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A B S T R A C T

Introduction: Non-small cell lung cancer (NSCLC) accounts for 80–85 % of lung cancer cases globally. And the 
A549 cell line is widely used in pharmacological and toxicity screening. Due to its popularity as a NSCLC model, 
it was inevitable that three-dimensional (3D) cultures of A549 cells would be established. 3D models increase 
physiological relevance, and their advanced structure allows researchers to obtain more translatable and reliable 
results. However, establishing this cell line as a 3D model may come with challenges, like clumping.
Methods: In this study, A549 spheroids were established using a clinostat-based rotating bioreactor system and 
were characterised in terms of morphology, planimetry, and viability.
Results: The main challenge faced included continuous aggregation of the spheroids, which constrained growth 
and development. This challenge was successfully overcome by supplementation with ascorbic acid, foetal 
bovine serum coating, and minimising handling, and a NSCLC mini-tumour model was established and semi- 
characterised. The spheroids survived for 25 days and had a significant increase in growth.
Conclusion: The A549 spheroid model cultured in a clinostat-based microgravity system was shown to be stable, 
viable, and suitable to be used in pharmacological and toxicological investigations.

1. Introduction

Lung cancer affects millions of people worldwide, and it is predicted 
that the number of new cases will increase over the next few years (Luo 
et al., 2023). Non-small cell lung cancer (NSCLC) accounts for about 
80–85 % of lung carcinoma cases, with a relatively low survival rate 
(Yang et al., 2018). Despite many years of research efforts, lung cancer 
remains a global burden and causes more deaths than any other cancer 
(Bray et al., 2018). The A549 human lung adenocarcinoma spheroids are 
used as a preclinical screening cancer model for pharmacological effects 
and toxicity assessments (Du et al., 2021; Eguchi et al., 2022; Ito et al., 
2021; Naso et al., 2021). Additionally, A549 spheroids are utilised to 
simulate the alveolar type II pulmonary epithelium, facilitating the 
study of the metabolic processing of lung tissue to identify mechanisms 
of drug delivery (Katsumiti et al., 2020) and to serve as a model to study 
respiratory infections, including influenza and severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2) (Saleh et al., 2020; Sasaki et al., 

2021). The A549 cell line has been established as a three-dimensional 
(3D) model before, utilising either static or dynamic systems. The 
static 3D culture systems grow spheroids on a scaffold or matrix without 
continuous culture media flow. Dynamic 3D culture techniques generate 
constant motion, encouraging cells to aggregate together to form 
spheroids (Wu et al., 2021). Notable static methods include ultra-low 
adhesion plates and collagen-coated plates, and these methods can 
typically be used to grow A549 spheroids for 9–12 days (Meenach et al., 
2016; Pant et al., 2021). The static hanging drop method is also used to 
grow monoculture A549 spheroids. However, this approach resulted in 
the formation of rugged spheroids with rough edges and low viability 
(Amann et al., 2014). Dynamic culture systems such as microfluidics and 
spinning or rotating bioreactors have been shown to offer better nutrient 
and oxygen supply to the cells through irrigation and allow the cells to 
interact with the culture environment and each other (Zanoni et al., 
2016a; Fuentes et al., 2022). Dynamic spheroid culture technology such 
as clinostat-based systems can generate large quantities of long-term 
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cultures and promote better cell interaction with the culture environ
ment while minimising shear force (Wrzesinski & Fey, 2018; Zanoni 
et al., 2016). This gives the opportunity to investigate the metabolic 
processes of spheroids and evaluate their physiological functions (Ahn 
et al., 2019; Fey & Wrzesinski, 2012). This is beneficial because drug 
molecules are transported more rapidly through the microfluidic 
perfusion system, which mimics in situ conditions (Yildiz-Ozturk et al., 
2021). The A549 spheroids previously cultured using different micro
gravity systems had limiting factors such as small sizes, variances in 
morphology, and a short viability window. This restricts timelines for 
experiments, especially drug efficacy, safety, and toxicity studies. The 
purpose of this study was to establish A549 spheroids using a clinostat- 
based rotating bioreactor system and characterise them in terms of to 
size, viability, morphology, and physiological relevance.

