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Marine cyanobacterium 
Spirulina maxima as an alternate 
to the animal cell culture medium 
supplement
Younsik Jeong1, Woon‑Yong Choi1, Areumi Park1, Yeon‑Ji Lee1, Youngdeuk Lee1, 
Gun‑Hoo Park1,2, Su‑Jin Lee1, Won‑Kyu Lee1,3, Yong‑Kyun Ryu1,3 & Do‑Hyung Kang1,3*

Serum is a stable medium supplement for in vitro cell culture. Live cells are used in stem cell research, 
drug toxicity and safety testing, disease diagnosis and prevention, and development of antibiotics, 
drugs, and vaccines. However, use of serum in culture involves concerns such as an ethical debate 
regarding the collection process, lack of standardized ingredients, and high cost. Herein, therefore, 
we evaluated the possibility of using edible cyanobacterium (Spirulina maxima), which is a nutrient‑
rich, sustainable, and ethically acceptable source, as a novel substitute for fetal bovine serum (FBS). 
H460 cells were cultured to the 10th generation by adding a mixture of spirulina animal cell culture 
solution (SACCS) and FBS to the culture medium. Cell morphology and viability, cell cycle, apoptosis, 
proteomes, and transcriptomes were assessed. We observed that SACCS had better growth‑
promoting capabilities than FBS. Cell proliferation was promoted even when FBS was replaced by 
50–70% SACCS; there was no significant difference in cell shape or viability. There were only slight 
differences in the cell cycle, apoptosis, proteomes, and transcriptomes of the cells grown in presence 
of SACCS. Therefore, SACCS has the potential to be an effective, low‑cost, and eco‑friendly alternative 
to FBS in in vitro culture.

In vitro cell culture is widely used in various research fields, especially in the pharmaceutical and biotechnologi-
cal industries. Fetal bovine serum (FBS) is generally used as a cell culture supplement to optimize cell culture 
conditions. FBS is a complex composite of high- and low-molecular-weight biomolecules and mainly consists 
of vitamins, hormones, minerals, factors (for cell growth, attachment, and spreading), and transport  proteins1,2. 
However, the use of FBS involves certain concerns. FBS is collected in aseptic conditions by separating the fetus 
from the slaughtered pregnant cow and stabbing large diameter needles into the heart of the unanesthetized 
 fetus3. Therefore, there is a possibility of FBS contamination by viruses, mycoplasma, and prions and its use may 
involve both ethical issues with the collection process and scientific issues with variations in composition between 
 batches4–7. Additionally, FBS prices have tripled over the past few years owing to increased  demand8. For these 
reasons, a major focus of cell culture research has been to identify or develop FBS alternatives. Although there 
have been attempts to replace FBS with serum from other animals (goats, pigs, or horses), their application was 
limited, as they helped the growth of only some cell  lines9–12.

Spirulina (Arthrospira) maxima is a helicoidal, unbranched, and filamentous cyanobacterium belonging to the 
Oscillatoriaceae  family13. S. maxima is a rich source of proteins (~ 60–70% of its dry weight), phycobiliprotein, 
vitamins, essential fatty acids, carotenoids, and  minerals14,15. It also contains antioxidants that can protect cells 
from oxidative damage. S. maxima is recognized as an unrestricted food by the Korea Food and Drug Adminis-
tration and a Generally Recognized As Safe substance, indicating its non-toxic  nature4. Several pharmaceutical 
companies produce Spirulina and its products, which are sold as food supplements in several health food stores 
worldwide. Recently, research on the therapeutic effects of S. maxima has attracted great attention. Several clini-
cal studies have suggested various therapeutic effects ranging from radiation protection, increase in intestinal 
lactobacillus abundance, alleviation of cholesterol levels and cancer, strengthening of the immune system, and 
lowering of nephrotoxicity caused by heavy metals and  drugs16–18. In addition, previous in vitro and in vivo 
studies have reported the anti-oxidant, anticancer, anti-hyperlipidemic, anti-neurotoxic, and anti-type 1 diabetic 
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effects of S. maxima19–23. However, the complete nutritional, immunological, and physiological functions of 
Spirulina remain unknown owing to a lack of diverse and advanced approaches. Hence, there is a need to develop 
novel technologies to study the practical applications of marine Spirulina-derived medicines and biomaterials.

