomass, the HAP-MA-1:1 and HAP-MA-1:2 immobilized 
cultures did not exhibit an initial lag phase consistent with literature for 
similar systems (de Barcellos et al., 2024).

The suspended culture reached the highest growth (OD750 = 3.6) 
within 72 h before entering the stationary phase. In contrast, immobi
lized cultures grew more slowly with the 1:2 beads-to-volume condition 
achieving a higher OD750 (2.7) than the 1:1 condition (2.2) at 160 h. The 
immobilized microalgae demonstrated continuous growth even after the 
initial exponential phase, likely due to progressive colony expansion 
within the alginate matrix (Fig. 5).

The reduced growth in the 1:1 condition could be attributed to self- 
shading and insufficient aeration among beads, as previously reported 
by Tam and Wong (2000). Cross-section analysis of the beads revealed 
single cell at the start (green arrows) after their inoculation, followed by 
colony formation over time (red and blue arrows). Consistently with 
previous studies (Moreno-Garrido, 2008) as colonies densify from 72 to 
157 h, nutrient diffusion and light penetration gradually became 
limiting, explaining slower overall productivity relative to suspension 
cultures. In particular, the difference from the suspension culture could 
be attributed to the lower diffusion coefficients of acetic acid and 
ammonium within the alginate matrix. Nonetheless, the uniform dis
tribution of the microalgae colonies suggests that there is a homoge
neous diffusion of nutrient and light through the beads.

This growth pattern highlights both the advantages and limitation of 
immobilization. On one hand, the efficacy of the immobilization system 

on microalgae growth. On the other hand, as colonies become denser, 
diffusion of nutrients and light penetration are progressively limited, 
which may explain the slower overall productivity compared to sus
pended cultures. Optimizing bead size, porosity, and reactor hydrody
namics could mitigate these diffusion constraints while retaining the 
harvesting benefits of immobilization.

Biomass accumulation, expressed as dry weight (DW) and cell con
centration (CC) (Table 3), mirrored this trend, confirming that lower 
bead density enhances light penetration and nutrient diffusion, pro
moting higher productivity.

Although growth and productivity were lower than in suspended 
cultures, immobilization offers operational advantages such as simpli
fied harvesting and enhanced culture stability. This trade-off is partic
ularly relevant for BLSS, where efficient resource recovery may 
outweigh the maximization of short-term productivity. The specific 
growth rate (μ) of immobilized cultures were lower (1.0–1.1 d-1) than 
that of suspended biomass (1.7 d-1), representing a ≈35 % reduction in 
growth kinetics due to immobilization. This result is consistent with 
previous observations for other green microalgae species (Benasla and 
Hausler, 2018). Productivity followed the same trend: 
suspended > HAP-MA-1:2 > HAP-MA-1:1, confirming that lower bead 
density mitigates diffusion and shading limitations. In particular, our 
mixotrophic immobilized system achieved productivity comparable to 
photoautotrophic immobilized cultures reported in literature 
(0.19–0.25 g/(L⋅d)), highlighting the suitability of mixotrophy under 
resource-limited conditions relevant to space habitats (Benasla and 
Hausler, 2018; Moreno-Garrido, 2008).

While most studies on immobilization focus on photoautotrophic 
growth, our mixotrophic setup achieved comparable productivity, 
demonstrating its potential in the suitability of this approach under 
resource-limited conditions representative of space habitats. Overall, 
while immobilization did not maximize initial productivity, it provides a 
more sustainable strategy by facilitating harvesting, reducing water 
demand, and promoting culture stability. These features make immo
bilized cultivation a promising candidate for integration into future 
BLSS, especially when long-term robustness and process simplicity are 
prioritized.

Lyophilized biomass harvested at the end of the test was analyzed to 
determine their nutritional composition (Table 4).

Protein content (18–24 % DW) was lower than values typically re
ported for free-living C. vulgaris under photoautotrophic conditions 
(40–60 %), likely due to partial nitrogen limitation within the bead 
matrix and the immobilization-induced stress. In contrast, lipid content 
(27–33 % DW) exceeds typical ranges (5–20 %) and may reflect stress- 
related lipid accumulation often observed in immobilized or nutrient- 
limited microalgae (Canelli et al., 2021; Mendes et al., 2024). Carbo
hydrate content remained within the expected range (~11–12 % DW), 
suggesting that energy storage was maintained despite growth con
straints. The differences between HAP-MA-1:1 and HAP-MA-1:2 biomass 
composition emphasizes the importance of optimizing bead density for 
both growth and biomass composition in BLSS applications. Despite 
compositional variations, the immobilized biomass retained essential 
nutritional quality: proteins for astronaut nutrition, lipids for energy and 
essential fatty acids, and carbohydrates for energy storage. These find
ings support the integration of immobilized, mixotrophic C. vulgaris into 
space-based life support systems, where balancing productivity, nutrient 
density, and harvesting efficiency is crucial.

