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ABSTRACT
Multicellular tumor spheroid (MCTS) cultures represent more

physiologically relevant in vitro cell tumor models that reca-

pitulate the microenvironments and cell–cell or cell–ex-

tracellular matrix interactions which occur in solid tumors. We

characterized the morphologies, viability, and growth behaviors

of MCTSs produced by 11 different head and neck squamous

cell carcinoma (HNSCC) cell lines seeded into and cultured in

ultra-low attachment microtiter plates (ULA-plates) over ex-

tended periods of time. HNSCC MCTS cultures developed mi-

croenvironments, which resulted in differences in proliferation

rates, metabolic activity, and mitochondrial functional activity

between cells located in the outer layers of the MCTS and cells

in the interior. HNSCC MCTS cultures exhibited drug penetra-

tion and distribution gradients and some developed necrotic

cores. Perhaps the most profound effect of culturing HNSCC

cell lines in MCTS cultures was their dramatically altered and

varied growth phenotypes. Instead of the exponential growth

that are characteristic of two-dimensional HNSCC growth in-

hibition assays, some MCTS cultures displayed linear growth

rates, categorized as rapid, moderate, or slow, dormant MCTSs

remained viable but did not grow, and some MCTSs exhibited

death phenotypes that were either progressive and slow or

rapid. The ability of MCTS cultures to develop microenviron-

ments and to display a variety of different growth phenotypes

provides in vitro models that are more closely aligned with solid

tumors in vivo. We anticipate that the implementation MCTS

models to screen for new cancer drugs for solid tumors like

HNSCC will produce leads that will translate better in in vivo

animal models and patients.

Keywords: multicellular tumor spheroids, head and neck

squamous cell carcinoma, 3D microenvironments

INTRODUCTION

H
ead and neck cancers (HNCs) are the eighth lead-

ing cause of cancer worldwide with *600,000 new

cases and*300,000 deaths occurring per annum.1–3

In 2018, it’s estimated that 51,540 people in the

United States will develop oral cavity or pharynx cancer and

10,030 will die of these cancers. Smoking, alcohol, genetics,

and human papillomavirus (HPV) infection are major risk

factors for the development of head and neck squamous cell

carcinoma (HNSCC).1–3 HNC incidence is rising in developed

countries despite reductions in cigarette smoking rates, with

much of the increase attributable to HPV infection.1–4 Sur-

gical resection and chemo-radiotherapy are the frontline

therapies for localized HNC.5–9 Although surgical and radia-

tion therapies have improved, cure rates have remained

stationary at *50% for >30 years.1–3,7,9,10 Patients with ad-

vanced, recurrent, or metastatic HNC have a poor prognosis

with median survival rates of 6–12 months.1,2,9 The Federal

Drug Administration (FDA) has approved only seven drugs for

HNC; methotrexate and 5-fluorouracil in the 1950s, bleo-

mycin and cisplatin in the 1970s, docetaxel and cetuximab in

2006, and pembrolizumab in 2016. However, only 10%–25%

of HNC patients respond to monotherapy with the five older

chemotherapeutics and/or the epidermal growth factor

(EGF)-receptor targeted antibody, and these agents have

failed to significantly improve either 5-year survival or cure

rates.1,2 The FDA approved the monoclonal antibody pem-

brolizumab (Keytruda�) in patients with recurrent or metastatic

HNSCC that continued to progress despite standard-of-care
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chemotherapy. Pembrolizumab blocks the immune checkpoint

anti-programmed death-ligand 1 (PD1) receptor interactions

with its ligands, PD-L1 and PD-L2.11–13 The FDA accelerated

Keytruda approval was based on early clinical trials where it

was well tolerated and produced clinically relevant antitumor

activity in recurrent or metastatic HNSCC.11–13 Although tu-

mor responses lasted ‡6 months in 82% of responders, and

some patients experienced lasting (>2 years) and/or complete

responses, only 16% of HNSCC patients responded to Keytruda

treatment.11–13 Despite Keytruda’s success, its low response

rate together with the overall lack of efficacy of the other

approved drugs for HNSCC underscores the urgent unmet need

to discover new and effective HNSCC therapies.

Despite significant investments in cancer research, drug

discovery, and development, <5% of all new small molecule

cancer drugs entering phase I clinical trials gain FDA ap-

proval.8,14–17 New cancer drug leads are usually discovered in

growth inhibition (GI) assays conducted in tumor cell line

panels maintained and assayed in two-dimensional (2D) cul-

ture conditions that are compatible with high throughput

screening (HTS).8,18–20 2D GI HTS assays typically utilize low

cell numbers to reduce the cell culture burden and to maxi-

mize drug sensitivity by promoting exponential growth dur-

ing the compound exposure period.6,20–22 Cells in 2D GI assays

experience uniform drug concentrations in a homogenous

environment where cell interactions with the extracellular

matrix (ECM) and cell–cell contacts are either nonexistent or

substantially reduced.6,20–22 Genomic comparisons of estab-

lished HNC cell lines to primary tumors revealed that although

51% of genetic alterations were shared at similar mutation

frequencies, subsets of mutations were unique to patient tu-

mors and cell lines, respectively.7 Mutations unique to cell

lines favored immortalization and continuous maintenance

in tissue culture.7 In addition, tumor cell lines adapted to

growth in 2D proliferate faster than cells from primary tumors,

display altered drug resistance patterns, and respond prefer-

entially to antiproliferative agents while overlooking the self-

and population-renewing tumor stem cells, which contribute

to recurrence and metastasis.22–27 2D tumor GI assays fail to

recapitulate the complex three-dimensional (3D) architecture,

cell–cell and cell–ECM interactions, microenvironments, drug

diffusion kinetics, and drug responses of solid tumors

in vivo.15,22–24,27–35 To identify better leads that have the

potential to improve the clinical development success rates of

new cancer drugs for solid tumors like HNSCC, more physi-

ologically relevant in vitro 3D tumor models that better rep-

resent the growth and tumor microenvironments observed in

preclinical in vivo mouse models and patient tumors are being

deployed for lead generation.22,24,26,27,29,30,32,34–42

A wide variety of anchorage-dependent and anchorage-

independent in vitro 3D tumor cell culture models have been

developed to investigate and understand how cellular and

functional responses are altered by 3D culture conditions and

to provide 3D assays for cancer drug discovery.30,34,40 Mul-

ticellular tumor spheroids (MCTSs) resemble avascular tumor

nodules, micro-metastases, or the intervascular regions of

large solid tumors with respect to morphological features and

volume growth kinetics, and they develop microenvironments

produced by gradients of nutrient distribution and oxygen

concentration resulting in differential zones of proliferation

and drug permeability.22,24,25,29,32,34,41,43,44 Several groups

have utilized U-bottomed ultra-low attachment 96-, 384-, or

1536-well microtiter plates (ULA-plates) treated with a hy-

drophilic neutrally charged coating covalently bound to the

polystyrene well surface to prevent cell adhesion to the plate

surface and promote tumor cell line self-assembly into tight

MCTSs or cell aggregates.22,24,29,34–36,38,41 We have shown

that the production of HNSCC MCTSs in 384-well ULA-plates

is both compatible with automation and scalable for HTS

because MCTSs form within 1–3 days and require relatively

few cells (£2.5 K) per well, and both compound exposure and

homogeneous assay detection can be performed in situ.29,34

We have used Cal33 and FaDu HNSCC MCTSs generated in

384-well ULA-plates to demonstrate that cancer drug accu-

mulation increases as cell numbers and MCTS sizes increase

and that drugs exhibit restricted penetration and distribution

gradients, accumulating preferentially in cells in the outer

layers of MCTSs relative to those in the inner cores.22 In ad-

dition, 2D Cal33 monolayers are 6-fold, 20-fold, 10-fold, and

16-fold more sensitive than Cal33 MCTSs to GI produced by

ellipticine, idarubicin, daunorubicin, and doxorubicin, re-

spectively.22 The present article extends these studies to

characterize the distinct morphologies, viability, and growth

phenotypes of MCTSs formed in 384-well ULA-plates by 11

HNSCC cell lines and an immortalized human ‘‘normal’’

esophageal epithelial cell line. For five HNSCC cell lines with

distinct MCTS growth phenotypes, we show the development

of microenvironments and uneven drug accumulation in

different regions of MCTSs and demonstrate that these more

physiologically relevant 3D tumor models can be readily

adapted to measure drug-induced cytotoxicity.

