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Abstract: Cyanobacteria are promising organisms for the sustainable production of various biotech-
nological interesting products. Due to their energy production via photosynthesis, the cultivation
of cyanobacteria expands the CO2 cycle. Most cyanobacteria form biofilms on surfaces in their
natural environment by surrounding the cells with a self-produced matrix of extracellular polymeric
substances (EPS) that hold the cells together. These special growth properties need special reac-
tors for cultivation. By immobilizing cyanobacteria on carriers, systems currently established in
industry could also be used for biofilm formers. Various artificial carriers for immobilized growth
of cyanobacteria and microalgae have already been described in the literature. However, the use
of waste materials or natural biodegradable carriers would be more sustainable and is, therefore,
the focus of this study. Dried Luffa cylindrica, zeolite, and corn stalks were investigated for their
use as carriers for cyanobacteria. L. cylindrica was shown to be an excellent natural carrier for
(i) Anabaena cylindrica, (ii) Nostoc muscorum 1453-12a, and (iii) Nostoc muscorum 1453-12b. Higher or
at least similar growth rates were achieved when cyanobacteria were cultivated with L. cylindrica
compared to submerged cultivation. Additionally, the production of EPS and C-phycocyanin was
increased at least 1.4 fold in all strains by culturing on L. cylindrica. The improved growth could be
explained on the one hand by the high surface area of L. cylindrica and its properties, and, on the
other hand, by the release of growth-promoting nutrients from L. cylindrica to the medium.
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1. Introduction

Cyanobacteria are among the oldest organisms on earth and are particularly known
for their oxygenic photosynthesis [1]. These Gram-negative bacteria with photosynthetic
activity can convert CO2 and water into organic compounds under the influence of light
and produce oxygen as a by-product. They occur in nature both aquatically in freshwater
or marine ecosystems and terrestrially on soils or even on rocks and tree trunks. Thereby,
cyanobacteria colonize many ecological niches due to their adaptability to extreme environ-
mental conditions [2]. Cyanobacteria are widely used in various fields, such as the food
industry, biofuel production due to their high lipid content, and medical applications due
to their antibacterial secondary metabolites [3–5]. More information about the biotechno-
logical application of cyanobacteria is summarized, for example, by Carpine et al. 2021 [6],
Żymańczyk-Duda et al. 2022 [7], Pagels et al. 2021 [8] and Khalifa et al. 2021 [9].

On an industrial scale, aquatic cyanobacteria, which achieve good productivity sub-
mersed, are mostly used. However, most cyanobacteria grow in their natural form as a
biofilm surrounded by a self-produced matrix of extracellular polymeric substances (EPS)
on surfaces and often show poorer growth rates in classical submerged systems such as
open ponds or closed tubular systems [10]. To improve growth, special biofilm photobiore-
actors that mimic the natural habitat of different strains have been increasingly developed
in recent years and are summarized by Ennaceri et al. [11]. Another approach is to use
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existing photobioreactor systems and provide the cyanobacteria with a surface in the form
of different carriers.

