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Abstract

Tumor spheroids are becoming an important tool for the investigation of cancer stem cell (CSC) 

function in tumors; thus, low-cost and high-throughput methods for drug screening of tumor 

spheroids are needed. Using neurospheres as non-adherent three-dimensional (3-D) cultures, we 

developed a simple, low-cost acridine orange (AO)–based method that allows for rapid analysis of 

live neurospheres by fluorescence microscopy in a 96-well format. This assay measures the cross-

section area of a spheroid, which corresponds to cell viability. Our novel method allows rapid 

screening of a panel of anti-proliferative drugs to assess inhibitory effects on the growth of cancer 

stem cells in 3-D cultures.

Keywords

neurospheres; tumor spheroids; cancer stem cell; glioblastoma; acridine orange; microscopy

Address correspondence to Frank Eckerdt, Robert H. Lurie Comprehensive Cancer Center, Northwestern University Feinberg School 
of Medicine, 303 East Superior Street, Lurie 3-220, Chicago, IL 60611. frank.eckerdt@northwestern.edu. 

Supplementary material for this article is available at www.BioTechniques.com/article/114372.

Author contributions
F.E. designed the studies, performed the experiments, analyzed the data, and wrote the manuscript. A.A. designed the studies, 
performed experiments, analyzed data, and edited the manuscript. J.B., C.A., A.I., and A.D.A. performed experiments and analyzed 
data. B.H., S.-Y.C., and S.G. provided reagents, analyzed data, and edited the manuscript. L.C.P. designed studies, analyzed data, and 
edited the manuscript.

Competing interests
The other authors declare no competing interests.

HHS Public Access
Author manuscript
Biotechniques. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Biotechniques. ; 60(1): 43–46. doi:10.2144/000114372.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.BioTechniques.com/article/114372


Solid tumors grow in a three-dimensional (3-D) spatial conformation, which is not 

mimicked by two-dimensional (2-D) monolayer cultures. Non-adherent tumor spheroids are 

commonly used as 3-D in vitro models in cancer research to provide an intermediate 

between conventional adherent cancer cell cultures and in vivo xenograft models (1). In 

addition to providing a 3-D model, tumor spheroids represent an important tool for studying 

and expanding cancer stem cell (CSC) populations derived from patient samples or 

established cancer cell lines. CSCs represent a challenge for cancer therapy, as they are 

often resistant to current therapies (2). Thus, CSCs grown as spheroids have become an 

important tool to investigate drugs for their potential to inhibit therapy-resistant CSC 

function.

Recently, novel high-throughput methodologies for studying tumor spheroids have been 

developed using luminescent, colorimetric, or fluorescent viability reagents to study a 

variety of tumor spheroid functions such as motility and invasion (3), effects of co-culture of 

different cell types (4,5), and hypoxia (6). However, most microscopic high-throughput 

analyses relying on fluorescent probes require removal of the probe from the supernatant 

before microscopy. For instance, when fluorescein diacetate (FDA) is used as a viability 

dye, the culture medium, which contains esterases from dead cells, needs to be removed 

because it can result in a high background signal (7). As tumor spheroids are non-adherent 

floating structures, removal of excess probe from the supernatant is difficult and may 

compromise tumor spheroid integrity. Additionally, common cell viability reagents can be 

costly (see Supplementary Table S1).

Here we present a convenient, low-cost method for spheroid analysis using fluorescent 

probes and microscopy. We used acridine orange (AO), a cell-permeable organic compound 

that emits light in the red and orange spectrums and has been used before to stain and 

analyze multicellular spheroids (8). When AO is combined with single-stranded RNA, AO 

dimers are created, and the AO emission maximum shifts to red (640 nm) (9). However, 

when it intercalates into double-stranded DNA, AO retains its monomeric properties, its 

fluorescence yield and lifetime increase more than 2-fold, and its emission maximum shifts 

to 525 nm (within the green spectrum) (9,10). As tumor spheroids are detected by DNA-

bound AO in the green [fluorescein isothiocyanate (FITC)] channel (525 nm), removal of 

excess probe is not required, making AO an ideal tool for visualizing non-adherent, floating 

spheroids. Additionally, AO is very cost-effective compared to other dyes. Using our AO-

based method, the staining cost for 1000 assays is $0.007, which is more than 5000 times 

lower than that of other dyes (for cost-comparison of dyes used for spheroid analysis, see 

Supplementary Table S1).