MATERIALS AND METHODS
Reagents

Thirty-seven percent formaldehyde was purchased from

Sigma-Aldrich (St. Louis, MO). Hoechst 33342 was purchased

from Life Technologies (Thermo Fisher Scientific, Waltham,

MA). Dimethyl sulfoxide (DMSO) 99.9% high-performance
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liquid chromatography grade was obtained from Alfa Aesar

(Ward Hill, MA). Dulbecco’s Mg2+- and Ca2+-free phosphate-

buffered saline (PBS) was purchased from Gibco (Grand Is-

land, NY). Dulbecco’s modified Eagle’s medium (DMEM) and

Dulbecco’s modified Eagle’s medium/Ham’s F12 50/50

(DMEM/F12) were purchased from Corning (Manassas, VA).

Fetal bovine serum (FBS), L-glutamine, and penicillin/strep-

tomycin (P/S) were purchased from Thermo Fisher Scientific.

CellTiter-Blue� (CTB) was purchased from Promega Cor-

poration (Madison, WI). Calcein AM (CAM), Ethidium Homo-

dimer (EHD), MitoTracker� Orange (MTO) a thiol-reactive

chloromethyl derivative of tetra-methyl-rosamine, tetra-

methyl-rhodamine methyl ester (TMRM), Click-iT� 5-ethynyl-

20-deoxyuridine (EdU), and 5-(and-6)-(((4-chloromethyl)

benzoyl)amino)-tetra-methyl-rhodamine CellTracker� Orange

(CTO) were all purchased from Life Technologies (Thermo Fisher

Scientific). Doxorubicin was provided by the National Cancer

Institute (NCI).

Cells and Tissue Culture
Eleven human HNSCC cell lines were provided by Dr. Jen-

nifer Grandis of the HNC Spore at the University of Pittsburgh

Medical Center Hillman Cancer Center and were maintained in

a humidified incubator at 37�C, 5% CO2, and 95% humidity;

Cal33, Cal27, FaDu, UM-22B, BICR56, OSC-19, PCI-13, PCI-

52, Detroit-562, UM-SCC-1, and SCC-9. The human Het-1A

(CRL-2692�) esophageal squamous epithelial cell line trans-

fected with the SV40 large T antigen was purchased from the

American Type Culture Collection (ATCC�, Manassas, VA). All

cell lines except SCC-9 were cultured in DMEM supplemented

with 10% FBS, 1% L-glutamine, and 1% P/S. The culture

medium for the FaDu and OSC-19 cell lines was also supple-

mented with 1% nonessential amino acids, and the medium

for the BICR56 and UM-SCC-1 cell lines was supplemented

with 0.4 mg/mL hydrocortisone. The SCC-9 cell line was cul-

tured in DMEM/F12 medium supplemented with 10% FBS, 1%

L-glutamine, and 1% P/S. HNSCC cell lines were passaged or

used to generate MCTS after isolated cell suspensions were

prepared from tissue culture flasks by dissociating cells with

trypsin and centrifugation at 270 · g for 5 min at room tem-

perature and resuspension in growth media. The number of

viable trypan blue excluding cells in the cell suspension was

counted using a hemocytometer.

Generation of HNSCC MCTSs in Ultra-Low Attachment
Microtiter Plates

We have previously described the generation of MCTSs

after seeding several HNSCC cell lines into 384-well U-

bottomed ultra-low attachment microtiter plates (ULA-plates;

Cat. No. 4516; Corning, Tewksbury, MA).22,29,34 Briefly, 384-

well ULA-plates were rehydrated by the addition of 50 mL of

serum-free culture medium to each well and incubation in a

humidified incubator for 15 min. Media was removed from the

wells of the ULA-plates, and 45 mL of a single-cell suspension

of the HNSCC cell lines at different seeding densities (625,

1,250, 2,500, 5,000, 10,000, or 20,000 cells/well) in the ap-

propriate growth medium was transferred into each well using

a Matrix automated multichannel pipette (Thermo Fisher

Scientific); ULA-plates were centrifuged at 17 · g for 1 min

and then placed in an incubator at 37�C, 5% CO2, and 95%

humidity for the indicated time periods. In time course ex-

periments where HNSCC MCTS cultures were maintained in

the ULA-plates beyond 3 days, spent media was exchanged for

fresh medium every 3 days using a Janus MDT Mini (Perki-

nElmer, Waltham, MA) automated liquid handler platform

equipped with a 384-well transfer head. Each medium ex-

change cycle consisted of 2 · 20 mL aspiration and discard

steps followed by 2 · 20 mL fresh media dispense steps. Three

media exchange cycles were performed to achieve *85%

exchange of fresh medium for spent medium and a uniform

volume of 45 mL per well.

Investigation of HNSCC MCTS Morphology, Viability,
and Growth in Ultra-Low Attachment Microtiter Plates
by High Content Imaging

We used an ImageXpress Micro (IXM) automated wide field

high content imaging platform integrated with MetaXpress

Imaging and Analysis software (Molecular Devices, LLC, Sun-

nyvale, CA) to acquire and analyze images of HNSCC MCTSs.

The IXM optical drive uses a 300 W Xenon lamp broad spectrum

white light source and a 1.4-megapixel 2/3† chip Cooled CCD

Camera and optical train for standard fluorescence imaging and

a transmitted light (TL) module with phase contrast. The IXM is

equipped with Zero Pixel Shift (ZPS) filter sets; DAPI, FITC/

ALEXA 488, CY3/TRITC, CY5, and Texas Red. A four-position

objective turret can be loadedwith various objectives; a 4 · Plan

Apo 0.20NA objective, a 10 · Plan Fluor 0.3 NA objective, a

20 · Ph1 Plan Fluor extra-long working distance (ELWD) dark

medium objective, a 20 · S Plan Fluor ELWD 0.45 NA objective,

and a 40 · S Plan Fluor ELWD 0.60 NA objective.

Single images of HNSCC MCTSs were sequentially acquired

using a 4 · Plan Apo 0.20 NA objective in both the TL and

fluorescent image acquisition modes; DAPI, FITC, and

TRITC.22,29,34,45 To acquire best focus images of MCTSs we

used the IXM automated image-based focus algorithm to

acquire both a coarse focus (large mm steps) set of images of

Hoechst stained objects in the DAPI channel for the first MCTS

to be imaged, followed by a fine (small mm steps) set of images
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to select the best focus image. For all subsequent wells and

channels to be imaged, only a fine focus set of images was

acquired to select the best focus Z-plane.22,29,34,45 MCTS

morphology and growth were assessed daily by the acquisi-

tion of 4 · TL images on the IXM, and we used the line-scan

tool of the MetaXpress image analysis software to measure the

diameters of the HNSCC MCTSs.45 The change in MCTS di-

ameter over time in culture was used as an indicator of MCTS

growth or death.

To label viable and/or dead cells within the HNSCC MCTS

cultures, we incubated HNSCC MCTSs with a cocktail of the

Hoechst (8 mg/mL) DNA stain, the CAM (2.5 mM) live reagent,

and the EHD (5 mM) dead reagent for 1 h, and single images of

HNSCC MCTSs were sequentially acquired on the IXM using

a 4 · objective in both the TL and fluorescent image acqui-

sition modes; DAPI, FITC, and Texas Red channels. We used

the multiwavelength cell scoring (MWCS) image analysis

module to analyze the HNSCC MCTS fluorescent images as

described previously.22,29,34 To create a whole MCTS mask,

we set the approximate minimum width of the Hoechst

stained nuclei of the MCTS to be 150 mm with an approxi-

mate maximum width to be 550 mm and applied a threshold

intensity above local background of 70. The total MCTS mask

from the Hoechst channel was used to count the number of

MCTSs per image, typically one. After applying user defined

background average intensity thresholds, typically 50–70 in

both the FITC and Texas Red channels, the MWCS module

image segmentation then created total MCTS masks in all

three fluorescent channels. The derived HNSCC total MCTS

masks in channels 2 and 3 were then used to quantify the

mean integrated fluorescence intensity (MIFI) of the CAM

live cell signal in the FITC channel and the EHD dead cell

signal in the Texas Red channel. The MIFI values represent

the total pixel fluorescent intensities in channels 1, 2, or 3

within the total MCTS masks of positively stained MCTSs

above the preset background thresholds.