2. Methods

2.1. Three-dimensional cell culture

A549 human lung adenocarcinoma cells (ATCC® #CCL-185; Mana
ssas, Virginia, USA) were maintained under standard two-dimensional 
culture conditions (Hołownia et al., 2015). Once the cells were 
confluent a cell suspension constituting 2.5 × 106 cell density was pre
pared and inserted in the ClinoReactors™ (CelVivo ApS, Odense, 
Denmark), and subsequently placed in a ClinoStar™ system (CelVivo 
ApS) where spheroids were formed in the microgravity environment 
(Van Niekerk et al., 2023; Wrzesinski et al., 2021). The culture media 
was supplemented with 3 μg/mL ascorbic acid for the first two days of 
culture (Van Niekerk et al., 2023). With excessive clumping, spheroid 
aggregates were gently disrupted by pipetting them with wide opening 
pipette tips, and gently coating them in foetal bovine serum (FBS).

2.2. Spheroid characterisation

After a nine-day stabilisation period, morphology, size, and viability 
were assessed every second day as described by Van der Merwe et al. 
(2022). Morphology was evaluated using light microscopy and histol
ogy. Photomicrographs were taken with a Nikon T100 inverted micro
scope and analysed for 25 days using ImageJ software version 1.8.0. 
Spheroid planar surface area and diameter were calculated to evaluate 
spheroid size and growth. Histological samples were processed accord
ing to standard procedures for haematoxylin-eosin (H&E) and Alcian 
blue staining (Merck Sigma-Aldrich). Soluble protein content was 
determined using the Bradford assay (Bradford, 1976) using Quick 
Start™ with Bradford protein (Lasec SA, Midrand, South Africa). The 
protein content of spheroids done as outlined by Van der Merwe et al. 
(2022) and Van Niekerk et al. (2023). Protein content was correlated to 
cell counts (data not shown). Intracellular adenosine triphosphate (ATP) 
(CellTiterGlo®) (Promega, Anatech Instruments, Johannesburg, South 
Africa), and approximate glucose consumption (OneTouch® gluc
ometer; Life Scan; Switzerland) was used to monitor spheroid viability 
(Van Niekerk et al., 2023). For each sampling day, twelve spheroids (n 
= 12) were removed from the ClinoReactor™ and used to determine the 
soluble protein content, planimetry, and intracellular ATP. Approximate 
glucose consumption (relative to media glucose content) was deter
mined using the spent media removed during media exchange.

2.3. Data analysis

The results are reported as mean ± SEM, and where applicable 
normalised in terms of protein content. Statistical differences were 
determined using Kruskal-Wallis ANOVA and Dunn's Multiple compar
ison tests (GraphPad Prism 9.4.1) and considered significant when p <
0.05.

3. Results

After nine days of establishment and stabilisation, A549 spheroids 
were present in the ClinoReactor™ growth chamber. However, severe 
clumping of spheroids was observed. This is a frequent problem expe
rienced when culturing spheroids from mucin-producing cell lines in 
suspension. Clumping interrupts spheroid formation, reduces usable 
spheroid numbers, and weakens spheroid structures, which reduces the 
quality of the model. Initially, the spheroids clumped together from day 
2 (Fig. 1A), and the clumping stopped upon intervention with ascorbic 
acid and FBS. More compact, single spheroids formed and were main
tained until day 25 (Fig. 1B). The histological assessment of 9-day old 
spheroids showed clumping and the presence of acidic negative-charged 
mucin, visualised by the blue stained structures around the spheroids 
(Fig. 1C).