As S. maxima contains components such as proteins, minerals, trace elements, and lipids that assist in cell 
growth and proliferation, it has a higher protein content than commonly used Spirulina platensis24, it has the 
potential to replace FBS as a cell culture supplement. This strain, unlike land crops, contains many nutritional 
ingredients that can exert multiple effects on cell lines in a single extract. The current study aimed to investigate 
the extraction, physical properties, biocompatibility, and range of use of S. maxima extract for its application 
as an FBS alternative.

Results
Characterization and contamination detection of SACCS. Salinity is a key factor that regulates the 
growth of organisms and preserves their cellular structure. In addition, cellular growth also requires an optimal 
and stable pH. Hence, the salinity and pH of SACCS and FBS were measured and compared. The pH and salinity 
of FBS were 7.7 and 0.5%, respectively and those of SACCS were 7.8 and 0%, respectively (Fig. 1G). However, 
both pH and salinity were not different when FBS and SACCS were each mixed in MEM medium at a 10% ratio 
(Fig. 1G). Contamination with bacteria, fungi, endotoxins, and mycoplasma can have detrimental effects on 
the cell culture. To confirm the complete removal of contamination source(s), the contamination levels were 
assessed by PCR (Fig. 2), and the absence of fungi, bacteria, and mycoplasma was confirmed (Fig. S1).

Table 1 shows the general components, minerals, and heavy metal content of SACCS and FBS analyzed in 
this study. The SACCS contained 13.20% of carbohydrate, 79.20% protein, and 4.40% lipid, compared with FBS 
contained 8.08% of carbohydrate, 85.00% of protein, and 1.75% of lipid. Their main biochemical component 
was protein, and a similar ratio was has been confirmed. The mineral contents were determined to have a similar 
ratio to each other, and only a small amount of heavy metals were detected in the SACCS. It was found to have 
not completely similar, but the overall component contents ratio has similar properties.

Efficacy of SACCS as an alternative for FBS in cell culture. Cytotoxicity of SACCS was determined 
by testing viability of H460 cells treated with 0.5×, 1×, 2×, and 3× SACCS using a WST assay kit. The viability of 
cells grown in medium containing up to 2× SACCS was found to be 100% or more; cytotoxicity was not observed 
(Fig. 3A). Two SACCS concentrations (0.5× and 1×) were combined with FBS in various ratios (F5:S5, F3:S7, 
and F1:S9) and added as an FBS alternative in the culture medium. The number of cells was counted and pho-
tographed with a microscope at each passage. The results for 10 passages with H460 cells are depicted in Fig. 3. 

Figure 1.  Schematic manufacturing process for spirulina animal cell culture solution (SACCS). (A) Cell 
disruption through ultrasonication (B) Extraction and sterilization through high temperature and high-pressure 
treatment. (C) Centrifugation. (D) Supernatant recovery using filter paper. (E) Ultracentrifugation. (F) 0.2-μm 
sterilization pump filter system. (G) Comparison of characteristics between fetal bovine serum (FBS) and 
SACCS [pH and salinity (Sal.)] in each cocktailed media.
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When 1× SACCS was used, the cell growth rate was confirmed to be 112% in F5:S5, 102% in F3:S7, and 87% in 
F1:S9 compared with that in F10:S0 (Fig. 3B). There was no significant change in the shape of the cells. In case of 
0.5× SACCS, although fluctuations were noted, the cells in F5:S5-containing medium showed growth rates simi-
lar to those in F10:S0-containing medium during the 10 passages. In contrast, cells in F1:S9 exhibited constant 
lower cell numbers compared with the control (p < 0.001). F3:S7 showed approximately 97% efficacy (Fig. 3C). 
FBS and SACCS mixture supported cell growth throughout the 10 passages of subculture at all the mixing ratios. 
In terms of cell morphology, the cells cultured in F5:S5 were similar to those in F10:S0, but cells in F1:S9 revealed 
cytoplasmic vacuolization or blurring of intercellular boundaries.

To detect the biological effects of the supplement on cell proliferation, cells subcultured for 10 generations 
were transferred to a 96-well plate and the cell viability was detected for 3 days using WST assay. When 1× SACCS 
was used, the cell survival rate was not more than 100% in all the mixing ratios (Fig. 3D). However, when 
0.5× SACCS was used, cell viability was confirmed to be 100% or more till 70% SACCS replacement (Fig. 3E).