Pseudo-color fluorescence intensity data visualizations

were also used to illustrate fluorescent dye/drug uptake, ac-

cumulation, and distribution in HNSCC MCTS cultures.22 The

relative fluorescent intensities of the pixels in the image were

represented as distinct colors with the ‘‘hotter’’ and ‘‘brighter’’

colors (low to high, yellow, red, white) representing higher

intensity signals and cooler colors (low to high, purple, cyan,

green) representing lower intensity signals. Line-scan fluo-

rescence intensity plots were also used to portray fluorescent

dye/drug uptake, accumulation, and distribution in HNSCC

MCTS cultures.22 Line-scan fluorescence intensity plots were

created using the line scanning tool of the MetaXpress image

analysis software to draw a line across the image and plot the

fluorescent intensity values versus distance in mm across the

image to provide an intensity profile graph.

Determination of HNSCC MCTS Proliferation
After 3 days of culture in ULA-plates to allow MCTSs to form,

the cell culture medium was exchanged and the HNSCC MCTSs

were exposed to EdU reagent (Life Technologies) according to the

manufacturer’s instructions for 12, 24, and 48 h before fixation

in 3.7% formaldehyde and permeabilization with 0.1% Triton X-

100. The modified nucleoside EdU, which becomes incorporated

into DNA by proliferating cells undergoing DNA synthesis, is

detected using anAlexaFluor 488 picolyl azide fluorescent label,

which is incorporated using a quick ‘‘click chemistry’’ reaction.

Images of HNSCC MCTSs were sequentially acquired on the IXM

using a 4 · objective in both the TL and FITC channels.

Characterization of HNSCC MCTS Mitochondrial Mass
and Membrane Potential

After 3 days of culture in ULA-plates to allow MCTSs to

form, the cell culture medium was exchanged and the HNSCC

MCTSs were exposed to 500 nM MTO or 250 nM TMRM (Life

Technologies) for 1 h at 37�C, 5% CO2, and 95% humidity.

MTO labeled HNSCC MCTSs were fixed and stained with 3.7%

formaldehyde containing 8 mg/mL Hoechst and then washed

3 · with PBS before images were acquired on the IXM using a

4 · objective in the TL, DAPI, and TRITC channels. Images of

TMRM labeled live HNSCC MCTSs were acquired on the IXM

using a 4 · objective in both the TL and TRITC channels.

HNSCC MCTS images were analyzed using the MWCS image

analysis module described above to quantify the MIFI of the

MTO and TMRM fluorescent dyes, and both pseudo-color vi-

sualizations and line scan plots were used to illustrate their

distribution throughout the HNSCC MCTSs.

Drug Penetration and Distribution in HNSCC MCTSs
Analysis of drug penetration was performed as previously

described for the Cal33 and FaDu HNSCC cell lines.22 Briefly,

HNSCC cell lines were cultured for 3 days to allow MCTSs to

form before a media exchange was performed, and the MCTSs

were then exposed to 10mM doxorubicin and incubated at

37�C, 5% CO2, and 95% humidity for 0.5, 3, 6, 12, and 24 h

before fixation in 3.7% formaldehyde for 30–45 min, 3 · wa-

shes with PBS, and acquisition of 4 · images on the IXM in the

TL and TRITC channels. The MWCS image analysis module

described above was used to quantify the fluorescent intensity

of doxorubicin in HNSCC MCTS TRITC channel images using

the doxorubicin stained nuclei in the TRITC channel to identify

and define the whole MCTS mask. The MIFI parameter repre-

sents the total pixel fluorescent intensity of doxorubicin within
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the MCTS.22 Pseudo-color visualizations and line-scan plots

were also used to illustrate doxorubicin accumulation and

distribution throughout HNSCC MCTSs.

Analysis of HNSCC MCTS Viability and Growth
using the CTB Reagent

The homogeneous CTB cell viability reagent provides a

fluorescent method for monitoring cell viability and/or GI that

is based on the ability of living cells to convert the redox dye

resazurin into a fluorescent end product resorufin. HNSCC cell

lines were seeded at the indicated cell densities into 384-well

ULA-plates in 45 mL of growth medium incubated at 37�C, 5%

CO2, and 95% humidity for the indicated time periods. After

the prescribed time in culture, 10 mL of the CTB cell viability

detection reagent was dispensed into the wells of HNSCC

MCTS assay plates and incubated for 4 h at 37�C, 5% CO2, and

95% humidity before capturing the relative fluorescent unit

(RFU) signals (Ex. 560 nm/EM. 590 nm) on a SpectraMax M5e

(Molecular Devices, LLC) microtiter plate reader platform.

Data Processing, Analysis, and Curve Fitting

For HNSCC MCTS growth assays in 384-well ULA-plates, the

measured diameters of the HNSCC MCTSs and their corre-

sponding CTB RFU signals were fit to a linear regression model.

The MIFI data from HNSCC MCTSs exposed to CAM, EHD, MTO,

TMRM, or doxorubicin are presented as the mean – standard

deviation (n = 3). For HNSCC MCTS GI (50% growth inhibitory

concentration [GI50]) assays, the DMSO control wells (Max

controls, n = 14) and 200mM doxorubicin control wells (Min

controls, n = 32) were used to represent uninhibited growth and

100% cytotoxicity, respectively. The mean maximum and

minimum plate control CTB RFUs were used to normalize the

RFU data from the compound treated wells as percent inhibi-

tion of growth. The GI50 data were fit to a nonlinear sigmoidal

log (inhibitor) versus normalized response variable slope

model using the equation: Y = 100/(1 + 10^[{LogIC50 - X} ·
Hillslope]), where Y was the percent GI and X was the corre-

sponding log10 of the compound concentration. The GI50 is the

concentration of compound that gives a 50% response, half

way between 0% and 100%. The Hillslope describes the steep-

ness of the curve. All curve fitting, linear regression analysis,

and graphs were created using the GraphPad Prism 6 software.

RESULTS
Morphology and Viability of HNSCC MCTSs Formed
in 384-Well U-Bottomed Ultra-Low Attachment
Microtiter Plates

We have previously shown that six HNSCC tumor cell lines

form MCTSs within 24 h of seeding into 384-well ULA-

plates.22,29,34 To extend these studies, we selected five addi-

tional HNSCC cell lines that have previously been used for HNC

drug discovery.6,7,21 The Het-1A SV40 T-antigen immortalized

human esophageal epithelial cell line was included to represent

a ‘‘normal’’ control cell line model, since these cells do not grow

as xenograft tumors in immunodeficient mice.46–49 To char-

acterize the morphology and viability of the HNSCC MCTSs

formed, 11 HNSCC cell lines and Het-1A cells were seeded into

384-well ULA-plates and cultured for 3 days before they were

stained with live cell CAM and dead cell EHD reagents, and

4 · images were acquired on the IXM in the TL, FITC, and Texas

Red channels (Fig. 1). Although some HNSCC cell lines formed

MCTSs within 24h of seeding into 384-well ULA-plates, others

required 2–3 days to self-assemble. The morphologies (shape

and compactness) and sizes of the MCTSs varied with each

HNSCC cell line (Fig. 1). After 72 h in culture, FaDu, Cal33,

Cal27, and PCI-13 cell lines formed condensed MCTSs with a

smooth and even periphery. OSC19, Detroit 562, BICR56, PC1–

52, and UMSCC1 cell lines produced rounded MCTSs with

uneven perimeters, and the Het-1A, UM22B, and SCC9 cell lines

formed cell aggregates with irregular outer margins. FaDu,

Cal33, OSC19, and Detroit 562 cells formed larger MCTSs ap-

proximately 350–400mm in diameter, while BICR56, Cal27,

PC13, PCI-52, and UMSCC1 formed smaller MCTSs with ap-

proximately 200–250mm diameters. FaDu, Cal33, BICR56, and

PC1–52 MCTSs and UM22B aggregates exhibited strong CAM

staining with little or no EHD staining, indicating that all the

cells were viable. OSC19, Detroit 562, and PCI-52 MCTSs also

exhibited strong CAM staining, and although there was some

EHD staining, most cells were viable. In contrast, UMSCC1

MCTSs exhibited strong EHD staining and much lower CAM

staining, indicating that most cells were dead. The SCC9 and

Het-1A irregular aggregates exhibited strong CAM staining

together with some significant EHD staining.