METHOD SUMMARY

Here we report a new low-cost and effective method for analysis of acridine orange–stained 

3-D tumor spheroids by rapid-throughput fluorescence microscopy in a 96-well format.

We used neurospheres derived from U87 glioblastoma cells, a well-established model 

system (11). A detailed protocol can be found in the Supplementary Materials. In brief, 

adherent U87 cells were dissociated with trypsin and seeded into low-adhesion flasks for 
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suspension culture (4 × 106 cells per 75 cm2 flask) in cancer stem cell medium (CSC 

medium) comprised of serum-free DMEM/F12 medium supplemented with EGF (20 ng/

mL), basic-FGF (20 ng/mL), heparin (5 µg/mL), B27 (2%), and gentamicin (0.1 mg/mL). 

The resulting primary neurospheres were cultured for up to eight passages. U87 

neurospheres were then dissociated into single cells and subjected to flow cytometry using a 

BD FACSAria2 Special Order Research Product (SORP) instrument (BD Biosciences, San 

Jose, CA) in a biosafety cabinet. Cells were sorted by forward-scattered light (FSC) versus 

side-scattered light (SSC) and seeded into round-bottom 96-well plates (1000 cells per well 

in a 96-well suspension culture plate). Seeding cells by flow cytometry allows seeding of 

exact cell numbers per well while excluding debris or cells from the sub-G1 population, 

thereby ensuring uniformity at the beginning of the experiment. This is important because 

uniform spheroids and spheroid sizes are obtained by introducing defined numbers of viable 

cells to each well, and even small alterations in cell number or viability at seeding can result 

in substantial differences in neurosphere size after 14 days; however, manual counting and 

seeding of cells represents a viable alternative that has been used successfully by many 

laboratories (3–7). U87 neurospheres were allowed to grow for 2 weeks and then stained 

with 0.1 µg/ mL AO for 1 hour. Subsequently, neurospheres were imaged with a Nikon 

(Melville, NY) Eclipse Ti inverted microscope with an automated stage and a Nikon 10× air 

PlanApo objective (NA 0.45). Images were taken with an Andor Technology (Belfast, UK) 

Electron Multiplying Charge Coupled Device (EMCCD) camera (iXon3) with a 20 ms 

exposure. When using these settings, a 96-well plate is generally scanned in 5 min and 18 s, 

or less, which is faster than previously reported using a similar system (3). Analysis of 

neurosphere cross-section area was performed with Nikon Imaging Systems (NIS)-Elements 

high content analysis (HCA)/JOBS software as follows: The boundaries of neurospheres 

were defined by thresholding on fluorescence intensity and spheroid size (only objects ≥100 

µm were defined as spheroids). The fill area (in µm2) within the region of interest (ROI) was 

defined as the neurosphere cross-section area. We confirmed that the measured area 

corresponds to the area detected in the FITC channel and to neurospheres visualized by 

bright-field microscopy (Figure 1).