The mean planar surface area per spheroid increased over the sam
pling period, ending in significantly larger (p < 0.01) spheroids on day 
23 and 25 versus day 9 (Fig. 2A). This increase is visualised in the dif
ference in the size of the spheroids in Fig. 1A (day 2) and 1B (day 25). 
The soluble protein content per spheroid stayed constant for the first 
seven days of monitoring (days 9 to 15), whereafter there was a sharp 
increase in protein content to day 21 (Fig. 2B). Protein content then 
decreased to day 25, which was significantly lower (p < 0.01) compared 
to day 21. When the planar surface area was expressed as a function of 
the soluble protein content, similar results were seen as for the soluble 
protein content from day 9 to day 15 (figure not shown). Approximate 
glucose consumption per protein content was also stable from day 9 to 
15 (Fig. 2C) but increased significantly on day 17 (p < 0.05), coinciding 
with the increase in surface area/soluble protein results. The glucose 
consumption then decreased over time but suddenly increased signifi
cantly on day 25 (p < 0.05), compared to days 9 and 23. Viability of the 
cells remained relatively unchanged throughout the study, and there 
were no significant differences in the intracellular ATP per protein (p =
0.065) between sampling days (figure not shown).

4. Discussion

After a 9-day stabilisation and maturation period, the spheroids grew 
to exhibit a homogenous round and compact morphology, as depicted in 
Fig. 1B. Sampling and characterisation were conducted exclusively 
during the metabolically stable spheroid phase, spanning from day 9 to 
25. The clumping or aggregation illustrated in Fig. 1A, was successfully 
addressed by introducing a low concentration of ascorbic acid into the 
culture medium from day 0 up to day 2. Ascorbic acid, commonly known 
as vitamin C, enhances cell agglomeration and compactness by influ
encing collagen formation within the cells while developing into 
spheroids (Kapur et al., 2012). It therefore assists with spheroid struc
ture and compactness. However, this was ceased from the second day of 
culturing to avoid the increased clumping, especially during the first 
week of culture (Rasouli & Tabrizian, 2021). Another technique used to 

Fig. 1. Photomicrographs of A549 spheroids and their histological assessment 
on A) Day 2 presenting as aggregated clumps of spheroid structures, B) Day 25 
showing rounded shape and compact density, and C) day 9 spheroids stained 
with H&E and Alcian blue, mucous indicated by arrow (Scale bars = 200 μm). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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minimize spheroid aggregation involved separating spheroid aggregates 
during media exchange by gently coating and pipetting them in FBS. The 
positive charges of FBS reduced spheroid adherence, leading to more 
round and individual spheroids, and promoted growth (Weeks et al., 
2013). To mitigate the risk of mechanical disruption and damage to the 
spheroids during pipetting, tips with wide openings were used to pre
vent spheroid entrapment within the tip and reduce shear force (Zinn 
et al., 2023). To investigate the aggregation behaviour of the spheroids, 
Alcian blue staining was used to detect the presence of mucopolysac
charides in the A549 spheroids. The histological examination of the 
spheroids revealed the prominent presence of mucin. Mucin production 
is not generally observed in A549 monolayer cultures (Carterson et al., 
2005; Saleh et al., 2020), but is observed in patient tumours 
(Lakshmanan et al., 2015). The pronounced clumping observed can be 
attributed to the secretion of mucin. This issue was partially mitigated 
by the mucolytic properties of ascorbic acid (Pillai et al., 2012), 
although complete removal of the mucin was not achieved. Mucin 
secretion has not been reported in other A549 3D models, either because 
it was not secreted or because clumping is not observed in single-well or 
hanging drop cultures where spheroids are kept separate from each 
other. The production of mucin in spheroids demonstrates their 
increased physiological relevance. In terms of morphology, fusiform 
structure and migratory cells were observed on the outer quiescent 
surface of the spheroid as shown in microphotographs Fig. 1B. The 
morphology of A549 spheroids can vary depending on the method of 
spheroid generation and the duration of cultivation, but this 
clinostat-based method generated spherical shaped spheroids from the 
second day of culture (Rozenberg et al., 2021).