HNSCC MCTS Growth Phenotypes in ULA-Plates
To further characterize the morphologies, viability, and

growth behavior of HNSCC MCTSs cultured in 384-well ULA-

plates over time, we conducted a series of cell seeding density

and time course experiments. The 11 HNSCC cell lines were

seeded into 384-well ULA-plates at densities ranging between

625 and 20,000 cells per well and were cultured for 12–14 days,

with media exchanges every 3 days. MCTS growth and viability

were evaluated by TL imaging, CAM/EHD staining, and CTB

RFUs. The 11 HNSCC cell lines exhibited 6 distinct MCTS

growth phenotypes; rapid growth (FaDu), moderate growth

(UM22B), slow growth (Cal33), dormant (BICR56, Cal27, Detroit

562, and PCI-13), progressive slow death (OSC19, PCI-52, and

SCC9), and rapid death (UMSCC1). Figure 2 shows time course
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Fig. 1. Characterization of HNSCC MCTS morphology and viability in Ultra-low Attachment Plates. Eleven HNSCC cell lines and
Het-1A cells were seeded at 2,500 cells per well in 384-well ULA-plates and cultured for 3 days. MCTSs were then stained with the
live cell CAM and dead cell EHD reagents, and 4 · images were acquired on the IXM in the TL, FITC, and Texas Red channels.
Grayscale TL images are presented along with color composite fluorescent images of live cell CAM and dead cell EHD
staining depicted as green and red, respectively. Representative images from multiple independent experiments are presented.
All scale bars represent 300 mm. CAM, Calcein AM; EHD, Ethidium Homodimer; HNSCC, head and neck squamous cell carcinoma;
IXM, ImageXpress Micro; MCTS, multicellular tumor spheroid; TL, transmitted light; ULA-plates, ultra-low attachment microtiter
plates.

22 ASSAY and Drug Development Technologies JANUARY 2019 ª MARY ANN LIEBERT, INC.



Fi
g

.
2

.
G

ro
w

th
p

h
e

n
o

ty
p

e
s

o
f

M
C

T
S

s
p

ro
d

u
ce

d
b

y
fi

ve
re

p
re

se
n

ta
ti

ve
H

N
S

C
C

ce
ll

li
n

e
s

se
e

d
e

d
a

n
d

m
a

in
ta

in
e

d
in

U
lt

ra
-l

o
w

A
tt

a
ch

m
e

n
t

P
la

te
s.

(A
)

Fi
ve

H
N

S
C

C
ce

ll
li

n
e

s
w

e
re

se
e

d
e

d
a

t
2

,5
0

0
ce

ll
s

p
e

r
w

e
ll

in
3

8
4

-w
e

ll
U

LA
-p

la
te

s
a

n
d

w
e

re
cu

lt
u

re
d

fo
r

12
d

a
ys

w
it

h
fr

e
sh

m
e

d
ia

e
xc

h
a

n
g

e
s

p
e

rf
o

rm
e

d
e

ve
ry

3
d

a
ys

.
M

C
T

S
s

w
e

re
st

a
in

e
d

a
ft

e
r

1,
3

,
6

,
o

r
12

d
a

ys
in

cu
lt

u
re

w
it

h
th

e
li

ve
ce

ll
C

A
M

a
n

d
d

e
a

d
ce

ll
E

H
D

re
a

g
e

n
ts

,
a

n
d

4
·

im
a

g
e

s
w

e
re

a
cq

u
ir

e
d

o
n

th
e

IX
M

in
th

e
T

L,
FI

T
C

,
a

n
d

T
e

xa
s

R
e

d
ch

a
n

n
e

ls
.

G
ra

ys
ca

le
T

L
im

a
g

e
s

a
re

p
re

se
n

te
d

a
lo

n
g

w
it

h
co

lo
r

co
m

p
o

si
te

fl
u

o
re

sc
e

n
t

im
a

g
e

s
o

f
li

ve
ce

ll
C

A
M

a
n

d
d

e
a

d
ce

ll
E

H
D

st
a

in
in

g
d

e
p

ic
te

d
a

s
g

re
e

n
a

n
d

re
d

,
re

sp
e

ct
iv

e
ly

.
R

e
p

re
se

n
ta

ti
ve

im
a

g
e

s
fr

o
m

m
u

lt
ip

le
in

d
e

p
e

n
d

e
n

t
e

xp
e

ri
m

e
n

ts
a

re
p

re
se

n
te

d
.

A
ll

sc
a

le
b

a
rs

re
p

re
se

n
t

3
0

0
mm

.
(B

)
T

h
e

li
n

e
-s

ca
n

to
o

l
o

f
th

e
M

e
ta

X
p

re
ss

im
a

g
e

a
n

a
ly

si
s

so
ft

w
a

re
w

a
s

u
se

d
to

m
e

a
su

re
th

e
d

ia
m

e
te

rs
o

f
th

e
fi

ve
H

N
S

C
C

M
C

T
S

s
in

T
L

im
a

g
e

s
th

a
t

w
e

re
a

cq
u

ir
e

d
d

a
il

y
th

ro
u

g
h

o
u

t
th

e
10

-
to

14
-d

a
y

cu
lt

u
re

p
e

ri
o

d
.

(C
)

C
T

B
R

FU
si

g
n

a
ls

o
f

th
e

fi
ve

H
N

S
C

C
M

C
T

S
cu

lt
u

re
s

w
e

re
m

e
a

su
re

d
a

t
th

e
in

d
ic

a
te

d
ti

m
e

p
o

in
ts

th
ro

u
g

h
o

u
t

th
e

10
-

to
14

-d
a

y
cu

lt
u

re
p

e
ri

o
d

.
M

C
T

S
d

ia
m

e
te

rs
in

mm
(B

)
a

n
d

C
T

B
R

FU
s

(C
)

w
e

re
m

e
a

su
re

d
in

tr
ip

li
ca

te
w

e
ll

s
(n

=
3

)
a

n
d

a
re

p
re

se
n

te
d

a
s

th
e

m
e

a
n

–
S

D
fo

r
th

e
fo

ll
o

w
in

g
H

N
S

C
C

ce
ll

li
n

e
s;

U
M

-2
2

B
(b

lu
e

tr
ia

n
g

le
),

O
S

C
-1

9
(g

re
e

n
tr

ia
n

g
le

),
Fa

D
u

(b
la

ck
sq

u
a

re
),

B
IC

R
5

6
(y

e
ll

o
w

d
ia

m
o

n
d

),
a

n
d

C
a

l3
3

(r
e

d
ci

rc
le

).
A

li
n

e
a

r
re

g
re

ss
io

n
o

f
th

e
m

e
a

n
M

C
T

S
d

ia
m

e
te

r
a

n
d

C
T

B
R

FU
d

a
ta

fo
r

e
a

ch
o

f
th

e
H

N
S

C
C

ce
ll

li
n

e
s

w
a

s
p

e
rf

o
rm

e
d

u
si

n
g

th
e

G
ra

p
h

P
a

d
P

ri
sm

6
so

ft
w

a
re

.
R

e
p

re
se

n
ta

ti
ve

d
a

ta
fr

o
m

th
re

e
in

d
e

p
e

n
d

e
n

t
e

xp
e

ri
m

e
n

ts
a

re
p

re
se

n
te

d
.

C
T

B
,

C
e

ll
T

it
e

r-
B

lu
e

�
;

R
FU

,
re

la
ti

ve
fl

u
o

re
sc

e
n

t
u

n
it

;
S

D
,

st
a

n
d

a
rd

d
e

vi
a

ti
o

n
.

C
o

n
ti

n
u

e
d

.

ª MARY ANN LIEBERT, INC. � VOL. 17 NO. 1 � JANUARY 2019 ASSAY and Drug Development Technologies 23



data for 5 HNSCC cell lines seeded at 2,500 cells per well in 384-

well ULA-plates that represent 5 of the MCTS growth pheno-

types. Consistent with Figure 1, the TL images indicated that

MCTS morphologies and sizes were different for each HNSCC

cell line and, furthermore, that these changed over time in

culture (Fig. 2A). In general, HNSCC MCTS TL images became

progressively darker with longer time in culture, especially in

the MCTS core regions, perhaps indicating that the cells were

becoming more densely packed. The UM22B line exhibited the

most dramatic change in morphology with increasing time in

culture, coalescing from a loose aggregate of cells into a

compact MCTS with a smooth and even periphery after several

days (Fig. 2A). To assess the changes in HNSCC MCTS size over

time, we used the line-scan tool of the image analysis software

to measure the diameters of the HNSCC MCTSs in TL images

acquired daily (Fig. 2B). The diameters of the FaDu, UM22B,

and Cal33 MCTSs increased linearly with respect to time in

culture throughout the 10- to 14-day culture period. In con-

trast, BICR56 MCTSs exhibited almost no change in diameter,

and OSC19 MCTS diameters became progressively smaller with

extended time in culture. Based on the observed changes in

MCTS diameter over time, the rank order of HNSCC MCTS

growth was FaDu > UM22B >> Cal33. BICR56 MCTS diameters

remained constant over time, while OSC19 MCTS diameters

declined gradually with time in culture.

