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March 26, 2019 

 

Dear Dr. Myers, 

 

Thank you for the review of our manuscript entitled: “Physiologic Patient Derived 3D 
Spheroids for Anti-neoplastic Drug Screening to Target Cancer Stem Cells”, authored by Michael E. 
Bregenzer, Ciara Davis, Eric N. Horst, Pooja Mehta, Caymen M. Novak, Shreya Raghavan, Catherine S. 
Snyder, and Geeta Mehta, for consideration of publication in JOVE as an original video research article.  

 
We appreciate the insightful comments supplied by the editors and reviewers, and have 

made substantial changes in the manuscript in response to their suggestions.  Our detailed 
responses to the reviewer comments are appended. 
 

We hope that the paper is now acceptable for publication and are grateful for the 
opportunity to publish in JOVE. 
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Geeta Mehta, PhD 
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Response to Reviewers: 
 

The authors would like to thank the editors and the reviewers for their feedback and comments. 
We have made significant revisions to the manuscript, and this document will reflect and outline 
the changes we have made, per your suggestions. Several changes have been made in the main 
manuscript, and are highlighted in red text in the tracked changes manuscript. A detailed list of 
edits and the author response to the reviewers’ comments follow below.  
 
Editorial comments: 
 
General: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 
2. Please ensure that the manuscript is formatted according to JoVE guidelines–letter (8.5” x 
11”) page size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left 
margin, single spacing within paragraphs, and spaces between all paragraphs and protocol 
steps/substeps. 
3. Note that all text written using Word’s equation editor (or Microsoft Equation) will be 
formatted differently from the rest of the text. Please rewrite inline variables, if possible, in 
the same font as the rest of the text, and ensure all equations are on their own line. 
4. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. Please use the micro 
symbol µ instead of u. Please abbreviate liters to L to avoid confusion. 
5. Please include a space between all numerical values and their corresponding units (except 
%): 15 mL, 37 °C, 60 s, 15,000 x g; etc. 
6. Please provide an email address for each author. 
7. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. 
Please limit the use of commercial language from your manuscript and use generic terms 
instead. All commercial products should be sufficiently referenced in the Table of Materials 
and Reagents. 
For example: alamarBlue, Fisher Scientific, Gibco, Celltreat, Parafilm, Excel, GraphPad, 
Millipore, Histogel, Life Technologies, Olympus. 
 
Thank you for these suggestions! All general suggested changes have been made. 
 
Protocol: 
 
1. Please ensure that all text in the protocol section is written in the imperative tense as if 
telling someone how to do the technique. The actions should be described in the imperative 
tense in complete sentences wherever possible. Any text that cannot be written in the 
imperative tense may be added as a “Note.” However, notes should be concise and used 
sparingly. 
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2. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. 
Please highlight 2.75 pages or less of the Protocol (including headers and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted 
Protocol steps will remain in the manuscript, and therefore will still be available to the 
reader. 
 
3. Please include an ethics statement before the numbered protocol steps, indicating that the 
protocol follows the guidelines of your institution’s human research ethics committee. 
 
4. For each protocol step/substep. Please ensure you answer the “how” question, i.e., how is 
the step performed? Alternatively, add references to published material specifying how to 
perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 
sentences per step, please split into separate steps or substeps. 
 
Thank you for these suggestions! All suggested changes in the protocol have been made. The 
filmable content of 2.75 pages in the protocol has been highlighted. 
 
Specific Protocol steps: 
 
1. “Evaluation of drug toxicity in spheroids” and “Analysis of cancer stem cell populations 
with flow cytometry”-please make these numbered sections, with the relevant sections as 
subsections under them. Everything in the protocol (except for the introductory ethics 
statement) should be in a numbered step, header, or ‘Note’. 
 
The suggested change has been made. 
 
Results: 
 
1. In the 2nd paragraph, there is a reference to Figure 4 after a sentence discussing fixing and 
staining spheroids, but this figure only has flow cytometry results-should there be another 
Figure here? 
 
This section has been modified. 
 
Figures: 
 
1. Figure 3A, B: Please separate numbers and units here, and use ‘µ’ instead of ‘u’. 
 
The suggested change has been made. 
 
References: 
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1. Please do not abbreviate journal titles in the reference section. 
 
The suggested change has been made. 
 
Table of Materials: 
 
1. Please ensure the Table of Materials has information on all materials and equipment used, 
especially those mentioned in the Protocol. 
 
The Table of Materials has been updated. 
 
Formatted per JoVE guidelines (see attached), the highlighted portion of the protocol is ~5 
pages; our limit is 2.75 pages for filming and video length purposes. Please reduce the 
highlighted portion to 2.75 pages (including by consolidating some of your shorter steps). 

 
This has been addressed. 
 
Please remove the embedded figures and upload the latest versions of them as Figure files in 
your revised submission. 

 
This has been addressed. 
 
Figure 4B: ‘Discrimmination’ is a typo. 

  
This has been addressed. 
 
Introduction: ‘Cancer remains (the) second largest cause of death’-where? Worldwide? 
  
Worldwide – this section has been adjusted. 
 

Reviewers' comments: 
 
Reviewer #1: 
 
Major Concerns: 

Q1. The author did not describe how the spheroids were collected from the 384-well hanging 
drop plates. For example, in line 366-367, before flow cytometry analysis, spheroids were 
collected. Was it by pipetting from each well? Or other methods? 

Details of spheroid collection method have been added to each section that involves spheroid 
harvesting where appropriate. Mostly spheroids are taken up by a 1000 microliter pipet 
through the top of the hanging drop well. For immunofluorescence following embedding in 
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agarose, spheroids are instead pushed through the bottom of the well with 20 microliters of 
PBS. 

 
Minor Concerns: 

Q1. It may be helpful to add notes regarding how to dissociate the spheroids into single cells 
besides mechanically disaggregating by pipetting. 

A note has been added regarding enzymatic digestion to facilitate generation of a single cell 
suspension while maximizing viability and single cell yield1 in section 5 of the protocol. 

Reviewer #2: 

Major Concerns: 

Q1. The authors describe limitations to the culture method mostly centered on the 
maintenance of individual hanging drops. However, little to no discussion of the limitations of 
the analysis methods is included while these methods comprise a significant portion of this 
manuscript. Also, the methods for isolating patient cells are somewhat opaque, as the string 
of as-described-in-[reference]s ends in a paper that doesn't actually describe 
the method. 

A paragraph describing spheroid specific limitations has been added to the discussion. One such 
limitation is increased droplet size during longer cultures, which decreases droplet stability and 
makes capture of clear images difficult. This is ameliorated by replacement of medium during 
feeding (remove an equal amount of old medium to the amount of new medium that will be 
added), as opposed to simple addition of fresh medium. An additional limitation is changes in 
viability due to method of spheroid disaggregation. Mechanical dissociation and/or enzymatic 
dissociation is required for spheroid dissociation, which can affect cell viability1. Finally, 
histological analysis of spheroids can be difficult due to challenges locating the spheroids during 
the sectioning process. Improvement is achieved with practice.   

The incorrect citation has been updated and a brief description of methods to isolate patient 
cells was been added in section 1 of the protocol. 

Q2. Are the 384-well hanging drop plates commercially available? They are not listed in the 
materials table. If the plates are a custom product, this should be indicated. If a custom 
product, how can this work be reproduced in other laboratories? 

This information has been added in the Table of Materials.  

Q3. A brief description of the isolation method for patient-derived cells would be helpful to 
include in this manuscript along with the reference for more details. 
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A brief description of the isolation methods has been added, and references have been 
provided in section 1 of the protocol. 

 
Q4. How long can tumor spheroids be maintained in the hanging drop system? Are longer-
term cultures possible? 

In our previous and unpublished work, we have maintained spheroids for 42 days on the 
hanging drop plates. We routinely perform long term culture of spheroids for 3 weeks in our 
lab, prior to experiment termination. This data has not been published. Multiple other sources 
have published longer-term cultures of spheroids. Once such study performed 12 day cultures 
and showed greater than 90% viability within spheroids made with 1500 cells per drop on day 
122. Because our spheroids are typically made with less than 100 cells per well, they can be 
cultured for longer periods of time. Alternatively, modified hanging drop plates with micro-ring 
structures have been shown to stabilize droplets to allow for stable droplets for 14 - 24 days in 
culture3. It should be noted, and is mentioned in the discussion that longer term cultures 
require replacement of medium during feeding steps as opposed to simply adding some new 
medium, since the droplets may become too voluminous, compromising stability and quality of 
images. 

Q5. Control samples should be treated with cell culture medium containing an equal 
concentration of vehicle (e.g. DMSO) compared to the treated samples. 

The example provided in this manuscript is drug treatment with cisplatin, which is solubilized in 
water. Given that a small volume of cisplatin is added to medium to create the drug solution 
applied to spheroids, a suitable control is culture medium without drug. That said, drugs 
solubilized in other solvents, like DMSO, will require a cell culture medium control that has the 
same concentration of DMSO that the experimental condition has. This has been clarified in the 
manuscript in section 5 of the protocol. 
 
Q6. Does the alamarBlue reagent completely penetrate larger tumor spheroids during the 
incubation periods indicated? 

One of the advantages of our culture system is the fact that spheroids can be formed reliably 
with small cell numbers (<10 cells/well)4. Spheroids formed with small cell numbers may not 
need as long of an incubation with alamarBlue as larger spheroids. Additionally, diffusion may 
depend on cell type, how compact the spheroid is, and spheroid formation method and thus 
may require longer incubation times5. For this reason, it is recommended in our protocol to first 
determine the appropriate incubation time with alamarBlue by reading fluorescence 
measurements every 30 minutes until the measurement starts to plateau. The time at which 
the measurement plateaus, is the time point at which future experiments should be read. This 
has been noted in section 4 of the protocol. Recent studies, as well as our previous publication 
utilize 24 hour alamarBlue incubation periods, as opposed to the standard 4 hours mentioned 
in this manuscript 4,6. 
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Q7. What is the cell viability loss after mechanical dissociation? Normalizing the data to the 
untreated control accounts for this but it decreases the sensitivity of the assay to include this 
background of cell death. Have other methods of dissociation been explored? Discussion of 
the limitation of this assay method should be included. 