3.4. Pre-prototype culture conditions of immobilized Chlorella vulgaris

The pre-prototype column reactor was operated under the same 
culture conditions as the batch assays (Section 3.3), but with air 
bubbling (0.038 % CO2) from the base to maintain beads in suspension 
and medium recirculation. The initial cell concentration inside the beads 
was approximately 1 x 106 cells/mL. As reported by Moreno-Garrido 
(2008), this parameter strongly influences final biomass yield in 

Fig. 4. Growth curve of microalgae immobilized in alginate beads at two 
different beads-to-volume ratios (1:1 and 1:2, n = 3), and suspended biomass 
growth curve as control (n = 3).
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immobilized cultures due to colony-based growth dynamics. The growth 
profiles in the column reactor (Fig. 6a) was like those obtained in batch 
tests (Section 3.3), showing no evident lag phase and rapid exponential 
growth, which confirms that the immobilization and bead formation 
process (Sections 3.1–3.2) did not harm cell viability. As observed pre
viously (Section 3.3), the 1:1 beads-to-volume ratio resulted in slightly 
lower final OD750 than the 1:2 ratio, likely due to higher bead density 
causing light attenuation and nutrient limitation. A lower diffusion co
efficient (Section 3.2) and higher beads-to-volume ratio magnify the 
growth constraints in the reactor with a different mixing mode and 
nutrient diffusion.

Results reported in Table 5 showed that using a column reactor with 

a higher beads density (C-HAP-1:1) reduces the microalgae biomass 
production due to light shading or nutrient limitation diffusion. Biomass 
productivity in the pre-prototype reactor (45–47 mg L–1 d–1) was 
considerably lower than that achieved in flask cultures (199–241 mg L–1 

d–1). This decline is mainly attributed to light shading and diffusion 
constraints typical of immobilized systems. The comparison between 
flask test (Sections 3.3, HAP-MA-1:2 and HAP-MA-1:1) and pre- 
prototype test (Section 3.4, C-HAP-1:2 and C-HAP-1:1) thus highlights 
the scale-dependent effects of light path and hydrodynamics on immo
bilized microalgae growth. Future improvements in reactor geometry 
and internal illumination could mitigate these losses. This reduction can 
be also attributed to mass-transfer limitations, consistent with the tight 
polymer network and tortuous diffusion pathways identified in bead- 
characterization experiments (Section 3.2). The connection between 
the material properties (dense, low-porosity matrix) and reactor per
formance highlights the importance of tailoring bead composition and 
crosslinking degree for large-scale applications.

Since there is no significant difference (p > 0.05) between the two 
beads-to-volume ratios tested, and considering the need to optimize 

Fig. 5. Microalgae beads section over time: single colony (green arrow), growing colony (red arrow) and aggregated colony at the end of the experiment 
(black arrow).

Table 3 
Dry weight (DW) and cell concentration (CC) at the end of the tests of immo
bilized microalgae, and suspended biomass, as control.

Parameters Suspended biomass HAP-MA-1:1 HAP-MA-1:2

DW(g/L)* 1.01 ± 0.02 0.77 ± 0.01 0.93 ± 0.03
CC (x106 cells/mL)* 37.44 ± 1.56 27.73 ± 0.33 33.65 ± 1.19
μ (d-1) 1.7 ± 0.04 1.0 ± 0.04 1.1 ± 0.03
Pb (mg/(L⋅d)) 404 ± 0.1 199 ± 0.4 241 ± 0.2

* derived from correlation curves OD750-to-DW and OD750-to-CC (n = 3).

Table 4 
Biomass composition of microalgae immobilized into alginate beads and grown 
under two different beads-to-volume ratios, 1:1 and 1:2.

HAP-MA-1:1 HAP-MA-1:2

Proteins (% DW) 23.65 ± 2.32 18.55 ± 1.58
Lipids (% DW) 32.55 ± 8.12 27.49 ± 2.45
Carbohydrates (% DW) 11.51 ± 0.51 12.48 ± 2.10

Fig. 6. A) growth curve of microalgae alginate beads at two different beads-to-volume ratios using the pre-prototype column reactor with medium recirculation 
(n = 2); b) Acetic acid consumption for the 1:1 sphere-to-medium ratio using water to create the alginate beads (n = 2).

Table 5 
Culture parameters and biomass composition of the tests conducted on the pre- 
prototype reactor.