The homogeneous CellTiter Glo� (CTG) ATP detection re-

agent has frequently been used to measure growth and com-

pound mediated cytotoxicity in MCTS cultures produced and

maintained in 96- and 384-well ULA-plates.22,24,29,34,36,41

However, we switched to CTB when we found that the relative

light units produced by CTG for the same number of cells in 2D

and 3D cultures were *10-fold lower in 3D cultures, whereas

we observed little or no difference in the CTB RFUs between

2D and 3D cultures composed of the same cell numbers (data

not shown). To illustrate the correlation between CTB RFUs

and the number of viable HNSCC cells in MCTS cultures, we

seeded between 625 and 20,000 FaDu cells per well into 384-

well ULA-plates and cultured them for 24 h to allow MCTSs to

form. After 24 h we acquired 4 · TL images of the MCTSs on

the IXM (Supplementary Fig. S1A; Supplementary Data are

available online at www.liebertpub.com/adt), measured the

diameters of the MCTSs using the line-scan tool, and mea-

sured the CTB RFUs 4 h after reagent addition (Supplementary

Fig. S1B). In the 625–5,000 cells per well range, MCTS di-

ameters and CTB RFUs increased linearly with respect to the

number of viable FaDu cells seeded per well, and although

MCTS diameters and CTB RFUs continued to increase as more

cells were added to wells, the increase was no longer linear

with respect to cell number (Supplementary Fig. S1B). The

MCTS diameter and CTB RFU data were almost superimpos-

able indicating that they are closely correlated (Supplemen-

tary Fig. S1B). Similar CTB data were observed for all HNSCC

MCTS cultures (data not shown). Based on the observed

changes in CTB signal over time the rank order of MCTS

growth rates was the same as that indicated by the change in

MCTS diameter (Fig. 2B, C).

The corresponding CAM/EHD time course images suggest

that at most time points a large majority of cells in the FaDu,

UM22B, Cal33, and BICR56 MCTSs were viable, although

FaDu MCTSs appeared to develop necrotic cores by day 6

through 12 as they became progressively larger, and OSC19

MCTSs appeared to have a necrotic core at all time points

Fig. 2. (Continued)
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Fig. 3. Development of a necrotic core in MCTSs formed by the FaDu and OSC19 HNSCC cell lines seeded and maintained in Ultra-low
Attachment Plates. (A) The FaDu and OSC19 HNSCC cell lines were seeded at 2,500 cells per well in 384-well ULA-plates and were cultured
for 12 days with fresh media exchanges performed every 3 days. MCTSs were stained after the indicated days in culture with the live cell
CAM and dead cell EHD reagents, and 4 · images were acquired on the IXM in the TL, FITC, and Texas Red channels. Grayscale TL images
are presented along with color composite fluorescent images of live cell CAM and dead cell EHD staining depicted as green and red,
respectively. Representative images from multiple independent experiments are presented. All scale bars represent 300mm. The MWCS
image analysis module of the MetaXpress software was used to quantify the live cell CAM and dead cell EHD MIFI signals in (B) FaDu and
(C) OSC-19 MCTSs over time in culture. The MWCS image module segmented Hoechst channel images to create a whole MCTS mask and
then applied user defined background average intensity thresholds to create whole MCTS masks for the FITC and Texas Red channels. The
whole MCTS masks were used to quantify the MIFIs of the CAM live cell signal (green) in the FITC channel and the EHD dead cell signal
(red) in the Texas Red channel. MIFIs were measured in triplicate wells (n = 3) at the indicated time points and are presented as the
mean – SD. Representative data from three independent experiments are presented. MIFI, mean integrated fluorescence intensity; MWCS,
multiwavelength cell scoring.
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(Fig. 2A). To further explore the development of necrotic cores

in HNSCC MCTSs, we seeded the FaDu and OSC19 cell lines

into 384-well ULA-plates and cultured them for up to 12 days,

with media exchanges every 3 days. MCTS growth and via-

bility were evaluated by TL microscopy and CAM/EHD

staining (Fig. 3A), and we used the MWCS image analysis

module to quantify and compare the CAM and EHD MIFI

signals in FaDu (Fig. 3B) and OSC-19 (Fig. 3C) MCTSs. Con-

sistent with its rapid growth phenotype (Fig. 2), FaDu MCTS

size increased over time in culture (Fig. 3A), and the corre-

sponding CAM MIFI signals also increased (Fig. 3B). At most

time points the FaDu MCTS CAM MIFIs were greater than the

corresponding EHD MIFIs, but after day 4 the development of

a necrotic core was indicated by both the CAM/EHD images

and by an apparent larger increase in EHD MIFIs (Fig. 3A, B).

The slow progressive death phenotype of OSC19 cell line was

illustrated by the decrease in MCTS size observed in the TL and

CAM/EHD images (Fig. 3A) and the lack of any change in

CAM MIFIs between day 2 and 12, with a trend toward in-

creased EHD MIFIs over the same period (Fig. 3C).

Images of HNSCC MCTSs stained with the live cell CAM

reagent exhibited a donut-like staining pattern, where cells in

the outer edges of the MCTSs exhibited higher intensities

relative to cells in the inner cores, irrespective of MCTS size or

HNSCC cell line (Figs. 1, 2A, and 3A). To show that the dif-

ferential distribution of CAM observed in the outer layers of

HNSCC MCTSs was not due to an imaging artifact caused by

inefficient excitation light penetration and/or fluorescent

emission light detection, we prelabeled HNSCC cell lines with

CTO before seeding them into 384-well ULA-plates to form

MCTSs (Supplementary Fig. S2). The TRITC images, pseudo-

color visualizations, and line-scan plots showed that CTO

fluorescence was distributed uniformly throughout the MCTSs

or, if anything, the fluorescent intensities were slightly higher

in the inner cores of MCTSs relative to the outer layers. Since

the CAM reagent must be metabolized by live cells into the

fluorescent end product, it is possible that the higher CAM

fluorescent intensities observed in cells in the outer layers of

HNSCC MCTSs reflect their higher metabolic activity relative

to cells in the inner cores.

HNSCC MCTS Cell Proliferation
To investigate whether cells in HNSCC MCTSs formed and

maintained in ULA-plates exhibited different rates of cell

proliferation in distinct MCTS regions, we seeded 2,500 HNSCC

cell lines into 384-well ULA-plates and allowed MCTSs to form

for 3 days before the culture media was exchanged and during

the next 3 days MCTSs were exposed to EdU for 12, 24, or 48 h

(Fig. 4). Six-day FaDu MCTS cultures that were exposed to EdU

for 12, 24, or 48 h exhibited a distinct gradient of EdU staining,

with cells in the outer layers of the MCTSs exhibiting higher

intensities relative to cells in the inner cores at all EdU expo-

sure periods (Fig. 4A). In 6-day HNSCC MCTS cultures re-

presenting the five growth phenotypes, only the rapidly (FaDu)

and moderately (UM22B) growing MCTSs displayed evidence

of detectable EdU incorporation after 24 h of exposure

(Fig. 4B). Similar results were observed after 48 h of EdU ex-

posure (data not shown). These data indicate that in HNSCC

MCTSs that exhibit rapid and moderate growth rates in ULA-

plates, the more quiescent cells in the interior are surrounded

by outer layers of proliferating cells.

HNSCC MCTS Mitochondrial Mass and Membrane Potential
We used the MTO and TMRM dyes to determine the mass

and membrane potential of active mitochondria in the cells of

HNSCC MCTS cultures (Fig. 5).50,51 HNSCC cell lines were

seeded into 384-well ULA-plates, and after 3 days in culture

the culture media was exchanged and MCTS were exposed to

MTO (Fig. 5A, B) or TMRM (Fig. 5C, D) for 1 h. The TRITC

images, pseudo-color visualizations, and line-scan plots

showed that the MTO fluorescence was distributed uniformly

throughout formaldehyde fixed HNSCC MCTSs, although the

fluorescent intensities were perhaps marginally higher in cells

in the inner cores of MCTSs relative to the outer layers

(Fig. 5A). These data indicate that cells in HNSCC MCTS cul-

tures contain active mitochondria irrespective of their loca-

tion within the MCTS. Using the MWCS image analysis

module to quantify MCTS MTO MIFI showed that mitochon-

drial mass tracks with MCTS size; FaDu > OSC19 > UM22B >
Cal33 > BICR56 (Fig. 5B). In contrast, TRITC images, pseudo-

color visualizations, and line-scan plots of HNSCC MCTSs

stained with the live cell TMRM mitochondrial potential dye

exhibited a differential staining pattern, where cells in the

outer layers of MCTSs exhibited higher intensities relative to

cells in the inner cores, irrespective of MCTS size or HNSCC

cell line (Fig. 5C). These data show that mitochondria in cells

in the outer layers of the HNSCC MCTSs had higher membrane

potentials than mitochondria in cells in the inner regions,

indicating that mitochondria in cells in the outer layers were

more functionally active. MCTS TMRM MIFI values among the

five HNSCC cell lines did not however track with MCTS size;

FaDu > OSC19 = UM22B = Cal33 > BICR56 (Fig. 5D).