The normal cell cycle is classified into  G1, S,  G2, and M phases, where cell growth occurs in the  G1 phase, 
DNA replication in the S phase, growth and preparation for the cell division in the  G2 phase, and cell division 
in the M  phase25. We compared and analyzed the cell cycle phases of the cells cultured in SACCS-supplemented 
media with that of the control. The cell cycles of H460 cultured for a long time in FBS control and F5:S5 and 
F3:S7 media were almost similar. However, the ratio of  G0 and  G1 phase was decreased while the ratio of  G2 and 
M phase was increased in the cells cultured in F1:S9 (Fig. 4A).

To further determine whether an increase in SACCS ratio in the medium induced cell growth inhibition and 
apoptosis in H460 cells, cell death was analyzed by staining with annexin V-FITC and PI, followed by flow cytom-
eter. The results showed 4.7% apoptosis induced in the FBS control, but 7.2%, 7.7%, and 7.5% apoptosis induced 
in the F5:S5, F3:S7, and F1:S9 groups, respectively. In case of the cells cultured in SACCS culture medium, the 
apoptosis rates did not change significantly (Fig. 4B).

Figure 2.  Microbial contamination test on SACCS. Polymerase chain reaction (PCR) experiments for the 
detection of (A) mycoplasma, (B) fungal, and (C) bacterial contamination in the SACCS samples.

Table1.  Summary of biochemical components of SACCS and FBS. SACCS: 1 × SACCS in 99% distilled water.

Organic and inorganic indices Components

SACCS FBS

Concentration (mg/L) Percentage (%) Concentration (mg/L) Percentage (%)

Biochemical components

Carbohydrate 900.00 13.20 3700.00 8.08

Protein 5400.00 79.20 38900.00 85.00

Lipid 300.00 4.40 800.00 1.75

Minerals

Calcium 17.00 0.25 136.60 0.30

Sodium 85.00 1.25 2164.30 4.73

Magnesium 6.40 0.09 39.10 0.09

Potassium 10.00 0.15 6.10 0.01

Manganese 0.10 0.00 0.00 0.00

Iron 7.90 0.12 3.20 0.01

Copper 1.30 0.02 0.40 0.00

Boron 0.40 0.01 0.40 0.00

Phosphorus 89.10 1.31 12.30 0.03

Zinc 1.10 0.02 3.50 0.01

Heavy metals

Lead 0.02 0.00 0.00 0.00

Cadmium 0.01 0.00 0.00 0.00

Mercury 0.00 0.00 0.00 0.00
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Figure 3.  Evaluation of FBS substitution efficacy of SACCS. Cytotoxicity test of distilled water (DW), fetal 
bovine serum (FBS), 0.5× , 1× , 2 × , and 3 × spirulina animal cell culture solution (SACCS) on human lung 
cancer cell line H460 (A). Comparison of the cell morphology, metabolic proliferation activities, and cell 
viabilities of the cells in the control medium (FBS) and SACCS-substituted medium [1× SACCS (B, D) and 
0.5× SACCS (C, E)]. Data are expressed as mean ± SD of three independent experiments. *p < 0.05; **p < 0.01; 
***p < 0.001 compared with the cells cultured in F10:S0. Bar = 100 μm. Figures were made with GraphPad Prism 
(ver. 8.1.1, San Diego, USA), https ://www.graph pad.com/scien tific -softw are/prism /.

Figure 4.  Cell cycle and apoptotic cell death type distribution of the 10-passage adapted H460 cell line in 
control medium (FBS) and 0.5× SACCS-substituted medium. Cells were stained with Annexin V-FITC and PI 
and analyzed on a BD FACS Accuri C6 flow cytometer. Distribution of (A) percentage of cell cycle phases and 
(B) apoptosis in media with different FBS:SACCS ratios.

