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1.1 RELEVANCE FOR DEVELOPMENT OF SPHEROIDS AS A MODEL 

Re-capitulating biological functions in an in vitro setting is a main objective in every 

biomedical field, ranging from developmental biology, cancer research, drug screening, 

toxicity testing, regenerative medicine, and tissue engineering [1-4]. In vitro models are 

used to model both healthy and diseased systems, as well as to evaluate the effects 

induced by drugs, compounds, substances, and toxicants [1-4]. In vitro models should 

recapitulate certain functionalities of the organ/tissue, possess similar responses to 

compound exposure, and ideally be predictive of in vivo environment [1-5]. In addition to 

satisfying biological parameters, in vitro models should also be straightforward to set-up, 

inexpensive, and adaptable to high throughput screening. Traditionally, in vitro models 

are composed of two-dimensional (2D) cell monolayers grown on plastic. 2D cell 

cultures are easy to use, easily adapted for high-throughput screening, relatively 

inexpensive, and easy to probe/access information from. However, despite their ease of 

use, 2D monolayers lack physiological relevance, as they possess low cell densities, no 

formation of gradients, abnormal cell morphology, and dominance of cell-plastic 

interactions over cell-cell interactions [1,6]. Furthermore, when cells are cultured in 2D, 

they start to lose their organ-specific phenotype [6,7]. For example, when liver cells are 

cultured on plastic, there is decreased production of liver-specific proteins and enzymes, 

such as albumin, CYP1A1, and CYP1A2 [8,9]. Kidney epithelial cells begin to 

dedifferentiate when cultured on plastic, and appear to become for fibroblast-like [10]. As 

the traditional 2D in vitro models fail to recapitulate the in vivo environment, a need 

arises for the development of better, more predictive models.  
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In response to this need for better in vitro models, three-dimensional (3D) cell culture 

models have been growing in number and importance. Many of these 3D approaches 

combine cells with a scaffold, either natural or synthetic, to achieve 3D architecture 

[1,7,11]. For these scaffold-based approaches, the scaffold comprises a large proportion 

of the mass of these structures, and interaction of cells with the scaffold is a critical 

component. In many cases, cell-scaffold interactions are more prevalent than cell-cell 

interactions. However, for most tissues in vivo, the opposite phenomenon occurs, with the 

extracellular matrix (ECM) comprises a relatively small proportion of the mass of the 

tissue, and cell-cell interactions predominating over cell-ECM interactions [7,11].  

 

To overcome low cell densities plaguing scaffold-based 3D in vitro models, scaffold-free 

3D spheroids can be utilized. In the absence of a scaffold for attachment, mono-dispersed 

cells will spontaneously aggregate to form a spheroid [12]. 3D spheroids can be formed 

from a multitude of methods, such as hanging drop, liquid overlay, spinner cultures, 

microfluidics, and micromolded nonadhesive hydrogels (Figure 1-1, 1-2) [12-14]. With 

the hanging drop method, droplets of monodispersed cells are pipetted onto a substrate 

and inverted, gravity induces cells to aggregate at the bottom of droplet, and subsequently 

self-assemble to form a single spheroid per drop (Figure 1-1A) [12,13]. With the liquid 

overlay technique, a tissue-culture plates are first coated with a nonadhesive hydrogel 

material, such as agarose, then monodispersed cells are added on top, and the application 

of gentle shaking encourages cells to aggregate together (Figure 1-1C, D) [12, 13].  With 

spinner cultures, monodispersed cells are added to a spinner flask and subject to constant 

agitation to prevent cell settling and encourage cells to aggregate via cell-cell collisions  
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Figure 1-1. Spheroids can be formed from a variety of techniques. 
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Figure 1-1. Spheroids can be formed from a variety of techniques. Overall, the 
process of spheroid formation involves some type of force to aggregate cells together, 
and then in the absence of any other substrate to attach to, cells will attach to each 
other and self-assemble into spheroids. Each technique of spheroid formation utilizes a 
specific combination of force and nonadhesive substrate. For example, to form 
spheroids via the hanging drop technique, monodispersed cells are pipetted as droplets 
onto a substrate, and subsequently inverted, gravity forces cells to be in close contact 
at the bottom of droplet, and in absence of material to attach to, cells attach to one 
another to form spheroids (A – [modified from 13]). With spinner cultures, 
monodispersed cells are placed into a spinner flask, constant rotational flow forces 
cell-cell collisions and subsequently spheroid formation (B – [modified from 12]). 
With liquid overlay technique, a nonadhesive substrate, such as agarose, first coated 
onto a surface, prior to the addition of cells; gentle rotation of plate and gravity 
induces cells to come in contact with one another (C - [modified from 13]). A 
simplification of the liquid overlay technique, involves the use of nonadhesive round 
bottom wells, where gravity and the shape of well forces cells to be in contact with 
one another (D – [modified from 13]). With microfluidics, monodispersed cells are 
suspended in aqueous phase (blue area), as it approaches the oil phase (yellow area), 
monodispersed cells are segregated into droplets, where eventually the monodispersed 
cells will come into contact with one another and form spheroids (E) [modified from 
14]. 
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(Figure 1-1B) [12]. With microfluidics, monodispersed cells move through channels, 

where exposure to rotational flow induces cellular aggregation and spheroid formation 

(Figure 1-1E) [14]. Overall, each of these methods has their own set of advantages and 

disadvantages. For example, liquid overlay and hanging drop techniques are relatively 

straightforward to form spheroids, but media exchange is difficult, and have been 

traditionally plagued by non-uniformity in spheroid size, low throughput, and required 

secondary transport prior to probing biological functions [12,13]. However, more 

recently both hanging drop and liquid overlay techniques have been adopted for use with 

either 96- or 384-well plates, thus increasing throughput of spheroid-based assays 

[15,16]. Alternatively, spinner cultures are easily scalable to produce a large number of 

spheroids, however, spheroids are susceptible to shear-induced damage, and requires 

transfer prior to performing any biological studies [12].   

 

Throughout this dissertation, we utilized the technique of micromolding agarose 

hydrogels, through a technology commercialized as the 3D Petri Dish® [17,18]. The 3D 

Petri Dish® is a micromold that consists of a rectangular platform upon which an array of 

rounded cylindrical micro-posts (Figure 1-2A, E) [18]. To form nonadhesive hydrogels, 

molten agarose is poured on top of 3D Petri Dish® and allowed to harden (Figure 1-2B). 

After solidifying, the hydrogel is removed from micromold and equilibrated with media 

(Figure 1-2C, D, Figure 1-3A) [18]. Molded into the agarose hydrogel are two key 

structures: a large chamber for seeding cells and series of small concave micro-recesses 

located below (Figure 1-2E) [18]. To form microtissues, a small volume of mono-

dispersed cells is pipetted into the large seeding chamber (Figure 1-3B). Over the course  
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Figure 1-2. Non adhesive hydrogels are created from micromolds. Micromolds 
were designed to contain a rectangular block atop of which lay a series of small 
rounded microposts (A, E). To form hydrogels, molten agarose is pipetted on top of 
micromold (B).  After allowing the agarose to solidify, hydrogels are removed from 
micromold (C). The resulting hydrogel will contain a rectangular loading dock, under 
which lay series of small round-bottom microrecesses (D, E). [modified from 18]. 
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Figure 1-3.  Non-adhesive hydrogels guide the process of microtissue self-
assembly. Agarose hydrogels that have been previously equilibrated with media (A) 
were seeded with mono-dispersed cells by pipetting into the large chamber (B). After 
30-minutes, cells have settled by gravity to the bottom of the micro-wells. (C). After 
24 hours, cells have aggregated and self-assembled into microtissues (D). [modified 
from 18]. 
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of 30-minutes, cells settle by gravity into the small micro-recesses below the seeding 

chamber (Figure 1-3C) [18]. The concave nature of micro-recesses ensures that cells are 

in close-contact with another. Furthermore, the non-adhesive nature of agarose prevents 

cellular attachment, thus over the course of 24-hours, cells aggregate and self-assemble 

into 3D spheroids (Figure 1-3D, Figure 1-4). Spheroid size can be easily controlled by 

altering the number of input cells, with higher seeding densities forming larger spheroids 

(Figure 1-4) [18]. Overall, this technology is advantageous for a variety of reasons, such 

as: (1) creation of a large number of spheroids of similar shape and size, (2) easy control 

of spheroid size by altering input number of cells, (3) media exchange without disturbing 

spheroids, and (4) spheroids can be probed directly within hydrogels [12,18]. 

Furthermore, throughout this dissertation, we showcase this technology’s adaptability to 

high-throughput screening.   

   

Regardless of the technique used, spheroids afford numerous advantages over both 2D 

monolayer and 3D scaffold-based in vitro models. Firstly, the cell density is much higher 

than both 2D monolayer and 3D scaffold-based approaches, and thus more comparable to 

in vivo tissues [12,14,19]. Due to this high cell densities, cell-cell interactions dominate 

as opposed to cell-substrate (scaffold or plastic) interactions, thus maximizing cell-cell 

communication [12, 20]. Furthermore, in 3D spheroids are able to excrete their own 

extracellular matrix proteins (ECM), exert forces over each other and ECM [19]. Cells 

are able to self-organize to undergo morphological changes according to biological 

principles [12,14,19]. For example, the breast cancer cell line, MCF-7, will form luminal 

structures when cultured as 3D spheroids, recapitulating the phenotype of the mammary  



 
 

10 
 

 

Figure 1-4. Time-lapse of variable sized spheroids self-assembling. Mono-
dispersed cells of human ovarian granulosa cell line, KGN, were seeded into 
hydrogels at varying seeding densities: 1000- (top row), 2000- (middle row), 3000-
cells per spheroid (bottom row). Images were acquired at 1-hour (left column), 6-
hours (mid-left column), 12-hours (mid-right column), and 24-hours (right column) 
after seeding. Compact spheroids were formed within 24-hours, regardless of seeding 
density used. Higher seeding densities yielded larger spheroids. [modified from 18]. 
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gland in vivo (Figure 1-5) [21]. Overall, cells cultured within 3D spheroids exhibit a 

more differentiated phenotype than cells cultured in 2D monolayers [8-10,21-24]. 

 

However, one of the major benefits to 3D spheroids is their ability to capture the 

complexity of in vivo environment with its multiple cell layers leading to the formation of 

gradients with respect to of pH, oxygen, nutrients, carbon dioxide, and ions [19,25,26]. 

Cells on the outer edge of spheroid will be exposed to very different conditions than cells 

in the center of the spheroid, with exacerbation of this differential by increasing spheroid 

radii. Therefore, throughout a single spheroid, there will be formation of different 

microenvironments throughout the 3D radius. Furthermore, these changes in the 

microenvironment can induce changes with respect to cellular processes with respect to 

proliferation, necrosis, apoptosis, viability, cellular communication [19,25-27]. If 

spheroid diameter is greater than 200-µm, cells in the spheroid center may not have 

enough access to nutrients and oxygen, thus leading to necrosis, meanwhile cells on outer 

edge of spheroid would remain viable [20,28,29]. Not only can we measure physiological 

changes that are naturally occurring within a 3D spheroid, but we can also measure 

changes in response to exposure/treatment with various substances. Additionally, upon 

exposure to a compound, cells within spheroid will be exposed to a concentration 

gradient concentration with the greatest exposure occurring along the spheroid perimeter. 

Therefore, we can measure the changes in the biological response as a function 

concentration gradient along the 3D radius. 
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Figure 1-5. 3D spheroids have potential recapitulate in vivo morphology. 
Spheroids were formed from the breast cancer cell line, MCF-7, labeled with 
rhodamine phalloidin to stain F-action, and DAPI to stain the nucleus, and confocal z-
stacks were acquired, and compiled to create a maximum projection image (A). MCF-
7 cells form a series of spheroids within a single micro-well. To visualize throughout 
the 3D radius, representative confocal images were displayed every 15-𝜇m, starting at 
a height of 0-𝜇m (B). MCF-7 spheroids form luminal structures, thus mimicking the in 
vivo structure of mammary gland (B) [modified from 21]. 
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Despite the numerous biological advantages that spheroids provide over traditional in 

vitro models, there are still numerous challenges remaining with respect to extracting 

information from 3D spheroids. For example, there are numerous commercially available 

instruments, probes, and kits to acquire information, as well as many validated open 

source or commercially available software programs to analyze the acquired data. 

However, all of these technologies have been optimized for use with 2D cell monolayers, 

and thus require further optimization and innovation for use with 3D spheroids. This 

dissertation specifically aimed to advance the use of 3D spheroids for quantitative, live 

cell, fluorescence microscopy. 

 

1.2 TYPES of CELL SOURCES UTILIZED IN VITRO 

A key component of developing in vitro models is determining an appropriate cell source 

to assess a biological function of interest. Cell sources are derived from either humans or 

other animals, such as rats, mice, hamsters, dogs. Furthermore, regardless of whether the 

cell source is human- or animal-derived, sources can be further classified as primary 

cells, induced pluripotent stem cell (iPSC)-derived, embryonic stem cell (ESC)-derived, 

or cell lines. Each type of cell source possesses a unique set of advantages and 

disadvantages. Additionally, utilizing these cell sources within 3D spheroids as opposed 

to traditional 2D cell monolayers, may yield additional cell source-specific challenges or 

improvements. Therefore, understanding the benefits and limitations of each cell source, 

especially with respect to 3D cell culture, is critical for developing biologically-driven in 

vitro models. 
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1.2.1 Primary Cells 

Primary cells are isolated directly from in vivo tissues or organs: either from humans or 

animals [30-49]. Sources of primary tissue can be hypothetically isolated from any tissue 

in vivo, ranging from cardiac, hepatic, neural, renal, intestinal, skeletal, hematopoietic, 

and others [30-45]. Some primary tissue sources are commercially available, such as 

hepatocytes, respiratory epithelial cells, cardiomyocytes, astrocytes, endothelial cells 

from various vascular locations, various lineages of white blood cells, dermal fibroblasts 

or keratinocytes, arterial smooth muscle cells, renal epithelial cells, and others 

(www.ATCC.com, www.ThermoFisher.com, www.sigma-aldrich.com). Majority of 

commercially available primary tissue is human-derived, as opposed to animal-derived. 

Alternatively, acquisition of animal-derived sources requires researchers to isolate and 

process the desired tissue or organ directly from the animal [42-49]. Since tissues and 

organs are composed of multiple different cell types, either cell types can be utilized or 

tissues can be further processed to enrich for a single cell type prior to use [42-49]. There 

are multiple different techniques to enrich for single cells, ranging from fluorescence 

activated cell sorting, to magnetic activated cell sorting, to density-based gradients, as 

well as expansion on tissue culture plastic [46-49].  

 

Overall, primary cells have been shown to better recapitulate the in vivo functions, 

phenotype, and morphology of the organ they have been isolated from. For example, 

primary human hepatocytes possess all key metabolizing enzymes and transporters, thus 

can accurately model metabolism, drug-drug interactions, and hepatoxicity [50,51]. 

Additionally, the use of primary human cardiomyocytes in vitro can accurately model the 
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differential in vivo response to between torsadogenic and non-torsadogenic drugs [52]. 

Despite their biological advantages, there are numerous logistical disadvantages 

associated with the use of primary cells. For example, the isolation, enrichment, and 

preparation necessary to obtain a source of primary cells is relatively complex, time-

consuming, potentially expensive. Alternatively, utilizing commercially available 

primary cells is relatively straightforward, however yields even greater expenses. 

Furthermore, most primary cells are unable to expand in culture past a few passages, thus 

limiting the ability to generate large cell numbers [53]. Therefore, primary cells can only 

be utilized for a small number of experiments prior to acquiring more sample. Given the 

large cell numbers necessary for high-throughput screening, especially with respect to use 

of multi-cellular spheroids, primary cells may not be a relevant cell source.  Additionally, 

due to their lack of expansion capacity, multiple animal or human donors may be 

necessary, thus increasing the variability of experimental system. Furthermore, the 

availability of these cell sources is dependent upon the cell type and species of interest. 

For example, with respect to human-derived primary sources, tissue samples that are 

easily accessible, such as blood draws and skin biopsies, are more readily available than 

samples from other organ systems, such as hepatic, renal, cardiac or neural. 

 

1.2.2 iPSC/ESC Derived  

To overcome some of the availability issues plaguing primary cells, iPSC- of ESC-

derived cell sources can be utilized. iPSCs and ESCs are both types of pluripotent stem 

cells that can differentiate down all three germ layers: mesoderm, ectoderm, and 

endoderm [54,55]. Both ESCs and iPSCs can be derived from either human or animals, 
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have been shown to differentiate into a variety of different cell lineages, ranging from 

cardiomyocytes, to hepatocytes, to neurons [56-58]. The major difference between these 

two stem cells are where they are derived from, as ESCs are derived from the blastocyst 

cells of an embryo, whereas iPSCs are somatic cells that have been genetically 

reprogrammed back to a pluripotent state [54,55]. For iPSCs, the somatic cells can be 

isolated from any tissue of the body, however skin or blood are common sources due to 

the ease of obtaining samples [59-61]. Although the generation of iPSCs is complex, the 

process can be avoided, as there are many commercially available iPSC- and ESC-lines. 