While it is true that mechanical dissociation can cause cell death, we have not quantified this 
value as it will likely depend on the individual performing the experiment and cell type(s). That 
said, there are alternative methods to facilitate spheroid disaggregation including incubation 
with enyzmes, such as Trypsin, Accutase, or dispase, for example1. It is recommended that each 
lab tailor their dissociation method to optimize cell viability and single cell yield based on their 
cell types and downstream analysis. It is also recommended that trypan blue results be 
corroborated by alternative methods of analyzing cell viability, such as alamarBlue and live/dead 
staining, which are both methods that do not require spheroid disaggregation and have shown 
agreement in our previous work4. This has been addressed in section 5 of the protocol.  
 
Q8. Are live/dead quantifications done using maximum intensity projections or single z-
slices? Max intensity projections are a poor way to quantify 3D objects. 

Live/dead quantifications are done using composite images generated at the confocal 
microscope. Composite images are then split into different color channels in ImageJ and the 
percentage of live versus dead cells was determined based on the fluorescence measured in the 
live color channel and the dead color channel. We have published this work previously and 
showed using this analysis method that results correlate well with alternative methods of 
determining cell viability (alamarBlue) suggesting that this analysis method produces accurate 
results4. That said, we recognize reviewer’s point that max intensity projections are not the best 
way to quantify 3D objects so we have also referred the readers to a microplate fluorescence 
protocol provided with the Live/Dead Assay kit as an alternative. This has been acknowledged in 
section 7 of the protocol. 
 
Minor Concerns: 

Q1. Sections of this manuscript would benefit from light editing for grammar and spelling. 

The manuscript has been reviewed and edited for grammar and spelling. 
 
 

Reviewer #3: 
 
Minor Concerns: 
 
Q1. Line 55: 'chemoresistant cells are also called the cancer stem cells' is inaccurate as it is 
not necessary that all chemoresistant cells are cancer stem cells. 

This has been addressed in the introduction. Thank you for catching that. 
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Q2. Line 58: Comma after 'chemoresistance.' 

This has been addressed. 

Q3. Line 175: More details on tissue processing and flow cytometry will be useful. 

Details have been added throughout the flow cytometry section and readers are referred to 
two recent publications for more details7,8. 

 
Q4. Line 176: Should be 'flow cytometry' and not 'low cytometry.' 

This has been addressed. 

Q5. Line 178: Not clear what is meant by 'Freshly isolated single cells are frozen-thawed 
patient derived cells.' 

This has been clarified in section 1 of the protocol. We meant to say that freshly isolated cells 
are frozen for storage and later thawed for use in experiments. In other words, isolated single 
cells were not always used immediately. 

Q6. Line 189: Please provide details of the hanging drop plate in the Table of Materials. 

Details on the hanging drop plate have been added in the Table of Materials. 

Q7. Lines 195-7: Parafilm will prevent gas exchange and that can affect buffering by the 
bicarbonate buffer system in the medium. Please comment/discuss. 

It is likely that the Parafilm does not completely block off the interior of the 6-well plate sandwich 
with the 384-well plate. Our medium contains phenol red, which has a red/pink color at pH of 
8.2 and yellow/clear at pH of 6.8. If CO2 could not escape the sandwich structure, we would 
expect the pH to drop as a result of the buffer system. While we do see the hanging droplets 
transition to a yellow/clear color, it does not appear to be different than the change in color of 
the medium in 2D culture dishes, which are not sealed by Parafilm. Therefore, we suspect that 
any change in pH is a natural consequence of cell culture. That said, the product information 
sheet for Parafilm M, claims that it is permeable to gases, including CO2, but not to moisture. 
 
Q8. Line 253 and Line 265: There is a discrepancy '1 and 4 days' vs. '5-7 days.' 
 
This has been clarified in section 5 of the protocol. It usually takes between 1 and 4 days for a 
stable spheroid to form. Any time after stable spheroids form and are equivalent size across all 
replicates, the drug treatment can be started. Therefore, if the spheroids have all formed by 
day 1, they could theoretically be treated on that day. However, for consistency, and to ensure 
that the spheroids are always completely formed and are same size by the start of drug 
treatment, we usually treat with drugs after 5-7 days. 
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Q9. Line 259. It will be more appropriate to use the solvent in which the drug is dissolved as a 
vehicle control instead of culture medium. 

The example provided in this manuscript is drug treatment with cisplatin, which is solubilized in 
water. Given that a small volume of cisplatin is added to medium to create the drug solution 
applied to spheroids, a suitable control is culture medium without drug. That said, drugs 
solubilized in other solvents, like DMSO, will require a cell culture medium control that has the 
same concentration of DMSO that the experimental condition has. This has been clarified in the 
manuscript in section 5 of the protocol. 
 
Q10. Line 271: What is the size of the tips used. How to minimize cell death due to shearing? 

The size of the tips used has been clarified on where appropriate throughout the manuscript. 
Minimization of cell death could be accomplished in combination with enzymatic digestion such 
as with Accutase, Trypsin, and/or dispase to facilitate spheroid dissociation1. This has been 
mentioned in section 5 of the protocol. 

 
Q11. Lines 272, 372 and 380: 17,000g is too high a centrifugal force for cell pelleting. They 
might rupture under such a high force. 

We acknowledge that this has been reported and have changed the protocol to 400 x g for cell 
pelleting as used in culture of ovarian cancer cells and tumor initiating cells by House et al9. 

 
Q12. Line 339: Please provide more details of the sample preparation for confocal microscopy 
since these are spheroids. 

Additional details have been added to section 8 of the protocol. 

 
Q13. Line 458: While describing the results, it is desirable to have 3A before 3B in the 
sequence. 

This has been addressed in the results section. 

Q14. 466: 'solutions' should be changed to 'suspensions.' 

This has been addressed. 

Q15. Can this method be used to identify difference(s) between cancer stem cells from solid 
tumors and ascites? 

Yes. Forming spheroids from cancer stem cells derived from the two different sources would 
allow for comparison between the two groups of cancer stem cells. Whole spheroids could be 
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sequenced to examine the overall difference in spheroids generated from each group of CSCs. 
Alternatively, single cell sequencing techniques, such as drop sequencing10 could be used to 
identify the specific genetic signature of each CSC group. We have previously demonstrated that 
CSCs can be isolated from primary tumors as well as ascites to make spheroids7,8. 
 
References: 
1. Jager, L. D. et al. Effect of enzymatic and mechanical methods of dissociation on neural 
progenitor cells derived from induced pluripotent stem cells. Advances in Medical Sciences 
61, 78–84 (2016). 
2. Tung, Y.-C. et al. High-throughput 3D spheroid culture and drug testing using a 384 
hanging drop array. The Analyst 136, 473–478 (2011). 
3. Hsiao, A. Y. et al. Micro-Ring Structures Stabilize Microdroplets to Enable Long Term 
Spheroid Culture in 384 Hanging Drop Array Plates. Biomedical Microdevices 14, 313–323 
(2012). 
4. Raghavan, S. et al. Formation of stable small cell number three-dimensional ovarian 
cancer spheroids using hanging drop arrays for preclinical drug sensitivity assays. Gynecologic 
Oncology 138, 181–189 (2015). 
5. Raghavan, S. et al. Comparative analysis of tumor spheroid generation techniques for 
differential in vitro drug toxicity. Oncotarget 7, 16948–16961 (2016). 
6. Eilenberger, C. et al. Optimized alamarBlue assay protocol for drug dose-response 
determination of 3D tumor spheroids. MethodsX 5, 781–787 (2018). 
7. Mehta, P., Novak, C., Raghavan, S., Ward, M. & Mehta, G. Self-Renewal and CSCs In Vitro 
Enrichment: Growth as Floating Spheres. Methods in Molecular Biology 1692, 61–75 (2018). 
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SUMMARY:  32 

This protocol describes generation of patient-derived spheroids, and downstream analysis 33 

including quantification of proliferation, cytotoxicity testing, flow cytometry, 34 

immunofluorescence staining and confocal imaging, in order to assess drug candidates’ potential 35 

as anti-neoplastic therapeutics. This protocol supports precision medicine with identification of 36 

specific drugs for each patient and stage of disease. 37 

 38 

ABSTRACT:  39 

In this protocol, we outline the procedure for generation of tumor spheroids within 384-well 40 

hanging droplets to allow for high-throughput screening of anti-cancer therapeutics in a 41 

physiologically representative microenvironment. We outline the formation of patient derived 42 

cancer stem cell spheroids, as well as, the manipulation of these spheroids for thorough analysis 43 

following drug treatment. Specifically, we describe collection of spheroid morphology, 44 
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proliferation, viability, drug toxicity, cell phenotype and cell localization data. This protocol 45 

focuses heavily on analysis techniques that are easily implemented using the 384-well hanging 46 

drop platform, making it ideal for high throughput drug screening. While we emphasize the 47 

importance of this model in ovarian cancer studies and cancer stem cell research, the 384-well 48 

platform is amenable to research of other cancer types and disease models, extending the utility 49 

of the platform to many fields. By improving the speed of personalized drug screening and the 50 

quality of screening results through easily implemented physiologically representative 3D 51 

cultures, this platform is predicted to aid in the development of new therapeutics and patient-52 

specific treatment strategies, and thus have wide-reaching clinical impact. 53 

 54 

INTRODUCTON: 55 

Worldwide cancer-related mortality reached a toll of 9.8 million deaths in 20181, highlighting the 56 

need for the development of improved therapeutics. Unfortunately, the cost of developing 57 

cancer drugs is increasing, with the development of a single drug costing approximately USD$650 58 

million2 indicating the need for improved strategies to develop new anti-cancer drugs. Cancer 59 

stem cells (CSCs), which are characterized by increased chemoresistance3, the capacity to self-60 

renew, and the ability to seed new tumors4 are thought to be responsible for tumor recurrence4, 61 

metastasis5, and chemoresistance4,6, which all contribute to the malignant capacity of the tumor 62 

and thus the high death toll. In ovarian cancer, these cells are found enriched in the malignant 63 

ascites fluid in the peritoneal cavity, a condition associated with poor clinical outcomes1. As a 64 

result of the malignant capabilities of CSCs, there has been a push to develop new CSC targeting 65 

drugs to use in conjunction with traditional chemotherapies. There are several challenges that 66 

accompany the development of CSC targeting drugs including: 1) difficulty in expanding and 67 

maintaining CSCs in vitro; 2) scarcity of patient samples; 3) physiological relevance of the culture 68 

platform; and 4) heterogeneity in drug sensitivity between patients. This protocol outlines the 69 

implementation of a high throughput 3D culture platform that can overcome each of these 70 

challenges. In particular, this system allows for rapid drug screening using small numbers of 71 

patient-derived ovarian CSCs, and is highly amenable to downstream analysis techniques. While 72 

ideal for studying ovarian cancer and CSCs, our platform is also valuable in studying other cancers 73 

and differentiated cell types in complex 3D environments. 74 

  75 

Complex 3-dimensional (3D) models are critical in studying the tumor microenvironment (TME), 76 

which is a 3D niche made up of cancer cells, non-cancer supporting cells, and extracellular matrix 77 