The A549 spheroids exhibited diameters ranging from approxi
mately 300 to 460 μm between day 9 and day 25. These growth di
mensions are approximately 2 folds smaller when compared to the 500 
to 1100 μm diameter spheroids, reported by Zanoni et al. (2016)
(Table 1). Contrary, the growth rates were satisfactory considering that 
Zanoni et al. initiated these A549 spheroids from a cell suspension of 40 
× 106 cells compared to the 2.5 × 106 used in this study. Furthermore, 
the ClinoStar™ formed metabolically stable spheroids after only 9 days, 
compared to the Rotary Wall Vessel system (RWV) which formed 
spheroids only after 14 days (Carterson et al., 2005b) (Table 1). 
Nevertheless, the spheroids generated in this study are suitable for 
pharmacological and toxicological studies, as A549 spheroids with sizes 
as small as 200 μm have been shown to be metabolically active (Honeder 
et al., 2021). The development of a necrotic core typically commences at 
a diameter of 500 μm, as reported by Zanoni et al. (2016), which was not 
seen in the current study's spheroids.

The soluble protein content of the spheroids remained constant for 
15 days and then increased rapidly. The soluble protein content of a 
spheroid refers to the amount of protein that is present in the extracel
lular space of a spheroid and provides insight on the growth of the 
spheroid (Fey & Wrzesinski, 2012). The observed increase in protein 
content could be due to changes in the synthesis and release of proteins 

Fig. 2. Evaluation of A549 spheroid model growth and viability (n = 12) from 
day 9 to day 25, in terms of A) mean planar surface area per spheroid (μm2), B) 
mean soluble protein content per spheroid (μg), and C) the mean approximate 
glucose consumption per protein content (mmol/L/μg). The asterisk (*) in
dicates significant differences (p < 0.05) compared to day 9 and common 
subscripts indicate significant differences (p < 0.05) between groups [Kruskal- 
Wallis ANOVA with Dunn's multiple comparison test].

Table 1 
Summary of morphology, diameter (μm), days to spheroid formation, and days 
of spheroid viability of A549 spheroids from microgravity systems in literature 
compared to this study.

Morphology Diameter 
(μm)

Days to 
form 
spheroid

Viability 
(Days)

References

Heterogenous 
(spherical, 
ellipsoidal and 
irregular)

500–1100 15 days 25 days Zanoni et al., 
2016

Not reported Not 
reported

14 days 28 days Carterson 
et al., 2005

Spherical 300–460 9 days 25 days Current 
study
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involved in 3D growth (Ellero et al., 2021). A549 spheroids have cad
herin transmembrane proteins on the cell surfaces (Liu et al., 2011), 
which gradually increases as the spheroid becomes more compact (Han 
et al., 2021). Cadherins play a vital role in homeostasis and cell 
morphogenesis, due to its mediation of cell-to-cell adhesion, contact and 
stability (Maître & Heisenberg, 2013), increasing the similarities to that 
of in vivo tissue. Spheroids become compact as cells aggregate to each 
other from the initial step of spheroid establishment. After 21 days the 
protein content steadily declined. The decrease in protein content from 
Day 21 to Day 25, despite spheroid size increasing, may be a result of the 
spheroids maturing, causing the cells to adjust in metabolism and 
decreased proteins produced (Martinez et al., 2022; Wrzesinski & Fey, 
2018). Approximate glucose consumption was determined through 
measuring glucose disappearance from the culture medium, and then 
normalizing it relative to the biomass present at the time, e.g. the protein 
content. The graph therefore shows metabolic activity of the cells in 
terms of glucose use. Approximate glucose consumption per protein 
increased steadily to accommodate the spheroid growth and shows that 
the A549 spheroids were metabolically active (Honeder et al., 2021). As 
the spheroids grow, they require more energy to support their growth 
and cell function.