https://www.graphpad.com/scientific-software/prism/
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Transcriptomic and proteomic analyses. For gene expression profile analysis, we generated more than 
45 million mRNA reads per sample. A total of 48.4 (control), 48.1 (F5:S5), 46.8 (F3:S7), and 46.2 (F1:S9) mil-
lion reads were obtained for H460 cells and could be mapped uniquely to the respective reference genomes 
(Fig. 5A,B). Compared with the control group, we identified 182, 152, and 272 DEGs in the F5:S5, F3:S7, and 
F1:S9 groups, respectively. Furthermore, 100 up-regulated and 82 down-regulated genes were observed in F5:S5, 
73 up-regulated and 79 down-regulated genes in F3:S7, and 142 up-regulated and 130 down-regulated genes 
in F1:S9. Forty-nine DEGs were identified in all the three experimental groups. In addition, GO enrichment 
analysis for each sample in the biological process category revealed that F5:S5 included organonitrogen com-
pound biosynthetic process (GO: 1901566), retinoid metabolic process (GO: 0001523), and regulation of cation 
transmembrane transport (GO: 1904062). Among them, most DEGs were those involved in retinoid metabolic 
process (Fig. 5C). In the F3:S7 and F1:S9 groups, the endoplasmic reticulum membrane (GO: 0005789) in the 
cellular component category (Fig. 5D) and the positive regulation of response to oxidative stress (GO: 1902884) 
in the biological process category (Fig. 5E) were found to be significantly enriched GO terms, respectively. Pro-
teomic analysis of SACCS-adapted H460 cell line by 2D-PAGE revealed 76 protein spots showing differential 
expression. In the F5:S5 group, eight protein spots showed > twofold increase in expression, whereas in the F3:S7 
group, the expression of nine protein spots was increased and that of eight spots was decreased. Finally, in the 
F1:S9 group, expression of five proteins was increased and expression of 48 proteins was decreased. We identi-
fied the amino acid sequences of the five increased spots and the 30 decreased protein spots showing a change in 

Figure 5.  Transcript analysis of SACCS-adapted H460 cell line. Heat map of differentially expressed genes with 
more than twofold expression—(A) up-regulated genes and (B) down-regulated genes. Statistically significant 
(p ≤ 0.001) differentially expressed gene ontology enrichment analysis of cells cultured in (C) F5:S5, (D) F3:S7, 
and (E) F1:S9 media. Sample libraries were filtered onto the assembled transcriptome using Bowtie2 (ver. 2.4.2), 
http://bowti e-bio.sourc eforg e.net/bowti e2/index .shtml . Differentially expressed genes (DEGs) with a fold 
change of 2 or more (p value < 0.05) were mapped and visualized (A and B) by the CLRNAseq program (ver. 
1.00.06, Chunlab, Seoul, Korea), https ://www.chunl ab.com/ngs/eng/servi ce/rna. Gene ontology was analyzed 
using GOrilla for the associated genes (C, D and E), http://cbl-goril la.cs.techn ion.ac.il.

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://www.chunlab.com/ngs/eng/service/rna
http://cbl-gorilla.cs.technion.ac.il
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expression over two-fold compared with that in the control. The relative expression changes of 30 proteins with 
more than two-fold decrease in expression were not significantly different in all proteins except for five proteins 
in the F5:S5 and F3:S7 groups, and proteins were reduced or not expressed in only F1:S9 group. Of the five pro-
teins whose expression was more than twice the expression of that in F10:S0, four protein spots were identified 
as superoxide dismutase protein and the remaining one was identified as ubiquitin. Hence, as the ratio of SACCS 
increased, the expression of antioxidant enzyme superoxide dismutase tended to increase (Fig. 6).