(ECM) proteins4. This 3D environment results in unique cell morphology, cell-cell and cell-matrix 78 

interactions, cell differentiation, cell migration, cell density, and diffusion gradients compared to 79 

traditional 2D cell culture in vitro4. All of these factors culminate in differential drug response 80 

within 3D cultures, exhibiting increased drug resistance and physiological relevance7,8. Due to the 81 

role of the 3D TME in CSC differentiation and chemoresistance, it is vital to screen for CSC 82 

targeting drugs in physiologic microenvironments. Improving the physiological relevance of CSC 83 

drug screening platforms has the potential to improve patient specific drug screening, drug 84 

development, formulation of treatment strategies, and ultimately clinical outcomes. It is equally 85 

important that the platform used for drug screening be high-throughput and compatible with 86 

downstream analysis methods to minimize cost, time, and clinical translation time of promising 87 

drugs9. 88 



  89 

Currently, the complex TME is best maintained for drug screening applications through in vivo 90 

models such as murine syngeneic tumor models, cell line-derived xenografts, and patient-derived 91 

xenograft (PDX) models12, as they provide physiologic conditions. However, the low-throughput 92 

nature of these models, as well as, the cost, time, and technical skill sets that they require limits 93 

their utility in rapid, high throughput drug screening applications13. As alternatives to these in 94 

vivo models, many in vitro 3D models utilizing hydrogels8, culture within microfluidic devices or 95 

‘organ-on-a-chip’ devices10,14, and non-adherent cultures3,8 have also been developed, due to 96 

their low barrier to entry in terms of cost, time, and required skillset.  97 

 98 

Hydrogel culture platforms are advantageous in the fine control afforded over the matrix 99 

composition, mechanical properties, and matrix structure15; however, they can inhibit high 100 

density cell culture14. Additionally, harvesting cells from hydrogels can complicate downstream 101 

analysis, due to potentially harmful effects of harvesting methods15. Microfluidic devices, on the 102 

other hand, are microscale devices that allow for output detection within the same device and 103 

for cell culture at physiologically relevant scales with minimal consumption of reagents, 104 

decreased reaction time, minimized waste, and rapid diffusion14. These characteristics make 105 

them promising platforms for investigating drug toxicity, efficacy, and pharmacokinetics. 106 

However, the challenges of efficient, quantifiable, reproducible, and user-friendly 3D cell culture, 107 

as well as, bulky and costly pumping systems have restricted microfluidic applications in high-108 

throughput research10. Efficient detection setups and potentially difficult implementation across 109 

fields have also hindered widespread adoption of microfluidic systems10. 110 

  111 

Contrarily, spheroids generated in non-adherent conditions in rotating mixers (nutators), ultra-112 

low attachment plates, and hanging droplets do not include user-defined matrix components. 113 

These methodologies are especially relevant for studying ovarian cancer as the non-adherent 114 

conditions are representative of the conditions in which spheroids grow within the peritoneal 115 

cavity5. Within these non-adherent culture methods, nutator and hanging drop spheroids have 116 

been shown to exhibit higher compaction, remodeling, and chemoresistance compared to 117 

spheroids generated in ultra-low attachment plates, suggesting increased physiological 118 

relevance16–19. Due to increased capacity for high-throughput screening from smaller well sizes 119 

and minimal required cell numbers, spheroid generation in hanging drop plates is an ideal 120 

platform for drug screening. Here, we present a tunable 3D physiologic platform in 384-well 121 

hanging drop plates, that is easy to implement and highly amenable to downstream analysis, 122 

making it ideal for high throughput drug screening of ovarian cancer and ovarian CSCs. 123 

  124 

Our 3D physiologic platform provides all of the advantages of 3D culture, including physiological 125 

cell-cell contacts, diffusion gradients, cell densities, and naturally produced ECM proteins, which 126 

may contribute to realistic drug responses16–19. Additionally, by generating these spheroids with 127 

patient-derived CSCs, we are able to determine patient specific responses to drugs1 with many 128 

technical replicates simultaneously, to overcome heterogeneity that may be found with patient 129 

tumor sample20. Furthermore, 3D culture has been shown to enhance maintenance of CSC 130 

populations3,16 and thus is representative of enriched CSC populations in the ascites7. This 131 

combined with easy downstream analysis, including flow cytometry analysis of viability and CSC 132 

https://www.zotero.org/google-docs/?ed0Yxl


proportions allows for optimal evaluation of CSC targeting drug efficacy. Finally, this physiologic 133 

platform is compatible with imaging at multiple time points during the experiment, evaluation of 134 

cell death and proliferation, cell organization and morphology with immunohistochemistry, 135 

soluble signaling with ELISA on conditioned medium, cell phenotypes with flow cytometry, and 136 

gene expression following PCR.  137 

 138 

PROTOCOL: 139 

 140 

All patient samples are collected under an approved IRB protocol from consenting patients, 141 

whose samples are de-identified after tumor debulking and ascites collection. 142 

 143 

1. Generation of spheroids from small cell numbers in 384-well hanging drop plates 144 

 145 

1.1. Place the hanging drop plate in a sonicator filled with sterile deionized (DI) water and 146 

sonicate for 20 min. 147 

 148 

1.2. With a gloved hand, remove the plate from the sonicator and wash it with running DI water.  149 

 150 

1.3. Allow the plate to sit in a bath of 0.1% Pluronic acid for 24 hours to prevent protein 151 

adsorption and spheroid adherence to the wells.  152 

 153 

1.4. Remove plates with a gloved hand and rinse both sides of the plate with running DI water 154 

thoroughly. 155 

 156 

1.5. Vigorously tap or shake the plate inside a biosafety cabinet to remove water from the wells 157 

in a sterile environment.  158 

 159 

1.6. Place the plate under UV light for 30-60 min on each side to sterilize the plates and minimize 160 

contamination.  161 

 162 

NOTE: The plate can also be exposed to ethylene oxide gas chamber for sterilization. 163 

 164 

1.7. Fill each well of a 6-well plate with 4–5 mL of sterile autoclaved DI water and sandwich the 165 

hanging drop plate between the lid and the bottom of the 6-well plate. Add 800-1,000 μL of 166 

sterile DI water around the rim of the hanging drop plate to provide a humid, stable, and sterile 167 

environment to minimize volume lost to evaporation (Figure 1 A-C).  168 

 169 

1.8. For 2D grown cells, aspirate medium covering cells in their log phase of growth and wash 170 

with 1x phosphate buffered saline (PBS) to remove traces of fetal bovine serum (FBS) in the 171 

growth medium, as it hampers the action of trypsin. 172 

 173 

1.9. Aspirate the PBS and pipet 1.0-1.5 mL of 0.25% trypsin-EDTA to the 100 mm tissue culture 174 

dish. Incubate cells for 5 min in an incubator set to 37 °C.  175 

 176 



NOTE: Cells may detach at different rates, so plates should be checked on a benchtop light 177 

microscope to ensure cell detachment after 5 min. Adjust detachment protocol per vendor 178 

instructions when using a cell line. 179 

 180 

1.10. Add 3–4 mL of cellular medium containing FBS or any serum to the dish to neutralize the 181 

trypsin, collect cells with a 10 mL serological pipet, and deposit them in a 15 mL conical tube.  182 

 183 

1.11. Count cells by loading 10 μL of the cell suspension on each side of a hemocytometer and 184 

follow the associated counting protocol.  185 

 186 

1.12. For patient-derived cells collected from primary or metastatic solid tumors or from ascites 187 

that have not been 2D cultured, prepare single cell suspensions in serum free medium (SFM) 188 

described previously3. 189 

 190 

1.13. Process tumor tissues as previously described and store single cell suspensions for later use 191 

in appropriate freezing medium21,22.  192 

 193 

1.13.1. For solid tumor tissue, mince mechanically with a razor blade and filter resulting solution 194 

through a 40 μm filter before isolating desired cells from a density gradient21,22. 195 

 196 

1.13.2. For ascites samples, concentrate cells by centrifugation, lyse red blood cells in 197 

ammonium-chloride-potassium (ACK) buffer, wash in 1x PBS, and then pass through a 40 μm 198 

filter and a 28G needle 4 times22. 199 

 200 

1.14. For isolation of ovarian CSCs, sort cells with flow cytometry as described below in detail.  201 

 202 

1.15. Freshly isolated single cells are frozen for storage and thawed when needed for 203 

experimentation. 204 

 205 

1.16. To prepare the cell suspension for plating, calculate the desired volume of cell solution 206 

required for plating: 20 μL ÷ drop X total number of droplets = total solution volume needed. 207 

 208 

1.17. Dilute cell concentration to the desired cell concentration per 20 μL (i.e., 100 cells in a 20 209 

μL drop).  210 

 211 

1.18. Mix the cell suspension gently using a 1,000 μL pipet before plating to ensure homogeneous 212 

distribution of cells and improve uniformity between droplets.  213 

 214 

NOTE: Overmixing of the cell suspension may lead to cell death and debris in the hanging drop 215 

spheroids. 216 

 217 

1.19. Place the tip of the pipette in the well at an angle of approximately 45° and pipet 20 μL of 218 

the cell solution into each hanging drop well.  219 

 220 



NOTE: Plating patterns can be adjusted depending on number of spheroids needed. Plating 221 

spheroids in every other well is safer when large quantities of spheroids are not needed in an 222 

experiment, because it prevents accidental merging of the droplets (Figure 1D, E). If large 223 

quantities of spheroids are needed for an experiment, plate every well leaving one row of border 224 

wells on all sides (Figure 1F). 225 

 226 

1.20. Place the lid of the 6-well plate back on top of the hanging drop plate and use a stretchy 227 

thermoplastic strip that is insensitive to moisture loss, to seal the edges and prevent additional 228 

evaporation of droplets. Incubate in a standard CO2 humidified incubator (5% CO2, 37 °C).  229 

 230 

1.21. Feed hanging drops once every 2-3 days to replenish cell culture medium for necessary 231 

nutrients by adding 2-3 μL to each spheroid containing well. 232 

 233 

NOTE: After imaging, it is always advised to feed the hanging drops, as air exposure during 234 

imaging leads to evaporation. 235 

 236 

2. Adding cell culture medium to hanging drop spheroid plates 237 

 238 

2.1. Remove the thermoplastic strip and lid within a biosafety cabinet and add 2-3 μL of the 239 

appropriate culture medium to each well containing a hanging drop. 240 

 241 

NOTE: The volume added will depend on drop size and the amount of time between feedings. 242 