Doxorubicin Penetration and Cytotoxicity
in HNSCC MCTS Cultures

To investigate cancer drug uptake, penetration, and distri-

bution in HNSCC MCTS, we seeded 2,500 cells of the HNSCC

cell lines into 384-well ULA-plates and after 3 days the culture

KOCHANEK, CLOSE, AND JOHNSTON

26 ASSAY and Drug Development Technologies JANUARY 2019 ª MARY ANN LIEBERT, INC.



media was exchanged and MCTSs were exposed to 10 mM

doxorubicin for 0.5 (Fig. 6A) and 24 h (Fig. 6B). As expected,

the TRITC images, pseudo-color visualizations, and line-scan

plots of all five HNSCC MCTSs exposed to doxorubicin for

0.5 h exhibited an apparent donut-like staining pattern, where

cells in the outer edges of the MCTSs had higher doxorubicin

staining intensities relative to cells in the inner cores (Fig. 6A).

After 24 h of doxorubicin exposure, however, the TRITC im-

ages, pseudo-color visualizations, and line-scan plots showed

that doxorubicin fluorescence was distributed throughout the

HNSCC MCTSs and was perhaps slightly higher in cells in the

inner cores of MCTSs relative to cells in the outer layers

(Fig. 6A). A comparison of the TL images of HNSCC MCTS

exposed to 10 mM doxorubicin for 0.5 (Fig. 6A) and 24 h

(Fig. 6B) revealed that the longer drug exposure had a sig-

nificant morphological impact producing less rounded MCTSs

with uneven perimeters surrounded by a halo of single cells

and generally darker inner cores.

To investigate doxorubicin-induced cytotoxicity in HNSCC

MCTS, we seeded 2,500 cells of the HNSCC cell lines into 384-

well ULA-plates and after 3 days in culture the culture media

was exchanged. The MCTSs were then exposed to 0.01–

200 mM doxorubicin for 72 h before the addition of the CTB

detection reagent and subsequent measurement of the RFU

signals. To define the dynamic range of the 72 h compound

exposure in HNSCC MCTS assays, we used 0.2% DMSO control

wells to represent uninhibited growth (Max controls, n = 32)

and 200 mM Doxorubicin +0.2% DMSO control wells to rep-

resent 100% GI (Min controls, n = 32), respectively. Doxor-

ubicin inhibited the growth of all five HNSCC MCTS cultures

in a concentration dependent manner with GI50s in the low- to

sub-micromolar range; 0.31, 0.42, 1.59, 1.97, and 2.07 mM for

Fig. 4. Cell proliferation in HNSCC MCTSs produced and cultured in Ultra-low Attachment Plates. HNSCC cell lines were seeded at 2,500
cells per well into 384-well ULA-plates and allowed to form MCTSs for 3 days before the culture media was exchanged, and over the next
3 days MCTSs were exposed to EdU for the indicated time periods and developed with the Click-iT� reagent according to the manufac-
turer’s recommendations. MCTSs were fixed in 3.7% formaldehyde, and 4 · images were acquired on the IXM in the TL and FITC channels to
capture the Click-iT EdU (green) fluorescent signal. (A) Six-day FaDu MCTS cultures that were exposed to EdU for 12, 24, or 48 h before
fixation. (B) Six-day MCTS cultures prepared from each of the five representative HNSCC cell lines (UM-22B, OSC-19, FaDu, BICR56, and
Cal33) that were exposed to EdU for 24 h before fixation. All scale bars represent 300 mm. EdU, 5-ethynyl-20-deoxyuridine.

HNSCC MULTICELLULAR TUMOR SPHEROID CULTURES
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Fig. 5. Mitochondrial mass and membrane potential in HNSCC MCTSs produced in Ultra-low Attachment Plates. Two thousand and five hundred
cells of the five representative HNSCC cell lines were seeded into 384-well ULA-plates, and after 3 days in culture the culture media was exchanged
and MCTS were exposed to 500 nM MTO or 250 nM TMRM for 1 h. (A) HNSCC MCTSs that were stained with MTO were fixed in 3.7% formaldehyde,
and 4 · images were acquired on the IXM in the TL and TRITC channels. Representative grayscale TL and MTO (TRITC) images are presented along
with the corresponding pseudo-color pixel intensity visualizations and line-scan fluorescent intensity plots. In pseudo-color pixel intensity visu-
alizations, the relative fluorescent intensities of the pixels in the images are indicated as distinct colors. The ‘‘hotter’’ and ‘‘brighter’’ colors (low to
high, yellow, red, white) represent higher intensity signals, and cooler colors (low to high, purple, cyan, green) represent lower intensity signals. In
line-scan fluorescence intensity plots the line scanning tool of the MetaXpress image analysis software to draw a line across the image and plot the
fluorescent intensity values versus distance in mm across the image to provide an intensity profile graph. All scale bars represent 300mm. (B) The
MWCS image analysis module was used to create a whole MCTS mask and quantify MTO MIFI signals in the HNSCC MCTSs. HNSCC MCTS MTO MIFIs
were measured in triplicate wells (n = 3) and are presented as the mean – SD. Representative data from three independent experiments are
presented. (C) 4 · images of HNSCC MCTSs that were stained with TMRM were acquired on the IXM in the TL and TRITC channels. Representative
grayscale TL and TMRM (TRITC) images are presented along with the corresponding pseudo-color pixel intensity visualizations and line-scan
fluorescent intensity plots. All scale bars represent 300mm. (D) The MWCS image analysis module was used to create a whole MCTS mask and
quantify TMRM MIFI signals in the HNSCC MCTSs. HNSCC MCTS TMRM MIFIs were measured in triplicate wells (n = 3) and are presented as the
mean – SD. Representative data from three independent experiments are presented. MTO, MitoTracker� Orange; TMRM, tetra-methyl-rhodamine
methyl ester. Continued.
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Fig. 5. (Continued)

‰
Fig. 6. Doxorubicin Drug Distribution in MCTSs formed in Ultra-low Attachment Plates. HNSCC cell lines were seeded at 2,500 cells per
well into 384-well ULA-plates and after 3 days in culture the culture media was exchanged and MCTS were then exposed to 10 mM
doxorubicin for either 0.5 h (A) or 24 h (B). HNSCC MCTSs that were exposed to 10 mM doxorubicin were then fixed in 3.7% formaldehyde,
and 4 · images were acquired on the IXM in the TL and TRITC channels. Representative grayscale TL and doxorubicin (TRITC) images are
presented along with the corresponding pseudo-color pixel intensity visualizations and line-scan fluorescent intensity plots. Representative
data from three independent experiments are presented. All scale bars represent 300mm.
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the UM22B, Cal33, FaDu, BICR56, and OSC19 cell lines, re-

spectively (Fig. 7A). To determine the effects of 72 h doxo-

rubicin exposure on HNSCC MCTS morphology and viability,

we acquired TL and CAM/EHD fluorescent images of doxo-

rubicin treated HNSCC MCTSs (Fig. 7B). All five HNSCC

MCTSs were totally disrupted after 72-h exposure to the top

three concentrations of doxorubicin tested (200, 66.7, and

22.2 mM), and the images provided no additional information

(not shown). After 72-h exposure to 7.4 mM doxorubicin,

however, the TL and CAM/EHD images reveal profound dif-

ferences compared to images acquired from DMSO control

wells. In TL images of DMSO control wells, FaDu, Cal33, and

UM22B cell lines formed condensed MCTSs with a smooth and

even periphery, while OSC19 and BICR56 formed rounded

MCTSs with uneven perimeters. Exposure to 7.4 mM doxoru-

bicin for 72 h dramatically altered HNSCC MCTS morpholo-

gies: OSC19 MCTSs became irregular loose cell aggregates;

BICR56 MCTSs became dark irregular cell aggregates with

uneven outlines surrounded by single cells; Cal33 and UM22B

MCTS became smaller and less rounded with dark inner cores

and uneven perimeters surrounded by a halo of single cells;

and FaDu MCTSs became bigger and darker with a rounded

uneven perimeter. However, the CAM/EHD images revealed

the most dramatic differences between doxorubicin treated

and DMSO control wells. The strong CAM and almost non-

existent EHD fluorescence in the CAM/EHD composite images

of the five HNSCC MCTSs from DMSO control wells indicated

that most of the cells in the MCTSs were viable. In sharp

contrast, the very weak CAM and strong EHD fluorescence in

the CAM/EHD composite images of the five HNSCC MCTSs

from wells exposed to 7.4 mM doxorubicin indicated that most

of the cells in the MCTSs were dead. These data demonstrate

that although different HNSCC cell lines seeded into ULA-

plates produced MCTSs with distinct morphologies and

growth phenotypes, these more physiologically relevant 3D

tumor models can be readily adapted to measure compound

mediated cytotoxicity.