Unlike primary cells, iPSCs and ESCs will continually proliferate until induced to 

differentiate into a specific cell lineage [54,55]. Therefore, despite the proliferative 

capacity associated with iPSCs and ESCs, the differentiation into tissue-specific cell 

sources prevents further proliferation, thus limiting the total number of cells that can be 

generated from a single differentiation run, although multiple runs can be performed 

simultaneously. Similar to primary cells, each differentiation run of iPSCs/ESCs may 

yield slightly different purities of cell type of interest, thus adding experimental 

variability to the system.  

 

Additionally, iPSC technology affords unique opportunities to study any number of 

genetically-linked diseases [62,63]. For example, somatic cells can be isolated from any 

patient suffering from a disease, such as alzheimers or huntington’s, reprogrammed back 

into a pluripotent state, and differentiated into the cell type of interest, which in turn 

should possess characteristics of diseased state [62-66]. Although iPSCs and ESCs can 

produce cell types that are difficult to acquire from primary sources, these differentiated 
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cells typically possess an immature phenotype. For example, iPSC-derived 

cardiomyocytes express an immature phenotype with respect to electrophysiology, force 

generation, and size [67,68]. Additionally, iPSC-derived hepatocytes express proteins 

associated with an immature phenotype, as well as lower levels of functional outputs, 

such as albumin production, urea production, and cytochrome P450 activity, when 

compared to primary human hepatocytes [69].  Whether or not these immature 

differentiated cell types are sufficient for in vitro modeling would be dependent upon 

what biological marker or function is being studied. Furthermore, maturity can be 

increased by extending length of culturing prior to assaying. For example, iPSC-derived 

cardiomyocytes develop a more mature phenotype with respect to gene expression 

profile, action potentials, and coordinated contraction, over the course of forty-five days 

in culture [70].  However, differentiating iPSCs or ESCs for months prior to utilizing 

them may not be a relevant, cost- or time-effective alternative. Overall, iPSC/ESC 

cellular differentiation is time-consuming, not reproducible, and low throughput. 

Therefore, until these limitations are addressed, this cell source will not be applicable to 

high-throughput screening. 

 

1.2.3 Cell Lines 

In order to circumvent some of these issues plaguing primary and iPSC/ESC derived cell 

sources, cell lines can be utilized. Cell lines are proliferative cultures developed from a 

single cell. Similar to both primary and iPSC/ESC sources, cell lines can be derived from 

animal or human origin. Cell lines are typically derived from cancer/tumor biopsies, such 

as cervical cancer cell line (Hela), the breast cancer cell line (MCF-7), liver cancer cell 
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line (HepG2), ovarian granulosa tumor cell line (KGN) [71-74].  Alternatively, cell lines 

can be derived from transforming primary cell sources by viral transfection of either 

simian virus 40 (SV40) T antigen or telomerase reverse transcriptase protein (TERT) or 

adenovirus 5, such as human embryonic kidney cell line (HEK-293), thyroid follicular 

epithelial cell line (nThy-ori 3-1), normal prostrate cell line (PNT1A) [75-76].  

  

Cell lines afford numerous advantages over primary or iPSC/ESC-derived sources. For 

example, cell lines can be stably passaged and cultured for an extended period of time, 

maintaining stable genotype and phenotype, thus reducing variable across multiple 

experiments [78]. Furthermore, cell lines can be easily expanded to obtain large numbers 

of cells, thus increasing its applicability for high-throughput screening, especially with 

respect to utilization of spheroid models [78]. Additionally, the majority of cell lines are 

commercially available, thus increasing the accessibility of their use. However, despite 

these logistical advantages, cell lines are also associated with various biological 

disadvantages. For example, these cell lines are either derived from cancerous tissue or 

genetically manipulated, which could alter their phenotype and functionality increasing 

disparities to in vivo environment [78]. Additionally, although cell lines can be used as a 

model for cancer, modeling other genetic-based diseases is more difficult. Overall, if a 

cell line cannot recapitulate the desired functions of the organ of interest, it lacks 

relevance as a viable cell source.   
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1.2.3.1 KGN - Cell Line 
Throughout this thesis, we have predominantly utilized the human ovarian granulosa-like 

cell line, KGN. The KGN cell line was initially derived from a biopsy of granulosa tumor 

tissue, from a patient suffering from a reoccurrence of granulosa cell tumor, 9-years after 

initial diagnosis of granulosa cell carcinoma, stage III [71]. The KGN cell line has shown 

to be stably proliferate for over 100 passages, exhibit no contact inhibition of growth 

[71]. KGN cells exhibit a phenotype similar to noncancerous granulosa cells, as they 

possess steroidogenic activities, express a functional follicle stimulating hormone 

receptor, produce and regulate progesterone, and regulate aromatase activities [71]. KGN 

cells have been utilized for nearly two decades to study a range of biological processes, 

such as evaluating pathways of apoptotic induction, to studying diseases such as 

polycystic ovary syndrome, to assessing hormonal responses to chemical/toxicant 

exposure [71,79-82].  

 

We have chosen to work with this cell source, for a variety reasons. Firstly, the central 

theme of this dissertation has been aimed at advancing the use of 3D spheroids for high-

throughput, quantitative, live-cell, fluorescent assays for the eventual use of biologically 

driven assays. However, prior to developing these biologically driven assays, we must 

first gain a better understanding of how to best quantify the data we obtain from 

spheroids. Therefore, as opposed to choosing a more physiologically relevant cell source, 

such as primary or iPSC/ESC derived sources, we chose to utilize a cell line for its ease 

of use. Additionally, KGN cells will easily form compact spheroids, approximately of a 

spherical nature (x = y = 0.9 z), and spheroid size can be easily controlled by altering the 
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input number of cells. Furthermore, KGN cells express the membrane protein, connexin-

43, which form gap junction channels between cells enabling intercellular 

communication. This facet will be integral for our third aim, where we developed a 

biologically driven assay assessing gap junction intercellular communication within 3D 

spheroids. 

 

1.3 INSTRUMENTATION NECESSARY to ACQUIRE 3D DATA 

A critical component of developing in vitro models utilizing 3D spheroids is identifying 

what outputs are necessary to acquire answers, and furthermore what instruments can 

provide the appropriate outputs. There are numerous different instruments that can image 

and capture information from 3D spheroids, answering questions about what is occurring 

overall, throughout the interior, and on the surface of spheroids. Each instrument has its 

own purpose, advantages, and disadvantages associated with its use. This dissertation 

specifically focuses on microscopy techniques that could visualize the spheroid’s interior 

to capitalize on richness of biological content throughout.  

 

1.3.1 Brightfield Microscopy 

Brightfield microscopy is a simple technique where the sample is illuminated with white 

light, creating a bright field of view [83]. The specimen of interest is darker than 

remaining field of view due to attenuation of transmitted light through the sample. 

Brightfield microscopy is typically used to evaluate samples that are either stained with 

dye, naturally express pigmentation, or otherwise possess high contrast [83]. With respect 

to spheroids, brightfield microscopy can be used to visualize either a snap shot of the 
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entire spheroid, or sections of spheroids. Performing brightfield microscopy on whole 

spheroids can only reveal features such as shape, size, sphericity in the (x,y)-dimension. 

Furthermore, brightfield alone cannot provide detailed information about what is 

occurring inside the spheroid, or on a single cell basis. However, to reveal more detailed 

information about spheroids, brightfield microscopy can be combined with histological 

sectioning [83]. Histological sectioning is a well-known pathology tool commonly used 

to characterize tissue biopsies. However, these techniques were adapted for use with 3D 

spheroids to enable the fixation, embedding, and sectioning directly within agarose 

hydrogels, thus enabling visualization of an array of spheroids (Figure 1-6) [84]. These 

sections of spheroids were then labeled with hematoxylin and eosin to look at nuclear and 

protein structures throughout cells (Figure 1-6B, C) [84]. Although histological sections 

can reveal biological changes throughout the spheroid, these techniques are time-

consuming and low throughput. Furthermore, unless every section of spheroid was 

collected and analyzed, identifying where a section was located in the intact spheroid is 

difficult. Overall, brightfield microscopy is a simple, easy-to-use technique that comes 

standard with most high-throughput imaging systems. However, brightfield alone fails to 

provide quantitative data regarding biological changes throughout the 3D radius of 

spheroids.   

 

1.3.2 Widefield Epi-Fluorescence Microscopy 

To increase the amount of biological information that can be assessed from 3D spheroids, 

widefield epifluorescence microscopy can be utilized. Widefield epifluorescence 

microscopy can capitalize on the thousands of commercially available fluorescent dyes  
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Figure 1-6. Embedding and histopathology of spheroids can be performed 
directly within agarose hydrogels. Arrays of spheroids can be embedded, sectioned, 
and imaged directly in agarose hydrogels through a two-step plastic embedding 
process, as shown in schematic (A). To highlight this process, both BEAS-2B (B) and 
LNCaP (C) spheroids were sectioned and stained with hematoxylin and eosin after 
culturing for the following time-points: 7-days (left column), 14-days (middle 
column), 21-days (right column).  [modified from 84]. 
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that probe a wide range of biological functions, which will be discussed further in the 

following section. With widefield epifluorescence microscopy, the fluorescently labeled 

sample is excited with a high intensity light source, which in turn creates an emission of 

light of a longer wavelength [85]. Through the use of filter sets, the appropriate excitation 

and emission wavelengths can be specified to only illuminate the wavelength of interest 

[85]. Widefield epifluorescence microscopy enables visualization of the entire spheroid, 

as well as the ability to optically section spheroids. Additionally, acquiring widefield 

fluorescent images is quick, easy, and adaptable to high-throughput screening. However, 

widefield epifluorescence microscopes illuminate the entire field of view at once and 

lacks the hardware to remove out-of-focus light, thus leading to blurry images [86]. 

Image stacks can be deconvolved to remove out-of-focus light, thus improving feature  

visualization (Figure 1-7) [86]. However, deconvolution increases image processing 

times, and not all deconvolution programs are compatible with further quantitative 

analysis [85,86]. Furthermore, even with deconvolution, accurate images can only be 

acquired within the first couple cell layers of spheroid.  

 

1.3.3 Confocal Microscopy   

To improve upon the out-of-focus light issue associated with widefield epifluorescence 

microscopy, confocal microscopy can be utilized. Similar to widefield epifluorescence, 

confocal microscopy relies on the use of fluorescently labeled samples. However, 

confocal microscopy utilizes hardware, such as slits, pinholes, or shutters, to physically 

block out-of-focus light, thus illuminating and capturing fluorescence from a single focal 

plane [87]. Acquiring confocal images obviates the need for deconvolution and improves 
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Figure 1-7. Deconvolution improves visualization of epi-fluorescence z-stacks. 
Panc-1 spheroids were stained with Hoechst33342, and widefield z-stacks were 
captured (20X, 0.70 NA). Representative epifluorescence images of the “bottom” 
(A,B) and “middle” (C,D) of spheroid were displayed both with (A,C) and without 
(B,D) performing deconvolution. Deconvolution reduces the blurriness of 
epifluorescence images by utilizing algortihms to remove the out-of-focus light. 
[modified from 86]. 
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resolution in the z-dimension. Additionally, confocal microscopy utilizes high-powered 

lasers, as opposed to high energy light sources, to excite fluorophores of a specific 

wavelength, which could leave samples susceptible to phototoxicity and photobleaching 

[87]. Furthermore, there are two main types of confocal microscopy, point scanning and 

spinning disk, both operate on the same principles of blocking out-of-focus light, 

however, but the method of image acquisition is different [88]. With point scanning, a 

single pinhole is used to focus light on small spot (x,y,z), and scanned across the sample 

to build an image [87,88]. Alternatively, with spinning disk confocal, there are many 

spots of illumination across the sample leading to faster acquisition time [88]. 

Additionally, due to their fast acquisition, spinning disk confocal microscopes lead to less 

phototoxicity, thus better viability for live-cell imaging [88]. Overall, similar to wide-

field epifluorescence, confocal microscopy can assess essentially any biological function 

due to large number of commercially available fluorescent probes. Additionally, there are 

now commercially available confocal microscopes adapted for high-throughput 

screening, such as Perkin Elmer’s Opera Phenix, GE Healthcare’s IN Cell Analyzer 

6000, Thermo Fisher’s CellInsight CX7, Molecular Devices’ ImageXpress Velos, and 

others [89]. 

 

Additionally, acquiring confocal images of 3D spheroids is plagued with the inability to 

capture fluorescent signal deeper into the z-depth due to the light scattering properties of 

cells [90,91]. In response to these limitations, tissue clearing techniques have been 

developed that either (1) remove optically scattering substances, and/or (2) optically 

match the refractive indices of the tissue and surrounding media [84,90-93]. These 
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techniques improve visualization into the spheroids, capturing signal up to 100-µm into 

the z-depth (Figure 1-8) [84,90]. However, tissue clearing requires samples to be fixed, 

thus making it incompatible for dynamic, live-cell assays. 

 

1.3.4 Multi-photon Microscopy 

Another alternative to improve visualization into a spheroid is through the use of multi-

photon microscopy. Similar to epifluorescence and confocal microscopy, the sample 

should be labeled with fluorescent dyes, although there are also variant protocols, such as 

second harmonic generation, that enables visualization of fibers without the use of any 

fluorescent labels. With multiphoton microscopy, rather than exciting the respective 

fluorophore with a single photon of energy, the excitation is produced by two lower 

energy photons [94]. Therefore, only the point where the two photons meet will be 

excited, creating excellent resolution in the z-dimension, and thus obviating the need for 

pinholes or slits to remove out of focus light [94].  Additionally, multi-photon 

microscopy typically uses longer excitation wavelengths, thus increasing the penetration 

into the sample.  Furthermore, since lower energy photons are excited at a precise point, 

there should be less phototoxicity associated with imaging compared to confocal 

microscopy [94]. However, multi-photon microscopes have not yet been converted to 

enable high-throughput applications, thus are limited by small sample sizes.  

 

1.3.5 Light Sheet Fluorescence Microscopy 

Light sheet fluorescent microscopy (LSFM) is another technique that enables the 

visualization throughout the 3D spheroid. With LSFM, the light path runs perpendicular 
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Figure 1-8. Tissue clearing enhances visualization throughout the z-depth of 
spheroids.  To test the effect of clearing techniques on visualization throughout the z-
depth, PLHC-1 spheroids, stained with the nuclear dye, DAPI, were fixed, and imaged 
either with (B) or without clearing (A) with formamide and polyethylene glycol. 
Representative confocal images every 15-µm throughout the z-depth are shown. When 
imaging un-cleared spheroids, signal loss was already apparent 30-µm into the z-
depth, and the level of loss increased deeper into z-depth (A). Alternatively, with 
cleared samples, nuclei were clearly visualized at a depth of 75-µm into the spheroid 
(B). [modified from 84]. 
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to its observation, unlike epifluorescence, confocal, and multiphoton microscopy which 

run in series [95,96]. Focusing a laser beam through a cylindrical lens, creates a thin 

(~100-nm) sheet of light, which decreases the amount of photo-damage to sample and 

reduces acquisition of out-of-focus light without the use of pinholes or slits [95,96]. 

LSFM outperforms confocal microscopy with respect to both the speed of image 

acquisition and visualization throughout the z-depth (Figure 1-9) [95]. Despite these 

advantages, sample preparation for LSFM is cumbersome, requiring sample to be 

mounted in a particular orientation, thus preventing its conversion to high-throughput 

screening [95-97].    

 

1.4 FLUORESCENT PROBES ENABLE the MONITORING of BIOLOOGICAL 

PROCESSES THROUGHOUT SPHEROIDS 

Another critical component of developing in vitro models utilizing 3D spheroids is 

understanding what the biological question is, and what tools are necessary to acquire 

answers. There are numerous different techniques and probes that can assess what is 

occurring throughout spheroids, spanning the fields of molecular biology, biochemistry, 

microscopy, and others. However, given the advancements towards high-throughput, 

high-content imaging, this dissertation focuses on utilizing fluorescent microscopy to 

develop in vitro spheroid-based models. Fluorescent microscopy has been successfully 

used in conjunction with 2D cell culture models for decades, thus there are hundreds of 

commercially available fluorescent dyes that probe a wide range of biological functions. 

Given the complexity of spheroids over 2D monolayers, utilization of these probes will 

require some optimization. However, a spheroid’s complexity is also its key advantage,  



 
 

29 
 

 

Figure 1-9. Light sheet fluorescence microscopy (LSFM) enhances visualization 
throughout the z-depth of spheroids when compared to confocal microscopy.  
Human pancreatic cancerous spheroids formed from BxPC3 cells were labeled with 
the nuclear dye DRAQ5, and assessed by either light sheet fluorescence microscopy 
(objective lens CZ 40X/0.8 NA water dipping) (A) or confocal microscopy (40X/0.8 
NA water dipping objective) (B). Z-spacing for LSFM was 10-µm, meanwhile z-
spacing for confocal was 5-µm. LSFM enabled better visualization of nuclei deeper 
into the z-depth [modified from 95]. 
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as biological changes occurring throughout the entire spheroid can evaluated as a 

function of its 3D radius. Overall, the 3D nature of spheroids enables their ability to 

answer a multitude of questions that traditional 2D monolayers are not even equipped to 

ask. 