 243 

2.2. After feeding, cover the plate with the top lid and apply fresh thermoplastic strip to the 244 

outside edges before putting the plate back in the incubator. 245 

 246 

3. Phase contrast imaging of spheroid morphology 247 

 248 

3.1. Remove the thermoplastic strip from around the edges of the plate in a biosafety cabinet.  249 

 250 

3.2. Carefully remove the 384-well hanging drop spheroids plate from the biosafety cabinet with 251 

the lid still in place and place it in the microscope tray at an epifluorescent microscope.  252 

 253 

3.3. Use the live imaging option in the imaging software at 4x, 10x or 20x to observe the hanging 254 

drop spheroids and take desired images. 255 

 256 

3.4. After saving the images, take the plate back to the biosafety cabinet and feed cells as 257 

described above. 258 

 259 

3.5. Reseal plate with a fresh thermoplastic strip and place the sealed plate back in the incubator. 260 

 261 

4. Quantification of proliferation and viability within spheroids 262 

 263 



4.1. Plate spheroids in a sufficient number of wells to obtain >10 technical replicates for each 264 

time point (i.e., day 1 and day 7) that is to be examined.  265 

 266 

NOTE: Wells that are used for this assay are generally not used again due to potential 267 

contaminants from the resazurin dye. 268 

 269 

4.2. Add 2 μL of filtered resazurin-based solution to the wells designated for proliferation analysis 270 

as if feeding those wells and incubate for a pre-determined incubation period. 271 

 272 

NOTE: This incubation time can vary based on cell type and the number of cells in the spheroid. 273 

It is advised to determine the required incubation time needed prior to beginning proliferation 274 

experiments by beginning measurements after 1 hour incubation and then re-measuring every 275 

30 min until the signal readouts in control wells plateau. Assay readings can be taken as many 276 

times as desired. Incubation is typically 4 hours for spheroids initiated with 100 cancer cells. 277 

 278 

4.3. Turn on the microplate reader first followed by the associated plate reader software at least 279 

15 min prior to first reading to allow for the machine to warm up and secure the internal 280 

temperature at 22 °C as temperature can affect the readings. 281 

 282 

4.4. Open a 384-well plate protocol set with 530/25 nm excitation and 590/35 nm emission 283 

wavelengths with Optics set to Bottom, Gain set to 35, Read Speed set to Normal, and read type 284 

set to Fluorescence. 285 

 286 

4.5. After the incubation period, open the hanging drop sandwich in a biosafety cabinet and bring 287 

the 384-well plate with the lid still in place to the plate reader.  288 

 289 

4.6. Place the 384-well plate with the lid still in place in the plate reader tray, which will be 290 

extended once the machine is warmed up and click Ok to read the plate.  291 

 292 

4.7. Return the well plate to the 6-well base and place it in the incubator. If all time points have 293 

been read for the day, reseal the plate before placing it back in the incubator.  294 

 295 

4.8. Save the experiment in the pop-up window and then click Yes when prompted Do you want 296 

to execute PowerExports for Plate 1 to output data from the plate reader software into a 297 

spreadsheet for organization.  298 

 299 

4.9. Average fluorescence values for each condition and normalize by the average of the control 300 

condition to report fold change in proliferation in various experimental conditions.  301 

 302 

4.10. When comparing day 1 to day 7, normalize by dividing by day 1 average fluorescence to 303 

obtain fold change in proliferation over time. 304 

 305 



4.11. Calculate error bars using standard error of the mean and determine statistical significance 306 

between experimental groups with an appropriate statistical test, like the student’s two-tailed T 307 

test.  308 

 309 

5. Evaluation of drug toxicity in spheroids 310 

 311 

5.1. Drug administration  312 

 313 

5.1.1. At any time following spheroid formation, deliver drug diluted to the desired concentration 314 

such that a 2 μL dose contains 10x the desired final drug concentration. 315 

 316 

NOTE: This is assuming an evaporation of 2 μL from the droplet so that the ending volume post 317 

drug treatment is 20 μL. For example, a 50 μM dose of cisplatin will have a prepared solution of 318 

500 μM. If droplets contain more than 20 μL, the concentration of drug and/or the volume added 319 

should be adjusted accordingly.  320 

 321 

5.1.2. Treat control samples with 2 μL of cell culture medium. 322 

 323 

NOTE: Cisplatin is solubilized in water. Therefore, controls are 2 μL of cell culture medium; 324 

however, if the drug vehicle is a different solvent (e.g., DMSO), then controls should be cell 325 

culture medium with an equal concentration of DMSO as used in the drug treatment. 326 

 327 

5.1.3. Continue to monitor the drug treated and the control spheroids throughout the drug 328 

incubation period with phase microscopy to have a visual record of the effect of drug toxicity as 329 

well as with resazurin dye as described above to monitor cellular viability. 330 

 331 

NOTE: Typically, the drugs are added after 5-7 days in the hanging drops and toxicity measured 332 

after 48-72 hours but this can be varied depending on the experiment. Drugs can be added as 333 

soon as stable spheroids have formed, usually between 1-4 days.  334 

 335 

5.2. Drug toxicity quantification by cell counting 336 

 337 

5.2.1. At the end time point of drug treatment, collect 10 spheroids each from control and drug 338 

treated wells using a 1,000 μL pipet and deposit each set of spheroids into its own 339 

microcentrifuge tube.  340 

 341 

5.2.2. Break down the spheroids into single cells by repeated pipetting. 342 

 343 

NOTE: To reduce potential cell damage due to repeated pipetting, enzymatic digestion with an 344 

enzyme such as trypsin can be performed to facilitate generation of single cell solutions prior to 345 

pipetting23. Minimization of cell death due to pipetting will depend on the cell type and should 346 

be optimized accordingly. If concerned about death due to disaggregation, refer to analysis with 347 

resazurin dye and the cytotoxicity assay for alternative methods that do not require spheroid 348 

disaggregation. 349 



 350 

5.2.3. Centrifuge the tubes for 5 min at 400 x g to collect cells at the bottom of microcentrifuge 351 

tubes and aspirate the supernatant.  352 

 353 

5.2.4. Add 20 μL of fresh media or 1x PBS to each tube and mix well.  354 

 355 

5.2.5. Add Trypan blue at a ratio of 2 μL of Trypan blue stain to 20 μL of cell suspension.  356 

 357 

5.2.6. Load 10 μL of cells and Trypan blue suspension into each chamber of the hemocytometer 358 

and count cells under a light microscope, with blue stained cells representing dead cells and 359 

unstained cells representing live cells.  360 

 361 

5.2.6.1. Calculate the live cell % = Number of live cells ÷ total number of cells x 100. 362 

 363 

6. Spheroid characterization with histological techniques 364 

 365 

NOTE: There are two mold options 3D printed in a biocompatible polymer to replicate spheroid 366 

array molds made by Ivanov et al.24: 1) 20 well mold that can hold 28 μL per well and 2) 63 well 367 

mold that can hold 9 μL per well (Figure 2D). 368 

 369 

6.1. Sterilize histology mold and its border by wiping them down with 70% ethanol and attach 370 

the border firmly around the mold and lay the mold upright. Both molds fit approximately 3 mL 371 

of fluid (3.203 mL for the 20 spheroid array and 3.196 mL for the 63 spheroid array). 372 

 373 

6.2. Lightly coat the spheroid array with 10,000 cSt Si oil using a pointed cotton swab to facilitate 374 

removal of the specimen processing gel cast in subsequent steps.  375 

 376 

6.3. Warm up specimen processing gel until liquefied via microwave for 10-20 seconds with the 377 

cap loosened.  378 

 379 

6.4. Add between 2.6 and 2.8 mL of molten processing gel into the mold until approximately level 380 

with the top of the border. 381 

 382 

6.5. In a few minutes, once solidified, remove the processing gel cast by separating the border 383 

from the mold and then inverting the array mold. 384 

 385 

6.6. Insert tweezer tip between mold and the border to carefully separate them and then use a 386 

cell scraper to help dislodge the cast from the mold if it does not detach right away.  387 

 388 

6.7. Harvest the spheroids from the hanging drop plate by pipetting the contents of a single well 389 

onto a 100 or 150 mm cell petri dish with a 1,000 μL pipet, and isolate the spheroid visually. 390 

 391 

6.8. Pipet 5 μL of the well contents including the identified spheroid into one of the array wells, 392 

until the array is filled. 393 



 394 

6.9. Wait 3 min to ensure spheroids have settled to the bottom of the array before gently 395 

pipetting molten processing gel into each of the wells being careful not to disturb the spheroids. 396 

 397 

6.10. Add additional processing gel to level off the top of the array and once cooled, place the 398 

solidified spheroid array into a labeled cassette for processing. 399 

 400 

6.11. Submerge labeled cassette in 4% formalin overnight to fix the spheroids at 4 °C and then 401 

store in 70% ethanol at 4 °C until ready for processing. 402 

 403 

6.12. Process with standard 1 h paraffin program and then embed the spheroid arrays such that 404 

the processed arrays are facing upright with the bottom of the wells closest to the block face.  405 

 406 

6.13. Ensure that the arrays are embedded as flat as possible, with the bottom face flush with 407 

the bottom of the block and place blocks on ice. 408 

 409 

6.14. Load the block onto the microtome and adjust the block such that the blade is parallel with 410 

the loaded block face. 411 

 412 

6.15. Cut array (sample depth = 15 μm) until the bottom of the array wells are reached making 413 

sure that the circular wells are visible on cut samples.  414 

 415 

6.16. Switch to a 5 μm sample depth and continue to slice and collect ribbons. Check under the 416 

microscope every few slices to determine if spheroid depth has been reached. Once spheroids 417 

are reached collect each subsequent slide until the spheroids are no longer visible. 418 

 419 

6.17. Stain each slide with standard H&E protocol. 420 

 421 

7. Live dead cytotoxicity assay 422 

 423 

7.1. To each hanging drop, add the live cell dye, calcein-AM to the final concentration of 2 μM, 424 

and the dead cell dye, ethidium homodimer-1 to the final concentration of 4 μM, keeping in mind 425 

that the drop volume is 20 μL.  426 

 427 

NOTE: Try to keep volumes added to a minimum, and typically add 2 μL of the dyes combined. 428 