Discussion
In this study, the effects of SACCS as a serum substitute on cell culture were systematically evaluated by studying 
cell proliferation, morphology, overall survival rate, cell cycle, apoptosis, and carrying out proteomic and tran-
scriptomic analysis. First, a contamination test was performed to verify the physicochemical properties of SACCS 
and the reliability of the cell culture test. Contamination by bacteria, fungi, and mycoplasma adversely affects 
cell line growth, cell properties, and cell functions, and may cause changes in the experimental  results26,27. 
Through the contamination test of SACCS, factors that could affect the cell culture test results were minimized. 
In addition, components and physicochemical factors of SACCS were analyzed to compare similarities with FBS. 
Osmotic and pH imbalances can cause cell dehydration, ion accumulation, and nutritional imbalance, which 
can lead to cell damage. However, SACCS and FBS showed no significant difference in salinity and pH and 
showed similar characteristics (Fig. 1G) that facilitate the ideal culture of  cells28. The composition and content 
of FBS is not completely known; it is known to be generally composed of proteins, polypeptides, hormones, 
metabolites, various nutrients, and inorganic  substances29. SACCS was found to be mainly composed of proteins 
and minerals, which have a positive effect on cell  growth30. Accumulation of various heavy metals such as lead, 
cadmium, and mercury in the marine microalgal resources has been associated with a decrease in cell  viability31,32. 
However, SACCS exhibited very low levels of lead, cadmium, and mercury (Table 1). Cell number and viability 
were measured to analyze the effect of SACCS on the cell growth in accordance with the FBS reduction. In the 
F3:S7 group, there were no significant differences in cell number, cell viability, and morphological appearances 
of animal cells. However, in the F1:S9 group, cell growth was significantly decreased from the 9th passage 
onwards, and morphological changes were also detected. In the F5:S5 group, cell numbers and viability were 
increased significantly compared with that in the control (Fig. 3B,C). In addition, as a result of applying SACCS 
to HeLa cell—a cervical cancer cell, and T24 cell—a bladder cancer cell, the number of cells and cell viability 
were similar compared to the control group despite a replacement of up to 50–70% (Figs. S2 and S3). Therefore, 
the possibility that the efficacy of SACCS was applied not only to H460 but also to various cell lines was con-
firmed. In particular, the number of cells increased up to 20% compared to when only FBS was reduced without 
treatment with SACCS (Fig. S4). Therefore, SACCS exhibited a positive effect on cell proliferation. Based on 
these results, the cell cycle phases were analyzed in accordance with the decrease in FBS concentration. It is 
generally known that the cell cycle is arrested in the  G1 phase as the FBS concentration  decreases33,34. However, 
the SACCS-treated group did not show a  G1 phase arrest and it was confirmed that the  G0/G1 phase was normally 
 operated35–37. When the concentration of FBS was reduced to 3%, there was no significant difference in the cell 

Figure 6.  Proteomic analysis of SACCS-adapted H460 cell line. Bar diagrammatic representations of the 
differentially expressed proteins (p ≤ 0.05) identified in 2-DE are displayed. Spots were detected and quantified 
using PDQuest software (ver. 7.0, Bio-Rad, Hercules, USA), https ://www.bio-rad.com/ko-kr/produ ct/pdque 
st-2-d-analy sis-softw are?ID=966de b78-2656-437f-b7a4-ab0a9 bd45c 8d.