 

1.4.1 Measuring cellular responses to microenvironment 

A key advantage of utilizing spheroids for in vitro modeling are the complex biological 

changes that occur throughout the entire spheroid as a function of its 3D radius. The 

multiple cell layers that comprise a spheroid act as barriers to both diffusion and 

transport, thus creating gradients of nutrients, oxygen, ions, pH, carbon dioxide 

[7,19,25,26,98,99]. Due to the formation of these gradients, cells within the same 

spheroid will experience different microenvironments depending upon their location. 

Furthermore, these differences in microenvironments could induce differences in cellular 

behavior/function, thus creating different cell phenotypes along the 3D radius [7,99]. For 

example, cells on perimeter of spheroid will have easy access to the reservoir of nutrients 

and oxygen, thus should be viable [7,19,25,26,100]. However, cells in the center will 

have indirect access to nutrient and oxygen, and be dependent upon diffusion. Therefore, 

depending on the size of spheroid, cells in the center may undergo necrosis or apoptosis. 

Furthermore, this phenomenon is well characterized in the field of cancer biology, as the 

use of large multicellular tumor spheroids (>500-µm diameter) leads to the creation of 

multiple different zones: proliferation zone along the outer edge, quiescent zone in 

middle, and necrotic core [28,101]. There are numerous fluorescent dyes that will 

measure whether a cell is viable (calcein-AM, calcein-red-orange-AM, calcein-blue-



 
 

31 

AM), apoptotic (resazurin, TUNEL), necrotic (propidium iodide, 7-aminoactinomycin D, 

ethidium homodimer), or proliferating (ki-67) [27,102,103]. A combination of these dyes 

enable the assessment of cytotoxicity throughout spheroids. 

 

1.4.2 Modeling Movement throughout 3D spheroids 

3D spheroids can serve as a platform to measure and monitor different types of 

movement throughout its radius. For example, uptake and penetration of various 

fluorescently labeled compounds, such as microbeads, nanoparticles, dyes, or drugs, into 

spheroids can be monitored over time to assess both (1) the overall amounts entering the 

spheroid, as well as (2) the distance traveled. Microbeads and nanoparticles are currently 

being evaluated for their use in drug delivery [102-104]. Therefore, tracking the uptake 

and penetration of fluorescent microbeads and nanoparticles into spheroids can act as a 

model to drug delivery for cancer biology [103,104]. Similar to the use 

nanoparticles/microbeads, certain cancer chemotherapeutics, like doxorubicin, are 

naturally fluorescent, thus their uptake and distribution can be modeled as well [105]. 

Additionally, when certain fluorescent dyes and cell types pairs are utilized, the uptake 

and penetration of fluorescent dyes into the yields information regarding efflux pumps or 

intercellular communication. For example, the nuclear dye, Hoechst 33342, is also a 

substrate for the efflux pump, breast cancer resistance protein (BCRP), meanwhile 

calcein-AM is a substrate for the efflux pump, p-glycoprotein (P-gp), and its fluorescent 

derivate, calcein, is a substrate for multi-drug resistance protein 1 (MRP1) [106-108]. 

Additionally, calcein can diffuse through gap junctions, thus acting as a model of gap 

junctional intercellular communication between cells [109].  Furthermore, by adding 
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inhibitors or enhancers, the subsequent alterations in uptake and penetration can be 

assessed [107,108]. Finally, rather than simply model the movement of these fluorescent 

molecules throughout the spheroid, we can also monitor how cells respond to the 

movement of these compounds, by utilizing the methods detail in the previous section. 

For example, the potential toxicity of nanoparticles and drugs can be evaluated as they 

penetrate deeper into spheroids [110,111].   

 

3D spheroids could also be used to track cellular movement throughout the 3D radius, 

whether it be an individual cell’s movement or tracking populations of cells. Tracking an 

individual cell’s movement throughout a 3D spheroid can model a number of biological 

phenomenon, such as a cancerous cell’s ability to invade a healthy tissue, or endothelial 

cells undergoing angiogenesis [112,113]. Alternatively, by forming spheroids composed 

of multiple cell types, cells may self-sort into different architectures [108,114,115].  For 

example, when mixing normal human fibroblasts (NHFs) and rat hepatoma (H35) cells 

together, NHFs will migrate to the spheroid center, while H35 cells aggregate around the 

other edge [114].  For all cellular motility applications, cells should be labeled with 

fluorescent dyes prior to spheroid formation to track movement throughout the spheroid. 

Choosing what fluorescent dye to use for cell tracking study will be dependent upon the 

length of study, as CellTrackerTM dyes work well for short-term (3-6 generations), and 

QtrackerTM probes possess longer retention times (6-10 generations), thus are better 

suited for long-term studies [108,114,115]. Both of these types of dyes come in a range of 

different excitation/emission properties from 353/466-nm up to 630/650-nm for 

CellTrackerTM dyes, and 488/525-nm up to 760/800-nm for QtrackerTM. Alternatively, 
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genetically engineered cell lines programmed to express fluorescent proteins, such as 

GFP, RFP, YFP, can also be utilized [116-118].  

 

1.4.3 Limitations associated with the use of fluorescent probes 

Despite the potential to answer a multitude of interesting questions, the use of fluorescent 

probes are not without limitations. A major limitation of fluorescent microscopy was 

already discussed in the previous section: inability to capture fluorescent signal deeper 

into the spheroid due to the light scattering properties of cells. However, the other main 

limitation deals with the delivery of fluorescent probes into spheroids. In 2D cell 

monolayers, every cell is exposed to the same reservoir of dyes [6,7]. However, with 3D 

spheroids, only cells in the outermost layer have immediate access to the reservoir of 

dyes [6,7]. The remaining cells within the spheroid must rely on diffusion to gain access 

to dye. This will result in a gradient of signal, with the brightest signal occurring at the 

perimeter of the spheroid. Although this phenomenon is useful to model how cell layers 

affect transport, this gradient of signal increases complexity of the system. For example, 

if a fluorescent signal does not exist deeper into the spheroid, that does not necessarily 

imply that the biological event is not occurring. Rather, a lack of signal could imply that 

the fluorescent dye has not penetrated that deep into the spheroid. The length of staining 

time and dye concentrations recommended per manufacturer’s instructions have been 

most likely optimized for staining with 2D cell monolayers. Therefore, when adapting 

fluorescent dye for use with 3D spheroids, the dye concentration and staining times may 

need to be increased. The length of time that a particular dye needs will be dependent 

upon its molecular weight and chemical properties, as well as the size of spheroids. For 
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examples, dyes will be able to penetrate throughout a smaller spheroid faster than a larger 

one, due to shorter radial distances necessary to reach the core. Additionally, lower 

molecular weight proteins should be able to diffuse faster than large molecular weight 

antibodies. Furthermore, with respect to chemical properties, if a dye can penetrate a 2D 

monolayer, it should also be able to penetrate at least the outer cell layer of spheroid. 

However, for dyes like calceinAM, cleavage by intercellular esterases, alter its chemical 

properties, thus preventing it from diffusing across the lipid bilayer. Overall, when 

developing 3D spheroid models, it is critical to understand the limitations of fluorescent 

probe use, and subsequently optimize the experimental system to address those 

limitations.  

 

1.5 ADVANCEMENTS NECESSARY for 3D IMAGE QUANTITATION  

Combining the ability to fluorescently label 3D spheroids and subsequently image with 

high-throughput confocal screening systems yield extensive datasets (100+GBs) that 

need to be analyzed and interpreted. The amount of data that can be acquired from high-

throughput screening is too great to perform manual analysis upon, especially when 

attempting to quantify biological changes throughout the 3D radius. The advancements in 

instrumentation, which led to the development in high-throughput confocal imaging 

systems, have not yet been matched by advancements in technology to analyze these 

datasets [86,89].  Currently, there are some platforms, both open source and 

commercially available ones, that possess some features for 3D image analysis. ImageJ 

(FIJI), Vaa3D, BioImageXD, Icy, and TANGO are all open source programs that enable 

3D rendering and visualization of spheroids [86,89]. These programs possess certain 
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modules for 3D image analysis, such as surface and volume renderings, object counts. 

Furthermore, since these programs are open source, anyone can write and publish new 

algorithms for 3D image analysis, although support for these features is minimal.  

Alternatively, there are some commercially available systems, from such as Imaris, 

Amira, Harmony, Phaedra, Huygens, Metamorph, ImagePro [86,89]. Commercially 

available systems are more cost-prohibitive, however, typically come with more turnkey 

features and modules, as well as customer support for 3D image analysis.  

 

None of the currently available software programs can handle the amounts and 

complexity of data obtained from performing high-throughput confocal imaging of 3D 

spheroids [86,89]. Some software programs possess some functions that are batch-able 

for large datasets [86,89]. However, these batch-able functions only provide basic data 

regarding the overall volume, surface, and shape of spheroids, thus failing to capitalize on 

the richness of biological content throughout the spheroid. Alternatively, the methods and 

modules available to quantify fluorescence throughout the spheroid tend to require user 

input and are not batch-able across the entire 96-well plate. Furthermore, most of these 

programs rely on thresholding fluorescent signal to identify regions of spheroid. 

However, given the loss of fluorescent signal throughout the z-depth of 3D spheroids, 

utilizing fluorescent signal alone may not be sufficient. For example, setting a high 

threshold based on the brighter signal, yields a spheroid surface that fails to capture 

entirety of the spheroid (Figure 1-10E). Alternatively, lowering the threshold will yield a 

more spherical object, however, a lower threshold encompasses more background signal, 
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thus the surface identified will be an over-representation of the actual spheroid perimeter 

(Figure 1-10C, D).  

 

Alternative approaches for 3D image analysis involves a simplification step by 

converting z-stacks to maximum projection images prior to performing quantitative 

analysis. However, maximum projections may not fully capture the changes occurring 

along the 3D radius, thus failing to capitalize upon the biological complexities of 

spheroids.  Furthermore, depending upon the spheroid model, analyzing maximum 

projection images could yield misleading and inaccurate results. For example, when 

monitoring the uptake and distribution of a fluorescent dye within the spheroid, reducing 

the confocal z-stack to a maximum projection would yield similar results regardless of 

how far the dye penetrated (Figure 1-11).   

 

Overall there are no turnkey programs that can measure biological changes as a function 

of 3D radius in a high throughput fashion. Until these advancements are achieved, 

spheroids will possess limited usefulness in high-throughput screening. However, even if 

batch-able software solutions already existed, there are other quantitative assessments 

that must be performed prior to developing high-throughput biological-based assays. This 

dissertation interrogated the effect of spheroid size and dye labeling methods with respect 

to obtaining quantitative fluorescent imaging.  
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Figure 1-10. Only utilizing fluorescent thresholding to identify surface of 
spheroid leads to inaccuracies. Ovarian granulosa cells (KGN) were seeded into 
hydrogels to form spheroids, labeled with calcein-red-orange-AM, and confocal z-
stacks were acquired.  Confocal z-stacks  were imported into the 3D image analysis 
program, Imaris, and rendered as 3D objects (A). To identify spheroids within Imaris, 
fluorescence thresholding limits must be set. Due to light scattering effects of cells, the 
fluorescence intensity throughout the spheroid will not be uniform, with brighter 
signals occurring south of the equator. To identify the entire spheroid region, the 
thresholding value should be lowered (C), as only thresholding the brightest signal 
leads to identification of lower spheroid portions (E). However, by lowering the 
fluorescent threshold, surface identification is expanded beyond the perimeter of the 
spheroid for slices below the equator (D – left column). Alternatively, setting higher 
thresholds lead to better fit to spheroids for slices south of the equator, however, fail to 
capture entirety of spheroid slices north of the equator (F). 

 



 
 

38  

 

Figure 1-11. Maximal projection images hide changes occurring throughout the 
3D radius. Ovarian granulosa cells (KGN) that express the gap junction protein, 
connexin-43, were seeded into hydrogels to form spheroids. Spheroids were treated 
with (C,D) or without (A,B) the gap junction inhibitor, carbenoxolone for 5-hours, and 
labeled with calcein-red-orange-AM for 70-minutes, and confocal z-stacks were 
acquired. Maximal projection images for spheroids treated with or without CBX 
reveal no qualitative differences in fluorescence pattern (A,C). However the equatorial 
confocal image shows differences in fluorescence patterns throughout the 3D radius, 
with carbenoxolone-treated spheroids possessing less fluorescence reaching the center 
(D) than the non-treated controls (B). 
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1.6 SPECIFIC AIMS of this DISSERTATION 

Three-dimensional (3D) multicellular spheroids have been utilized for over a hundred 

years to study a range of biological processes [7,11,100,119-121]. Throughout this time-

frame, spheroids have been shown to approximate the cell density found in vivo, have 

increased levels of cell-cell interactions and intercellular communication, as well as 

maintenance of the differentiated state, and recapitulation of organ-specific processes 

[21-24]. In response to these biological advantages, there are multiple commercially 

available technologies that have been developed to easily form and image large number 

of spheroids [16,20,29,86,89,122]. However, there has not been the same level of effort 

aimed at developing quantitative strategies and tools to analyze data acquired from 3D 

spheroids [86,89]. Therefore, through the following aims, we propose to evaluate and 

optimize the use of spheroids for quantitative-based assays. 

 

1.6.1 Aim 1. Develop accurate quantitative methods to analyze wide-field 

fluorescent images of 3D spheroids. 

The use of fluorescent dyes as a means to assess cell biology has been an integral 

component for range of biomedical/biological fields. Fluorescent dyes are commercially 

available, and are easy to use with traditional in vitro models, 2D cell monolayers. 

However, 2D monolayers fail to recapitulate the complexity of native tissues. 

Alternatively, 3D spheroids can be utilized to increase physiological relevance, however, 

their size and complexity yield novel challenges with respect to the use of fluorescent 

dyes, as well as their quantitation. 
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1.6.1.1 Approach.  
To determine the most accurate method to quantify fluorescence, we formed an array of 

spheroids, of variable diameters ranging from 80-200-µm, that were labeled with calcein 

-AM via two different staining methods: (i – pre-label) by staining cells prior to self-

assembly to create uniformly labeled spheroids, and (ii – diffusion-label) by diffusing dye 

into spheroids after self-assembly thus creating a gradient of signal. Time- lapse epi-

fluorescence images were acquired and analyzed to measure spheroid fluorescence and 

radii. By evaluating fluorescence as a function of spheroid radii, we assessed whether the 

increase in fluorescent signal was better predicted by increase in spheroid volume or 

surface area. 

 

1.6.1.2 Results.  
Accurate normalization of spheroid fluorescence is dependent upon how the spheroid 

was labeled with dye. For pre-labeled spheroids, fluorescence was best normalized to 

spheroid volume, whereas for diffusion-labeled spheroids, fluorescence was best 

normalized to surface area. 

 

1.6.1.3 Impact.  
Utilizing the appropriate normalization strategy will reduce significant errors and 

enhance the sensitivity and robustness of spheroid-based assays. By enhancing this, 

spheroid-based assays may become more compatible with high-throughput screening, 

since fewer spheroids would be needed to discern the differences between experimental 

groups. 
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1.6.2 Aim 2. Develop quantitative analysis strategies to analyze confocal z-stacks of 

living 3D spheroids in a high-throughput format. 

Creating in vitro models to accurately mimic in vivo functions of tissues and organs is 

critical for a wide range of biomedical fields, especially with respect to drug discovery 

and toxicity testing [89,123,124].  Traditional in vitro methods, involving the use of 2D 

cell monolayers, often fail to predict how the human body would react in response to a 

stimulus [89,125].  3D spheroid models have been shown to better approximate the in 

vivo environment and recapitulate organ-specific functions. However, prior to developing 

biologically-driven 3D spheroid in vitro models, numerous challenges must be overcome, 

such as the ability to accurately obtain and quantify information throughout the 3D 

radius. 

 

1.6.2.1 Approach.  
To form spheroids in a high-throughput format, we developed and validated a micromold 

to mold agarose hydrogels, and subsequently form spheroids directly in a 96-well plate. 

To quantify fluorescent signal from 3D spheroids, cells were pre-labeled with fluorescent 

dyes and formed spheroids of variable size, with diameters ranging from 40-200-µm. 

Confocal z-stacks were acquired and analyzed to evaluate the total and positional 

fluorescent signal for spheroids of variable sizes. 

 

1.6.2.2 Results.  
With the novel micromold, four spheroids of reproducible size were formed in precise 

(x,y,z) locations within each well of 96-well plate. Spheroids larger than 50-µm in 
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diameter experienced some degree of fluorescent loss further into z-depth. The total 

amount of fluorescent loss increased as a function of spheroid radii, with larger spheroid 

possessing a greater total amount of loss. Furthermore, unlike a planar specimen that will 

undergo uniform loss across each confocal slice of a z-stack, in a spheroid, the loss of 

fluorescence was far greater in the interior versus its outer edges due to its curvature. 

Additionally, within spheroids, fluorescent loss throughout the z-depth follows an 

exponential decay curve, and the rate of decay was dependent upon spheroid size. 

 

1.6.2.3 Impact.  
The use of spheroids for high-throughput screening affords numerous biological 

advantages due to their creation of complex microenvironments, which include gradients, 

barriers, polarity, cell-cell signaling [7]. However, prior to measuring these biological 

changes in 3D, it is crucial to understand both the pattern of and how to correct for 

variations in fluorescent signal throughout the z-depth induced by light scatter. This 

artifact of confocal imaging can be normalized through ratio imaging, thus enabling the 

development of biologically driven assays in 3D spheroids. 