 429 

7.2. Place plates back in incubator sandwiched in a 6-well plate with a lid and incubate the 430 

spheroids for 45 min at 37 °C.  431 

 432 

NOTE: Depending on the size of spheroids, this incubation time significantly varies. For example, 433 

spheroids under 400 μm typically only require 30-45 min of incubation time, whereas larger 434 

spheroids closer to 800 μm have required up to 90 min of incubation time. Incubation times must 435 

be optimized for an individual’s experiment. 436 

 437 



7.3. For subsequent imaging, harvest spheroids with a 1,000 μL pipet in a biosafety cabinet and 438 

deposit each spheroid onto pre-cleaned glass microscope slides. 439 

 440 

7.4. Image spheroids through the glass, on an inverted confocal microscope. 441 

 442 

NOTE: Depending on the proximity of the confocal microscope to the lab in which spheroids are 443 

harvested, the spheroids can either be imaged in the original droplet of medium placed on the 444 

slide or encased in 2% agarose if more stability is required for spheroid transport. 445 

 446 

7.5. Using the Multidimensional Acquisition mode in MetaMorph, locate the spheroid using DIC 447 

illumination at 10x magnification and then scan the z-plane to identify the heights encompassing 448 

the spheroid.  449 

 450 

7.6. Click on Z Series and set the upper and lower limit of the z-scan slightly higher than the top 451 

of the spheroid and slightly lower than the bottom of the spheroid. 452 

 453 

7.7.  Excite the spheroids at 488 nm for calcein-AM (live cells; green) and 561 nm for ethidium 454 

homodimer-1 (dead cells; red) with the step size recommended by the software, maximal gain 455 

and minimal exposure for each color.  456 

 457 

7.8. Click Acquire to obtain a composite z-stack image using for live and dead cells within the 458 

spheroid.  459 

 460 

7.9. Quantify live/dead proportions using ImageJ to quantify a percentage of pixel intensity from 461 

the channel corresponding to live cells versus the percentage of pixel intensity from the channel 462 

corresponding to dead cells from the composite z-projection images. 463 

 464 

NOTE: Due to the limitations in quantifying a 3D structure with a 2D projection, an alternative 465 

method to quantify live versus dead fluorescence, within the hanging drop plates is to use a plate 466 

reader following the protocol included with the calcein-AM and ethidium homodimer-1 kit. 467 

 468 

8. Immunofluorescence 469 

 470 

8.1. Heat a low melting 2% agarose solution, so the solution is viscous and just above melting 471 

point and place on a microscope slide to create a soft bed of agarose 472 

 473 

8.2. Harvest spheroids by pushing 20 μL of PBS through the drop onto the soft bed of 2% agarose.  474 

 475 

NOTE: This should be done quickly so that agarose does not solidify before spheroids are 476 

embedded. 477 

 478 

8.3. Once the agarose cools and gels with the harvested spheroid trapped within (under 5 min), 479 

add 4% neutral buffered formalin to fix the spheroids. Alternately, add ice cold methanol, and fix 480 

the agarose-embedded spheroids at -20 °C for 30 min. 481 



 482 

8.4. Wash 3x for 5 min each with 1x PBS, discarding PBS after each wash. 483 

 484 

8.5. Block for 1 h at RT with 10% serum (i.e., horse serum) and 0.15% soap solution (Triton X-100) 485 

in 1x PBS. 486 

 487 

8.6. Wash 3x for 5 min each with 1x PBS, discarding PBS after each wash. 488 

 489 

8.7. Stain spheroids with desired fluorescent antibody at recommended or pre-determined 490 

antibody dilution (i.e., fluorescently labeled phalloidin at a 1:100 dilution), incubating for at least 491 

90 min at room temperature, covered from light. 492 

 493 

NOTE: Protocols will vary depending on antibody and target and antibody dilution may need to 494 

be optimized depending on the experiment.  495 

 496 

8.8. Visualize fluorescently stained spheroids with the inverted confocal microscope using 497 

methods outlined in the previous section for imaging spheroids.  498 

 499 

8.9. Composite z-stack images will demonstrate 3D morphology in the spheroids. 500 

 501 

9. Collection and analysis of cancer stem cell populations with flow cytometry 502 

 503 

9.1. Preparing spheroids for flow cytometry analysis 504 

 505 

9.1.1. Collect spheroids from each well in the hanging drop plates using a 1,000 µL pipet and 506 

deposit them into a 15 mL centrifuge tube for disaggregation with repeated pipetting.  507 

 508 

9.1.2. Count viable cells on a hemocytometer using Trypan Blue to determine cell number and 509 

concentration as outlined above. 510 

 511 

9.1.3. Aliquot cell suspension into five microcentrifuge tubes such that each contains a minimum 512 

of 50,000 cells. 513 

 514 

9.1.4. Centrifuge all tubes at 400 x g for 5 min in a microcentrifuge. 515 

 516 

9.1.5. Aspirate the supernatant from each tube and resuspend pellets in 100 μL of buffer. 517 

 518 

9.1.6. Label tubes “Unstained”, “DAPI”, “APC-iso”, “DEAB”, and “ALDH/CD133”, respectively. 519 

 520 

9.1.7. Add 0.5 μL of APC-isotype antibody to the APC-iso tube and 1 μL of CD133 antibody to the 521 

ALDH/CD133 tube as determined by serial dilution and manufacturers recommendation. 522 

 523 

9.1.8. Add 5 μL of DEAB Reagent and 0.5 μL of ALDH to the DEAB tube, and 1 μL of ALDH to the 524 

ALDH/CD133 tube. 525 



 526 

9.1.9. Vortex all tubes for approximately 2 s and incubate at 37 °C for 45 min. 527 

 528 

9.1.10. Vortex all tubes again and centrifuge at 400 x g for 5 min in a microcentrifuge. 529 

 530 

9.1.11. Label FACS tubes “Unstained”, “DAPI”, “APC-iso”, “DEAB”, and “ALDH/CD133” and fill an 531 

insulated foam container to set aside. 532 

 533 

9.1.12. Aspirate supernatant and resuspend the “unstained” control in 400 μL FACS Buffer (1x 534 

PBS with 2% FBS) and all other tubes in 400 μL of FACS DAPI Buffer (FACS Buffer with 300 μM 535 

4’,6-diamidino-2-phenylindole). 536 

 537 

9.1.13. Place tubes in container with ice until analyzed on a flow cytometer. 538 

 539 

NOTE: To sort for ovarian cancer stem cells, collect all cells that the cytometer measures to be 540 

ALDH+ and CD133+ with gates set to include 0.5% non-specific APC signal and 0.15% non-specific 541 

ALDH+ signal. At least 10,000 cells need to be analyzed for reliable results. Additional details can 542 

be found in recent publications3,17. 543 

 544 

9.2. Analysis of ALDH+/CD133+ populations in FlowJo 545 

 546 

9.2.1. Double click the FlowJo icon to open the program and drag .fcs files obtained from flow 547 

cytometry software into the workspace. 548 

 549 

9.2.2. Double click the unstained file and set the y-axis to side scatter height (SSC-H) and the x-550 

axis to forward scatter height (FSC-H).  551 

 552 

9.2.3. Click the T button next to each axis to adjust the scale and transformation to maximize the 553 

separation between different cell populations. 554 

 555 

9.2.4. Click on the Polygon gating button and draw a polygon gate around the cell population and 556 

label the population ‘Cells’. 557 

 558 

9.2.5. Double click the Cells population in the workspace to view only the cells within the ‘Cells’ 559 

population and then click on the FSC axis to change the axis channel to FSC-width and then click 560 

on the SSC axis and change the axis channel to the FSC-H. 561 

 562 

9.2.6. Choose the Rectangle gate tool and draw a rectangle around the left-most dense 563 

population of cells spanning the entirety of the y-axis to exclude potential doublets toward the 564 

right of the window and label this gate ‘Single Cells’. 565 

 566 

9.2.7. Right click and copy the Cells and the nested Single Cells gate and paste them under each 567 

sample in the workspace.  568 

 569 



9.2.8. Double click the Single Cells gate nested under the DAPI sample in the workspace to view 570 

the single cell population from that sample tube and click on the FSC axis and change the axis 571 

channel to the DAPI - Area channel. 572 

 573 

9.2.9. Click on the SSC axis and change the axis channel to Histogram. 574 

 575 

NOTE: The live cells will be towards the right, as they exclude DAPI, while dead cells will take in 576 

the DAPI and appear towards the right of the graph. 577 

 578 

9.2.10. Click on the T button next to the DAPI axis and click on Customize Axis to adjust the scale 579 

to maximize separation between DAPI positive and DAPI negative peaks. 580 

 581 

NOTE: A window will pop up with scaling options. Often times, setting the Scale field to Biex and 582 

adjusting the Extra Negative Decades and Width Basis will yield the greatest separation. 583 

 584 

9.2.11. Click Apply in the pop-up window to apply scaling changes, choose the Range gate button, 585 

and spread it over the DAPI negative peak, corresponding to the live cell population. 586 

 587 

9.2.12. Label this gate ‘Live Cells’ and right click to copy the ‘Live Cells’ gate to paste it under the 588 

‘Single Cells’ gate under the ‘APC-iso, ‘DEAB’, and ‘ALDH/CD133’ tubes to select the same portion 589 

of live cells in each sample tube. 590 

 591 

9.2.13. Then double click the Live Cells population nested under the APC-iso sample file and 592 

switch the x-axis to the ALDH - Area channel and the y-axis to the APC - Area channel. 593 

 594 

9.2.14. Again, adjust the axis scale by clicking the T button and Customize Axis of each axis so 595 

that the events are localized in the bottom left region of the plot and select the Quad gate option 596 

and click the plot window to establish a quadrant gate. 597 

 598 

9.2.15. Adjust the intersection of the gate such that approximately 0.5% of the population lies in 599 

the upper left of the plot window or ‘APC positive’ quadrant. 600 

 601 

NOTE: This 0.5% represents the non-specific staining of the APC isotype. 602 

 603 

9.2.16. Right click each quadrant label individually in the workspace and rename them 604 

appropriately. Control or Command click each quadrant gate label in the workspace and copy 605 

them. 606 

 607 

NOTE: ‘Q1’ represents CD133+ cells; ‘Q2’ represents CD133+ and ALDH+’ cells; ‘Q3’ represents 608 

