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results show a significant influence of illumination on both algal
species and a smaller impact of the chosen medium, while all
knitted fabrics under examination were found well suited as
substrates. The numbers of alga cells per petri dish were higher
on textile fabrics than in pure water or medium by a factor of ~ 4—
20, respectively.
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1 Introduction

Several green microalgae are highly interesting for research and industry. While some can be used for
food, others are able to produce oxygen or hydrogen, can be used in pharmaceutics or for biofuel
production etc. [1-5]. Microalgae are often grown in dispersion in photobioreactors of different shapes
[6,7]; nevertheless, open ponds as well as closed bioreactors have the problem that the applied light
intensity is only partly used, leading to high production costs. Thus, only high-value products from such
algae are economically attractive. Strongly diluted suspensions that allow light from outside to enter the
bioreactor, in contrast, cause problems in harvesting the algae.
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Growing algae on a substrate can overcome the harvesting problem [8]. Thus, one of the green
microalgae most often investigated, Chlorella vulgaris, was examined in terms of adhesion properties on
different rigid surfaces [9-11]. Generally, different polymers were found suitable for microalgae adhesion
[12]. While using microcarriers did not improve harvesting [13], other groups concentrated on
membranes and fibrous substrates. Using a woven fabric, C. vulgaris was successfully grown in a
photobioreactor [14]. This solution was found to be better than a cotton rope and Spandex, as
investigated in rotating drum and plate biofilm reactors [15].

In our group, previous studies showed good adhesion of another green microalga, Chlamydomonas
reinhardltii, on electrospun nanofiber mats and other nonwovens [16]. For marine macroalgae [17] and C.
vulgaris [18], growth on different knitted and woven fabrics was investigated, showing that especially jute
woven fabrics were well suited for a high algae concentration. However, jute tends to get moldy and is
thus not the perfect choice for a substrate for microalgae growth.

Here, we thus report on the growth of C. vulgaris and Scenedesmus spec. in flat bed reactors, measured
by algae concentration on the fabrics as well as in the supernatant, and on their ability to produce
oxygen when illuminated after cultivation for two weeks on different fabrics.

2 Methods and materials

The following flat-knitted fabrics were used to test the adhesion of green microalgae (Fig. 1):

- Plush fabric, 100% Tencel, 2 x Nm 34/2, 714 g/m?, washed and ironed (“Plush Tencel”)
- Plush fabric, 100% cotton, 4 x Nm 50/2, 918 g/m?, washed and ironed (“Plush cotton”)
- Plush fabric, 100% linen, 1 x Nm 6.6, 858 g/m?, washed and ironed (“Plush linen”)

- Relief jacquard structure, 100% cotton, 2 x Nm 50/2 (“Jacquard”)
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Fig. 1 Needle notations of (a) plush; (b) Jacquard fabric.

Microalgae C. vulgaris and Scenedesmus spec. (purchased from Planktino, Castrop-Rauxel, Germany)
were cultivated on the textile fabrics placed in petri dishes (inner diameter 85 mm) in triplicates. The
medium contained phytoplankton fertilizer according to Guillard f/2 (Planktino, applied in a concentration
of 1 mL/L). Colonization was started with 1 ml parent solution containing 3.22:10° (C. vulgaris) and
1.24-108 (Scenedesmus) algae cells/ml, respectively, in 50 ml medium. The petri dishes were partly
illuminated by warm-white LED lights (CRI930 linear flex band, ISOLED, Schwoich, Austria) with an
average intensity of 13-15 W/m? during a photoperiod of 12 h/d (“illumination”). Other petri dishes were
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only illuminated by normal light available in an office in September/October 2021 in Germany, i.e. partly
by artificial light (~ 100 lux at the position of the petri dishes) and partly by sunlight (“no illumination”).
The latter test was performed to investigate whether additional illumination of the algae is necessary or
whether the available light is sufficient, which would help save energy during algae growth.

The algae were cultivated for 14 days; then the oxygen production rate was measured by a Clark
electrode in an Oxygraph+ system (Hansatech Instruments, Norfolk, UK) for the supernatant, taken from
the petri dishes, i.e. for the algae growing in suspension, and the parent solutions. The oxygen
production per alga was calculated by the algal concentrations described below in the Clark electrode,
identical to the concentrations in the supernatants and the parent solutions, respectively.

The algae adhering to the textile fabrics were completely separated from these fabrics using an
ultrasonic device (UP200Ht, hielscher, Teltow, Germany). Algae suspensions of both species were
counted undiluted and in dilutions of 1:1, 1:2, 1:3, 1:5 and 1:10 using an Improved Neubauer ruled
hemocytometer (Paul Marienfeld GmbH & Co. KG, Lauda Kénigshofen, Germany). These algae
concentrations were also investigated by UV/Vis spectrometry (Genesys 10S, Thermo Fisher Scientific,
Waltham, MA, USA) at a wavelength of 750 nm, to calibrate UV/Vis absorbance with respect to algae
concentration.

Microscopic images were taken by a fluorescence microscope Axio Observer in reflected light (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany).