 

1.6.3 Aim 3. Develop a high-throughput quantitative assay to assess gap junction 

inhibition in 3D spheroids. 

Gap junctions are transmembrane proteins that form channels between cells allowing for 

the passage of small molecules and ions [109,126,127]. Gap junctions are found in a 

variety of organ systems throughout the body and play a key role in regulating numerous 

cellular functions, such as proliferation, differentiation, apoptosis, signal propagation, and 
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electrical coupling [126,128-134]. Traditional in vitro methods to assess whether a 

substance disrupts of gap junction intercellular communication (GJIC), such as scrape 

loading and microinjection, are low-throughput, require specialized techniques, and 

require use of 2D cell monolayers [109]. By developing a multicellular spheroidal model 

to assess GJIC, not only are we able to increase biological relevance through increased 

cellular interactions, but our technology is amenable to high throughput screening as 

well. 

 

1.6.3.1 Approach.  
GJIC will be assessed in 3D spheroids by monitoring the penetration of a fluorescent dye 

as it moves inwards. To develop a high-throughput assay to measure GJIC within 3D 

spheroids, we optimized a variety of parameters, such as spheroid size, calcein dye choice 

and labeling time, and method of quantification. To evaluate these optimizations, 

spheroids were treated with or without the gap junction inhibitor, carbenoxolone, and the 

separation between these positive and negative controls were quantified. To quantify 

GJIC, the spheroid was divided into a series of concentric rings, and the amount of 

fluorescence in each area was measured. To account for light scatter effects, spheroids 

were pre-labeled with CellTrackerTM fluorescent dyes, and ratio imaging was performed. 

 

1.6.3.2 Results.  
Gap junction intercellular communication and carbenoxolone-induced inhibition could be 

reliably measured within 3D spheroids. To achieve the greatest separation between 

spheroids treated with or without carbenoxolone, spheroids should be labeled with 
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calcein-red-orange-AM (as opposed to calcein-AM) for at least 70-minutes prior to 

acquiring confocal z-stacks. Furthermore, spheroid radius is critical for quantifying GJIC, 

as both small spheroids (>30-µm radius) and larger spheroids (<50-µm radius) possess 

minimal quantifiable differences in GJIC when treated with or without carbenoxolone, 

albeit for different reasons.  Finally, we determined an accurate and reliable method to 

quantify GJIC within spheroids. 

 

1.6.3.3 Impact.  
Gap junctions possess key communicatory throughout the body, and disruption of 

normal function can lead to various pathologies [126,131-134]. Therefore, knowing 

whether a compound, drug candidate, or environmental toxicant interferes with GJIC is 

crucial, and the development of this model will provide a high-throughput method to 

answer that question.  

 

Furthermore, if we remove biological context of GJIC from this aim, we have essentially 

developed a high-throughput tool to reliably quantify fluorescent changes as a function 

of 3D radius. This tool can now be applied to answer a range of biological questions 

with different cell types and different fluorescent dyes.  
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2.1 ABSTRACT 

Hundreds of commercially available fluorescent dyes are used to quantify a wide range of 

biological functions of cells in culture and their use has been a mainstay of basic 

research, toxicity testing and drug discovery. However, nearly all of these dyes have been 

optimized for use on cells cultured as two-dimensional monolayers. Three-dimensional 

culture systems more accurately recapitulate native tissues, but their size and complexity 

present a new set of challenges to the use of fluorescent dyes especially with regards to 

accurate quantitation.  Using spheroids labeled with calcein-AM via two different 

staining methods, we performed time-lapse fluorescent microscopy. We determined the 

accurate method to quantify fluorescence as a function of whether spheroids were 

uniformly labeled with dye prior to spheroid formation or if the dye was diffused into the 

spheroid after its formation. For uniformly labeled spheroids, fluorescence was best 

normalized to volume, whereas for spheroids labeled via dye diffusion, fluorescence was 

best normalized to surface area. This framework for evaluating dyes can easily be applied 

to others. Utilizing the appropriate size-based normalization strategy enhanced the ability 

to detect statistically significant differences between experimental conditions. 

 

KEYWORDS: spheroids, quantitative image analysis, live cell imaging, epi-

fluorescence, calcein-AM 
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2.2 INTRODUCTION 

Three-dimensional (3D) multi-cellular spheroids are increasingly being used for research, 

toxicity testing and drug discovery [1-3]. In general, spheroids more closely mimic the 

natural biological functions and complexities of native tissues and organs than cells 

cultured in 2D, a property important for phenotypic drug discovery [4-8].  Moreover, 

spheroids and other 3D technologies are helping to reduce the use of animals in research. 

For example, some researchers are looking to reduce the use of animals by developing 

cancer-based spheroid models to assist in the drug screening process [9,10]. One 

commonly used means of assessing these biological functions is the use of fluorescent 

reporter molecules coupled with quantitative fluorescent microscopy. Fluorescent 

reporters come in a large range of sizes and can report on a wide scope of diverse 

biological functions. For example, small fluorescent molecules such as calcein-AM are 

used to assess cell viability, while genetically engineered fluorescent fusion proteins are 

used to quantify the levels of selected gene expression. Moreover, fluorescent reporters 

are deployed via diffusion into a biological system (e.g., calcein-AM) or are embedded in 

and intrinsic to the biological system (e.g., fluorescent fusion protein) [11-13]. However, 

nearly all of these fluorescent reporters have been tested in and optimized for use in 2D 

monolayer cell culture. Unlike thin monolayers of cells where the z dimension is in the 

5µm range, tissue engineered 3D constructs can have a z dimension of 100µm and greater 

[14].  This increased thickness presents unique challenges to the quantitative use of 

fluorescent reporters related to the penetration of light and fluorescent molecules into the 

tissue as well as depth of reliable imaging [15-18].   
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To investigate these issues, we formed an array of 3D multi-cellular spheroids on 

transparent nonadhesive agarose micro-molds that could be easily imaged using wide 

field fluorescent microscopy [19]. We tested the commonly used viability dye, calcein-

AM, as a case study to evaluate how to quantify fluorescence from 3D spheroids. We 

added calcein-AM via two different methods: (1) by staining cells prior to self-assembly 

to create uniformly labeled spheroids, and (2) by diffusing into spheroids after self-

assembly. To determine the accurate means of quantifying fluorescence for each 

scenario, we acquired time-lapse epi-fluorescence images of spheroids of variable sizes, 

ranging from 80-200µm in diameter. We have previously shown that the wide-field epi-

fluorescent signal of a range of spheroid sizes is linear only up to diameters of about 

205µm [20]. If a spheroid was uniformly stained with calcein-AM, the fluorescent signal 

was more accurately normalized to the volume of the spheroid regardless of size, whereas 

if calcein-AM was diffused into the spheroid, the fluorescent signal was more accurately 

normalized to surface area of the spheroid. We further validated these findings by testing 

a total of three cell types (KGN, MCF-7, NHF) and five fluorescent dyes (calcein-AM, 

calcein-red-orange-AM, Hoechst 33342, CellTrackerTM Red CMPTX, CellTrackerTM 

Green CMFDA). Overall, quantitative fluorescence of spheroids requires optimization 

and close attention to the means of staining, the range of spheroid sizes and the time of 

spheroid staining. Utilizing the appropriate normalization strategy will reduce significant 

error and can enhance the sensitivity and robustness of spheroid-based assays. By 

improving sensitivity and robustness, spheroid-based assays may become more 

applicable to high-throughput screening, since fewer spheroids are needed to discern 

differences between experimental groups. Furthermore, this method can be applied to 
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numerous other fluorescent dyes to measure a variety of biological functions, thus 

making our approach applicable to a broad range of fields in basic research, as well as 

toxicity testing and drug discovery. 

 

2.3 MATERIALS and METHODS 

2.3.1 Micro-molded hydrogels, cell culture and spheroid formation 

To create agarose hydrogels, 3D PetriDish® micro-molds (Microtissues, Inc, Providence, 

RI, USA), consisting of a series of 96 rounded cylindrical pegs atop a rectangular 

platform, were used. Sterile molten UltraPure Agarose (Fisher Scientific, Waltham, MA, 

USA) (2% weight/volume in water) was pipetted into the micro-mold, allowed to 

solidify, and released from the micro-mold directly into a 24-well plate. The resulting 

hydrogel contained a rectangular loading dock on top of a series of 96 round-bottom 

recesses. Hydrogels were equilibrated with serum-free DMEM supplemented only with 

1% penicillin/streptomycin, degassed to remove air bubbles from recesses, and incubated 

overnight at 37°C with 10% CO2.  

 

All cell types, including human ovarian granulosa (KGN) cells, breast cancer (MCF-7) 

cells, and normal human fibroblast (NHF) cells, were grown in DMEM with 10% fetal 

bovine serum (FBS) (Fisher Scientific, Waltham, MA, USA) and 1% 

penicillin/streptomycin at 37°C with 10% CO2. Cells were trypsinized using 0.05% 

trypsin, concentrated by centrifugation at 800 rpm for 6-minutes, and counted. Cells were 

washed once with serum-free DMEM and spun down at 800 rpm for 6-minutes. Cells 

were re-suspended in serum-free DMEM at one of the following concentrations: 1.33 
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x106 cells/mL, 2.67 x 106 cells/mL, or 4.00 x 106 cells/mL. 75µL of each cell suspension 

was pipetted into the loading dock of each hydrogel to form spheroids of approximately 

1,000-, 2,000-, or 3,000-cells per spheroid.  Cells settled by gravity to the bottom of the 

micro-wells.  After 30-minutes, 1-mL of serum-free DMEM was added per well. Cells 

were given 24-hours to self-assemble into spheroids prior to performing imaging studies. 

 

2.3.2 Labeling with fluorescent dyes, microscopy and image analysis 

Spheroids were labeled with fluorescent dyes in one of two ways: staining cells as 2D 

monolayers prior to spheroid formation or staining the formed 3D spheroids. Five 

different fluorescent dyes were tested: calcein-AM (Life Technologies, Grand Island, 

NY, USA), calcein-RO (Life Technologies, Grand Island, NY, USA), Hoechst 33342 

(Life Technologies, Grand Island, NY, USA), CellTrackerTM Green CMFDA (CTG) 

(Life Technologies, Grand Island, NY, USA), and CellTrackerTM Red CMPTX (CTR) 

(Life Technologies, Grand Island, NY, USA). When staining the cell monolayer, serum-

containing medium was removed from the culture flasks. Fluorescent dyes were 

reconstituted in serum-free DMEM, and incubated with the cell monolayer for 30-

minutes at 37°C with 10% CO2. All five dyes were used to stain monolayers at the 

following concentrations: 5µM calcein-AM, 5µM CTR, 5µM CTG, 5µM calcein-RO, 

and 4µg/mL Hoechst 33342. After labeling, medium was exchanged with fresh serum-

free DMEM, and incubated for 15-minutes at 37°C with 10% CO2. After staining, the 

labeled cell monolayers were trypsinized, counted and seeded into micro-molded gels at 

various seeding densities. Cells were allowed to self-assemble into spheroids for 24-

hours, prior to performing imaging studies. 
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To label formed spheroids by dye diffusion, cell monolayers were trypsinized, counted, 

and seeded into micro-molded hydrogels at various seeding densities. Un-labeled cells 

were allowed to self-assemble into spheroids for 24-hours, prior to staining with 

fluorescent dyes and performing imaging studies. Fluorescent dyes were reconstituted in 

serum-free DMEM, and 1-mL was added per well. All five dyes were used to stain 

spheroids at the following concentrations: 5µM calcein-AM, 5µM CTR, 5µM CTG, 5µM 

calcein-RO, and 4µg/mL Hoechst 33342. To determine the optimal concentration of 

calcein-AM and calcein-RO for diffusion into spheroids, the following concentrations 

were tested per dye: 1.25-𝜇M, 2.5-𝜇M, 5-𝜇M.  

 

Conventional inverted microscopy was used to acquire both phase contrast and time lapse 

fluorescent images of the spheroids. A Carl Zeiss Axio Vision Observer Z1 equipped 

with an AxioCam MRm camera (Carl Zeiss MicroImaging, Thornwood, NY, USA), an 

Xcite 120XL mercury lamp (Exfo Life Sciences Division, Mississauga, Ontario, Canada) 

and an incubation chamber were used. The following filter configurations were used for 

these dyes: excitation and emission cutoffs are 365-nm and 445/50-nm for Hoechst 

33342, 545/30-nm and 620/60-nm for CTR and calcein-RO, and 470/40-nm and 525/50-

nm for calcein-AM and CTG.  ImageJ was used to measure spheroid length (x), and 

width (y). Total spheroid fluorescence was calculated by subtracting a background-

matched control from the raw spheroid fluorescence for every spheroid at every time-

point. Spheroid height (z) diameter was calculated to be a ratio of the average x, y-
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diameters (Supplemental Figure 2-1, Supplemental Material and Methods).  The ratio 

was determined by using alternative micro-molds containing a single row of spheroids. 

These molds were imaged using conventional phase contrast microscopy to measure x, y-

dimensions, and side-view microscopy to measure x, z-dimensions. To determine the 

relationship between height versus length/width, the length and width were averaged, and 

then plotted versus the height for a range of spheroid sizes.  Spheroids of KGN cells had 

a height that was 89% of the average length and width over a diameter range of 100µm to 

270µm (Supplemental Figure 2-1D). The height of spheroids of MCF-7 cells was 84% 

of its average length and width over a diameter range of 80µm to 290µm (Supplemental 

Figure 2-1E). Instead of assuming that spheroids were perfect spheres, we used these 

correction factors in our calculations of spheroid shape and fluorescence. Additionally, 

spheroids larger than 205µm in diameter were excluded from analysis, since we have 

previously shown that their fluorescent signal was no longer linear with respect to size 

(20). For each labeling and dye combination, total spheroid fluorescence data from all 

three seeding densities were pooled, and plotted as a function of their radii. 

 

2.3.3 Calculation of prediction curves for relating volume/surface area, radii, and 

fluorescence. 

Two different prediction lines were generated to relate the average spheroid radii and 

fluorescence against either spheroid volume or spheroid surface area. As spheroid radii 

increase, both spheroid volume and surface area increase, but at different rates. The 

increase in fluorescence with respect to radii was measured, and compared to the rates of 

increase in volume and surface area. The prediction lines for volume and surface area 
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were derived from geometric principles, with volume represented as: 𝑉 = 	 %
&
	𝜋	𝑟&, and 

surface area represented as 𝑆𝐴 = 4	𝜋	𝑟,, where “r” is the average of all x, y, and z radii 

of each spheroid. Volume and surface area are units of measurement 

(𝜇𝑚&	𝑎𝑛𝑑	𝜇𝑚,	respectively), thus to relate these values to fluorescence (A.U.), a 

conversion factor was used.   Both volume and surface area conversion factors were 

derived for each dye, at every experimental time-point. To derive the conversion factors, 

fluorescence was plotted with respect to either volume or surface area, and the best-fit 

line was determined (Supplemental Figure 2-2). The slope of the best–fit line is the 

conversion factor that relates fluorescence to either volume (𝑚123) or surface area (𝑚45	) 

(Supplemental Figure 2). With the appropriate conversion factors, the prediction line for 

increasing volume/surface area with respect to spheroid radii were defined with volume 

represented as 𝑉 = 	𝑚123 	
%
&
	𝜋	𝑟& , and surface area represented as 𝑆𝐴 = 𝑚45	 4	𝜋	𝑟, . 

 

2.3.4 Statistical Analysis 

To determine the relationship between fluorescent signal and spheroid size both 

correlation and Kolmogorov-Smirnov test (K-S test) were performed.  Correlation 

between the observed fluorescent signal and either volume-based or surface area-based 

prediction lines were computed by the following equation: “𝑅, = 1 −	449:;
44<=<

 ”; where 

“𝑆𝑆>?@ = 	 𝑦B − 𝑓B ,
B “ and “𝑆𝑆D2D = 	 𝑦B − 𝑦 ,

B ”; “𝑦B” represented observed values, 

“𝑓B” represented predicted values, and “𝑦” represented the average observed value. Using 

MatLab, a two-sample K-S test at a 5% significance level was computed between 

observed fluorescent signal and either volume-based or surface area-based prediction 
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lines. With a p-value of less than 0.05, we reject the null hypothesis that both sets of data 

were derived from the same continuous data set.  With a p-value greater than 0.05, we 

fail to reject the null hypothesis.  

 

To determine whether size-based normalization enhances the sensitivity of an assay, 

fluorescent measurements from four size-matched spheroids per condition, were analyzed 

and plotted three different ways: (1) average and standard deviation of raw fluorescent 

values, or normalized to (2) spheroid volume or (3) spheroid surface area prior to 

computing the average and standard deviation. A two-tailed Student’s t-test was 

performed with a significance of 0.05 to compare experimental conditions. To compare 

the different methods of normalization, a coefficient of variation (CV) analysis was 

performed for each of the three methods. Lower CV values indicate less variation. 