https://www.bio-rad.com/ko-kr/product/pdquest-2-d-analysis-software?ID=966deb78-2656-437f-b7a4-ab0a9bd45c8d
https://www.bio-rad.com/ko-kr/product/pdquest-2-d-analysis-software?ID=966deb78-2656-437f-b7a4-ab0a9bd45c8d
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cycle. However, the  G2/M phase increased when the concentration of FBS was reduced to 1% (Fig. 4A). Nonethe-
less, the inhibition of the cell cycle at  G2/M phase is not adequate to cause cell growth  arrest35–37. Moreover, 
apoptotic cells were almost non-existent, as sub-G1 phase was not identified in any of the experimental  groups38. 
The cell cycle of F5:S5 group was similar to that of the control group, and S phase cell aggregation suggested that 
SACCS could increase the potential of cell  proliferation39,40. Cell death is usually classified as necrosis and apop-
tosis. Recently, cell death through autophagy has also been  reported41,42. Flow cytometry analysis of cell death 
in this study revealed a dramatic effect of decreasing FBS concentration. As a result of addition of SACCS instead 
of FBS, apoptosis was not observed in any of the experimental groups. Necrosis increased as the concentration 
of FBS decreased, and 47.9% of necrosis occurred at 1% FBS (Fig. 4B). However, it is known that autophagy 
occurs more frequently than necrosis during nutrient deficiency caused due to the lack of FBS or other 
 nutrients43–45. Autophagy is similar to cell death in that it involves pyknosis and karyorrhexis, or to necrosis 
characterized by early disruption of the cell membrane, and is commonly known to occur before  apoptosis41,43–45. 
Therefore, the cell death mechanism was identified with proteomic analysis, and it was confirmed that ubiquitin 
was expressed when the FBS concentration was reduced to 3% or less (Fig. 6). Ubiquitin is a regulatory protein 
in the ubiquitin–proteasome pathway, and it acts on cyclins, cyclin-dependent kinase inhibitors, transcription 
factors, cell surface receptors, antigenic peptides, and  oncoproteins46–48. In addition, it is known to regulate 
important functions in damaged cells such as cell cycle, gene expression, signal transduction, cell division, cell 
death, immune, and inflammatory  responses46–48. Proteins targeted by ubiquitin for degradation are first poly-
ubiquitinylated, which are then recognized and degraded by the 26S proteasome complex; ubiquitin consists of 
a process that was free and reused, or that was cell degradation via the lysosomal/vacuolar  system46–48. Therefore, 
ubiquitin accumulation is known to mediate autophagy as one of the mechanisms of cell death, and autophagy 
is known to be induced by FBS reduction. In the current study, we verified that cell death occurred due to 
autophagy because of decreased FBS. Furthermore, GO enrichment analysis confirmed that genes associated 
with the positive regulation of response to oxidative stress (GO: 1902884) in the biological process category was 
significantly higher in cells in the F1:S9 group (Fig. 5E). The effect of SACCS on the cells was induced by mini-
mizing the FBS concentration, and it was confirmed that SACCS has a significant effect on the expression related 
to antioxidant function. Especially, the results of proteomic analysis confirmed that superoxide dismutase (SOD) 
was significantly increased with increasing concentration of SACCS, suggesting suggests that SACCS can induce 
cells to adapt to oxidative  stress49,50. In addition, the F5:S5 group showed up-regulation of various genes in the 
biological process category, and most DEGs were involved in the retinoid metabolic process. Therefore, SACCS 
is thought to induce cell proliferation by the retinoid metabolic process  mechanism51,52. In particular, it was 
confirmed that cell proliferation was enhanced upon treatment with 5% SACCS. The cell differentiation and 
antioxidant effects of these SACCS can be supported by various biological activity results using S. maxima. 
Several studies have reported that S. maxima affected the prevention of cardiomyoblasts in H9c2 cells, and 
protection of hepatic damage in a rat  model53,54. Their effectiveness was based on strong antioxidants and various 
health care effects were found to be very similar to this  study55,56.Therefore, SACCS was thought to have a syn-
ergistic effect on cell growth and proliferation, indicating new possibilities for FBS replacement. Further research 
is required to study the enhancement of cell growth using pretreatment methods and evaluation of the natural 
products included in SACCS. These are methods proposed to address challenges related to animal-derived FBS. 
From an economic perspective, the SACCS can be an economic alternative to other FBS alternatives because it 
was used without a complicated production process. In particular, it is expected to have a direct economic 
advantage as it reduces the use of FBS, the highest cost in cell experiments. It can also play an important role as 
an FBS-substitute by minimizing the environmental and social disadvantage of existing FBS extracted from 
animals. Therefore, it is suggested that SACCS can provide the energy source required for cell growth, prolifera-
tion, and immune activity without various growth factors provided by conventional serum-free media sources. 
In conclusion, our results demonstrated the possibility of using edible cyanobacterium extract as a substitute for 
animal serum (FBS).

Methods
Culture and extraction of S. maxima. Marine Spirulina maxima that has been originally cultivated in 
Korea Institute of Ocean Science & Technology (Jeju, Korea) and cultivated in vertical rounded-200 L-photobi-
oreactor containing SOT medium with continuous  aeration19,57,58. Cultures were grown at 25 °C under a 12:12-h 
light/dark photoperiod. Cells were harvested by centrifugation at 9000 rpm for 20 min (Thermo Fisher Scien-
tific, Massachusetts, USA) and then lyophilized and stored at − 50 °C (Operon, Gimpo, South Korea)57.

Dried S. maxima powder was dissolved in distilled water (DW) at 1% (1×) and 0.5% (0.5×) (w/v), sonicated 
(Fig. 1A) and subjected to high temperature and pressure treatment (Fig. 1B) to disrupt the cells. The sample 
was centrifuged (Labogene, Daejeon, South Korea) at 9000 rpm for 20 min (Fig. 1C) and filtered through a 
1-μm Whatman No. 1 filter paper (Whatman, Maidstone, England) (Fig. 1D). To separate the micro residues, 
the supernatant was centrifuged (Beckman Coulter, Brea, USA) at 30,000 rpm for 20 min (Fig. 1E) and filtered 
through a 0.2-μm filter to remove bacteria, fungi, and mycoplasma (Fig. 1F). The solutions [1% and 0.5% spirulina 
animal cell culture solution (SACCS)] were stored at − 20 °C until use. Under this process, the yields of SACCS 
extracted from Spirulina maxima was obtained by approximately 10%.