Cyanobacteria offer promising biotechnological products [12] but grow very slowly
compared to industrially used strains such as Escherichia coli or Bacillus subtilis. However,
cyanobacteria offer the advantage of expanding the CO2 cycle due to their energy produc-
tion via photosynthesis, thus counteracting the ongoing climate change. Furthermore, they
do not require an additional sugar source, which means that no plate-tank problem arises.
The plate-tank problem means that the sugars can be used as a food source for humanity
and not for cultivating the bacteria. In addition, biofilm-forming cyanobacteria are very
tolerant of fluctuating cultivation conditions [13], which means that close monitoring and
control of the processes is not necessary in every case, which, in turn, can save energy
and thus CO2. Overall, the cultivation of cyanobacteria is therefore sustainable. To main-
tain this aspect of sustainability, the carriers used for the cultivation of biofilm-forming
cyanobacteria in submerged systems should also be biodegradable and thus sustainable. So
far, various materials have been successfully used as carriers for immobilized cultivation
of cyanobacteria such as fibers and fabrics [14,15], open-cell foams such as polyurethane
(PUR) [16,17], or high-density polyethylene (HDPE) [18]. Plastics are always problematic if
a product is to be produced sustainably. Furthermore, if the plastic is to be reused, recovery
is costly and professional disposal is necessary. This study aims to find new biodegradable
carriers for the cultivation of cyanobacteria and to overcome these problems. The advan-
tages of biodegradable carriers are for instance the production of natural fertilizer in the
form of biodegradable carriers overgrown with cyanobacteria. It would also be conceivable
to use the overgrown carriers directly as animal feed. But also, the processing of biomass
can be simplified by using natural materials as carriers. Thus, harvesting (in comparison
to plastic carriers) is simplified and the potential products can be isolated directly from
the carriers since no harmful substances are contained in them. Furthermore, the produc-
tion of carriers should not be complicated like the production of fibers and fabrics. For
this reason, the influence of different natural, biodegradable carriers on biofilm-forming
cyanobacteria (terrestrial strains Nosotc muscorum 1453-12a and 1453-12b, as well as aquatic
strain Anabaena cylindrica) is investigated in this work, which would also be transferable to
an industrial scale. The use of cyanobacteria on an industrial scale allows the development
of new sustainable production organisms that simultaneously expand the CO2 cycle leach
and thus counteract climate change.

2. Materials and Methods
2.1. Pre-Culture

The strains (Anabaena cylindrica 1403-2, Nostoc muscorum 1453-12a and Nostoc muscorum
1453-12b) were ordered at the Culture Collection of Algae at the University of Göttingen,
Göttingen, Germany (SAG). Pre-cultures were cultivated for 14 days in an illuminated
shaking incubator (Multitron S-000115689, Infors HT, Bottmingen, Switzerland) at 120
rpm with 2.5 cm eccentricity using 250 mL Erlenmeyer flasks without baffles containing
50 mL of standard BG11 medium [19]. A constant temperature (30 ◦C) and illumination
(140 µmolphotonsm−2s−1) were set. Every four weeks, the biomass was centrifuged to change
the medium, and 50 mL of new BG11 medium was added. For harvesting of pre-cultures,
the cell suspension was transferred into a 50 mL plastic reaction vessel and centrifuged for
15 min at 8000× g (centrifuge 383 K, Hermle Labortechnik GmbH, Wehingen, Germany). The
supernatant was discarded, and the biomass pellet was used for further experiments.

2.2. Cultivation of Cyanobacteria on Various Carrier

Next, 100 mL Erlenmeyer flasks were filled to approximately 25 mL with the different
carriers used (corn stalk pieces of 1 cm3, dried Luffa cylindrica pieces of 1 cm3, zeolite with a
particle size of 1–2.5 mm (CAS: 1318-02-1, Merck, Darmstadt, Germany) and 3D-printed
Luffa). The 3D-printed Luffa pieces were SLS printed based on a µCT scan of a 1 cm3 Luffa
piece and are made of PA12 (nylon). The 3D-printed Luffas have the following properties:
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porosity, Vvoid/Vges = 0.56 (Vsolid = 2245 mm3); surface area, 5622 mm2; and specific surface
area, 1105 m2/m3. For cultivations 1 g L. cylindrica, 6 g zeolite, 10 g corn stalk, and 6 g
(5 pieces) 3D-printed Luffa. All carriers were sterilized by autoclaving. Following this, the
Erlenmeyer flasks were filled with 50 mL BG11 and inoculated with approximately 0.2 g
of Nostoc muscorum 1453-12a cell wet weight (CWW). Cultivation was carried out over a
cultivation period of 14 days in a shaking incubator at 30 ◦C and 120 rpm. Illumination
was continuous at a light intensity of 140 µmolphotonsm2s−1. After 14 days, the supernatant
and the overgrown surfaces were each transferred to a 50 mL plastic reaction tube, and the
biomass growing at the flask edge was transferred to a 2 mL plastic reaction tube. The wet
biomass was then lyophilized (LOC-1M Alpha 2-4, Christ, Osterode, Germany) for 24 h at
−20 ◦C and 1 mbar to determine the cell dry weight (CDW). The overgrown carriers were
dried at 80 ◦C in a drying oven (VT 5050 EKP, Haraeus Holding GmbH, Hanau, Germany).
Thereafter, the fraction of cells that grew immobilized on the carrier, in the supernatant, and
on the flask wall were determined gravimetrically. Since the salt of the BG11 medium also
influences the masses of the individual components, three Erlenmeyer flasks were filled
only with BG11 medium and the corresponding carrier (n = 3). After 14 days of cultivation,
the carrier and the supernatant were treated the same way as the other Erlenmeyer flasks
to determine the impact of salt on the weight of the carrier.