The viability of the A549 cultivated spheroids remained constant 
throughout the 25 days of the study. Although there are numerous re
ports on the culture of other lung cancer cell lines using various 
microgravity bioreactor systems (Massai et al., 2016), there is relatively 
little information available regarding A549 spheroids. Further investi
gation such as activity screening can be conducted to further evaluate 
the effectiveness of the culture techniques and the physiological rele
vance of A549 spheroids when treated with drugs. Based on our findings, 
the optimal experimental window for this model seems to be between 
days 15 to 21, when the spheroids are growing and healthy. However, 
further viability assessment studies are needed to confirm.

5. Conclusion

Culturing A549 spheroids using the clinostat-based system resulted 
in a longer experimental window compared to other techniques from 
literature. The system also allows researchers opportunity to produce a 
large quantity of biological material for downstream analysis. We suc
cessfully established a stable and viable A549 spheroid model in the 
ClinoStar™ system from a single cell suspension, and managed to 
overcome challenges that may be encountered when working with a 
mucous-secreting cell line.
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Carterson, A. J., Höner Zu Bentrup, K., Ott, C. M., Clarke, M. S., Pierson, D. L., 
Vanderburg, C. R., … Schurr, M. J. (2005). A549 lung epithelial cells grown as three- 
dimensional aggregates: Alternative tissue culture model for Pseudomonas aeruginosa 
pathogenesis. Infection and Immunity, 73(2), 1129–1140. https://doi.org/10.1128/ 
iai.73.2.1129-1140.2005

Du, Y., Jia, C., Liu, Y., Li, Y., Wang, J., & Sun, K. (2021). Isorhamnetin enhances the 
Radiosensitivity of A549 cells through Interleukin-13 and the NF-κB signaling 
pathway. Frontiers in Pharmacology, 11. https://doi.org/10.3389/fphar.2020.610772

Eguchi, H., Kimura, R., Matsunaga, H., Matsunaga, T., Yoshino, Y., Endo, S., & Ikari, A. 
(2022). Increase in anticancer drug-induced toxicity by Fisetin in lung 
adenocarcinoma A549 spheroid cells mediated by the reduction of Claudin-2 
expression. International Journal of Molecular Sciences, 23(14). https://doi.org/ 
10.3390/ijms23147536

Ellero, A., Bout, I., Vlok, M., Cromarty, A., & Hurrell, T. (2021). Continual proteomic 
divergence of HepG2 cells as a consequence of long-term spheroid culture. Scientific 
Reports, 11(1). https://doi.org/10.1038/s41598-021-89907-9

Fey, S. J., & Wrzesinski, K. (2012). Microgravity spheroids as a reliable, long-term tool 
for predictive toxicology. Toxicology Letters, 221, S153. https://doi.org/10.1016/j. 
toxlet.2013.05.318

Fuentes, P., Torres, M. J., Arancibia, R., Aulestia, F. J., Vergara, M., Carrión, F., … 
Altamirano, C. (2022). Dynamic culture of mesenchymal stromal/stem cell spheroids 
and secretion of paracrine factors. Frontiers in Bioengineering and Biotechnology, 10. 
https://doi.org/10.3389/fbioe.2022.916229

Han, S. J., Kwon, S., & Kim, K. S. (2021). Challenges of applying multicellular tumor 
spheroids in preclinical phase. Cancer Cell International, 21, 152. https://doi.org/ 
10.1186/s12935-021-01853-8

Hołownia, A., Wielgat, P., Kwołek, A., Jackowski, K., & Braszko, J. J. (2015). Crosstalk 
between co-cultured A549 cells and THP1 cells exposed to cigarette smoke. Advances 
in Experimental Medicine and Biology, 47-55. https://doi.org/10.1007/5584_2015_ 
112

Honeder, S., Tomin, T., Nebel, L., Gindlhuber, J., Fritz-wallace, K., … Gindlhuber, J. 
(2021). Adipose triglyceride lipase loss promotes a metabolic switch in A549 
non–small cell lung cancer cell spheroids. Molecular & Cellular Proteomics, 20, Article 
100095.