 

2.4 RESULTS and DISCUSSION 

An array of multi-cellular spheroids suitable for time-lapse fluorescent microscopy were 

formed in micro-molded agarose gels. The resulting size of spheroids was controlled by 

altering the input number of mono-dispersed cells, with higher seeding densities yielding 

larger spheroids (Figure 2-1A). To ascertain biological information from these spheroids, 

fluorescent dyes could be used, however adapting their usage for 3D spheroids is more 

complex than 2D, especially with respect to quantification.  In contrast to monolayers of 

cells where fluorescent signals are typically normalized to either field of view or number 

of cells, spheroids are 3D multi-cellular objects that possess unique length, width, and 

height radii, thus the method of normalization of fluorescence should reflect these  
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Figure 2-1. Total Fluorescence intensifies with increasing spheroid radii 
regardless of whether calcein-AM was labeled in 2D or 3D. Spheroids uniformly 
pre-labeled with 5µM calcein-AM and spheroids labeled by 5µM calcein-AM 
diffusion were prepared by seeding at hydrogels at the following seeding densities: 
1,000-, 2,000-, and 3,000-cells/spheroid. Phase contrast images of spheroids of 
varying sizes were acquired every 15 minutes for a total of 3-hours. Total spheroid 
fluorescence as a function of time was quantified for individual spheroids that were 
pre-labeled (B) or labeled by diffusion into spheroids (C). Each line represents 
fluorescent data from a single spheroid (radii ~ 40µm, 60µm, 80µm, 100µm) (B, C). 
Scale bar is 100µm. 
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variables [14,21]. Without accounting for size, larger spheroids yield a greater fluorescent 

signal, which if not properly accounted for could generate inaccurate experimental 

conclusions.  To illustrate the need for a size-based method of normalization of the 

fluorescent measurements, calcein-AM was incorporated into spheroids by either (1) 

staining individual cells prior to spheroid self-assembly, or (2) adding calcein-AM after 

spheroid self-assembly, thus staining the spheroid by inward diffusion of the dye. The 

fluorescent signal from pre-labeled spheroids was constant over 3-hours (Figure 2-1B, 

Supplemental Figure 2-3A, B). In contrast, the fluorescent signal from spheroids labeled 

by dye diffusion increased over time (Figure 2-1C, Supplemental Figure 2-3C, D). 

Regardless of how calcein-AM was incorporated, increasing spheroid radii yielded an 

increase in fluorescence (Figure 2-1B, C). However, this increase in fluorescence did not 

imply biological differences, but rather the need for a size-based method to normalize 

fluorescence.  

 

To eliminate size-based differences in fluorescence, there are two approaches: (1) only 

analyze spheroids within a narrow range of radii so that size doesn’t matter, or (2) 

normalize signal by an appropriate size-based parameter, which increases the number of 

analyzable spheroids. We hypothesized that the size-based parameter used to normalize 

spheroid fluorescence was dependent on the method of dye labeling. When cells were 

pre-labeled with dye prior to spheroid formation, we predicted that as spheroid radii 

increased, total fluorescence would increase at a rate proportional to spheroid volume 

since every cell was evenly stained. In contrast, when spheroids were labeled by dye 

diffusion, we predicted that as spheroid radii increased, total fluorescence would increase 
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at a rate proportional to spheroid surface area since the amount of dye that could diffuse 

inwards was dependent upon surface area. Therefore, to determine the best means to 

quantify fluorescence of spheroids, we stained spheroids of varying size (diameter = 80-

200µm), using both labeling techniques with calcein-AM.  Total spheroid fluorescence 

was measured and plotted as a function of average spheroid radii. These data were then 

fitted with a curve of the increase in spheroid volume as a function of spheroid radii or a 

curve of the increase in surface area as a function of spheroid radii. To quantify which 

curve better predicted the observed increase in fluorescence, correlation analysis and two-

sample Kolmogorov-Smirnov test were performed (Figure 2-2). For spheroids uniformly 

pre-labeled with calcein-AM, the increase of fluorescence as a function of spheroid radii 

more closely matched the curve depicting the increase in volume as a function of 

spheroid radii (Figure 2-2A). This evidence for volume-based prediction line was 

supported both by a greater correlation value and by a p-value greater than 0.05 for 

volume-based, with which we fail to reject the null hypothesis that both datasets were 

derived from a continuous set of data (Figure 2-2A). This was true for all time points 

tested over the 3 hour time lapse (data not shown). In contrast, for spheroids labeled by 

calcein-AM diffusion, the increase of fluorescence as a function of spheroid radii more 

closely matched the curve depicting the increase in surface area as a function of spheroid 

radii (Figure 2-2B). Similarly, this match to the surface area-based prediction line was 

supported by a greater correlation value and by p-value greater than 0.05 (Figure 2-2B). 

The robustness of this hypothesis was further validated by testing four additional 

fluorescent dyes (calcein-RO, Hoechst 33342, CTR, CTG) in a variety of cell types 

(MCF-7, NHF)(Supplemental Figures 2-4, 2-5, 2-6, 2-7). Therefore, we have shown 
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Figure 2-2. Fluorescence normalization of calcein-AM is dependent upon the 
method of labeling. Calcein-AM was incorporated into KGN spheroids via two 
different methods. To form pre-labeled spheroids, 5µM calcein-AM was added to 2D 
monolayers, then trypsinized and seeded into gels (A). Alternatively, for diffusion-
based spheroid labeling, KGN cells were self-assembled into spheroids of varying 
sizes prior to the addition of 5µM calcein-AM (B). Fluorescent images were acquired 
24-hours after self-assembly and total spheroid fluorescence was plotted as a function 
of radii. The data are plotted versus either a curve of the spheroid volume as a function 
of radii (left column) or spheroid surface area as a function of radii (right column). 
Each point represents a single spheroid. Correlation analysis and K-S tests were 
performed to determine which prediction line better matched the observed data. When 
calcein-AM was pre-labeled, the correlation between fluorescent signal and volume-
based prediction line was greater than the correlation to surface area (A). Additionally, 
the p-value for all surface area-based prediction lines were less than 0.05, thus 
rejecting the null hypothesis that both sets of data were derived from a continuous data 
set (A). Alternatively, when calcein-AM was diffused into spheroids, the trends for 
correlation and K-S tests were reversed, with fluorescent signal better correlating with 
the surface area-based prediction line (B). 
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that regardless of differences in excitation/emission spectra, and where the dye resides 

intracellularly, the accurate means of normalization of the fluorescent measurement was 

dependent upon how the dye was incorporated into the spheroids. Volume versus surface 

area normalization is important for spheroids, because unlike thin 2D monolayers where 

diffusion occurs very rapidly, spheroids are multi-cell layers thick and are a significant 

barrier to diffusion of fluorescent dyes. 

 

Although those other dye characteristics did not seem to affect the normalization method, 

we did determine that for diffusion-based labeling, concentration of and staining time for 

calcein-AM was very important. We diffused different concentrations of calcein-AM into 

spheroids in order to see whether the concentration would alter the fit to surface area. 

After forming spheroids of variable size, calcein-AM was diffused into spheroids for 3-

hours at the following concentrations: 1.25-𝜇M, 2.5-𝜇M, 5-𝜇M. For spheroids treated 

with the lower dye concentrations (1.25-𝜇M, 2.5-𝜇M), as radii increased, the fit diverged 

from the surface area prediction line (Figure 2-3A, B).  This divergence was exacerbated 

at later time-points in the experiment (Figure 2-3A, B). Utilizing a higher concentration 

of calcein (5-𝜇M), the fit to surface area was better matched, and did not diverge as 

incubation time increased (Figure 2-3C). The fit to spheroid volume was worse for all 

time-points and concentrations of calcein-AM tested (data not shown). Calcein-RO also 

exhibited the same trends (Supplemental Figure 2-8). Overall, we determined that low 

concentrations and lengthy incubation times reduced the reliability of the model. 

Therefore, when adapting assays for their use in 3D spheroids, certain optimizations  
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Figure 2-3. Increasing the concentration of calcein-AM diffused into spheroids 
improves the fit to surface area. KGN cells were self-assembled into spheroids of 
varying sizes prior to the addition of calcein-AM at the following concentrations: 
1.25-µM (A), 2.5-µM (B), 5-µM (C). Fluorescent time-lapse images were acquired 
every 15-min for a total of 3-hours and subsequently analyzed to measure total 
fluorescence and spheroid radii. The increase in spheroid fluorescence with respect to 
radii was plotted at various time-points after the addition of dye: 30-min (left column), 
75-min (middle column), and 135-min (right column). The data are plotted versus a 
curve of the spheroid surface area as a function of radii. Each point represents a single 
spheroid. Correlation analysis and K-S tests were performed to determine how the fit 
to surface area changed in response to altering dose and incubation time. The fit to 
surface area declined with lower dosages of calcein-AM and increased incubation 
times, as evidenced by lower correlation values. Furthermore, after 135-minutes of 
staining with 1.25-µM, the K-S value was less than 0.05, thus rejecting the null 
hypothesis that both sets of data were derived from a continuous data set (A). 
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made for 2D monolayers are not directly transferable to 3D spheroids and thus require 

further optimization.  

 

To highlight the importance of choosing the appropriate size-based normalization 

method, we measured fluorescence of spheroids incubated with different calcein-AM 

concentrations (1.25-𝜇M, 2.5-𝜇M) over 3-hours (Figure 2-4). We plotted the data from 

four size-matched spheroids (radii: 50-95	𝜇m) three different ways: (1) the average and 

standard deviation of raw fluorescent values, or normalized each spheroid by its (2) 

volume or (3) surface area prior to computing the average and standard deviation. To 

determine if time points were significantly different, a two-tailed t-test with significance 

0.05 was performed. Significant differences between the concentrations throughout the 

entire experiment were detected when fluorescence was normalized by spheroid surface 

area, the appropriate normalization when a fluorescent dye is diffused into a spheroid 

(Figure 2-4C). We performed a coefficient of variation (CV) analysis to compare the 

variability amongst the three methods of analysis. For all time points tested, the surface 

area-normalized data had the lowest CV values, indicating the least amount of variation 

(Figure 2-4D). Therefore, by utilizing the correct normalization method, we can improve 

assay sensitivity to discern smaller, yet significant biological differences in experimental 

conditions. With improved sensitivity, we can analyze fewer spheroids, which will be 

critical for adapting spheroids for uses such as high throughput screening. 
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Figure 2-4. Surface area normalization enhances the ability to detect differences 
between different doses of calcein-AM diffusing into spheroids. KGN cells were 
self-assembled into spheroids of varying sizes prior to the addition of either 1.25-µM 
(white squares) or 2.5-µM calcein-AM (white triangles). Fluorescent time-lapse 
images were acquired every 15-min for a total of 3-hours and subsequently analyzed 
to measure total fluorescence and spheroid radii. 4 size-matched spheroids of variable 
radii (ranging from 50 - 95	µm) were analyzed for each concentration. Diffusion of 
calcein-AM into 4 size-matched spheroids of variable radii (range: 50 - 95	µm) was 
plotted as a function of time for each concentration. The diffusion of calcein was 
represented as the average and standard deviation of either the spheroids’ raw 
fluorescence (A), volume-normalized fluorescence (B), or surface area-normalized 
fluorescence (C). A two-tailed Student’s t-test with significance of 0.05 was 
performed for every time-point (“*” indicates statistically significant). Statistically 
significant differences were observed throughout the entire experiment when 
fluorescence was normalized by surface area (C), whereas only certain time-points 
were statistically significant when evaluating raw fluorescence (A) or volume-
normalized fluorescence (B). The coefficient of variation (CV) was calculated for each 
method of analysis and for each time-point. The CV for surface area-normalized data 
was lower than both raw and volume-normalized data for all time-points (D). 
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There are thousands of commercially available fluorescent dyes that probe a diverse 

range of biological functions. However, these fluorescent dyes have been predominately 

developed for use with 2D monolayers only, and require careful optimization when 

adapted to 3D spheroids. For example, since spheroids possess a much larger z-

dimension than 2D cell cultures, spheroid height must be taken into consideration when 

performing imaging studies. Previously, we have shown that only spheroids below 

205µm in diameter can be reliably imaged via wide field fluorescence [20]. Furthermore, 

it is widely acknowledged that spheroids significantly greater than 200µm in diameter 

have diffusion limitations that can lead to cell death and necrosis in the spheroid core 

[22]. Also, as shown in this paper, dye concentrations and incubation times that are well 

suited for 2D are not necessarily accurate for spheroids and require optimization. 

Fluorescent images of 2D monolayers are typically normalized to cell number in a fixed 

field of view, but this method is not applicable to spheroids. For accurate quantitation of 

fluorescent images of spheroids, it is important to select the normalization method that 

matches the method of dye staining. Fluorescent images of uniformly labeled spheroids 

should be normalized by spheroid volume, while fluorescent images of spheroids labeled 

by inward diffusion of dyes should be normalized by spheroid surface area. Although we 

tested five fluorescent small molecule dyes, this method of validating and normalizing 

fluorescent signals from spheroids should be applicable to many other fluorescent dyes 

and possibly GFP reporter genes. However, GFP reporter assays are varied and can be 

complex (e.g., induction of GFP by a small molecule, diffusion of GFP encoding virus 

into a spheroid) so it would be important to perform validation studies and carefully 

consider the experimental design before choosing a normalization strategy. Furthermore, 
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certain methods of labeling may not be appropriate for certain experimental designs. For 

example, forming spheroids from pre-stained cells may not be useful for experiments that 

extend over multiple days to weeks. Attention to the details of the 

biological/experimental system is crucial for developing a strategy for image analysis of 

spheroids. Overall, the correct method of normalization will reduce errors, improve 

sensitivity and can account for the natural variation in spheroid size. 
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2.9 SUPPLEMENTAL MATERIALS and METHODS 

Micro-molded side-view hydrogels and side view microscopy. To create side-view 

hydrogels, wax molds, consisting of a single row of 21 rounded cylindrical pegs, were 

used (20). Acrylamide/bis-acrylamide solution (Fisher Scientific, Waltham, MA), 10% 

weight/volume ammonium persulfate (Sigma-Aldrich, St. Louis, MO), 0.5M Tris buffer 

(Fisher Scientific, Waltham, MA), and DMEM were added together and degassed. To 

initiate hydrogel polymerization, N, N, N’, N’-tetramethylethlenediamine (Sigma-

Aldrich, St. Louis, MO) was added to the mixture. The mixture was pipetted into the wax 

mold, allowed to polymerize, and released into a 12-well plate.  Polyacrylamide 

hydrogels were equilibrated with serum-free DMEM supplemented only with 1% 

penicillin/streptomycin, degassed to remove air bubbles from recesses, and incubated 

overnight at 37°C with 10% CO2. Cells were re-suspended in serum-free DMEM at one 

of the following concentrations: 2.8 x105 cells/mL, 5.6 x 105 cells/mL, or 8.4 x 105 

cells/mL. 75µL of each cell suspension was pipetted into the loading dock of each 

hydrogel to form spheroids of approximately 1,000-, 2,000-, or 3,000-cells per spheroid.  

After 30-minutes, 4-mL of serum-free DMEM was added per well. Cells were given 24-

hours to self-assemble into spheroids prior to imaging with an inverted microscope and a 

side view microscope. Side view images were obtained using a Mitutouo FS-110 

microscope placed on its back, with a Nikon Coolpix 900 digital camera. Spheroid length 

(x) and height (z) were measured using ImageJ. For the derived relationship between 

spheroid height (z) and average length, width (x, y), the standard error of regression was 

computed, and the 95% prediction interval was determined. 
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2.10 SUPPLEMENTAL FIGURES 

 

 

Supplemental Figure 2-1. Spheroid height can be estimated from measuring 
spheroid length/width. Spheroids of varying radii were self-assembled using 
hydrogels containing a single row of recesses (A). Spheroids were imaged using both 
a conventional inverted microscopy to obtain phase contrast images (x, y) and 
horizontal microscopy to obtain side-view brightfield images (x, z) (A). Length (x) and 
width (y) were measured from phase images (B), while height (z) was measured from 
side-view images (C). For each spheroid, the average length (x) and width (y) were 
determined and plotted against the measured height (z) (D, E).  The best-fit-line (black 
line) and 95% confidence interval (red line) were computed and plotted. The height (z) 
was determined to be approximately 89% of its average length-width (x, y) for KGN 
spheroids (D) and 84% for MCF-7 spheroids (E). Arrows indicate measured 
diameters. Scale bar is 200µm. 
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Supplemental Figure 2-2. Volume- and surface area-based prediction lines are 
determined from fluorescent data. Spheroids uniformly pre-labeled with dyes and 
spheroids labeled by dye diffusion were prepared in varying sizes. Total spheroid 
fluorescence was plotted versus either spheroid volume (A) or surface area (B), and 
the best-fit-line was computed. The slope, mvol, of the best-fit line was the factor that 
converted spheroid volume as a function of radii to fluorescence (F = 	mHIJ 	K

%
&
	π	r&N) 