2.3. Determination of Released Growth-Promoting Substances by Luffa cylindrica

The aim was to investigate whether L. cylindrica releases growth-promoting substances
into the medium. For this purpose, L. cylindrica was first ground using a coffee grinder (type
364 NIVONA Apperete GmbH, Nuremberg, Germany). The resulting powdery material
was weighed in a fine balance and transferred to a 50 mL plastic reaction tube. It was then
made up with ultrapure water until a concentration of 20 and 40 g L−1, respectively, was
reached in each plastic reaction tube. The plastic reaction tubes were then placed in an
overhead shaker (Intellimixer, Neolab, Heidelberg, Germany) and incubated for 24 h at
room temperature. This was followed by centrifugation (Rotina 48 R, Hermle AG Hettich,
Gosheim, Germany) at 4000 rpm for 30 min. After decantation, the supernatants were used
to prepare BG11 medium instead of using ultrapure water as usual.

2.4. Cultivation of N. muscorum 1453-12a in BG11 and BG11 with Soaked L. cylindrica

N. muscorum 143-12a was cultivated with BG11 medium and with the BG11 medium to
which the supernatant of the soaked L. cylindrica was added (BG11 medium + Luffa extract)
to investigate the influence of potential growth-promoting substances from L. cylindrica on
the growth of cyanobacteria. Then, 50 mL of each medium was inoculated with 0.1 g of
N. muscorum 1453-12a CWW. Cultivation was carried out in 250 mL Erlenmeyer flasks over
a cultivation period of 14 days in a shaking incubator at 30 ◦C and 120 rpm. Illumination
was continuous at a light intensity of 140 µmolphotonsm2s−1.

2.5. Determination of CDW, EPS, Phycobiliproteins, and Pigments

A physical method modified according to Stiefelmaier and Strieth [20] was used to
extract the EPS from the CWW. First, 5 mL of pre-heated (55 ◦C) deionized water was
added to CWW in a 50 mL plastic reaction tube and incubated for 30 min at 55 ◦C in an
overhead shaker (Intellimixer, Neolab, Heidelberg, Germany). The suspension was then
treated in an ultrasonic bath (Sonorex Digiplus, Bandelin, Berlin, Germany) for 10 min
at 20 ◦C and an ultrasound intensity of 100 W and was then centrifuged at 4000 rpm for
15 min to isolate the supernatant, which contained the dissolved EPS. The supernatant
was transferred to a new 50 mL plastic reaction tube. Both, the supernatant and the CWW
pellet were lyophilized at 20 ◦C and 1 mbar for 48 h in a freeze dryer. The mass of the
obtained EPS and CDW were determined gravimetrically. The CDW was used for extraction
of chlorophyll-a, carotenoids, and the phycobiliproteins C-phycocyanin, phycoerythrin,
and allophycocyanin.