Ito, A., Nasako, H., Akizuki, R., Takashina, Y., Eguchi, H., Matsunaga, T., Yoshino, Y., , … 
Ikari, & A.. (2021). Elevation of chemosensitivity of lung adenocarcinoma A549 
spheroid cells by claudin-2 knockdown through activation of glucose transport and 
inhibition of NRF2 signal. International Journal of Molecular Sciences, 22(12). https:// 
doi.org/10.3390/ijms22126582

Kapur, S., Wang, X., Shang, H., Yun, S., Li, X., Feng, G., … Katz, A. (2012). human 
adipose stem cells maintain proliferative, synthetic and multipotential properties 
when suspension cultured as self-assembling spheroids. Biofabrication, 4(2), Article 
025004. https://doi.org/10.1088/1758-5082/4/2/025004

Katsumiti, A., Ruenraroengsak, P., Cajaraville, M. P., Thorley, A. J., & Tetley, T. D. 
(2020). Immortalisation of primary human alveolar epithelial lung cells using a non- 
viral vector to study respiratory bioreactivity in vitro. Scientific Reports, 10(1). 
https://doi.org/10.1038/s41598-020-77191-y

Lakshmanan, I., Ponnusamy, M. P., Macha, M. A., Haridas, D., Majhi, P. D., Kaur, S., … 
Ganti, A. K. (2015). Mucins in lung cancer: Diagnostic, prognostic, and therapeutic 
implications. Journal of Thoracic Oncology, 10(1), 19–27. https://doi.org/10.1097/ 
jto.0000000000000404

C.M. Mabela et al.                                                                                                                                                                                                                              Journal of Pharmacological and Toxicological Methods 130 (2024) 107564 

4 

https://doi.org/10.1038/s41598-019-50736-6
https://doi.org/10.1371/journal.pone.0092511
https://doi.org/10.1016/0003-2697(76)90527-3
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0015
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0015
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0015
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0015
https://doi.org/10.1128/iai.73.2.1129-1140.2005
https://doi.org/10.1128/iai.73.2.1129-1140.2005
https://doi.org/10.3389/fphar.2020.610772
https://doi.org/10.3390/ijms23147536
https://doi.org/10.3390/ijms23147536
https://doi.org/10.1038/s41598-021-89907-9
https://doi.org/10.1016/j.toxlet.2013.05.318
https://doi.org/10.1016/j.toxlet.2013.05.318
https://doi.org/10.3389/fbioe.2022.916229
https://doi.org/10.1186/s12935-021-01853-8
https://doi.org/10.1186/s12935-021-01853-8
https://doi.org/10.1007/5584_2015_112
https://doi.org/10.1007/5584_2015_112
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0065
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0065
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0065
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0065
https://doi.org/10.3390/ijms22126582
https://doi.org/10.3390/ijms22126582
https://doi.org/10.1088/1758-5082/4/2/025004
https://doi.org/10.1038/s41598-020-77191-y
https://doi.org/10.1097/jto.0000000000000404
https://doi.org/10.1097/jto.0000000000000404


Liu, J., Abate, W., Xu, J., Corry, D., Kaul, B., & Jackson, S. K. (2011 Feb). Three- 
dimensional spheroid cultures of A549 and HepG2 cells exhibit different 
lipopolysaccharide (LPS) receptor expression and LPS-induced cytokine response 
compared with monolayer cultures. Innate Immun, 17(3), 245–255. https://doi.org/ 
10.1177/1753425910365733

Luo, G., Zhang, Y., Etxeberria, J., Arnold, M., Hao, Y., & Zou, H. (2023). Projections of 
lung cancer incidence by 2035 in 40 countries worldwide: Population-based study. 
JMIR Public Health and Surveillance, 9, Article e43651. https://doi.org/10.2196/ 
43651

Maître, J. L., & Heisenberg, C. P. (2013). Three functions of cadherins in cell adhesion. 
Current Biology, 23(14), R626–R633. https://doi.org/10.1016/j.cub.2013.06.019. 
Jul 22.