Physicochemical analysis. Salinity was measured using a portable YK-31SA salt meter (Lutron, Taipei, 
Taiwan) and pH was measured using SevenCompact pH/Ion S220 pH meter (Mettler Toledo, Ohio, USA)59. We 
compared the pH and salinity of FBS and SACCS as well as 10% of their mixture in MEM.
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Microbial contamination assay. The prepared SACCS was tested for contamination using e-Myco poly-
merase chain reaction (PCR) detection kit (iNtRON Biotechnology, Seongnam, South Korea) and DiaPlexC 
PCR kit (AGBIO, Seoul, South Korea). PCR (Takara, Kusatsu, Japan) was performed with positive and negative 
controls provided in the kits, followed by electrophoresis using 1.5% agarose  gel60.

Component analysis. Normal components were analyzed using Korean Food Standards Codex (2015) and 
AOAC methods. Crude fat and protein were detected by ether extraction and Kjeldahl  methods61, respectively. 
For lead and cadmium analysis, the specimen was taken out of the crucible, dried, and carbonized. After heating 
at 450–550 °C, the ash was wetted with water, followed by addition of 2–4 mL of hydrochloric acid and drying 
in an aqueous solution. Nitric acid (4%) was added to dissolve it by heating. Following filtration, the solution 
was adjusted to 20 mL and used as the test solution. Lead and cadmium standard solutions, test solutions, and 
blank were injected into ICP-OES (Varian, Palo Alto, USA) and analyzed. The standard solution was prepared 
by diluting a 1000 mg/L reference material with 4% nitric acid to prepare a 100 mg/L stock solution, which was 
then diluted with 4% nitric acid to prepare standard solutions of different concentrations. For inorganic analysis, 
1 g of sample was taken in a container, carbonized, and heated at 550℃ for several hours, until white or off-white 
ash was obtained. The ash was sequentially decomposed using hydrochloric acid, diluted ten-fold, filtered, and 
quantified using an ICP analyzer (Optima 8300, Perkin Elmer, Waltham, USA)62.

Cells, medium, and culture conditions. The human lung carcinoma cell line H460 was purchased from 
Korean cell line bank (Seoul, South Korea) and grown in RPMI 1640 medium (Gibco, Grand Island, USA) 
containing 10% FBS at 37 °C in 5%  CO2. FBS100%: SACCS0% (F10:S0) solution containing only FBS was used 
as the control. FBS and SACCS were added into the medium at various mixing volume ratios (%, v/v): FBS50%: 
SACCS50% (F5:S5), FBS30%: SACCS70% (F3:S7), and FBS10%: SACCS90% (F1:S9). Each mixture was added 
to the cell culture medium at a 10% ratio.

Cytotoxicity test. H460 cells (3.4 ×  104 cells/mL) were seeded in triplicate 96-well plates and treated with 
DW, FBS, 0.5×, 1×, 2×, and 3× SACCS, for 72 h. Thereafter, 10 μL WST solution (Daeillab, Seoul, South Korea) 
was added and cells were incubated for 3 h at 37 °C. Absorbance was recorded at 450 nm using an ELISA plate 
reader (Biotek, Winooski, USA).

Cell proliferation assay. Cells were cultured in triplicate in experimental media with different F:S volume 
ratios, with 3 mL medium per 60-mm (ø) dish. After 72 h of growth, cells were counted and subcultured into 
new dishes. A total of 10 passages of such 72-h interval subculture, each in experimental media with different F:S 
volume ratios, were performed for the cell lines. Cell samples (20 μL) were pipetted onto a Nexcelom disposable 
counting chamber (Nexcelom Bioscience, LLC, USA). Total cell number was counted using the automated Cel-
lometer Mini (Nexcelom Bioscience)63. Cellular morphology was analyzed using an inverted light microscope 
(Nikon, Tokyo, Japan).

WST assay. For analyzing cell viability, H460 (3.4 ×  104 cells/mL) cells cultured in 10th generation in 
SACCS-containing media were seeded in 96-well plates. After 24, 48, and 72 h, absorbance was measured at 
450 nm using a spectrophotometer with WST  reagent64.

Cell cycle analysis. Cell cycles of H460 cells cultured in SACCS and FBS were analyzed using CycleTEST 
PLUS DNA Reagent Kit (Becton Dickinson, CA, USA). Cells were cultured for 10 passages in a cell culture 
medium mixed with different F:S volume ratios (%, v/v) and seeded onto dishes at 2 ×  105 cells/mL and washed 
with PBS the following day. Cells were removed by treatment with trypsin–EDTA (Gibco) and centrifuged to 
remove the supernatant. Trypsin buffer was added to digest recovered cells. After 10 min, trypsin inhibitor and 
RNase buffer were added to degrade RNA and cells were stained with propidium iodide (PI) (selective staining 
of nuclear DNA) solution at 4℃ for 10 min. Cells were analyzed identically using a flow cytometer (BD bio-
sciences, San Diego, USA)65.