ALDH+ cells; and ‘Q4’ represents CD133- and ALDH- cells and control or command click each 609 

quadrant gate label in the workspace and copy them. 610 

 611 



9.2.17. Copy and paste the quadrant gates onto the Live Cells population nested under the 612 

‘DEAB’ file. Adjust the vertical line such that approximately 0.15% of the cell population lies 613 

within the ‘ALDH+’ quadrant taking care not to move the horizontal line. 614 

 615 

NOTE: This 0.15% represents non-specific ALDH signal. 616 

 617 

9.2.17.1. To ensure that the horizontal line did not change position, copy the new quadrant gates 618 

nested under the DEAB file and paste them onto the Live Cells under the APC iso file. Select Yes 619 

when asked to replace existing quadrant gate. 620 

 621 

NOTE: When asked to replace the existing quadrant gate with the new gates which have the same 622 

name - select Yes. 623 

 624 

9.2.17.2. Verify in the workspace that the ‘CD133+’ percent is still approximately 0.5 under the 625 

‘APC-iso’ file. 626 

 627 

9.2.18. Copy and paste the quadrant gates to the ‘ALDH/CD133’ file’s ‘Live Cells’ population. 628 

 629 

NOTE: The percentage of the viable cell population present in the top right quadrant will be the 630 

percentage of ALDH+ and CD133+ double positive CSCs within the sample.  631 

 632 

REPRESENTATIVE RESULTS:  633 

Spheroids formed with cell lines or patient-derived CSCs can be formed with a range of small cell 634 

numbers within hanging droplets (Figure 2A). Spheroids form reliably with as few as 10 cells per 635 

well, which allows for conservation of rare patient samples. Cells within these spheroids are 636 

surrounded by other cells in 3 dimensions as they would be in vivo, allowing for physiologic cell-637 

cell contacts and diffusion rates. Tumor cells within the spheroids proliferate causing the 638 

spheroids to expand in size over time (Figure 2B). As more aggressive patient cells or cell lines 639 

grow faster than their counterparts, it is important to quantify the proliferation capacity of each 640 

sample and examine how drug treatment affects the proliferation of each sample. To do this, a 641 

metabolic activity assay, such as resazurin based fluorescence assay, can be easily performed 642 

with the 384-well physiologic platform, without any requirement for harvesting spheroids, the 643 

results of which can be seen in Figure 2C. Multiple spheroids can also be harvested, fixed, 644 

sectioned, and stained with hematoxylin and eosin or immunofluorescent antibodies at the same 645 

time to identify cell morphologies and organization within spheroids, as well as, the distribution 646 

of cell types and ECM proteins (Figure 2D, E). 647 

 648 

To examine the effect of drug treatment on spheroid morphology, spheroids can be easily 649 

visualized by phase contrast imaging (Figure 3A). More quantitatively, the effect of drug 650 

treatment on tumor cell or CSC proliferation can also be measured by resazurin dye fluorescence 651 

readings in control untreated spheroids compared to in the drug treated spheroids (Figure 3B). 652 

As a validation of cell death following drug treatment, viability within control and drug treated 653 

spheroids can easily be determined via the addition of calcein-AM and ethidium homodimer-1 to 654 



multiple spheroids for each condition (Figure 3C). Following incubation time, stained spheroids 655 

can be harvested with a pipette and imaged on a confocal microscope. 656 

 657 

Finally, by harvesting spheroids and dispersing them into single cell suspensions, the presence of 658 

CSCs and other cell phenotype markers can be analyzed with flow cytometry (Figure 4). 659 

Comparison of viable CSCs between different drug treatments within the same patient, as well 660 

as, between patients can help to discern the effectiveness of various CSC targeting drugs in a 661 

patient specific manner. 662 

 663 

FIGURE LEGENDS: 664 

 665 

Figure 1: 3D high throughput 384 hanging drop spheroid plate storage and plating layouts. (A) 666 

Hanging drop plate is placed on the bottom of a 6 well plate partially filled with water. (B) Lid of 667 

6 well plate is placed on top of hanging drop plate to create sterile hydration chamber. (C) A 668 

thermoplastic strip is stretched to surround the edges of a hanging drop and 6 well plate stack to 669 

seal in moisture and protect from contaminants. (D) Alternating plating pattern for hanging drop 670 

plate. Pink squares indicate wells filled with cells and medium mixture. Blue areas indicate water 671 

chambers for hydration. Gray boxes indicate blank wells that act as a border between hydration 672 

chambers and spheroid droplets. (E) Live image of hanging drop plate plated with the alternating 673 

well pattern. (F) All well plating pattern layout utilized for high throughput hanging drop 674 

spheroids experiments. Pink squares indicate cell plated wells and blue areas indicate water filled 675 

chambers for increased hydration. Gray squares indicate border wells that act as boundary 676 

between hydration sections and cell culture areas. 677 

 678 

 679 

Figure 2: Patient derived CSC spheroids morphology and proliferation within 3D hanging drops. 680 

(A) Live image of prepared 384-hanging drop spheroid plate as viewed from the bottom. (B) 681 

Progressive light microscope images of patient derived CSC spheroid growth after 2, 3, and 5 days 682 

in a hanging drop. Scale bars are 100 µm. (C) Resorufin fluorescence intensity shows significant 683 

increase after 7 days of hanging drop culture, correlating to proliferation and growth of the 684 

hanging drop patient derived CSC spheroids (Unpaired two tailed t-test, p <0.0001, n >10). (D) 685 

Picture of spheroid array mold used to create a cast for collection of spheroids for histology 686 

sectioning. (E) H&E image of a spheroid cultured with primary ovarian cancer stem cells, 687 

mesenchymal stem cells, endothelial cells, and donor peripheral blood mononuclear cells 688 

collected in the spheroid array. Scare bar is 100 µm. 689 

 690 

Figure 3: Drug treatment analysis of patient derived CSC spheroids hanging drops. (A) Patient 691 

derived CSC spheroids seeded at 50 cells/drop treated with increasing concentrations of 692 

paclitaxel after 5 days of growth. Representative images taken 48 hours after drug treatment. (B) 693 

Quantification of cellular viability via resorufin fluorescence at increasing concentrations of 694 

paclitaxel treatment. All samples have a significant reduction in viability compared to control. 695 

(One-way ANOVA, p <0.0001, n> 8). (C) Confocal imaging of live (calcein-AM) and dead (ethidium 696 

homodimer-1) cells within hanging drop spheroid. Green color indicates live cells and red color 697 

indicates dead cell population. Scale bar = 100 µm. 698 



 699 

Figure 4: Quantification of CSCs in patient derived CSC spheroids generated and maintained on 700 

the 384-hanging drop platform. (A) In analyzing the flow cytometry data, the cell population is 701 

first selected using a polygon gate to eliminate any events attributable to debris.  (B) The single 702 

cells are then selected to eliminate potential doublet signals which may obscure results. (C) All 703 

of the single live cells are then selected based on DAPI exclusion. (D) The vertical axis of a 704 

quadrant gate is adjusted in the DEAB control to allow for about 0.15% non-specific ALDH 705 

staining. (E) The horizontal axis of the quadrant gate is adjusted in the APC ISO control to allow 706 

for about 0.5% non-specific APC staining. (F) The quadrant gate is then used to determine the 707 

percent of CD133+, ALDH+, and CD133/ALDH+ cells are present in our live cell populations in the 708 

experimental CD133 + ALDH condition. 709 

 710 

DISCUSSION:  711 

The 384-well hanging drop plate platform for 3D spheroid formation is an easily implemented 712 

tool for any cell biology or cancer biology labs. This physiologic platform enables the study of cell 713 

lines, as well as, primary patient samples within physiologically relevant 3D cultures while 714 

allowing for high throughput drug screening. The platform also ensures that the culture 715 

conditions are highly tunable, enabling tight control over plating densities, cellular co-culture 716 

ratios, extracellular components, and medium composition. Furthermore, this physiologic 717 

platform allows experiments to be highly amenable to downstream analysis techniques requiring 718 

large or small cell counts such as qRT-PCR, FACS, and various imaging methods. While ease of 719 

utilization comes with experience, new trainees become successful quickly, once speed and ease 720 

of pipetting are mastered. Thus, this physiologic platform is highly applicable for personalized 3D 721 

drug screening, CSC biology and chemoresistance investigations. 722 

 723 

Some points of concern when newly implementing this platform include plate transfer and drug 724 

treatment. When transferring plates from one location to another as required for routine 725 

feeding, imaging, and analysis, careful precautions should be taken to avoid unnecessary jostling. 726 

Grip the plates from the outer edges keeping them as level as possible and take care to avoid 727 

jarring movements when placing the plate down. This helps to avoid droplet loss or merging of 728 

neighboring drops. Similarly, vigilant attention should be given to the task of drug treating 729 

hanging drop spheroids, as to avoid incorrect dosing of any one hanging drop spheroid. As with 730 

any technique, confidence and accuracy with these tasks arrive with practice. 731 

 732 

A few limitations are innate to this 3D physiologic platform. First, droplet instability may be of 733 

issue at long term culture time points, if care is not taken to maintain correct total droplet 734 

volume. Furthermore, as mentioned above, transport and storage of plates must be done 735 

carefully to avoid loss or merging of droplets. Additionally, the size for this 3D environment is 736 

dictated by innate stable droplet size of 20 µL, though many replicates can be produced for 737 

enhanced cell counts.  738 

 739 

Modifications to this 3D physiologic platform can be utilized to increase throughput and alter 740 

physiological characteristics. For instance, droplet layout can be altered to include every well 741 

within the 384 well plate to increase throughput. In addition to increasing throughput, the 3D 742 



hanging drop platform is highly conducive to co-culture investigations by simple inclusion of 743 

multiple cell types in each well. To generate and maintain spheroids successfully, cell culture 744 

medium and initial cell seeding density can be easily modulated, to tightly regulate spheroid size. 745 

With these highly tunable variables countless investigations are possible within the realm of 3D 746 

physiological patient derived spheroids. 747 

 748 

While most analysis methods described are widely used in scientific research, there are a few 749 

limitations specific to analyzing hanging drop generated spheroids with some of these methods. 750 

For example, when spheroids are cultured for long periods of time in hanging drop plates, droplet 751 

size can increase significantly causing droplets to shake during phase contrast imaging, 752 

potentially compromising image quality. This can be ameliorated by taking an equivalent amount 753 

of medium out of each well prior to adding fresh medium. Additionally, techniques such as flow 754 

cytometry and counting individual viable cells may be affected by the technique used to break 755 

apart spheroids, which may be harmful to cells. As such, it is important for each lab to optimize 756 

spheroid disaggregation techniques based on their cells and experiment to minimize cell damage 757 

while maximizing single cell density. Finally, histological analysis of spheroids can be complicated 758 

by their small size and requires practice to obtain successful sections. 759 

 760 

Overall, the 3D hanging drop spheroid platform is widely adaptable within cancer and non-cancer 761 

research. The system is easy to learn and provides a 3D physiologically relevant environment for 762 

cell culture in a high throughput format. Initiation time of this 3D physiological platform is 763 

minimal, with few, if any, technical analysis hurdles to overcome. The versatility of this system 764 

provides a means for patient specific screening of effective chemotherapeutics for precision 765 

medicine, in a more physiologic environment than ever before.  766 
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Name of Material/ Equipment Company

0.25% trypsin-EDTA Gibco

10 mL serological pipet Fisher Scientific

10,000 cSt Si oil Millipore Sigma

100 mm tissue culture dish Thermo Scientific

15 ml conical tube Celltreat

1X DMEM for Serum Free Medium Gibco

1X F12 for Serum Free Medium Gibco

1X phosphate buffered saline (PBS) Gibco

4’,6-diamidino-2-phenylindole (DAPI) Thermo Fisher

40 µm filter Fisher Scientific

6-well plate Fisher Scientific

Accutase
Innovative Cell Technologies 

Inc.