Parameters C-HAP-MA-1:2 C-HAP-MA-1:1

DW(g/L) 0.200 ± 0.01 0.177 ± 0.03
CC (x106 cells/mL) 7.22 ± 0.33 6.40 ± 1.19
μ (d-1) 0.726 ± 0.01 0.732 ± 0.1
Pb (mg/(L⋅d)) 45.49 ± 0.01 47.00 ± 0.03
Proteins (% DW) 11.74 ± 0.01 10.28 ± 0.01
Lipids (% DW) 25.96 ± 0.01 18.84 ± 0.01
Carbohydrates (% DW) 10.64 ± 0.01 9.17 ± 0.01
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resources use in a space-based environment, the 1:1 ratio was selected 
for the following tests.

Additionally, with the same objective in mind, it was decided to test 
the beads made with alginate dispersed into distilled water instead of 
growth medium. As shown in Fig. 6b, growth was higher in this case 
likely due to an ionic competition from the medium components during 
the bead formation process. This observation aligns with the physico
chemical results from Section 3.1, where ionic components in the 
growth medium (notably phosphate) were shown to interact with Ca2+

ions, forming calcium phosphate precipitates that alter bead porosity. 
Such ionic interference likely reduced crosslinking homogeneity and 
hindered nutrient diffusion, supporting the improved performance of 
water-based beads (Banerjee et al., 2019).

In Fig. 6b is also reported the consumption over the time of the 
carbon source as acetic acid. From the graph, it is evident that the 
highest rate of acetic acid consumption occurred during the exponential 
phase of the growth curve, indicating active metabolization of the 
organic carbon source by microalgae (Lacroux et al., 2021). At the end of 
the test, after 163 h, the acetic acid was completely used, corresponding 
to a removal efficiency of 100 %. In beads made using medium con
taining acetate, external acetate levels remained unchanged, suggesting 
that cells primarily utilized acetate trapped within the matrix. The 
amount of acetate available in a 350  mL volume at a concentration of 
1.2  g/L corresponds to 0.42  g. In the case of beads produced using 
medium containing acetate, the total biomass produced (0.172  g) is 
consistent with the theoretical yield based on the acetate present within 
the beads. This behaviour confirms the limited mass transfer across the 
bead boundary described in Section 3.2 and demonstrates how internal 
nutrient availability can support growth under immobilized conditions.

Regarding ammonium removal efficiencies (79–85 %) were compa
rable across all conditions (no significant differences, p > 0.05) con
firming that immobilization did not significantly affect nitrogen 
assimilation. However, the reduced protein content in the biomass 
(Table 6) suggests localized nitrogen limitation inside the beads. This 
phenomenon, also discussed in Section 3.3, likely drives the observed 
lipid accumulation (19–26 % DW) due to nitrogen starvation, consistent 
with Canelli et al. (2021).

The biochemical composition of C. vulgaris immobilized in alginate 
beads matrix, cultivated in the pre-prototype column reactor and re
ported in Table 6 showed no significant difference between the two 
conditions tested of beads-to-volume ratio.

As reported by literature (Canelli et al., 2021; Spínola et al., 2023), 
the protein content obtained in this study was lower than those obtained 
in literature that is in a range of 14–65 % depending on cultivation 
conditions. Reduced protein levels may limit the use of immobilized 
biomass as a primary protein source in astronaut diets. At the same time, 
lipids content was higher than those reported in the literature (5–20 %). 
The higher lipid fraction enhances the energy density and may provide 
essential fatty acids critical for human health in closed habitats. Prob
ably, the lower protein content and the higher lipids content is related to 
a local nitrogen starvation due to the microalgae immobilization into the 
alginate matrix. The carbohydrate content is within the expected range 
in a level that are typical for C. vulgaris and contribute to its energy 
content. Based on biochemical composition (11 % protein, 19 % lipids, 
10 % carbohydrates, DW basis), the estimated energy value of the 
biomass is ~ 255 kcal/100 g DW. At the end, the results from Sections 
3.3 and 3.4 demonstrate that immobilization in alginate beads maintains 
robust metabolic activity across scales, but also shifts macronutrient 
allocation toward lipid accumulation due to localized nitrogen gradi
ents. These findings suggest that while immobilization facilitates 
handling and harvesting, it also alters biomass composition in ways that 
must be considered for nutritional planning in BLSS. Future optimiza
tion of bead formulation, aeration, and nutrient delivery could help 
rebalance protein and lipid levels to better meet both life-support and 
dietary requirements.

4. Conclusions

This study shows that Chlorella vulgaris immobilized in calcium 
alginate beads can be effectively cultivated under controlled conditions, 
making it suitable for bioregenerative life support systems. Although 
immobilization reduces productivity compared to suspension cultures, it 
offers advantages such as structural stability, easy biomass recovery, 
lower contamination risk, reduced free-liquid volume, and compatibility 
with automation. Bead preparation using distilled water instead of 
growth medium further decreases resource demand. These features 
support the development of sustainable closed-loop systems for space 
habitats. Future research should address long-term cultivation stability, 
reactor integration, and validation under space-analog conditions.
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