Phycology 2023, 3 475

For extraction of phycobiliproteins, the lyophilized CDW was resuspended in 1 mL
0.5 M potassium phosphate buffer (PPB), and 50 Ma-% glass beads were added (diameter:
0.7–0.9 mm). Cell disruption was performed using a vibrating mill (MM 301, Retsch
Technology GmbH, Haan, Germany) for 10 min at a frequency of 30 s−1. Subsequently,
the digested biomass was transferred to a 15 mL plastic reaction tube and 0.25 mL of the
0.5 M PPB was added per milligram of CDW. After incubation at 55 ◦C for 30 min in a
drying oven, the suspension was stored at 4 ◦C for 24 h in the dark. Then, the suspension
was centrifuged at 4000 rpm for 10 min. The supernatant was transferred to a new 15 mL
plastic reaction tube and the absorbance was measured at wavelengths 615, 652, and
562 nm (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA). The concentrations
of C-phycocyanin, allophycocyanin, and phycoerythrin were calculated according to Bennet
and Bogorad [21] using the measured absorbance.

After extraction of phycobiliproteins, chlorophyll-a and carotenoid were extracted
from the remaining CDW. For this purpose, 0.5 mL of methanol saturated with CaCO3 was
added per milligram of CDW. The suspension was then incubated for 24 h at 4 ◦C in the
dark. After centrifugation at 4000 rpm for 15 min, the supernatant was transferred to a
new 15 mL plastic reaction tube. The concentration of chlorophyll a and carotenoid content
were calculated by measuring the absorbances at 461, 665, 652 and 665 nm according to
Porra [22] and Chamovitz [23].

2.6. Analysis of the Cultivation Medium

Using ion chromatography (model 930 Compact IC Flex from Deutsche Metrohm
GmbH & Co. KG, Filderstadt, Germany), the supernatants were analyzed to determine the
composition of anions and cations in the medium over the cultivation period. Additionally,
components of the medium were quantified by compact ion exchange chromatography
with an inline system for dialysis (930 Compact IC Flex, Metrohm, Filderstadt, Germany)
with a conductivity detector over the cultivation period. Anions (chloride, nitrite, nitrate,
phosphate, and sulfate) were measured with an anion column (Metrosep A Supp 5–250/4.0,
Metrohm) using 1 mM NaHCO3 and 3.2 mM Na2CO3 as mobile phase at a flow rate of
0.7 mL min−1. Cations (ammonium, magnesium, sodium, potassium) were measured
with a cation column (Metrosep C6-250/4.0, Metrohm) using 4 mM nitric acid and 0.7 mM
dipicolin acid at a flow rate of 0.9 mL min−1. In both cases, the oven temperature was set
to 35 ◦C. HPLC analysis of sugar monomers was carried out with an HPLC system (ESA
Inc. 542 autosampler (Chelmsford, MA, USA), Azura pump P 6.1 L (Knauer GmbH, Berlin,
Germany)) equipped with a refractive index detector, and a BioRad Aminex HPX-87H
column (300 × 7.8 mm) (Hercules, CA, USA). A column temperature (80 ◦C) and 2.5 mM
H2SO4 as mobile phase at a flow rate of 0.6 mL min−1 were used.

2.7. Data Processing

The experiments were each performed with three biological replicates, from which the
mean values and standard deviations were calculated.

3. Results and Discussion
3.1. Screening for Biodegradable Carriers as Cultivation Surface for Phototrophic Biofilms

The production of biomass and biotechnological valuable products as well as the waste
after the downstream process can be made more sustainable using biodegradable carriers
as cultivation surfaces. Therefore, different carriers were tested including (i) corn stalk
(waste), (ii) L. cylindrica, and (iii) zeolite. On the corn stalk, cyanobacteria grew exclusively
on the flask wall and faded after a few days (see Table 1). No growth could be detected
on the corn stalk. Since cyanobacteria do not grow axenically [24], the sugar contained in
the growth bodies probably favors the growth of an unknown contaminant that overgrew
the cyanobacteria. After 14 days of cultivation of N. muscorum 1453-12a with zeolite,
89.08 ± 7.00% of the cells were in the supernatant, while the rest grew immobilized on the
flask wall (see Figure 1 and Table 1).
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Table 1. Summarized results of cultivation of N. muscorum 1453-12a in Erlenmeyer flasks with various
carriers. Cultivation parameters: 100 mL shaking flasks, 25 mL BG11-medium, 1 g L. cylindrica, 6 g
zeolite, 6 g 3D-printed Luffa, 30 ◦C, 140 µmolPhotonsm−2s−1, n = 3.