Next, we tested whether this protocol is suitable for monitoring the effect of anti-neoplastic 

agents on neurosphere formation. U87 neurosphere cells were seeded into 96-well round 

bottom plates and treated with vehicle (DMSO) alone or rapamycin, an inhibitor of the 

mammalian target of rapamycin complex 1 (mTORC1), or erlotinib, an epidermal growth 

factor receptor (EGFR) inhibitor that was previously shown to attenuate neurosphere size 

(12). To investigate whether the data obtained by our neurosphere assay correlate with cell 

viability, duplicate experiments were done in parallel for simultaneous analysis by the 

neurosphere assay and a water-soluble tetrazolium salt-1 (WST-1) proliferation assay as 

described previously (13). This assay measures cell metabolism by NAD(P)H-dependent 

reduction of tetrazolium dye and therefore provides a simple and indirect means of 

measuring spheroid viability. Increasing concentrations of rapamycin and erlotinib reduced 

neurosphere size as determined by fluorescence microscopy (Figure 2, A and B). Analysis of 

neurosphere images also revealed a dose-dependent decrease of neurosphere cross-section 

area after treatment with both antineoplastic drugs (Figure 2, C and D). Importantly, our 

methodology allows simultaneous collection of images (Figure 2, A and B) and cross-

Eckerdt et al. Page 3

Biotechniques. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



section area data (Figure 2, C and D) within 5 min, 18 s, and the data were markedly 

correlated with neurosphere cell viability as determined by the WST-1 assay (Figure 2, E 

and F).

Neurosphere cross-section area data collected by the automated HCA/JOBS system in a 96-

well format allows for rapid analysis of neurosphere formation that correlates with 

neurosphere viability. Additionally, this assay is simple and provides greatly improved cost-

efficiency compared with other staining methods used for tumor spheroid analysis (see 

Supplementary Table S1). Taken together, our neurosphere assay provides a novel tool to 

analyze spheroids of different origins for growth and size as measured by cross-section area, 

which we found correlates to viability, allowing rapid-throughput drug screening for tumor 

spheroid growth and thus CSC inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of neurosphere images acquired by bright-field and fluorescence 
microscopy, and the final analyzed image
U87 neurosphere cells (1000 cells per well) were seeded into round-bottom 96-well plates in 

100 µl cancer stem cell (CSC) medium. After 2 weeks, neurospheres were stained with 

acridine orange (AO) by adding 1 µl CSC medium containing 10 µg/mL AO for 1 h. 

Subsequently, neurospheres were subjected to microscopy. The same neurosphere was 

visualized by bright-field microscopy (A) and using the FITC channel to detect AO-positive 

neurosphere cells (B). (C) The region of interest (ROI) in red identified by the HCA/JOBS 

software was used to determine neurosphere cross-section area. Scale bar: 500 µm.
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Figure 2. Neurosphere size as measured by spheroid cross-section area corresponds with cell 
viability
U87 neurosphere cells were seeded into round-bottom 96-well plates (1000 cells per well) 

and were treated with the indicated concentrations of rapamycin or erlotinib. After 2 weeks, 

neurospheres were stained with 0.1 µg/mL acridine orange (AO) for 1 h. Cells were 

analyzed by fluorescence microscopy (FITC channel), followed by measurement of 

neurosphere cross-section area using the HCA/JOBS software. (A and B) Tile-view of AO-

stained neurospheres (in triplicate) detected in the FITC channel after treatment with DMSO 

as a control or the indicated concentrations of rapamycin (A) or erlotinib (B) both dissolved 
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in DMSO. (C and D) Neurosphere images taken 2 weeks after incubation with DMSO and 

the indicated concentrations of rapamycin (C) or erlotinib (D) were analyzed for 

neurosphere cross-section area as described in the text. Data from 3 independent 

experiments are shown, each done in 10 technical replicates. Data are expressed as 

percentages of control DMSO-treated sample values. (E and F) Neurosphere viability as 

determined by WST-1 assay after 2 weeks of incubation with DMSO and the indicated 

concentrations of rapamycin (E) or erlotinib (F). Means ± SEM are shown from the values of 3 

independent experiments, each done in 10 technical replicates. Data are expressed as 

percentages of DMSO-treated samples (control). *, P < 0.05, **, P < 0.01 using a paired t-

test.
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