DISCUSSION
MCTS cultures represent more physiologically relevant

in vitro cell tumor models that recapitulate the microenvi-

ronments and cell–cell or cell–ECM interactions which occur

in solid tumors.32,34,40,41,52 We set out to characterize the

morphologies, viability, and growth behaviors of MCTSs

produced by 11 different HNSCC cell lines seeded into and

cultured in ULA-plates over extended periods of time (Figs. 1

and 2). The 11 HNSCC cell lines form xenografts in immu-

nodeficient mice, have similar genetic profiles to patient tu-

mors, and have previously been used for HNSCC drug

discovery.6,7,21 The Het-1A SV40 T-antigen immortalized

human esophageal epithelial cell line does not grow as xe-

nograft tumor in immunodeficient mice.46–49 We character-

ized the development of distinct microenvironments and the

penetration and distribution of drugs in different regions of

the MCTSs (Figs. 3–6) and investigated drug-induced cyto-

toxicity (Fig. 7). Our goal was to obtain a better understanding

of how HNSCC MCTS cultures behaved so that we could apply

these models in HTS campaigns designed to identify cancer

drug leads that will be more translatable into efficacy in

in vivo animal models and patients.

Nine of the 11 HNSCC cell lines seeded into 384-well ULA-

plates formed condensed MCTSs with either a smooth or un-

even periphery after 3 days. The UM22B and SCC9 HNSCC cell

lines and Het-1A esophageal epithelial cell line formed cell

aggregates with irregular outer margins. After several days in

culture, however, the UM22B cell line coalesced into a com-

pact MCTS with an even periphery. The HNSCC MCTS

morphologies are consistent with our previous observa-

tions,22,29,34 and similar HNSCC MCTS morphologies were

described in studies conducted in 96-well ULA-plates.41,53 In a

study of six HNSCC cell lines, which included the Cal27 and

Detroit 562 cell lines of the present study, four formed tight

spheroids and two formed compact cell aggregates.41 In a

study of 10 HNSCC cell lines, which included the Cal27 and

FaDu cell lines of the present study, 6 formed tight compact

‰
Fig. 7. Doxorubicin-induced cytotoxicity in MCTSs formed in Ultra-low Attachment Plates. HNSCC cell lines were seeded at 2,500 cells per
well in 384-well ULA-plates, and after 3 days in culture the culture media was exchanged and then MCTSs were exposed to the indicated
concentrations of doxorubicin for 72 h before the addition of the CTB detection reagent and subsequent measurement of the RFU signals.
(A) The mean maximum (0.5% DMSO) and minimum (200 mM doxorubicin +0.5% DMSO) plate control CTB RFUs were used to normalize the
RFU data from the compound treated wells as percent inhibition of growth, and the GI50 data were fit to a nonlinear sigmoidal log inhibitor
concentration versus the normalized response variable slope model using the GraphPad Prism 6 software. The normalized mean – SD
(n = 3) growth inhibition data from triplicate wells for each compound concentration are presented. Representative experimental data from
one of four independent experiments are shown. (B) To examine the effects of 72 h doxorubicin exposure on HNSCC MCTS morphology and
viability, we acquired 4 · TL and CAM/EHD fluorescent images of HNSCC MCTSs exposed to 7.4 mM doxorubicin for 72 h. Grayscale TL
images are presented along with color composite fluorescent images of live cell CAM and dead cell EHD staining depicted as green and red,
respectively. Representative images from four independent experiments are presented. All scale bars represent 300mm. DMSO, dimethyl
sulfoxide; GI50, 50% growth inhibitory concentration.
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spheroids, 3 formed intermediate spheroids, and 1 produced

loose irregular cell aggregates.53 It has been reported that H-

RAS-transformed fibroblast cell lines form MCTSs that grow

when seeded into 96-well ULA-plates, whereas non-

transformed fibroblasts do not.54 It was suggested that the

ability to form MCTS in ULA-plates was similar to soft agar

colony formation clonogenicity assays, where only trans-

formed cells can form colonies. In our study, however, both

the SCC9 HNSCC cell line and the Het-1A SV40 T-antigen

immortalized human esophageal epithelial cell line formed

irregularly shaped cell aggregates in ULA-plates that did not

self-assemble into MCTSs. Some HNSCC MCTSs, most no-

ticeably those formed by the FaDu, Cal33, Cal27, and PCI-13

cell lines, exhibited two distinct spheroid regions, a darker or

denser inner core surrounded by lighter outer layers that were

two to several layers of cells thick depending upon the cell

line. The two distinct spheroid regions have been observed

previously in MCTSs formed by the FaDu and Cal33 cell

lines.22,53 In addition to morphology differences, we observed

that HNSCC cell lines produced MCTSs of two different size

ranges when they were seeded into ULA-plates at the same cell

number, either smaller more compact MCTSs approximately

200–250 mm in diameter or larger MCTSs approximately 350–

400 mm in diameter. HNSCC develops at multiple anatomic

sites in different cell types within the head and neck region;

paranasal sinuses, nasal cavity, oral cavity, pharynx, larynx,

salivary gland, and thyroid.3,55–57 Histology, molecular

characteristics, and clinical outcomes vary widely across

different sites.3,55–57 In the present study, UMSCC1, SCC9,

PCI-13, Cal33, Cal27, and BICR56 HNSCC cell lines were es-

tablished from oral cavity tumors, the OSC-19 tumor origi-

nated in the tongue but the cell line was established from a

metastatic site in the cervical lymph node, the FaDu and

UM22B cell lines were established from hypopharynx tumors,

the PCI-52 cell line was established from a larynx tumor, and

the Detroit 562 tumor originated in the larynx but the cell line

was established from a pleural effusion metastasis.7 HNSCC

patient tumors have on average 130 coding mutations and

141 gene copy number alterations (gains/deletions) per tu-

mor3,56,57 and exhibit 4 gene expression signature subtypes;

basal, mesenchymal, atypical, and classical.58 It is likely that

the complexity and heterogeneity of HNSCC contribute to the

variety in MCTS sizes and morphologies that we observed.

We measured the changes in MCTS diameters and CTB RFUs

over time in culture to assess the growth of HNSCC MCTS

cultures in ULA-plates (Fig. 2B, C). MCTS diameters and CTB

RFUs both increased linearly over time in culture throughout

the 10- to 14-day culture period for FaDu, UM22B, and Cal33

MCTSs. In contrast, BICR56 MCTSs were static, and OSC19

MCTSs exhibited gradual declines for both indicators over

time. Time course CAM/EHD images demonstrated that most

of the cells in UM22B, Cal33, and BICR56 MCTSs were viable

at all time points (Figs. 2A and 3A). FaDu MCTSs appeared to

develop necrotic cores as they became progressively larger,

and OSC19 MCTSs appeared to have a necrotic core at all time

points. The presence of necrotic cores in OSC19 and FaDu

MCTSs was confirmed by both the CAM/EHD images and the

quantitative MIFI data presented in Figure 3. The necrotic core

in FaDu MCTSs developed between day 4 and 6 in culture after

the MCTSs reached *500 mm in diameter (Fig. 2B), and we

speculate that diffusion was no longer able to support efficient

nutrient and/or oxygen uptake and distribution to interior

cells and/or to remove waste products. Several methods have

been used to label actively proliferating cells in MCTS cul-

tures, including Ki67 staining and the incorporation of either

H3-thymidine or H3-bromo-deoxyuridine incorporation into

DNA.34,39–41,59 Previous MCTS proliferation studies have

shown that MCTS cultures exhibit differential zones of pro-

liferation characterized by outer layers of proliferating cells

surrounding inner layers of quiescent cells and inner cores

that may become necrotic.34,39–41,59 Consistent with these

observations, cells in the outer layers of the FaDu and UM22B

MCTSs exhibited EdU incorporation (Fig. 4). However, none of

the cells in Cal33, BICR56, and OSC19 MCTSs exhibited de-

tectable levels of EdU incorporation, even with 48 h EdU ex-

posure. Only HNSCC MCTSs that showed substantial increases

in MCTS diameters and CTB RFUs with time in culture con-

tained actively proliferating cells detectable by EdU incor-

poration. Despite the apparent viability of the cells in Cal33

and BICR56 MCTSs demonstrated by the CAM/EHD (live/dead)