Carrier
Picture of Erlenmeyer
Flask Filled with the

Carrier before Cultivation

Picture of Erlenmeyer
Flask Filled with the

Carrier after Cultivation
Growth Notes

Corn stalk
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In contrast, Filippidis et al. [25] demonstrated a decrease in cyanobacteria in seawater
by 74.93% for filamentous and 50.94% for colonial strains by the addition of zeolite. They
were also able to demonstrate the accumulation of cyanobacteria in the pores of the zeolite
by scanning electron microscopy. Filippidis et al. used zeolite with a particle size of
<0.5 mm, while in these experiments a larger particle size of 1–2.5 mm was used, which
should provide a higher growth surface on the outer surface of the particles. During
cultivation in the Erlenmeyer flask, the cells were probably transported to the top of the
flask wall by the heavy zeolite particles during shaking, where they grew immobilized.
In the experiments of Filippidis et al. [25], the zeolite was merely added to seawater
without agitating the water. This probably makes it more possible for cells to diffuse into
the particles. On L. cylindrica, 97 ± 4% of the cells grew immobilized (see Figure 1 and
Table 1), which can probably be attributed to the structure of L. cylindrica. In-na et al. [26,27]
used L. cylindrica as a 3D scaffold to form a natural biocomposite by immobilization of
cyanobacteria for CO2 fixation. Other studies immobilized microalgae and fungi on Luffa
plants in wastewater treatment due to good immobilization quotes caused by the natural
high surface of L. cylindrica [28,29]. However, it must be said that none of these studies
investigated the growth of cyanobacteria or the impact of L. cylindrica on the composition
and product formation of cyanobacteria.
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120 rpm, 140 µmolPhotonsm−2s−1, n = 3.

It is composed of rough fibers [30] that together form growth bodies with a high
porosity of about 79–93%, with a high specific pore volume of 21–29 cm3 g−1 [31]. These
properties make the sponge act as a kind of mechanical filter. By shaking the Erlenmeyer
flasks, the cells probably became entangled in the pores of the L. cylindrica and stuck
to it. However, molecular interactions can also play a role. To investigate exactly this
influence, an artificial L. cylindrica with the same structure was 3D printed from plastic,
and the growth of N. muscorum 1453-12a was investigated as with the L. cylindrica carriers
by using 5 pieces of 3D-printed Luffa (6 g). However, on the 3D-printed Luffa, 88 ± 13%
of the cells were recovered in the supernatant (see Figure 1 and Table 1). This means
that the cells were not only filtered out of the medium during cultivation on the natural
L. cylindrica, but that active and natural immobilization took place. Cell adhesion of bacteria
depends on hydrophobicity [32], which in turn depends on surface roughness. L. cylindrica
has a moderately hydrophilic surface [33]. Hydrophilic properties were established for
N. muscorum 1453-12a (corresponding to N. muscorum BB 90.3) after surface-associated
cultivation in air and underwater [34], which explains the high immobilization rate of
L. cylindrica. Additionally, a high surface roughness favors the adhesion of biofilms [35]. The
lower surface roughness of the 3D-printed Luffa could be a reason for the poor attachment
of cells to the surface, as it plays a crucial role, especially during the initial recruitment
phase of biofilms. In future work, cultivations on wood-printed Luffa will take place to
test the influence of the material on the immobilization of cyanobacteria. In summary, it
was shown that L. cylindrica is ideally suited for immobilized cultivation of N. muscorum
1453-12a.