3 Results and discussion

Fig. 2 depicts microscopic images of C. vulgaris and Scenedesmus spec. cells in petri dishes and on
textile fabrics. The images show the different dimensions of both algae (Figs. 2a, b) and their sizes in
comparison to the fibers of the Tencel yarn used here.
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Fig. 2 Microscopic images of algal cells: (a) Scenedesmus spec. in a petri dish; (b) C. vulgaris in a petri dish;
(c,d) both species co-cultured on a plush Tencel fabric.
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Next, Fig. 3 gives a first overview of the impact of illumination and textile fabric on the growth of
C. vulgaris in f/2 medium. While only a small and not significant influence of the textile material can be
estimated, the influence of the illumination on the proliferation of algae cells is apparent. It should be
mentioned that approx. one order of magnitude more cells are visible than at the beginning of cultivation
(3.22:10° cells per petri dish). Besides, comparison with reference petri dishes (without textile fabric)
shows a clear advantage of the large surface of the fabrics for adhering algae. This difference is even
more pronounced for the situation without additional illumination.
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Fig. 3 Numbers of C. vulgaris cells per petri dish after 14 days of cultivation in /2 medium.

Next, Fig. 4 shows a comparison of the proliferation of C. vulgaris grown under illumination on different
plush fabrics as well as in medium and water. Besides the cells on the textile fabrics, the cells found in
the supernatant are also depicted here, indicating that indeed most algae grew on the textile fabrics, as it
is necessary to use such fabrics for improved harvesting.

Comparing the fabrics knitted from different materials, only small differences are visible. Generally, the
number of algae cells on plush linen is slightly smaller than that found on Tencel and cotton fabrics,
while a comparison of Tencel and cotton does not show a clear advantage of one of these materials.
Interestingly, the difference between cultivation on f/2 medium and water is not very large, either, thus in
a next study, different amounts of f/2 fertilizer should be investigated to find out which amount is
necessary to ensure stable algae growth.
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Fig. 4 Numbers of C. vulgaris cells per petri dish after 14 days of cultivation under illumination.
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In a next study, Scenedesmus spec. was investigated. Fig. 5 shows a comparison for f/2 medium on the
different plush fabrics with and without illumination. Generally, Scenedesmus spec. can be found in
concentrations approx. 2 orders of magnitude larger per petri dish. This corresponds well with the
approx. 2 orders of magnitude larger concentration of algae cells in the parent solution (1.24-108). The
algae concentration thus increased by approx. one order of magnitude again here, such as for C.
vulgaris.

Comparing Fig. 5 with Fig. 3, the effect of illumination is also similar, leading to an increase in algae
concentration of approx. a factor 3 compared with the algae grown without illumination. Similar to Fig. 4,
the amount of algae cells in the supernatant is again much smaller than on the knitted fabrics, while the
numbers of algae in the references (without textile fabrics) are significantly smaller than in the petri
dishes with textile fabrics.
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Fig. 5 Numbers of Scenedesmus spec. cells per petri dish after 14 days of cultivation under illumination.

It must be mentioned that the microalgae adhere to the textile fabrics under investigation very well. Fig. 6
shows examples of Tencel fabrics with C. vulgaris and Scenedesmus spec. gently washed under
running water for 10 minutes, showing that even after this time, residual algae can still be found on the
textile fabrics. Videos of the algae being washed from Tencel plush with more pressure can be found in
the supplementary information.

Fig. 6 (a) C. vulgaris on a Tencel plush; (b) after 10 min of gentle washing; (c) Scenedesmus spec. on a Tencel
plush; (d) after 10 min of gentle washing.
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While the aforementioned parameters — material and structure of the textile fabric, medium and
illumination — apparently have a very similar influence on both green algae, there seems to be one major
difference between both algal species, as depicted in Fig. 7. Only the Scenedesmus spec. produces a
discernible amount of oxygen, shown here for a petri dish without textile fabric for better visibility. In
contrast, comparison of the algal concentrations shows that the starting concentration of Scenedesmus
spec. is already one order of magnitude higher than the final concentration of C. vulgaris, indicating that
the lower amount of visible bubbles on C. vulgaris cultures may be based on their low concentration.

Fig. 7 Oxygen bubbles produced by Scenedesmus spec. after 14 days of cultivation.

To verify whether Scenedesmus spec. produces more oxygen than C. vulgaris, the oxygen production
rate was measured using a Clark electrode. For this, only the algae from the supernatants were used
since separating the algae from the textile fabrics by an ultrasonic device destroyed them and made
subsequent oxygen measurements impossible. Fig. 8 shows exemplary results, comparing the parent
solutions of both algae under examination as well as the references. In the latter, the algae seem to be
more active, producing more oxygen. In contrast to the visual impression of the petri dishes (cf. Fig. 6),
the objective measurement shows that C. wvulgaris produces more oxygen per algal cell than
Scenedesmus spec. This result suggests letting especially C. vulgaris grow in denser cultures, as
enabled by the textile substrates, to produce more oxygen per culture volume.
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Fig. 8 Oxygen production rates for Scenedesmus spec. and C. vulgaris parent solutions and reference samples,
i.e. petri dishes without textile fabrics.
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4 Conclusions and outlook

In a recent study, the green microalgae C. vulgaris and Scenedesmus spec. were cultured on different
knitted fabrics. The results show a strong impact of illumination as well as a certain influence of the
chosen medium on both algal species. The knitted fabrics used in this study, prepared from different
natural fibers, all showed good algal cell adhesion and proliferation, with a significantly higher number of
algae growing on the fabrics than found in the supernatant.

Future studies will aim at finding optimum concentrations to produce a maximum amount of oxygen from
high-density cultures under different light conditions.
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