ACK Lysing Buffer Thermo Scientific

alamarBlue Invitrogen

ALDEFLUOR assay kit Stem Cell Tech

ALDEFLUOR Diethylaminobenzaldehyde (DEAB) Stem Cell Tech

Andor iXon x3 CCD Camera Oxford Instruments

Antibiotics and Antimycotics Gibco

APC-isotype  IgG2b Miltenyi biotec

B27 Supplement Gibco

basic Fibroblast Growth Factor Stem Cell Technologies

BD Lo-Dose U-100 Insulin Syringes Fisher Scientific

BioTek Synergy HT Microplate Reader BioTek

CD133-APC Miltenyi biotec

cellSens Dimension Software Olympus

Cisplatin Sigma-Aldrich

DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) Invitrogen

Epidermal Growth Factor Gibco

EVOS XL Core Cell Imaging System Life Technologies

Table of Materials Click here to access/download;Table of Materials;ToM.xlsx
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Fetal Bovine Serum - premium (FBS) Atlanta Biologicals

Ficoll 400 Sigma-Aldrich

Hemacytometer Hausser Scientific

Histogel Thermo Scientific

Human Adipose-Derived Mesenchymal Stem Cells Lonza

Human Microvascular Endothelial Cells Lonza

Insulin-Transferrin-Selenium Supplement Gibco

Live/Dead viability kit Invitrogen

MEM Non-essential Amino Acids Gibco

MetaMorph 7.8 Software Molecular Devices

Olympus IX81 Inverted Confocal Microscope Olympus

Olympus IX83 Research Inverted Microscope Olympus

Parafilm M Thomas Scientific

Perfecta 3D 384 Well Hanging Drop Plates 3D Biomatrix

phalloidin AlexaFluor488 Invitrogen

ProJet 3500 HD Max 3D Systems

Sterile DI water Fisher Scientific

Trypan Blue Gibco

VisiJet M3 Crystal 3D Systems

Yokogawa CSU-X1 Confocal Scanner Unit Yokogawa



Catalog Number Comments/Description

ILT25200056

13-678-11E

63148-62-9
Used to coat spheroid array mold to facilitate removal of 

tissue processing gels, like Histogel, from the mold.

130182

FL4021

11965-092

11765-054

ILT10010023

D1306

22363547

353046

1449
A gentle cell detachment enzyme composed of proteolytic 

and collagenolytic enzymes.

A1049201

DAL1025

Resazurin dye used to measure viability and proliferation 

of cells based on their ability to reduce resazurin to 

resorufin, which is highly fluorescent.

1700

Kit to identify stem and progenitor cells that express high 

levels of aldehyde dehydrogenase , an indicator of cancer 

stem cells. The kit is composed of ALDEFLUOR Reagent, 

DEAB, Hydrochloric Acid, Dimethylsulphoxide, and 

ALDEFLUOR Assay Buffer.

1705
Diethylaminobenzaldehyde (DEAB) is an inhibitor of ALDH 

isozymes, used to determine non-specific ALDH staining.

-

15240-062

130-092-217
Isotype control to quantify non-specific staining of IgG2b 

antibodies.

17504044

78003.1

14-826-79

7091000

130-113-184
Fluorescent antibody targeting CD133, a cancer stem cell 

marker.

P4394
Platinum based chemotherapy agent that functions as an 

alkylating agent that disrupts DNA.
D1306

PHG0311

AME3300



S11150

F4375

1490

HG-4000-012

Tissue processing gel that can penetrate and hold the 

specimen within the gel while preventing discoloration 

around the specimen upon staining.
PT-5006

CC2543

51500-056

 L3224
Kit for the fluorescence based detection of live (calcein-

AM) and dead cells (Ethidium Homodimer-1).

11140-050

-

-

7315D35

Thermoplastic polymer strips that serve to limit droplet 

evaporation in hanging drop plates while still allowing for 

gas exchange.
HDP1384-8 Available through Sigma-Aldrich

A12379
Phalloidin is a peptide to fluorescently label F-actin in 

fixed cells.

- 3D printer

353046

15250061

Azo dye used to differentiate between live and dead cells 

based on its ability to pass through the damaged 

membrane of dead cells, but not the intact membrane of 

live cells.
- A biocompatible polymer material for 3D printing.

-
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Response to Reviewers: 
 

The authors would like to thank the editors and the reviewers for their feedback and 
comments. We have made significant revisions to the manuscript, and this document will 
reflect and outline the changes we have made, per your suggestions. Several changes 
have been made in the main manuscript, and are highlighted in red text in the tracked 
changes manuscript. A detailed list of edits and the author response to the reviewers’ 
comments follow below.  

 
Editorial comments: 
 
General: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 
2. Please ensure that the manuscript is formatted according to JoVE guidelines–letter (8.5” x 
11”) page size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left 
margin, single spacing within paragraphs, and spaces between all paragraphs and protocol 
steps/substeps. 
3. Note that all text written using Word’s equation editor (or Microsoft Equation) will be 
formatted differently from the rest of the text. Please rewrite inline variables, if possible, in 
the same font as the rest of the text, and ensure all equations are on their own line. 
4. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. Please use the micro 
symbol µ instead of u. Please abbreviate liters to L to avoid confusion. 
5. Please include a space between all numerical values and their corresponding units (except 
%): 15 mL, 37 °C, 60 s, 15,000 x g; etc. 
6. Please provide an email address for each author. 
7. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. 
Please limit the use of commercial language from your manuscript and use generic terms 
instead. All commercial products should be sufficiently referenced in the Table of Materials 
and Reagents. 
For example: alamarBlue, Fisher Scientific, Gibco, Celltreat, Parafilm, Excel, GraphPad, 
Millipore, Histogel, Life Technologies, Olympus. 
 
Thank you for these suggestions! All general suggested changes have been made. 
 
Protocol: 
 
1. Please ensure that all text in the protocol section is written in the imperative tense as if 
telling someone how to do the technique. The actions should be described in the imperative 
tense in complete sentences wherever possible. Any text that cannot be written in the 
imperative tense may be added as a “Note.” However, notes should be concise and used 
sparingly. 
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2. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. 
Please highlight 2.75 pages or less of the Protocol (including headers and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted 
Protocol steps will remain in the manuscript, and therefore will still be available to the 
reader. 
 
3. Please include an ethics statement before the numbered protocol steps, indicating that the 
protocol follows the guidelines of your institution’s human research ethics committee. 
 
4. For each protocol step/substep. Please ensure you answer the “how” question, i.e., how is 
the step performed? Alternatively, add references to published material specifying how to 
perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 
sentences per step, please split into separate steps or substeps. 
 
Thank you for these suggestions! All suggested changes in the protocol have been made. The 
filmable content of 2.75 pages in the protocol has been highlighted. 
 
Specific Protocol steps: 
 
1. “Evaluation of drug toxicity in spheroids” and “Analysis of cancer stem cell populations 
with flow cytometry”-please make these numbered sections, with the relevant sections as 
subsections under them. Everything in the protocol (except for the introductory ethics 
statement) should be in a numbered step, header, or ‘Note’. 
 
The suggested change has been made. 
 
Results: 
 
1. In the 2nd paragraph, there is a reference to Figure 4 after a sentence discussing fixing and 
staining spheroids, but this figure only has flow cytometry results-should there be another 
Figure here? 
 
This section has been modified. 
 
Figures: 
 
1. Figure 3A, B: Please separate numbers and units here, and use ‘µ’ instead of ‘u’. 
 
The suggested change has been made. 
 
References: 
 



1. Please do not abbreviate journal titles in the reference section. 
 
The suggested change has been made. 
 
Table of Materials: 
 
1. Please ensure the Table of Materials has information on all materials and equipment used, 
especially those mentioned in the Protocol. 
 
The Table of Materials has been updated. 
 
Formatted per JoVE guidelines (see attached), the highlighted portion of the protocol is ~5 
pages; our limit is 2.75 pages for filming and video length purposes. Please reduce the 
highlighted portion to 2.75 pages (including by consolidating some of your shorter steps). 

 
This has been addressed. 
 
Please remove the embedded figures and upload the latest versions of them as Figure files in 
your revised submission. 

 
This has been addressed. 
 
Figure 4B: ‘Discrimmination’ is a typo. 

  
This has been addressed. 
 
Introduction: ‘Cancer remains (the) second largest cause of death’-where? Worldwide? 
  
Worldwide – this section has been adjusted. 
 

Reviewers' comments: 
 
Reviewer #1: 
 
Major Concerns: 

Q1. The author did not describe how the spheroids were collected from the 384-well hanging 
drop plates. For example, in line 366-367, before flow cytometry analysis, spheroids were 
collected. Was it by pipetting from each well? Or other methods? 

Details of spheroid collection method have been added to each section that involves spheroid 
harvesting where appropriate. Mostly spheroids are taken up by a 1000 microliter pipet 
through the top of the hanging drop well. For immunofluorescence following embedding in 



agarose, spheroids are instead pushed through the bottom of the well with 20 microliters of 
PBS. 

 
Minor Concerns: 

Q1. It may be helpful to add notes regarding how to dissociate the spheroids into single cells 
besides mechanically disaggregating by pipetting. 

A note has been added regarding enzymatic digestion to facilitate generation of a single cell 
suspension while maximizing viability and single cell yield1 in section 5 of the protocol. 