3.2. Influence of Luffa cylindrica on the Growth of Various Cyanobacteria

Higher biomass productivity was observed for two strains, whereby A. cylindrica
showed 1.23 times and N. muscorum 1453-12a 1.77 times higher growth rates compared to
submerged cultivation. N. muscorum 1453-12b showed similar growth rates (see
Figure 2A). This higher productivity compared to the cultivation without carrier could
be attributed to the fact that 99% of bacteria grow in their natural form as biofilm [36]
and thus like to attach to surfaces. Also, many especially terrestrial cyanobacterial strains
show enhanced growth when they are cultivated surface-associated compared to classical
submerge cultivation in closed tubular systems for example [10]. Additionally, EPS con-
tents were higher for all strains (A. cylindrica 1.75 fold; N. muscorum 1453-12a 1.36 fold and
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N. muscorum 1453-12b 1.4 fold) when cyanobacteria were cultivated with L. cylindrica. This
can have several reasons. One reason may be the immobilized growth. Here, Ekelhof and
Melkonian [37] showed that Netrium digitu produced more EPS in the porous substrate
reactor (i.e., immobilized) compared to submerged cultivation. Another reason could
be increased nutrient availability due to substances released by L. cylindrica, which are
then stored in the EPS [38]. Furthermore, it was shown for N. muscorum 1453-12b that
95 ± 5% of the cells were immobilized on L. cylindrica, which is consistent with the results
for N. muscorum 1453-12a. Although L. cylindrica causes relatively low light loss due to
its high porosity of approximately 79–93%, this depends on the shape and volume of the
L. cylindrica used for cultivation. Phycobiliproteins as well as pigment composition were
investigated but no difference between both cultivation set-ups could be observed.
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Figure 2. Biomass production and EPS content of three different cyanobacteria cultivated for 14 days
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of EPS (= extracellular polymeric substances). Cultivation parameters: 250 mL Erlenmeyer flasks,
50 mL BG11-medium, 20 g L. cylindrica, 30 ◦C, 120 rpm, 140 µmolPhotonsm−2s−1, n = 3.

However, it could be shown that biomass productivity can be improved when dif-
ferent cyanobacteria are cultivated with L. cylindrica. To find possible reasons for better
growth with loofah besides immobilization, potential growth-promoting substances from
L. cylindrica were investigated in the next step.

3.3. Growth-Promoting Substances Released by Luffa cylindrica

In the first step, the composition of the L. cylindrica used was determined according
to the NREL method [39]. It consists of 14.89 ± 0.53 hemicellulose, 53.09 ± 1.75 cellulose,
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9.70 ± 0.38 acid-insoluble lignin (AIL), 12.69 ± 0.42 acid-soluble lignin (ASL) and
0.35 ± 0.07 ash. These values match those described in the literature for L. cylindrica
with hemicellulose (14–30%), cellulose (57–74%), lignin (1–20%) and ash (0.3–0.5%) [40,41].
Some cyanobacterial species can produce laccases that correlate with biomass formation.
Laccase activities of up to 60 U mL−1 are described in the literature for Arthrospira platensis,
but other species like, for example, Nostoc, Synechocystis, and Lyngbya strains show high
productivities of laccase activity [42]. Future work should investigate whether the strains
used in this work are also capable of producing laccases. If the strains used were able to
produce laccases and thus degrade lignin, mixotrophic growth could explain the higher
growth rates. In these experiments, the sugar concentration in the culture supernatant was
determined and no sugars could be detected. However, released sugars might have been
metabolized immediately by the cyanobacteria. To investigate whether the L. cylindrica
releases growth-promoting substances into the medium, 20 g of ground L. cylindrica was
soaked in distilled water for 24 h, and then the supernatant was analyzed for anions,
cations, and sugars (see Table 2). Ground Luffa was used to increase the surface-to-volume
ratio to extract as much as possible of the possible growth-promoting substances. It could
be shown that no sugars were present in the supernatant. However, nutrients important for
the growth of cyanobacteria such as nitrate, chloride, phosphate, and sulfate were present.

Table 2. Ion concentrations of distilled water and 50 mL distilled water with 20 g soaked Luffa cylindrica
measured with ion exchange chromatography and sugar concentration measured with HPLC.