Martinez, R., Huang, W., Buck, H., Rea, S., Defnet, A., Kane, M., … Shapiro, P. (2022). 
Proteomic changes in the monolayer and spheroid melanoma cell models of acquired 
resistance to BRAF and MEK1/2 inhibitors. ACS Omega, 7(4), 3293–3311. https:// 
doi.org/10.1021/acsomega.1c05361

Massai, D., Isu, G., Madeddu, D., Cerino, G., Falco, A., Frati, C., … Morbiducci.. (2016). 
A versatile bioreactor for dynamic suspension cell culture. Application to culture of 
cancer cell spheroids. PLoS One, 11(5), Article e0154610. https://doi.org/10.1371/ 
journal.pone.0154610

Meenach, S. A., Tsoras, A. N., Mcgarry, R. C., Mansour, H. M., Hilt, J. Z., & 
Anderson, K. W. (2016). Development of three-dimensional lung multicellular 
spheroids in air- and liquid-interface culture for the evaluation of anticancer 
therapeutics. International Journal of Oncology, 48(4), 1701–1709. https://doi.org/ 
10.3892/ijo.2016.3376

Naso, L. G., Martínez, V. R., Ferrer, E. G., & Williams, P. A. M. (2021). Antimetastatic 
effects of VOflavonoid complexes on A549 cell line. Journal of Trace Elements in 
Medicine and Biology, 64. https://doi.org/10.1016/j.jtemb.2020.12669

Pant, T., Gaikwad, G., Jain, D., Dandekar, P., & Jain, R. (2021). Establishment and 
characterization of lung co-culture spheroids for paclitaxel loaded Eudragit® RL 100 
nanoparticle evaluation. Biotechnology Progress, 37(6). https://doi.org/10.1002/ 
btpr.3203

Pillai, K., Akhter, J., Chua, T. C., & Morris, D. L. (2012). Mucolytic by ascorbic acid and 
hydrogen peroxide on compact mucin secreted in Pseudomyxoma Peritonei. Journal 
of Surgical Research, 174(2), e69–e73. https://doi.org/10.1016/j.jss.2011.10.038

Rasouli, R., & Tabrizian, M. (2021). Rapid formation of multicellular spheroids in 
boundary-driven acoustic microstreams. Small, 17(39). https://doi.org/10.1002/ 
smll.202101931

Rozenberg, J., Filkov, G., Trofimenko, A., Karpulevich, E., Parshin, V., Royuk, V., … 
Durymanov, M. (2021). Biomedical applications of non-small cell lung cancer 
spheroids. Frontiers in Oncology, 11. https://doi.org/10.3389/fonc.2021.791069

Saleh, F., Harb, A., Soudani, N., & Zaraket, H. (2020). A three-dimensional A549 cell 
culture model to study respiratory syncytial virus infections. Journal of Infection and 
Public Health, 13(8), 1142–1147.

Sasaki, M., Kishimoto, M., Itakura, Y., Tabata, K., Intaruck, K., Uemura, K., … Sawa, H. 
(2021). Air-liquid interphase culture confers SARS-COV-2 susceptibility to A549 
alveolar epithelial cells. Biochemical and Biophysical Research Communications, 577, 
146–151.

Van der Merwe, L., Svitina, H., Willers, C., Wrzesinski, K., & Gouws, C. (2022). A novel 
NCI-H69V small cell lung cancer functional mini-tumor model for future treatment 
screening applications. Biotechnology Progress, 38(4).

Van Niekerk, A., Wrzesinski, K., Steyn, D., & Gouws, C. (2023). A novel NCI-H69AR drug- 
resistant small-cell lung cancer mini-tumor model for anti-cancer treatment 
screening. Cells, 12(15), 1980.

Weeks, C. A., Newman, K., Turner, P. A., Rodysill, B., Hickey, R. D., Nyberg, S. L., & 
Janorkar, A. V. (2013). Suspension culture of hepatocyte-derived reporter cells in 
presence of albumin to form stable three-dimensional spheroids. Biotechnology and 
Bioengineering, 110(9), 2548–2555.