Reviewer #2: 

Major Concerns: 

Q1. The authors describe limitations to the culture method mostly centered on the 
maintenance of individual hanging drops. However, little to no discussion of the limitations of 
the analysis methods is included while these methods comprise a significant portion of this 
manuscript. Also, the methods for isolating patient cells are somewhat opaque, as the string 
of as-described-in-[reference]s ends in a paper that doesn't actually describe 
the method. 

A paragraph describing spheroid specific limitations has been added to the discussion. One such 
limitation is increased droplet size during longer cultures, which decreases droplet stability and 
makes capture of clear images difficult. This is ameliorated by replacement of medium during 
feeding (remove an equal amount of old medium to the amount of new medium that will be 
added), as opposed to simple addition of fresh medium. An additional limitation is changes in 
viability due to method of spheroid disaggregation. Mechanical dissociation and/or enzymatic 
dissociation is required for spheroid dissociation, which can affect cell viability1. Finally, 
histological analysis of spheroids can be difficult due to challenges locating the spheroids during 
the sectioning process. Improvement is achieved with practice.   

The incorrect citation has been updated and a brief description of methods to isolate patient 
cells was been added in section 1 of the protocol. 

Q2. Are the 384-well hanging drop plates commercially available? They are not listed in the 
materials table. If the plates are a custom product, this should be indicated. If a custom 
product, how can this work be reproduced in other laboratories? 

This information has been added in the Table of Materials.  

Q3. A brief description of the isolation method for patient-derived cells would be helpful to 
include in this manuscript along with the reference for more details. 



A brief description of the isolation methods has been added, and references have been 
provided in section 1 of the protocol. 

 
Q4. How long can tumor spheroids be maintained in the hanging drop system? Are longer-
term cultures possible? 

In our previous and unpublished work, we have maintained spheroids for 42 days on the 
hanging drop plates. We routinely perform long term culture of spheroids for 3 weeks in our 
lab, prior to experiment termination. This data has not been published. Multiple other sources 
have published longer-term cultures of spheroids. Once such study performed 12 day cultures 
and showed greater than 90% viability within spheroids made with 1500 cells per drop on day 
122. Because our spheroids are typically made with less than 100 cells per well, they can be 
cultured for longer periods of time. Alternatively, modified hanging drop plates with micro-ring 
structures have been shown to stabilize droplets to allow for stable droplets for 14 - 24 days in 
culture3. It should be noted, and is mentioned in the discussion that longer term cultures 
require replacement of medium during feeding steps as opposed to simply adding some new 
medium, since the droplets may become too voluminous, compromising stability and quality of 
images. 

Q5. Control samples should be treated with cell culture medium containing an equal 
concentration of vehicle (e.g. DMSO) compared to the treated samples. 

The example provided in this manuscript is drug treatment with cisplatin, which is solubilized in 
water. Given that a small volume of cisplatin is added to medium to create the drug solution 
applied to spheroids, a suitable control is culture medium without drug. That said, drugs 
solubilized in other solvents, like DMSO, will require a cell culture medium control that has the 
same concentration of DMSO that the experimental condition has. This has been clarified in the 
manuscript in section 5 of the protocol. 
 
Q6. Does the alamarBlue reagent completely penetrate larger tumor spheroids during the 
incubation periods indicated? 

One of the advantages of our culture system is the fact that spheroids can be formed reliably 
with small cell numbers (<10 cells/well)4. Spheroids formed with small cell numbers may not 
need as long of an incubation with alamarBlue as larger spheroids. Additionally, diffusion may 
depend on cell type, how compact the spheroid is, and spheroid formation method and thus 
may require longer incubation times5. For this reason, it is recommended in our protocol to first 
determine the appropriate incubation time with alamarBlue by reading fluorescence 
measurements every 30 minutes until the measurement starts to plateau. The time at which 
the measurement plateaus, is the time point at which future experiments should be read. This 
has been noted in section 4 of the protocol. Recent studies, as well as our previous publication 
utilize 24 hour alamarBlue incubation periods, as opposed to the standard 4 hours mentioned 
in this manuscript 4,6. 



Q7. What is the cell viability loss after mechanical dissociation? Normalizing the data to the 
untreated control accounts for this but it decreases the sensitivity of the assay to include this 
background of cell death. Have other methods of dissociation been explored? Discussion of 
the limitation of this assay method should be included. 

While it is true that mechanical dissociation can cause cell death, we have not quantified this 
value as it will likely depend on the individual performing the experiment and cell type(s). That 
said, there are alternative methods to facilitate spheroid disaggregation including incubation 
with enyzmes, such as Trypsin, Accutase, or dispase, for example1. It is recommended that each 
lab tailor their dissociation method to optimize cell viability and single cell yield based on their 
cell types and downstream analysis. It is also recommended that trypan blue results be 
corroborated by alternative methods of analyzing cell viability, such as alamarBlue and live/dead 
staining, which are both methods that do not require spheroid disaggregation and have shown 
agreement in our previous work4. This has been addressed in section 5 of the protocol.  
 
Q8. Are live/dead quantifications done using maximum intensity projections or single z-
slices? Max intensity projections are a poor way to quantify 3D objects. 

Live/dead quantifications are done using composite images generated at the confocal 
microscope. Composite images are then split into different color channels in ImageJ and the 
percentage of live versus dead cells was determined based on the fluorescence measured in the 
live color channel and the dead color channel. We have published this work previously and 
showed using this analysis method that results correlate well with alternative methods of 
determining cell viability (alamarBlue) suggesting that this analysis method produces accurate 
results4. That said, we recognize reviewer’s point that max intensity projections are not the best 
way to quantify 3D objects so we have also referred the readers to a microplate fluorescence 
protocol provided with the Live/Dead Assay kit as an alternative. This has been acknowledged in 
section 7 of the protocol. 
 
Minor Concerns: 

Q1. Sections of this manuscript would benefit from light editing for grammar and spelling. 

The manuscript has been reviewed and edited for grammar and spelling. 
 
 

Reviewer #3: 
 
Minor Concerns: 
 
Q1. Line 55: 'chemoresistant cells are also called the cancer stem cells' is inaccurate as it is 
not necessary that all chemoresistant cells are cancer stem cells. 

This has been addressed in the introduction. Thank you for catching that. 



Q2. Line 58: Comma after 'chemoresistance.' 

This has been addressed. 

Q3. Line 175: More details on tissue processing and flow cytometry will be useful. 

Details have been added throughout the flow cytometry section and readers are referred to 
two recent publications for more details7,8. 

 
Q4. Line 176: Should be 'flow cytometry' and not 'low cytometry.' 

This has been addressed. 

Q5. Line 178: Not clear what is meant by 'Freshly isolated single cells are frozen-thawed 
patient derived cells.' 

This has been clarified in section 1 of the protocol. We meant to say that freshly isolated cells 
are frozen for storage and later thawed for use in experiments. In other words, isolated single 
cells were not always used immediately. 

Q6. Line 189: Please provide details of the hanging drop plate in the Table of Materials. 

Details on the hanging drop plate have been added in the Table of Materials. 

Q7. Lines 195-7: Parafilm will prevent gas exchange and that can affect buffering by the 
bicarbonate buffer system in the medium. Please comment/discuss. 

It is likely that the Parafilm does not completely block off the interior of the 6-well plate sandwich 
with the 384-well plate. Our medium contains phenol red, which has a red/pink color at pH of 
8.2 and yellow/clear at pH of 6.8. If CO2 could not escape the sandwich structure, we would 
expect the pH to drop as a result of the buffer system. While we do see the hanging droplets 
transition to a yellow/clear color, it does not appear to be different than the change in color of 
the medium in 2D culture dishes, which are not sealed by Parafilm. Therefore, we suspect that 
any change in pH is a natural consequence of cell culture. That said, the product information 
sheet for Parafilm M, claims that it is permeable to gases, including CO2, but not to moisture. 
 
Q8. Line 253 and Line 265: There is a discrepancy '1 and 4 days' vs. '5-7 days.' 
 
This has been clarified in section 5 of the protocol. It usually takes between 1 and 4 days for a 
stable spheroid to form. Any time after stable spheroids form and are equivalent size across all 
replicates, the drug treatment can be started. Therefore, if the spheroids have all formed by 
day 1, they could theoretically be treated on that day. However, for consistency, and to ensure 
that the spheroids are always completely formed and are same size by the start of drug 
treatment, we usually treat with drugs after 5-7 days. 



 
Q9. Line 259. It will be more appropriate to use the solvent in which the drug is dissolved as a 
vehicle control instead of culture medium. 

The example provided in this manuscript is drug treatment with cisplatin, which is solubilized in 
water. Given that a small volume of cisplatin is added to medium to create the drug solution 
applied to spheroids, a suitable control is culture medium without drug. That said, drugs 
solubilized in other solvents, like DMSO, will require a cell culture medium control that has the 
same concentration of DMSO that the experimental condition has. This has been clarified in the 
manuscript in section 5 of the protocol. 
 
Q10. Line 271: What is the size of the tips used. How to minimize cell death due to shearing? 

The size of the tips used has been clarified on where appropriate throughout the manuscript. 
Minimization of cell death could be accomplished in combination with enzymatic digestion such 
as with Accutase, Trypsin, and/or dispase to facilitate spheroid dissociation1. This has been 
mentioned in section 5 of the protocol. 

 
Q11. Lines 272, 372 and 380: 17,000g is too high a centrifugal force for cell pelleting. They 
might rupture under such a high force. 

We acknowledge that this has been reported and have changed the protocol to 400 x g for cell 
pelleting as used in culture of ovarian cancer cells and tumor initiating cells by House et al9. 

 
Q12. Line 339: Please provide more details of the sample preparation for confocal microscopy 
since these are spheroids. 

Additional details have been added to section 8 of the protocol. 

 
Q13. Line 458: While describing the results, it is desirable to have 3A before 3B in the 
sequence. 

This has been addressed in the results section. 

Q14. 466: 'solutions' should be changed to 'suspensions.' 

This has been addressed. 

Q15. Can this method be used to identify difference(s) between cancer stem cells from solid 
tumors and ascites? 

Yes. Forming spheroids from cancer stem cells derived from the two different sources would 
allow for comparison between the two groups of cancer stem cells. Whole spheroids could be 



sequenced to examine the overall difference in spheroids generated from each group of CSCs. 
Alternatively, single cell sequencing techniques, such as drop sequencing10 could be used to 
identify the specific genetic signature of each CSC group. We have previously demonstrated that 
CSCs can be isolated from primary tumors as well as ascites to make spheroids7,8. 
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