(C), likewise the slope, mSA, converted surface area (F = mOP	(4	π	r,)) (D). 
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Supplemental Figure 2-3. Time-course of calcein fluorescence in 3D spheroids. 
Calcein-AM was incorporated into KGN spheroids via two different methods. To form 
pre-labeled spheroids, calcein-AM was added to 2D monolayers, which were then 
trypsinized and seeded into hydrogels at varying cell seeding densities (A, B). 
Alternatively, for diffusion-based spheroid labeling, cells were self-assembled into 
spheroids of varying sizes prior to the addition of calcein-AM (C, D).  Regardless of 
staining protocol, spheroids were allowed to self-assemble for 24-hours prior to 
imaging. Fluorescent images were acquired every 15-minutes for a total of 3-hours. 
Panel of images represent small (radii ~ 50µm) (A, C) and large (radii ~ 100µm) (B, 
D) spheroids that were pre-labeled (A, B) or labeled by diffusion into spheroids (C, D) 
at 30- (left column), 75- (middle column), and 135-minutes (right column). Scale bar 
is 100µm. 
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Supplemental Figure 2-4. Fluorescence of pre-labeled spheroids correlates with 
spheroid volume. KGN cells labeled with calcein-RO, Hoechst 33342, CTR, or CTG 
as a 2D monolayer were trypsinized and seeded into gels to form pre-labeled 
spheroids. Fluorescent images were acquired 24-hours after self-assembly and total 
spheroid fluorescence was plotted as a function of radii for spheroids stained with 
calcein-RO (A), Hoechst 33342 (B), CTR (C), and CTG (D). The data are plotted 
versus either a curve of the spheroid volume as a function of radii (left column) or 
spheroid surface area as a function of radii (right column). Each point represents a 
single spheroid. Correlation analysis and K-S tests were performed to determine which 
prediction line better matched the observed data. The correlation between fluorescent 
signal and volume-based prediction line was greater than the correlation to surface 
area for all four dyes. The p-value for all surface area-based prediction lines were less 
than 0.05, thus rejecting the null hypothesis that both sets of data were derived from a 
continuous data set. 
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Supplemental Figure 2-5. Fluorescence of spheroids labeled by dye diffusion 
correlates with spheroid surface area. KGN cells were self-assembled into 
spheroids of varying sizes prior to the addition of the following dyes: calcein-RO (A), 
Hoechst 33342 (B), CTR (C), or CTG (D). Fluorescent time-lapse images were 
acquired every 15-min for a total of 3-hours and subsequently analyzed to measure 
total fluorescence and spheroid radii. The increase in spheroid fluorescence with 
respect to radii was plotted 30-minutes after the addition of dye. The data are plotted 
versus either a curve of the spheroid volume as a function of radii (left column) or 
spheroid surface area as a function of radii (right column). Each point represents a 
single spheroid. Correlation analysis and K-S tests were performed to determine which 
prediction line better matched the observed data. The correlation between fluorescent 
signal and surface area-based prediction line was greater than the correlation to 
volume for all four dyes. The p-value for all volume-based prediction lines were less 
than 0.05, thus rejecting the null hypothesis that both sets of data were derived from a 
continuous data set. 
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Supplemental Figure 2-6. Fluorescence of pre-labeled MCF-7 spheroids 
correlates with volume, while fluorescence of MCF-7 spheroids labeled by dye 
diffusion correlates with surface area. MCF-7 spheroids were either uniformly pre-
labeled with CTR or labeled by diffusion of Hoechst 33342 or calcein-AM. 
Fluorescent images were acquired every 15-min for a total of 3-hours, and total 
spheroid fluorescence was plotted as a function of a range of spheroid radii for 
spheroids stained with Hoechst 33342 (A), calcein-AM (B), and CTR (C). The data 
are plotted versus a curve of the predicted spheroid volume as a function of radii (left 
column) and spheroid surface area as a function of radii (right column). Each point 
represents a single spheroid. Correlation analysis and K-S tests were performed to 
determine which prediction line better matched the observed data. The correlation 
between fluorescent signal and volume-based prediction line was greater than the 
correlation to surface area when the spheroids were uniformly pre-labeled, CTR (C). 
The p-value for surface area-based prediction line was less than 0.05, thus rejecting 
the null hypothesis that both sets of data were derived from a continuous data set (C). 
Alternatively, the correlation between fluorescent signal and surface area-based 
prediction line was greater when spheroids were labeled by dye diffusion, Hoechst 
33342 (A) and calcein-AM (B). The p-value for volume-based prediction lines were 
less than 0.05, thus rejecting the null hypothesis that both sets of data were derived 
from a continuous data set (A, B). 
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Supplemental Figure 2-7. Fluorescence of pre-labeled NHF spheroids correlates 
with volume, while fluorescence of NHF spheroids labeled by dye diffusion 
correlates with surface area. NHF spheroids were either uniformly pre-labeled with 
CTR or labeled by diffusion of Hoechst 33342 or calcein-AM. Fluorescent images 
were acquired every 15-min for a total of 3-hours. Total spheroid fluorescence was 
plotted as a function of a range of spheroid radii for spheroids stained with Hoechst 
33342 (A), calcein-AM (B), and CTR (C). The data are plotted versus a curve of the 
predicted spheroid volume as a function of radii (left column) and spheroid surface 
area as a function of radii (right column). Each point represents a single spheroid. 
Correlation analysis was performed to determine which prediction line better matched 
the observed data. The correlation between fluorescent signal and volume-based 
prediction line was greater than the correlation to surface area when the spheroids 
were uniformly pre-labeled, CTR (C). The p-value for surface area-based prediction 
line was less than 0.05, thus rejecting the null hypothesis that both sets of data were 
derived from a continuous data set (C). Alternatively, the correlation between 
fluorescent signal and surface area-based prediction line was greater when spheroids 
were labeled by dye diffusion, Hoechst 33342 (A) and calcein-AM (B). Also, for 
spheroids labeled with Hoechst 33342, the p-value for volume-based prediction line 
was less than 0.05, thus rejecting the null hypothesis that both sets of data were 
derived from a continuous data set (A). 
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Supplemental Figure 2-8. Increasing the concentration of calcein-RO diffused 
into spheroids improves the fit to surface area. KGN cells were self-assembled into 
spheroids of varying sizes prior to the addition of calcein-RO at the following 
concentrations: 1.25-µM (A), 2.5-µM (B), 5-µM (C). Fluorescent time-lapse images 
were acquired every 15-min for a total of 3-hours and subsequently analyzed to 
measure total fluorescence and spheroid radii. The increase in spheroid fluorescence 
with respect to radii was plotted at various time-points after the addition of dye: 30-
min (left column), 75-min (middle column), and 135-min (right column). The data are 
plotted versus a curve of the spheroid surface area as a function of radii. Each point 
represents a single spheroid Correlation analysis and K-S tests were performed to 
determine how the fit to surface area changed in response to altering dose and 
incubation time. The fit to surface area declined with lower dosages of calcein-RO and 
increased incubation times, as evidenced by lower correlation values. 
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3.1 ABSTRACT 

Accurately predicting the human response to new compounds is critical to a wide variety 

of industries. Standard screening pipelines (including both in vitro and in vivo models) 

often lack predictive power. Three-dimensional culture systems of human cells, a more 

physiologically relevant platform, could provide a high-throughput, automated means to 

test the efficacy and/or toxicity of novel substances. However, the challenge of obtaining 

high magnification, confocal z-stacks of 3D spheroids and understanding its respective 

quantitative limitations must be overcome first. To address this challenge, we developed 

a method to form spheroids of reproducible size at precise spatial locations across a 96-

well plate. Spheroids of variable radii were labeled with four different fluorescent dyes 

and imaged with a high-throughput confocal microscope. 3D renderings of the spheroid 

had a complex bowl-like appearance. We systematically analyzed these confocal z-stacks 

to determine the depth of imaging, the effect of spheroid size and dyes on quantitation. 

Furthermore, we have shown that this loss of fluorescence can be addressed through the 

use of ratio imaging. Overall, understanding both the limitations of confocal imaging as 

well as the tools to correct for these limits are critical for developing accurate quantitative 

assays using 3D spheroids. 

 

KEYWORDS: HTS High Throughput Screening, Data Analysis, Fabrication 
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3.2 INTRODUCTION  

The ability to accurately model the complex responses of human tissues and organs in a 

laboratory setting is crucial for many fields including drug discovery and toxicity testing 

[1-5]. However, the current methods and models, which include both in vitro assays and 

in vivo animal testing, are often inadequate in their ability to predict how a compound 

will interact within the human body [1-3].  In vitro assays, which predominantly utilize 

two-dimensional (2D) cell monolayers, are relatively inexpensive, easy to perform, and 

have the potential to utilize human cells from various sources. However, 2D cell 

monolayers are limited due to significant differences with the in vivo environment 

including low cell densities, a predominance of cell-plastic interactions, a lack of 

diffusion gradients and, for certain cell types, dedifferentiation and a loss of organ-

specific functions [6-8].   Alternatively, while animal models are able to recapitulate the 

complexity of the in vivo environment, they are expensive and time-consuming, thus 

limiting their usefulness to the evaluation of only very small numbers of compounds. 

Furthermore, animal models, due to species differences, often fail to predict the human 

response [9,10]. Three-dimensional (3D) multi-cellular spheroids have been proposed as 

an intermediate test bed [1,2,5,10]. Compared to animal testing, spheroids are 

inexpensive, easy-to-use, and have the potential to use human cells [1-3]. Furthermore, 

spheroids better approximate the cell density found in vivo, have increased levels of cell-

cell interactions and intercellular communication, as well as maintenance of the 

differentiated state, and recapitulation of organ-specific processes [6-8, 11-14]. 
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Despite the biological advantages of spheroids, there are numerous other issues that must 

be overcome to utilize spheroids as a high-throughput screening tool. For example, 

imaging of thin 2D monolayers is straightforward, whereas spheroids require more 

complex techniques to visualize the additional biology occurring within these relatively 

thick microtissues [2,15,16]. Histological techniques, such as cryo- and plastic sectioning, 

work well, but are time-consuming, low throughput, not appropriate for screening large 

number of spheroids, and not amenable to imaging live cells [15]. Alternatively, confocal 

and two photon microscopy optically section spheroids and can visualize living cells 

[17,18]. Furthermore, confocal microscopy has been configured as a high throughput 

instrument for purposes of high content imaging of large numbers of samples. However, 

due to light scattering, confocal microscopy has inherent limitations with respect to 

imaging thick tissues [15,18].  To overcome this limitation, tissue clearing methods that 

remove scattering substances and/or provide refractive index matching have been 

developed [18-21]. Although the depth of imaging is significantly improved, clearing can 

only be used on fixed non-living cells as part of an endpoint assay [18-21]. Endpoint 

assays are important, but not all assays can be performed as single point assays. Live-cell 

imaging enables users to examine dynamic changes over time, and gather more 

information.  

 

To evaluate the usefulness of spheroids as a high-throughput screening tool, we 

developed a method to form spheroids directly within a 96-well plate, as well as examine 

the quantitative limitations associated with live-cell confocal imaging of spheroids. 

Through molding agarose hydrogels directly within a 96-well plate, we formed four 
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spheroids of reproducible size that are located at precise x, y, z-locations across the entire 

plate. By varying the number of cells seeded per well, the size of the spheroids could be 

varied ranging 50 – 200 µm in diameter. To determine the depth of confocal imaging, 

spheroids were formed from cells that were uniformly labeled with four fluorescent dyes 

each with different excitation/emission wavelengths. Confocal z stacks were acquired and 

analyzed to evaluate the total and positional fluorescent signal for spheroids of variable 

sizes. As spheroid radii increased, the overall proportion of fluorescent signal retention 

was diminished. Furthermore, the fluorescent signal decreased as a function of z depth 

into spheroids of all sizes. Interestingly, loss of fluorescence across each x, y confocal 

slice of the spheroid was not uniform. Due to the curved nature of the spheroid, loss of 

fluorescence was least around the outer edges of the spheroid and greatest in the center of 

the spheroid, resulting in a bowl-like appearance in a 3D rendering of the spheroid. 

Unlike solid tissue blocks, the irregular spheroidal shape and subsequent bowl-like 

appearance makes it difficult to accurately model, quantitate, and correct the fluorescence 

throughout a 3D microtissue. However, we have shown that loss of the fluorescent signal 

can be addressed by ratio imaging. Overall, understanding and accounting for the 

fluorescent changes throughout confocal z-stacks of variable sized spheroids is critical 

for designing quantitative biological assays using spheroids. 

 

3.3 MATERIALS and METHODS 

3.3.1 Micro-mold fabrication and hydrogel formation. 

Molds, designed using computer-assisted design (CAD) (Solidworks, Concord, MA), 

consisted of two main components: a base platform upon which lay a series of 4 rows by 
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8 columns of pegs (Figure 3-1A). The design of the peg consisted of three main 

components. Directly upon the base platform lay a cylinder shape designed to fit tightly 

within the inner diameter of a well, thus preventing shifting in the x, y direction. This 

cylinder was then funneled into a flat-top conical structure ending with a 2 row by 2 

column array of conical-shaped micro-posts each positioned at the center of an imaging 

grid of the Opera Phenix.  Molds were 3D printed (Phenomyx, LLC, Cambridge, MA). 

 

To form hydrogels, 90-𝜇L of sterile molten UltraPure Agarose (Fisher Scientific, 

Waltham, MA) (2% weight/ volume in phosphate buffered saline) was pipetted into each 

well and the mold was placed on top of the plate with the micro-posts submerged in 

agarose. After 10-minutes, the molten agarose solution solidified and the mold was 

removed. The resulting hydrogel that formed within each well contained a round loading 

dock above 4 micro-recesses (Figure 3-1B). To equilibrate the hydrogels, 150-𝜇L of 

serum-free DMEM (Life Technologies, Grand Island, NY) supplemented with 1% 

penicillin/streptomycin was added to each well, and incubated for 24 hours at 37°C with 

10% CO2. 

 

3.3.2 Cell culture, fluorescent dye labeling, and spheroid formation. 

Human ovarian granulosa (KGN) cells were grown in DMEM with 10% fetal bovine 

serum (FBS) (Fisher Scientific, Waltham, MA) and 1% penicillin/streptomycin at 37°C 

with 10% CO2. Once confluent, cell monolayers were labeled by first removing serum-

containing medium from the culture flasks. Fluorescent dyes were reconstituted in serum-
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free DMEM, and incubated with the cell monolayer for 30-minutes at 37°C with 10% 

CO2. Four dyes were used to stain monolayers: 2µM CellTrackerTM Red CMPTX (CTR) 

(Life Technologies, Grand Island, NY), 2µM CellTrackerTM Green CMFDA (CTG) (Life 

Technologies, Grand Island, NY), 2µM CellTrackerTM Violet (CTV) (Life Technologies, 

Grand Island, NY), and 2µM CellTrackerTM Deep Red (CTDR) (Life Technologies, 

Grand Island, NY). After labeling, medium was exchanged with fresh serum-free 

DMEM, and incubated for 15-minutes at 37°C with 10% CO2. The labeled cell 

monolayers were harvested using 0.05% trypsin, concentrated by centrifugation at 120 x 

g for 6-minutes, and counted. Cells were washed once with serum-free DMEM and spun 

down at 120 x g for 6-minutes. Cells were re-suspended in serum-free DMEM at one of 

the following concentrations: 50,000-, 100,000-, 150,000-, 200,000-, 250,000-, 300,000-, 

400,000-, 500,000-cells/mL A 20-µL aliquot of cell suspension was pipetted into the 

loading dock of each hydrogel to form four spheroids each composed of 250-, 500-, 750-, 

1,000-, 1,250-, 1,500-, 2,000-, or 2.500-cells. After allowing the cell suspension to settle 

to the bottoms of the micro-recesses for 30-minutes, 150-µL of serum-free DMEM was 

added per well. Cells were allowed to self-assemble into spheroids for twenty-four hours 

prior to imaging. 

 

3.3.3 Microscopy and image analysis measurements. 

To image spheroids, the Opera PhenixTM High Content Screening System (Perkin Elmer, 

Waltham, MA, USA), an inverted confocal microscope equipped with proprietary 

SynchronyTM Optics consisting of a Nipkow spinning microlens disk in conjunction with 

a pinhole disk and 2 sCMOS cameras, was used. Fluorescent images for each dye were 
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acquired using the 20x water objective in conjunction with 4 excitation lasers: 405-nm 

for CTV, 488-nm for CTG, 561-nm for CTR, and 640-nm for CTDR. Confocal z-slices 

of spheroids were acquired every 5-µm for a total of 500-µm.  

 

Confocal z-slice images were analyzed via two different image analysis software 

programs: Imaris (Bitplane, Belfast, UK) and  ImageJ (National Institutes of Health, 

Bethseda, MD, USA). With Imaris, confocal slices were rendered as 3D objects, and a 

mask of the outer spheroid surface was created. Total volume was measured for each 

spheroid, and its average radii was computed by the following equation: 𝑟 = 	 &
%
S23.
U

V
. 

ImageJ was used to measure the following parameters at every confocal slice: cross-

sectional area, total fluorescence of cross sectional area, average fluorescent intensity 

across the radii. 

 

3.3.4 Data analysis and derivation of ideal curves. 

To evaluate fluorescence, and its subsequent loss due to imaging limitations both the 

measured and maximum hypothetical fluorescence were computed per slice. The 

measured fluorescence for each slice was plotted as a function of its z-depth, and the area 

under the curve (AUC) was calculated (Supplemental Figure 3-1B, D). To calculate the 

hypothetical fluorescence, the following assumption was made: since all cells of the 

spheroid were evenly stained as a cell monolayer prior to spheroid formation, the signal 

was assumed to be homogenous throughout.  Therefore, cross-sectional area should 

increase linearly with respect to fluorescence for each slice up until the equator. To 
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determine the hypothetical signal, fluorescence was plotted as a function of cross-

sectional area, and the best-fit line for the linear region of the curve was determined to be 

“𝑦 = 𝑚𝑥 + 𝑏“ (Supplemental Figure 3-1A). The hypothetical values for each slice were 

computed by the following equation “	𝐹𝑙\]^ = 𝑚	 𝐶𝑆𝐴 + 𝑏 “ (Supplemental Figure 3-

1B). The hypothetical fluorescence was plotted as a function of its z-depth, and the AUC 

was calculated (Supplemental Figure 3-1C). The total loss of fluorescence for each 

spheroid was computed as the difference between the hypothetical and measured AUC 

normalized by the hypothetical AUC (Supplemental Figure 3-1E).  Spheroids were 

binned based upon size into 10-µm bins, and the average and standard deviation for each 

dye was computed.  