Anions/Cations
The Concentration of Ions in
Distilled Water Soaked with
20 g L. cylindrica (mg L−1)

The Concentration of Ions in
Distilled Water (mg L−1)

Nitrate 4.36 ± 3.93 1.84 ± 1.60
Nitrite 0.91 ± 0.29 0.65 ± 0.02

Chloride 4.31 ± 1.23 0.61 ± 0.01
Phosphate 13.22 ± 9.92 0

Sulfate 10.51 ± 3.34 3.06 ± 0.02
Sugar 0 0

N. muscorum 1453-12b showed enhanced growth in the growth phase when cultivated
in the BG11 medium with Luffa extract compared to reference cultivation with BG11
(see Figure 3A). This could be attributed to the release of growth-promoting substances
from L. cylindrica (see Table 2). In this regard, the stationary phase was reached earlier
when cultivated with Luffa extract than without, whereby the same biomass concentrations
(~1.2 g L−1) were reached at the end (see Figure 3A). The power input in 250 mL Erlenmeyer
flasks filled with 50 mL medium and a shaking frequency of 120 rpm (eccentricity 1.5 cm) is
almost zero [43]. Accordingly, the gas exchange takes place only by diffusion at the surface.
Oxygen limitations in cultivations of heterotrophic microorganisms in Erlenmeyer flasks
have been described several times [44,45]. It is assumed that from a biomass concentration
of 1.2 g L, the CO2 input into the system is no longer sufficient, resulting in the limitation
of photosynthesis and, consequently, of growth. None of the specific nutrients were
completely depleted at this time, which is also reflected in equal EPS contents in both
cultivations (see Figure 3C). Only phosphate was completely depleted in the cultivation
without Luffa extract after 14 days (see Figure 3D). Since the power input in shake flasks
is very poor, it can be assumed that CO2 limitation was present here. It can be assumed
that higher differences in cultivation with and without Luffa extract can be detected with
sufficient CO2 supply.
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The concentration of phycoerythrin and allophycocyanin, as well as the pigments
chlorophyll a, and carotenoids were identical in both cultivations. Only in the cultivation
with Luffa extract higher C-phycocyanin concentrations were obtained (see Figure 3B).
This is because C-phycocyanin functions, among other things, as a nitrogen storage [46].
Due to the higher availability of nitrate, more C-phycocyanin was formed, which in turn
improved photosynthetic performance and thus led to higher growth rates. Therefore,
nitrate concentration decreased more rapidly over the cultivation period when N. muscorum
1453-12b was cultivated with Luffa extract than without Luffa extract (data not shown). A
further increase in growth by decreasing the L. cylindrica concentration from 40 to 20 g to
produce the Luffa extract could not be detected.

It has been shown that the enhanced growth of cyanobacteria by the presence of
L. cylindrica is due to the release of nutrients by L. cylindrica into the medium.

4. Conclusions

The goal was to find a way to use common reactor systems for the sustainable cul-
tivation of biofilm-forming cyanobacteria. For this purpose, different sustainable and
biodegradable carriers were tested. In summary, it was shown that Luffa cylindrica is ideally
suited for immobilized cultivation of three different cyanobacteria: (i) Anabaena cylindrica,
(ii) Nostoc muscorum 1453-12a, and (iii) Nostoc muscorum 1453-12b. It could be demonstrated
that the enhanced growth of cyanobacteria by the presence of L. cylindrica is, among other
things, due to the release of nutrients by Luffa cylindrica into the medium. Two strains
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showed higher and one strain similar growth rates when cultivated on L. cylindirca com-
pared to submerged cultivation. Additionally, the production of EPS and C-phycocyanin
was increased at least 1.4 fold in all strains. In total, the natural structure (high pore vol-
ume) and properties (hydrophilic surface), as well as the growth-promoting substances
released to the medium, make L. cylindrica a promising natural, biodegradable carrier for
the sustainable cultivation of biofilm-forming cyanobacteria in industry. Thus, CO2-cycle
can be expanded and biologically interesting products can be produced sustainably.
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