stains, their rates of proliferation were below the detection

limits of EdU incorporation. OSC19 MCTSs exhibit a slow

progressive death phenotype, and none of the cells in OSC19

MCTSs was positive for EdU incorporation. Based on Ki67

staining, the rates of proliferation of 8 of 9 HNSCC cell lines

that formed MCTS cultures in 96-well ULA-plates decreased

substantially compared to the corresponding 2D cultures,

especially for those that formed tight spheroids.53 Only the

FaDu cell line exhibited comparable Ki67 staining in 2D and

3D cultures.53

The rates of proliferation and growth of HNSCC cell lines in

ULA-plate MCTS cultures are dramatically different from that

in 2D cultures.6,21 When HNSCC cell lines are seeded at 1,000

cells per well into standard tissue culture treated 384-well

microtiter plates, they proliferate exponentially throughout a

96-h culture period and typically undergo >2 but <3 dou-

blings.6,21 Tumor cell lines adapted to growth in 2D proliferate

faster than cells from primary tumors, exhibit altered drug
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response profiles, and are very sensitive to antiproliferative

agents while under-representing the self- and population-

renewing tumor stem cells that contribute to recurrence and

metastasis.22–27 Dormant or quiescent tumor cells which have

stopped replicating, or that proliferate slowly due to reduced

nutrient and/or oxygen microenvironments, are resistant to

molecules targeting cell proliferation mechanisms.60–62 The

reduced proliferation and growth of HNSCC cell lines that we

observed in MCTS culture conditions may more accurately

align with tumor growth in vivo, which may be critical to

screening for new solid tumor cancer drug leads that will

translate better in in vivo animal models and in patients.

Images of CAM stained HNSCC MCTS cultures indicated

that cells in the outer layers of MCTSs exhibited higher in-

tensities relative to cells in the interior, irrespective of MCTS

size or HNSCC cell line (Figs. 1, 2A, and 3A). The uniform

distribution of fluorescence observed in HNSCC MCTSs pre-

labeled with CTO before MCTS formation (Supplementary

Fig. S2) suggests that the gradient of CAM fluorescence was

not due to an imaging artifact caused by inefficient excitation

light penetration into MCTS cores and/or fluorescent emission

light detection from these regions. Since the CAM reagent is

metabolized by live cells into a fluorescent end product, the

higher CAM signals in cells in the outer layers of HNSCC

MCTSs may be due to their higher metabolic activity relative

to cells in the inner cores. We cannot however exclude the

possibility that poor CAM reagent permeability might have

produced uneven reagent penetration and distribution within

the MCTSs and that the apparent gradient of CAM staining

was due to its preferential uptake, accumulation, and metab-

olism by cells in the outer layers of HNSCC MCTSs. Mi-

tochondria are critical to cellular energy production, and we

used the MTO and TMRM dyes to evaluate the mass and

membrane potential of active mitochondria in the cells of

HNSCC MCTS cultures (Fig. 5).50,51 The MTO data indicated

that all of the cells in HNSCC MCTS cultures contain active

mitochondria irrespective of their location within the MCTS

(Fig. 5A) and that MCTS mitochondrial mass appears to track

with MCTS size (Fig. 5B). The TMRM data indicated that the

mitochondria in cells in the outer layers of HNSCC MCTSs had

higher membrane potentials than mitochondria in cells in the

inner regions, indicating that cells in the outer layers of MCTS

have more functionally active mitochondria. Both the CAM

and TMRM data indicated that cells in the outer layers of

HNSCC MCTSs were more metabolically active than cells in

the interior regions.

When MCTSs are initially exposed to doxorubicin, cells in

the outer layers of HNSCC MCTSs exhibit higher doxorubicin

fluorescent intensities than cells in the inner cores (Fig. 6A).

After 24 h, however, doxorubicin alters the integrity and

morphologies of MCTSs and becomes uniformly distributed

throughout MCTSs (Fig. 6B). These data are consistent with

our previous observations that Cal33 and FaDu MCTSs ex-

hibited permeability barriers that resulted in uneven drug

distribution and exposure gradients which coincided with

enhanced resistance relative to monolayer cultures.22 Adhe-

sion junctions between adjacent cells, cell–ECM contacts, and

high tumor cell packing densities constitute drug permeability

barriers that limit cancer drug penetration, distribution, and

efficacy.60–65 Drug physiochemical properties also affect their

distribution in tissues, and cells in solid tumors which are

distal to blood vessels experience lower drug concentrations

due to reduced drug access.62–64 Exposure to doxorubicin for

72 h inhibited the growth and viability of all five HNSCC

MCTS cultures in a concentration dependent manner with

GI50s in the low- to sub-micromolar range; 0.31, 0.42, 1.59,

1.97, and 2.07 mM for the UM22B, Cal33, FaDu, BICR56, and

OSC19 MCTSs, respectively (Fig. 7A). The top three concen-

trations of doxorubicin totally disrupted the integrity and

viability of all five HNSCC MCTSs. At 7.4 mM doxorubicin,

HNSCC MCTS integrity and morphologies were profoundly

altered, and the CAM/EHD images indicated that most of the

cells were dead (Fig. 7B).

HNSCC MCTS cultures develop microenvironments, which

result in differences in proliferation rates, metabolic activity,

and mitochondrial functional activity between cells located

in the outer layers of the MCTS and cells in the interior. Some

HNSCC MCTS cultures have necrotic cores that gradually

increase as MCTS size and viability decline, while others

develop necrotic cores surrounded by viable layers of cells as

MCTSs achieve a critical size threshold. HNSCC MCTS cul-

tures also exhibit drug penetration and distribution gradients

that coincide with enhanced resistance. Perhaps the most

profound effect of culturing HNSCC cell lines in MCTS cul-

tures was their dramatically altered and varied growth phe-

notypes. Instead of the exponential growth that are

characteristic of 2D HNSCC GI assays, some MCTS cultures

displayed linear growth rates, categorized as rapid, moder-

ate, or slow; dormant MCTSs remained viable but did not

grow; and some MCTSs exhibited death phenotypes that

were either progressive and slow or rapid. The ability of

MCTS cultures to develop microenvironments and to display

a variety of different growth phenotypes provides in vitro

models that are more closely aligned with solid tumors

in vivo. We anticipate that the implementation of MCTS

models to screen for new cancer drugs for solid tumors like

HNSCC will produce leads that will translate better in in vivo

animal models and patients.
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2D ¼ two-dimensional

3D ¼ three-dimensional

CAM ¼ Calcein AM

CTB ¼ CellTiter-Blue�

CTG ¼ CellTiter Glo�

CTO ¼ CellTracker� Orange

DMEM ¼ Dulbecco’s modified Eagle’s medium

DMEM/F12 ¼ Dulbecco’s modified Eagle’s medium/Ham’s F12 50/50

DMSO ¼ dimethyl sulfoxide

ECM ¼ extracellular matrix

EdU ¼ 5-ethynyl-20-deoxyuridine

EHD ¼ Ethidium Homodimer

ELWD ¼ extra-long working distance dark medium

FBS ¼ fetal bovine serum

FDA ¼ The Federal Drug Administration

GI ¼ growth inhibition

GI50 ¼ 50% growth inhibitory concentration

HNC ¼ head and neck cancer

HNSCC ¼ head and neck squamous cell carcinoma

HPV ¼ human papillomavirus

HTS ¼ high throughput screening

IXM ¼ ImageXpress Micro

MCTSs ¼ multicellular tumor spheroids

MIFI ¼ mean integrated fluorescence intensity

MTO ¼ MitoTracker� Orange

MWCS ¼ Multiwavelength Cell Scoring

P/S ¼ penicillin/streptomycin

PBS ¼ phosphate-buffered saline

RFUs ¼ relative fluorescent units

TL ¼ transmitted light

TMRM ¼ tetra-methyl-rhodamine methyl ester

ULA-plates ¼ Ultra-Low Attachment microtiter plates
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