 

To evaluate alterations of fluorescent signal within a spheroid, the center of the spheroid 

was identified, then on each confocal slice a series of concentric rings was propagated 

outwards from the center point (Supplemental Figure 3-5C). The fluorescent values 

around each concentric circle were then averaged to yield the average fluorescent signal 

across the cross-sectional radii (x, y) (Supplemental Figure 3-5C). The average 

fluorescent signal was then plotted as a function of its cross-sectional radii for each 

confocal slice throughout the spheroid.  

 

To evaluate the fluorescent loss throughout the z-dimension, the center of the spheroid 

was identified, and the average fluorescent intensity was computed along that central z-

axis for each slice (Figure 3-5B). The average intensity of each point was normalized by 
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the maximum fluorescent intensity along the central z-axis for each spheroid. This 

normalized average intensity was plotted as a function of z-depth. The best-fit 

exponential decay function was calculated from 50-𝜇m past the peak signal for every 

spheroid, according to the following equation: “𝑦 = 𝐶𝑒ab”, where “y” is normalized 

average fluorescence, “x” is z-depth, “m” represents the rate of loss. Spheroids were 

binned based upon 10-µm sized bins, and the average and standard deviation of the slope 

of the exponential decay function each dye was computed and plotted as a function of 

spheroid radii.  

 

To evaluate the ability of ratio imaging to mitigate fluorescent loss throughout the z-

depth, the average fluorescence along the central z-axis was measured for spheroids pre-

labeled with both CTG and CTDR as 2D monolayers. To perform ratio imaging, the CTG 

fluorescence was divided by the CTDR fluorescence at each z-slice and vice versa. Both 

the average and normalized fluorescence were plotted as a function of spheroid z-depth. 

The average and standard deviation of the fluorescence throughout the z-depth was 

computed for both pre-and post-normalization. To compare the effect of ratio imaging, a 

coefficient of variation (CV) analysis was performed for both pre- and post-normalization 

of the fluorescence throughout the z-depth. Lower CV values indicate less variation 

throughout the z-depth. 
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3.4 RESULTS 

3.4.1 Tri-axis positional control of spheroid formation in a 96-well plate for 

confocal imaging. 

To increase the throughput of spheroid formation, we designed a mold insert compatible 

with a 96-well plate. The micromold consisted of a series of pegs, where each peg was 

designed to fit within the dimensions of one well (Figure 1A).  Furthermore, atop of each 

peg, were four conical shaped micro-posts, thus enabling the formation of four technical 

replicates per well. To minimize the imaging area and the number of confocal slices, the 

micro-pegs and were designed to fall within the same spatial location in every well. 

Therefore, after adding agarose into 96-well plate, the resulting hydrogel consisted of 

four micro-wells with the same x, y, z locations in every well (Figure 3-1B).   

 

To evaluate the accuracy of the mold, spheroid formation was measured with respect to 

two different assessments: (1) the x, y, z location in each well, and (2) spheroid radii.  

Monolayers of KGN cells were labeled with CTR, trypsinized, counted, and seeded into 

hydrogels to form spheroids (~750 cells). After 24-hours, confocal slices were acquired 

using the 20X water objective and analyzed to measure x, y, z- position as well as 

spheroid radii. Spheroids formed in specific locations within the x, y- bounds of the 646- 

by 646-𝜇m imaging grid system of the microscope (Figure 3-2A). Furthermore, 

spheroids formed within a 200	𝜇m range of z-locations, approximately centered 650 𝜇m 

from the bottom of plate (Figure 3-2B). To assess reproducibility of size, we seeded 

plates with either the same or varying concentrations of monodispersed cells. When 

seeding ~750 cells per spheroid across the entire plate, the average radii was 54.2-µm +/-  
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Figure 3-1. Molding system to form micro-wells for four spheroids per well in a 
96-well plate. Molds designed in CAD, consisting of an array of 4 rows by 8 columns 
of pegs, with each peg containing 4 micro-posts, were 3D printed (A). To create 
hydrogels, molten agarose was pipetted into each well of a 96-well plate, and the mold 
placed atop. After the agarose gelled, the mold was removed, leaving a hydrogel 
containing a square loading dock atop of 4 micro-recesses for spheroid formation (B). 
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Figure 3-2. Spheroids of consistent size are formed within specific x, y, z- 
locations. Molds were used to produce agarose hydrogels directly into the wells of a 
96-well plate. Monodispersed cells were seeded into the hydrogels at either i.) a single 
seeding density for the entire plate (A, B, C, E), or ii.) multiple seeding densities (D, 
E). After 24 hours of self-assembly, confocal images of the spheroids were obtained 
using the 20X water objective and analyzed. All spheroids were located within the 
bounds of one of the 646- x 646-µm (x, y)-imaging grids used by the 20X objective 
(A). Spheroids were located within approximately a 200-µm range of z-height, 
centered approximately 650-µm from the bottom of the plate (B). When using a single 
cell seeding density to form spheroids, the average spheroid radii was 54.2 µm +/- 5.2 
µm standard deviation (C, E). Alternatively when using multiple seeding densities, 
spheroid size increased in a dose-dependent manner with higher seeding densities 
yielding larger spheroids (D, E).   Regardless of seeding density used, the standard 
deviation accounted for approximately 10% of the average (C, D, E). 
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5.2-µm, thus deviation was approximately 10% of the mean (Figure 3-2C). Furthermore, 

when seeding varying concentrations, (~250- to ~2,000- cells/spheroid), the higher 

seeding densities yielded larger spheroids (Figure 3-2D). Regardless of the seeding 

density, the standard deviation was approximately 10% of its mean (Figure 3-2D, E). 

 

3.4.2 Cumulative fluorescent loss increases as function of spheroid radii. 

To assess the loss of fluorescence associated with live-cell confocal imaging of 

spheroids, we imaged spheroids over a range of sizes and tested four different fluorescent 

dyes. To form uniformly labeled spheroids, KGN cell monolayers were first labeled with 

four different fluorescent dyes: CellTrackerTM Violet (CTV), CellTrackerTM Green 

CMFDA (CTG), CellTrackerTM Red (CTR), CellTrackerTM Deep Red (CTDR). After 

labeling, monolayers were trypsinized, counted, seeded at various cell densities to form 

spheroids with diameters ranging from 50𝜇m - 200𝜇m. After self-assemlbing for 24-

hours, confocal slices for each spheroid were obtained (20X water objective). 

Representative images for a 50-𝜇m, 100-𝜇m, and 150-𝜇m diameter spheroids were 

reconstructed as orthogonal contrasts for the four dyes tested (Figure 3-3, Supplemental 

Figures 3-2, 3-3, 3-4). Since the cells were labeled as a monolayer prior to spheroid 

formation, hypothetically every cell in the spheroid should be evenly stained.  Assuming 

there was no loss in fluorescence due to imaging limitations, the resulting spheroids 

should possess a homogenous signal throughout the entire spheroid. Qualitatively, for the 

four dyes tested, the signal was relatively homogenous throughout small spheroids (50-

𝜇m diameter). However, as radii increased, the signal decreased for confocal slices 

located deeper into the spheroid (Figure 3-3, Supplemental Figures 3-2, 3-3, 3-4).  
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Figure 3-3. Loss of fluorescent signal occurs deeper within the z-depth for 
spheroids. KGN cell monolayers were labeled with CTG, trypsinized, counted, and 
seeded at varying cell numbers to form spheroids with diameters ranging from 50-µm 
to 200-µm. Confocal images were acquired, and orthogonal contrast images of 
representative spheroids of 50-µm (A), 100-µm (B), and 150-µm (C) diameters were 
rendered (left column). For each spheroid, the measured fluorescence at each confocal 
slice was plotted as a function of its z-depth (white squares). The data are plotted 
versus the hypothetical fluorescence for each confocal slice, which was calculated 
assuming no loss of fluorescent signal (black squares). Representative graphs for 
spheroids with a 50-µm (A), 100-µm (B), and 150-µm (C) diameters are shown (right 
column). For small spheroids (50-µm), the plot of measured and hypothetical 
fluorescence were mostly overlapping throughout the z-depth (A, right column) As 
spheroids increased in radii, the plots of measured fluorescence fell short of 
hypothetical fluorescence as z-depth into spheroid increased (B, C right column). 
(scale bar is 40-µm). 
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To understand this loss of fluorescence with increasing depth into larger spheroids, we 

quantified the total fluorescent signal loss for each spheroid and compared populations of 

spheroids of varying sizes. The actual and hypothetical fluorescence at every confocal 

slice was measured and plotted as a function of its z-depth (Figure 3-3, Supplemental 

Figures 3-2, 3-3, 3-4). Assuming no loss, the plot of actual fluorescence should match 

the plot of hypothetical fluorescence. For small spheroids (diameter of 50-𝜇m), the plots 

for measured and hypothetical fluorescence were overlapping, indicating minimal loss for 

each of the following dyes: CTR, CTG, CTV, CTDR (Figure 3-3A, Supplemental 

Figures 3-2A, 3-3A, 3-4A). For medium and larger sized spheroids (diameters of 100-

𝜇m and 150-𝜇m), the plots for measured and hypothetical fluorescence overlapped only 

through the lower portion of the z-depth. Beyond which, the plot of measured 

fluorescence falls short of the plot of hypothetical fluorescence (Figure 3-3B, C, 

Supplemental Figures 3-2B, C, 3-3B, C, 3-4B, C). Since all cells were homogenously 

labeled, the extent to which the plot of the measured fluorescence falls short of the plot of 

the hypothetical fluorescence is the loss due to imaging thick tissues. 

 

To compare the effect of spheroid size on imaging, we quantified the difference between 

actual and hypothetical fluorescence for all dyes. The area under the curve (AUC) was 

calculated for actual and hypothetical fluorescence as a function of z-depth, and the 

percent loss was computed (Supplemental Figure 3-1C, D, E). The percent loss was 

binned as a function of radii, then plotted for each of the dyes tested (Figure 3-4). The 

percent loss of fluorescence increased as spheroid radii increased (Figure 3-4). 
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Figure 3-4. Cumulative loss of total spheroid fluorescence increases as a function 
of spheroid radii.  KGN cell monolayers were labeled with four fluorescent dyes: 
CTR, CTV, CTG, CTDR. After staining, monolayers were trypsinized, counted, and 
seeded at varying cell numbers to form spheroids of range of sizes. Confocal images 
were analyzed to determine the actual fluorescence per confocal slice and hypothetical 
fluorescence per slice, and both were plotted as a function of z-depth. By calculating 
the area under the curves for both actual and hypothetical fluorescence, the cumulative 
fluorescent loss of each spheroid was determined. Spheroids were binned into 10-µm 
bins based on radii. The average percent loss of fluorescent signal was calculated for 
each range of radii and plotted as a function of radii for each of following fluorescent 
dyes: CTG (A), CTV (B), CTR (C), and CTDR (D). For the four dyes tested, as radii 
increased, cumulative fluorescent loss also increased. 
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3.4.3 Within spheroids, loss of the fluorescent signal is dependent upon the 

positional (x, y, z) location. 

To assess where signal loss was occurring throughout the spheroid, we imaged spheroids 

over a range of radii and tested different fluorescent dyes. KGN cell monolayers were 

homogenously labeled with four different dyes (CTG, CTV, CTR, CTDR), trypsinzed, 

and seeded at varying cell densities to form spheroids with diameters ranging from 50𝜇m 

- 200𝜇m. After 24-hours, z-stacks were acquired, and the center point of each spheroid 

was identified. Representative confocal slices (x, y) were assessed at 30°north of, 

30°south of, 60°south of, and the equator of a spheroid (~100𝜇m diameter) stained with 

CTG (Supplemental Figure 3-5B). For confocal slices south of the spheroid equator 

(30° and 60°south), the fluorescent signal was relatively homogenous and bright across 

the entire slice (Supplemental Figure 3-5B). However, deeper into the z-depth (equator 

and 30°north), the fluorescent signal began to decrease preferentially in the center of each 

slice, whereas the outer edge of the spheroid retained a brighter signal (Supplemental 

Figure 3-5B). To quantify this pattern, the average fluorescence across the cross-

sectional (x, y) radii was computed by averaging individual fluorescent values from a 

series of concentric rings (Supplemental Figure 3-5C). The average fluorescent signal 

was plotted as a function of its cross-sectional radii for the confocal slices 30° and 

60°north of, 30° and 60°south of, and the equator for spheroids of variable radii 

(Supplemental Figure 3-5C, D, E).  For smaller spheroids (~50𝜇m diameter), the 

average fluorescent intensity across the cross-sectional radii was relatively constant 

across the confocal slice up until the equator, above which there was a decline in signal 

(Supplemental Figure 3-5C). For larger spheroids (~150𝜇m diameter), fluorescent 
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signal was relatively homogenous throughout the confocal slice corresponding to 

30°south, however, fluorescence of the confocal slices deeper into the spheroid had a 

measurable decrease in the center as compared to the spheroid edge (Supplemental 

Figure 3-5E). Similar trends were observed for all dyes tested (data not shown). This 

pattern of fluorescent signal yields a “bowl-like” appearance in 3D renderings, with the 

brightest signal occurring along the bottom hemispheric edge of the spheroid (Figure 3-

5B).  

 

To compare the effect of spheroid size on this fluorescent loss throughout a spheroid, we 

first quantified the distance into live spheroids that could be imaged along the central z-

axis (Figure 3-5B). For each spheroid and dye, the average intensity was first normalized 

by the maximum fluorescent signal along the central axis. The normalized signal was 

plotted as a function of its z-depth and the best-fit exponential decay curve was calculated 

from 50-𝜇m past the peak signal (Figure 3-5C, D, E). Fluorescent dyes exhibited 

different staining patterns. For example, CTG staining was a homogenous uniform signal 

throughout the spheroid, whereas CTR staining was a more randomized punctate signal 

(Figure 3-3 left column, Supplemental Figure 3-3 left column). Dyes with a 

homogenous signal, also exhibited a reproducible exponential decline in fluorescent 

signal throughout the spheroid (Figure 3-5). Alternatively, dyes with a punctate signal 

exhibited a more variable sawtooth-like decrease in signal throughout (Supplemental 

Figure 3-6B). For all dyes, best-fit lines containing correlation values lower than 0.9 

were excluded from further analysis.  
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Figure 3-5. Fluorescent signal loss throughout the z-depth of spheroids exhibits a 
reproducible, exponential decay function. KGN cell monolayers were labeled with 
CTG, trypsinized, counted, and seeded at varying cell numbers to form spheroids with 
diameters ranging from 50-µm to 200-µm. After 24-hours, confocal images were 
acquired and cross-sectional images (x, z) were reconstructed (A,B). Fluorescent 
signal loss results in a reproducible “bowl”-like pattern throughout spheroids, where 
brightest signal occurred along outer spheroid edge up until the equator, where the 
signal was dimmer in central portions (B). To assess the distance into live spheroids 
that could be imaged, the average fluorescent intensity was measured along that 
central z-axis for each confocal slice (B, yellow line). For each spheroid, the average 
intensity was normalized by peak fluorescent signal, plotted as a function of its z-
depth, and the best-fit exponential decay curve was calculated from 50-𝜇m past the 
peak signal (B, red line). Representative graphs for spheroids with a 50-µm (C), 100-
µm (D), and 150-µm (E) diameters are shown. 
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To compare the effect of size on depth of imaging, we compared the slope of the 

exponential decay function from spheroids of variable radii. Slope was binned as a 

function of radii, then plotted for each dye (Figure 3-6). For the four dyes tested, the 

slope of the exponential decay function increased as radii increased, indicating that 

smaller spheroids possessed a steeper decline in signal throughout the z-depth when 

compared to larger spheroids (Figure 3-6).  

 

3.4.4 Ratio imaging corrects for loss of fluorescence throughout the z-depth. 

To determine if ratio imaging could be used to correct for loss throughout the z-depth, 

KGN cell monolayers were uniformly labeled with both CTR and CTDR, trypsinized, 

and seeded at varying cell densities to form spheroids of variable radii. After 24-hours, 

confocal z-stacks were acquired and fluorescence along the central z-axis was measured 

(Supplemental Figure 3-5B). Fluorescence of both CTG and CTDR were plotted as a 

function of z-depth (Figure 3-7A, B). Since the spheroid was uniformly with both dyes, 

fluorescence should hypothetically be the same throughout the z-depth, however, the 

signal of both dyes declined as a function of z-depth (Figure 3-7A, B). To normalize the 

attenuation, CTG fluorescence was divided by CTDR fluorescence at each confocal slice, 

and vice versa. This normalized signal was then plotted as a function of z-depth (Figure 

3-7C, D). Once normalized, both dyes exhibit a more uniform signal throughout the z-

depth (Figure 3-7C, D).  