Apoptosis assay. H460 cells from each of the ten passages were seeded at 2 ×  105 cells/mL. The culture solu-
tion was removed after washing twice with PBS, and cells were centrifuged and adjusted to a density of 1 ×  106 
cells/mL using a binding buffer. Annexin V-FITC and PI (5 µL each) were added to 100 μL of the solution. After 
staining at 25℃ for 15 min, 400 μL binding buffer was added and the degree of apoptosis was measured using a 
flow cytometer (BD biosciences)66.

Transcriptomic analysis. Total RNA was extracted from cells using the RNeasy Mini kit (Qiagen, USA). 
Isolated RNA was stored at − 80 °C until further use. All RNA sequencing and alignment procedures were con-
ducted by ChunLab (Seoul, South Korea). Libraries for Illumina sequencing were prepared using the TruSeq 
Stranded mRNA Sample Prep kit (Illumina, USA). RNA sequencing was performed on the Illumina HiSeq 2500 
platform using paired-end 100-bp sequencing.

The sequence for the reference genome was retrieved from the NCBI database. Quality-filtered reads were 
aligned to the reference genome sequence using Bowtie2. The sequence data were normalized by Relative Log 
Expression method. Visualization of mapping results and analysis of differentially expressed genes (DEGs) were 
performed using the CLRNASeq program (ChunLab). Gene Ontology (GO) term enrichment was analyzed 
using GOrilla. Gorilla is publicly available as a web-based application at: http://cbl-goril la.cs.techn ion.ac.il67,68.

http://cbl-gorilla.cs.technion.ac.il
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Proteomic analysis. The lysis solution constituting 7 M urea, 2 M thiourea, 4% (w/v) 3-[(3-cholamido-
propy) dimethylammoniol]-1-propane-sulfonate (CHAPS), 1% (w/v) dithiothreitol, 2% (v/v) pharmalyte, and 
1 mM benzamidine was added to the sample. For protein extraction, vortexing was performed for 1 h, and the 
supernatant after centrifugation at 25 °C and 12,000 rpm for 1 h was used for two-dimensional electrophoresis. 
Protein concentration was then  measured69.

For primary isoelectric focusing (IEF), immobilized pH gradient (IPG) strips were placed in the reswelling 
tray with 7 M urea, 2 M thiourea, 2% CHAPS, and 1% dithiothreitol solution at room temperature for 12–16 h. 
IEF was performed at 20 °C using a Multipore II system (Amersham Biosciences, Little Chalfont, England). 
The conditions were set such that 3 h was required to reach 3500 V from 150 V, followed by 26 h at 3500 V, and 
finally to 96 kVh. IPG strips were incubated with equilibration buffer (50 mM Tris–Cl, pH 6.8, 6 M urea, 2% 
SDS, 30% glycerol) containing 1% DTT for 10 min before secondary SDS-PAGE, and then incubated for 10 min 
with equilibration buffer containing iodoacetamide. Equilibration-completed strips were arrayed on SDS-PAGE 
gels (20 × 24 cm, 10–16%) and developed to a final 1.7 kVh at 20 °C using a Hoefer DALT 2D system (Amersham 
Biosciences). The gel was visualized after 2D electrophoresis using colloidal Coomassie brilliant blue (CBB) 
staining according to a previous  method70; glutaraldehyde treatment was omitted for protein identification 
by mass spectrometry. Colloidal CBB-stained 2D gels were scanned using a DuoScan T1200 scanner (AGFA, 
Mortsel, Belgium).

Quantitative analysis of protein spots from scanned images was performed using PDQuest software (ver-
sion 7.0, Bio-Rad, Hercules, USA). Quantity of each spot was normalized to the intensity of the total valid spots 
and protein spots showing more than two-fold significant changes in expression compared to the control were 
selected.

Statistical analysis. All results are represented as the mean ± standard deviation. Differences between 
groups were assessed by two-way ANOVA with Dunnett’s post-test using GraphPad Prism (ver. 8.1.1, San Diego, 
USA). A p value < 0.05 was considered significant.
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