Wrzesinski, K., & Fey, S. J. (2018). Metabolic reprogramming and the recovery of 
physiological functionality in 3D cultures in micro-bioreactors. Bioengineering, 5(1), 
1–25.

Wrzesinski, K., Frandsen, H., Calitz, C., Gouws, C., Korzeniowska, B., & Fey, S. (2021). 
Clinostat 3D cell culture: Protocols for the preparation and functional analysis of 
highly reproducible, large, uniform spheroids and organoids. In T. A. In Brevini, 
A. Fazeli, & K. Turksen (Eds.), Vol. 2273. Next generation culture platforms for reliable 
in vitro models. Methods in molecular biology (pp. 17–62). United states: Humana 
Press. 

Wu, X., Su, J., Wei, J., Jiang, N., & Ge, X. (2021). Recent advances in three-dimensional 
stem cell culture systems and applications. Stem Cells International, 2021, 1–13.

Yang, J., Chen, H., Wang, Q., Deng, S., Huang, M., Ma, X., … Yang, X. (2018). Inhibitory 
effect of Kurarinone on growth of human non-small cell lung Cancer: An 
experimental study both in vitro and in vivo studies. Frontiers in Pharmacology, 9. 
https://doi.org/10.3389/fphar.2018.00252

Yildiz-Ozturk, E., Saglam-Metiner, P., & Yesil-Celiktas, O. (2021). Lung carcinoma 
spheroids embedded in a microfluidic platform. Cytotechnology, 73(3), 457–471.

Zanoni, M., Piccinini, F., Arienti, C., Zamagni, A., Santi, S., Polico, R., Bevilacqua, A., & 
Tesei, A. (2016). 3D tumor spheroid models for in vitro therapeutic screening: A 
systematic approach to enhance the biological relevance of data obtained. Scientific 
Reports, 6.

Zinn, D., Mehner, C., & Patel, T. (2023). Protocol for generation of multicellular 
spheroids through reduced gravity. STAR Protocols, 4(2), Article 102264.

C.M. Mabela et al.                                                                                                                                                                                                                              Journal of Pharmacological and Toxicological Methods 130 (2024) 107564 

5 

https://doi.org/10.1177/1753425910365733
https://doi.org/10.1177/1753425910365733
https://doi.org/10.2196/43651
https://doi.org/10.2196/43651
https://doi.org/10.1016/j.cub.2013.06.019
https://doi.org/10.1021/acsomega.1c05361
https://doi.org/10.1021/acsomega.1c05361
https://doi.org/10.1371/journal.pone.0154610
https://doi.org/10.1371/journal.pone.0154610
https://doi.org/10.3892/ijo.2016.3376
https://doi.org/10.3892/ijo.2016.3376
https://doi.org/10.1016/j.jtemb.2020.12669
https://doi.org/10.1002/btpr.3203
https://doi.org/10.1002/btpr.3203
https://doi.org/10.1016/j.jss.2011.10.038
https://doi.org/10.1002/smll.202101931
https://doi.org/10.1002/smll.202101931
https://doi.org/10.3389/fonc.2021.791069
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0150
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0150
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0150
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0155
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0155
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0155
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0155
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0160
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0160
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0160
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0165
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0165
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0165
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0170
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0170
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0170
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0170
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0175
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0175
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0175
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0180
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0180
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0180
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0180
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0180
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0180
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0185
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0185
https://doi.org/10.3389/fphar.2018.00252
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0195
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0195
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0200
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0200
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0200
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0200
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0205
http://refhub.elsevier.com/S1056-8719(24)00074-1/rf0205

	Overcoming obstacles in three-dimensional cell culture model establishment: Approaches for growing A549 non-small cell lung ...
	1 Introduction
	2 Methods
	2.1 Three-dimensional cell culture
	2.2 Spheroid characterisation
	2.3 Data analysis

	3 Results
	4 Discussion
	5 Conclusion
	Funding
	Consent of publication
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