 

To confirm quantitatively that ratio imaging yielded a more uniform signal throughout, 

we performed a coefficient of variation (CV) analysis, according to the following  
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Figure 3-6. Cumulative loss of total spheroid fluorescence increases as a function 
of spheroid size.  KGN cell monolayers were labeled with four fluorescent dyes: 
CTR, CTV, CTG, CTDR. After staining, monolayers were trypsinized, counted, and 
seeded at varying cell numbers to form spheroids of range of sizes. Confocal images 
were analyzed to determine the average fluorescent signal along the central z-axis, 
which was then normalized to peak fluorescence, and plotted as a function of z-depth 
for every spheroid. The best-fit exponential decay was calculated from 50-𝜇m past the 
peak signal. To evaluate the effect of spheroid size on the rate of loss, the slope of the 
exponential decay function was compared. Spheroids were binned into 10-µm bins 
based on radii. The average slope was calculated for each range of radii and plotted as 
a function of radii for each of following fluorescent dyes: CTG (A), CTV (B), CTR 
(C), and CTDR (D). For all dyes tested, the slope of the exponential decay function 
increased as a function of spheroid radii, which implied that the rate of signal loss was 
greater for small spheroids versus larger spheroids despite being the same cells and 
labeled with the same dye. 
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Figure 3-7. Ratio imaging reduces variation throughout the z-depth. KGN cell 
monolayers were labeled with both CTG and CTDR, trypsinized, counted, and seeded 
at varying numbers to form spheroids. After 24-hours, confocal images were acquired 
and analyzed to measure the fluorescent signal along the central z-axis. Data from two 
representative spheroids are shown (A, C – 50𝜇m radii; B, D – 75𝜇m radii). The 
signal for both CTG (green) and CTDR (red) was plotted as a function of z-depth (A, 
B). To perform ratio imaging, the signal of each dye was divided by the other dye at 
each slice, and plotted as a function of its z-depth (C, D). To evaluate the effect of 
ratio imaging, the average and standard deviation of fluorescent signal along the 
central z-axis was computed. A CV analysis was performed for each spheroid for each 
dye both pre- and post-normalization (E). Lower CV values indicate less variation 
throughout the z-depth (E). 
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equation: 𝐶𝑉 = 	 @D.c?1.
d1?>de?

.  For every spheroid and each dye, the average and standard 

deviation of fluorescence throughout the entire z-depth was computed both pre- and post-

normalization. Hypothetically, assuming there was no loss, fluorescence should be 

homogenously labeled throughout the z-depth, thus possessing a low standard deviation 

relative to the average. However, without normalization, fluorescence decreases 

throughout the z-depth for both CTG and CTDR, resulting in a CV of approximately 0.5 

(Figure 3-7E).  However, after normalization of the CTG signal to the CTDR signal and 

vice versa, the CV value was reduced to approximately 0.12 showing that variation in 

fluorescence throughout the z-depth can be reduced by ratio imaging. 

 

3.5 DISCUSSION 

Needed for drug discovery and toxicity testing are new, more predictive high throughput 

in vitro assays that more accurately mimic the biological complexity of human organs 

and tissues [1,2,5,22]. Multi-cellular spheroids are emerging as a possible solution, but 

challenges still remain with respect to work flow, spheroid formation, long term stability 

of spheroids and the high magnification imaging of spheroids necessary to acquire the 

quantitative high content information that spheroids can provide [1,2,5,10,23]. In addition 

to improved in vivo-like differentiation and function, much of this high content 

information is due to the fact that, like native tissues, spheroids have multiple cell layers 

that create gradients (e.g., oxygen, nutrients, metabolites) and barriers (e.g., drug 

transport, signaling) [4,6-8,24]. Biological activities in these microenvironments can be 

probed using a wide variety of fluorescent dyes along with confocal microscopy. But, to 
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assess these activities as a function of radial position within a spheroid, it is critical that 

the images are high magnification to get accurate quantitative depictions. 

 

In this paper, we aimed to increase assay throughput by designing and evaluating a mold 

system that formed spheroids directly within a 96-well plate, and then imaging the plate 

using a 20X water objective of a high-throughput confocal microscope.  We acquired z 

stacks of living spheroids that were uniformly labeled with four different fluorescent dyes 

and quantified the loss of fluorescent signal as we imaged deeper into each spheroid. 

Unlike planar specimens where signal loss is a relatively simple function of z-depth, the 

curved nature of spheroids creates a more complex pattern. In 3D renderings, spheroids 

appear as bowl-like with a bright signal around the edges and a dampened signal in the 

interior. To better understand fluorescence signal distribution prior to developing 

biologically-driven assays, we quantified fluorescence of four dyes as a function of 

overall signal from entire spheroid, the rate of decrease throughout the z-depth, as well as 

the influence of spheroid size on these stacks of images. Furthermore, we used ratio 

imaging to demonstrate that loss throughout the z-depth can be compensated. 

 

Prior to assessing fluorescence signal, we first designed and evaluated the mold’s ability 

to form spheroids of reproducible size at precise locations. We molded four micro-wells 

into agarose in each well of a 96 well plate, thus forming four replicate spheroids per well 

that were placed at precise x, y and z locations within each well.  The x, y locations 

corresponded to the centers of the four boxes in the imaging grid used by the 20X water 
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objective. These x, y locations improve work flow by obviating the need to pre-scan a 

plate to find spheroid locations and/or having to stitch together adjacent images of 

spheroids that span grid lines. Placement of spheroids in a precise z location also 

improves work-flow since spheroids can be found at a predictable distance from the plane 

of initial focus. This fixed position reduces the number of confocal z slices needed to 

reliably image the entire spheroid. Moreover, the autofocus function can be used with our 

design because, unlike round bottom low attachment plates typically used to form 

spheroids in a high-throughput format, our mold is compatible with flat bottom well 

plates.  Although agarose micro-wells are curved to aid in the self-assembly of spheroids, 

agarose has a refractive index nearly equal to that of water (1.334 vs. 1.3329 of water), 

thus should not scatter light more significantly than a water interface would [25]. Lastly, 

the agarose micro-wells have been shown to provide a stable cell culture platform for the 

long term, up to 4-week culture of spheroids of certain cell types [14,15,26]. 

 

We controlled spheroid size by altering the number of cells seeded into each well. When 

the same number of cells were seeded across an entire plate, the variation of spheroid 

radii was approximately 10% of its mean. Spheroid size could be controlled by altering 

the input number if cells, with higher seeding densities yielding larger spheroids. Over 

the range of sizes tested, variation of spheroid radii was also approximately 10% of the 

mean for all sizes. A number of factors probably contribute to variation in spheroid radii 

including pipetting errors and variation of the radius of the input cells (KGN cells 12 +/- 

1µm). Control over spheroid size and uniformity of size are important because the 

biology of spheroids is often linked to their size. For example, spheroids with diameters 
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significantly greater than 200µm often have necrotic cores with dead and dying cells due 

to the limitations of diffusion. For some cancer models, large spheroids with necrotic 

cores are thought to mimic the complexity of tumors in vivo [12,22,27]. But for other 

assays, such as those that use primary cells or that wish to replicate normal physiology, 

smaller spheroids are preferable with their high viability and lack of confounding 

influences associated with apoptotic/necrotic core.  

 

Furthermore, the ability to perform confocal microscopy of an entire spheroid is 

dependent on their size. For small spheroids with diameters in the range of 50µm, we 

found there was minimal loss of fluorescence throughout the z stack. The entire spheroid 

could be imaged and for each slice the increase in cross-sectional area of the spheroid 

correlated with an increase in the total fluorescence.  This was true for all four dyes 

tested. Depending on the assay, small spheroids may be sufficient. Our spheroids with 

50µm diameters contain approximately 2-3 cell layers from the surface of spheroid to its 

edge. This number would vary depending on a number of factors including the oblate 

shape of the spheroid, the size of the cell type used and if the spheroid undergoes 

morphological changes such as the formation of luminal structures [15]. For assays using 

small spheroids that want to quantitate activity as a function of radius, an entire z stack 

could be obtained or a single confocal slice at about the equator may be sufficient for 

analysis.  
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Some assays may require larger spheroids with increased cell layers, however, we found 

that for spheroids with diameters above 50µm, there was an associated loss of signal. For 

all dyes tested, the signal loss increased as spheroid radii increased. Most importantly, 

this loss was not uniform throughout the spheroid. Unlike a planar specimen that will 

undergo uniform loss across each slice of a z-stack, in a spheroid, the loss of fluorescence 

was far greater in the interior versus its outer edges due to its curvature. Additionally, 

confocal slices beyond a certain z-depth into a spheroid are not accurate quantitative 

representations of fluorescence as a function of radial position within that slice, since the 

signal from interior portions would not differ from background noise. Furthermore, we 

hypothesized that regardless of size, the rate of loss throughout the central z-axis would 

exhibit an exponential decay function with similar rate of loss for first 50µm. However, 

even the rate of fluorescent decrease throughout the z-depth was dependent upon spheroid 

size, with smaller spheroids possessing a steeper rate than larger ones. This might imply 

that smaller spheroids scatter light more than large spheroids, despite possessing the same 

starting cell types and dyes. Therefore, to avoid differences between large and small 

spheroids, restricting spheroid size to a set range of radii would be beneficial when 

developing quantitative fluorescent assays.  

 

This non-uniform overall fluorescent signal and its variable rate of loss complicates the 

ability to compensate for signal loss throughout a z-stack. To address the shortcomings 

associated with confocal imaging of large spheroids, there are various methodologies and 

approaches. For example, the depth of imaging in cleared samples is increased [19-22]. 

Although we have not tested it, we suspect that, like our live cell experiments, there is a 
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reliable depth into cleared samples from which accurate radial information can be 

obtained from a given slice. However, utilizing this technique limits the type of assays 

that can be performed to fixed, end-point assays, since clearing is not compatible with 

live cell imaging.  An alternative approach to acquiring live cell images deep within large 

spheroids could be the use of two photon microscopy, however we are not aware of a two 

photon microscope designed for high throughput automated imaging. Alternatively, one 

could limit spheroid size, 3D portions, or single confocal slices of spheroids to analyze 

only a set size and z-depth, where reliable quantitative information can be obtained. As 

shown by the data with small spheroids, this distance may be about 50µm. However, 

depending on the experimental assay, data from small spheroids or portions of spheroids 

may not be accurate quantitative depiction and require the use of larger spheroids. 

Additionally, to compensate for signal loss and reduce variability throughout the z-depth, 

one could utilize ratio imaging, however, ratio imaging does not overcome the physical 

limitations of confocal microscopy, and thus is still only effective for certain range of 

sizes. 

 

Overall, the use spheroids for high throughput screening affords numerous advantages, 

including in vivo-like differentiation, function and architecture, as well as drug 

sensitivities comparable to tumors [6-7,27,29]. Moreover, spheroids have been formed 

from immortal cell lines as well as primary cells [14,15,26]. Additionally, since they are 

self-assembled from mono-dispersed cells, spheroids have been formed from mixtures of 

two or more cell types to make designer spheroids that can mimic even more complex 

tissue units [30]. Applications of spheroids, some of which have been adapted to high 
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throughput formats, include toxicity testing, drug transport, and drug discovery 

[3,4,23,24]. Spheroids also create complex microenvironments that include gradients, 

barriers, polarity, cell-cell signaling as well as significant changes to cell physiology, 

morphology and differentiation [2,4,5]. These changes to the microenvironment will vary 

along the 3D radius of a spheroid. To accurately quantify these biological changes as a 

function of radii, the quantitative limitations of confocal imaging of spheroids must be 

understood. In this paper, we addressed some of the challenges of quantifying the bowl-

like 3D image of spheroids. These studies set the stage for designing quantitative 

spheroid based assays for automated high throughput screening.  
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3.10 SUPPLEMENTAL FIGURES 

 

 
Supplemental Figure 3-1. Hypothetical maximal fluorescence derived from the 
cross-sectional area of confocal slices was used to determine the percent 
fluorescent loss for each spheroid. 
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Supplemental Figure 3-1. Hypothetical maximal fluorescence derived from the 
cross-sectional area of confocal slices was used to determine the percent 
fluorescent loss for each spheroid. KGN cell monolayers were labeled with four 
different fluorescent dyes (CTG, CTV, CTR, CTDR), trypsinized, counted, and seeded 
at various cell numbers to form spheroids with a range of diameters. After 24-hours of 
self-assembly, confocal images of the spheroids were obtained. The cross-sectional 
area and fluorescence of the spheroid within each confocal slice was measured. To 
compute the hypothetical maximal fluorescence for each spheroid, the measured 
fluorescence for each confocal slice was plotted versus its cross-sectional area (A). 
Assuming there was no fluorescent loss due to imaging limitations, the fluorescence of 
each confocal slice should increase proportionally to the increase in cross-sectional 
area until the spheroid equator, beyond which there would be a mirror decrease. 
However, fluorescent signal decreased as a function of z-depth for spheroids, 
therefore, fluorescence as a function of cross-sectional area was only linear for a 
portion of the curve. The best-fit line of the linear region was computed for every 
spheroid with each fluorescent dye tested (A). The hypothetical fluorescent signal was 
computed for every confocal z-slice of the spheroid through the use of the following 
equation: 𝐹𝑙\]^2D\?DBfd3 = 𝑚	(𝐶𝑆𝐴) + 	𝑏.  Both the measured and hypothetical 
fluorescence were then plotted as a function of their z-depth (B). To determine the 
total measured (D) and hypothetical (C) fluorescent signal of each spheroid, the area 
under the curve was calculated.  The percent fluorescent loss of each spheroid was 
calculated according to the following equation: %	𝐹𝑙. 𝐿𝑜𝑠𝑠 = 	 (	5klmno	p	5klqr<sqt	)

5klmno
    

(E). This series of steps and calculations were performed for every spheroid for each 
of the four fluorescent dyes tested.  

. 
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Supplemental Figure 3-2. Loss of fluorescent signal occurs deeper within the z-
depth for spheroids labeled with CTV. KGN cell monolayers were labeled with 
CTV, trypsinized, counted, and seeded at varying cell numbers to form spheroids with 
diameters ranging from 50-𝜇m to 200-𝜇m. Confocal images were acquired, and 
orthogonal contrast images of representative spheroids of 50-𝜇m (A), 100-𝜇m (B), and 
150-𝜇m (C) diameters were rendered (left column). For each spheroid, the measured 
fluorescence at each confocal slice was plotted as a function of its z-depth (white 
lines). The data are plotted versus the hypothetical fluorescence for each confocal 
slice, which was calculated assuming no loss of fluorescent signal (black lines). 
Representative graphs for spheroids with a 50-𝜇m (A), 100-𝜇m (B), and 150-𝜇m (C) 
diameters are shown (right column). For small spheroids (50-𝜇m), the plot of 
measured and hypothetical fluorescence were mostly overlapping throughout the z-
depth (A, right column) As spheroids increased in radii, the plots of measured 
fluorescence fell short of hypothetical fluorescence as z-depth into spheroid increased 
(B, C right column). (scale bar is 40-𝜇m). 
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Supplemental Figure 3-3. Loss of fluorescent signal occurs deeper within the z-
depth for spheroids labeled with CTR. KGN cell monolayers were labeled with 
CTR, trypsinized, counted, and seeded at varying cell numbers to form spheroids with 
diameters ranging from 50-𝜇m to 200-𝜇m. Confocal images were acquired, and 
orthogonal contrast images of representative spheroids of 50-𝜇m (A), 100-𝜇m (B), and 
150-𝜇m (C) diameters were rendered (left column). For each spheroid, the measured 
fluorescence at each confocal slice was plotted as a function of its z-depth (white 
lines). The data are plotted versus the hypothetical fluorescence for each confocal 
slice, which was calculated assuming no loss of fluorescent signal (black lines). 
Representative graphs for spheroids with a 50-𝜇m (A), 100-𝜇m (B), and 150-𝜇m (C) 
diameters are shown (right column). For small spheroids (50-𝜇m), the plot of 
measured and hypothetical fluorescence were mostly overlapping throughout the z-
depth (A, right column) As spheroids increased in radii, the plots of measured 
fluorescence fell short of hypothetical fluorescence as z-depth into spheroid increased 
(B, C right column). (scale bar is 40-𝜇m). 
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Supplemental Figure 3-4. Loss of fluorescent signal occurs deeper within the z-
depth for spheroids labeled with CTDR. KGN cell monolayers were labeled with 
CTDR, trypsinized, counted, and seeded at varying cell numbers to form spheroids 
with diameters ranging from 50-𝜇m to 200-𝜇m. Confocal images were acquired, and 
orthogonal contrast images of representative spheroids of 50-𝜇m (A), 100-𝜇m (B), and 
150-𝜇m (C) diameters were rendered (left column). For each spheroid, the measured 
fluorescence at each confocal slice was plotted as a function of its z-depth (white 
lines). The data are plotted versus the hypothetical fluorescence for each confocal 
slice, which was calculated assuming no loss of fluorescent signal (black lines). 
Representative graphs for spheroids with a 50-𝜇m (A), 100-𝜇m (B), and 150-𝜇m (C) 
diameters are shown (right column). For small spheroids (50-𝜇m), the plot of 
measured and hypothetical fluorescence were mostly overlapping throughout the z-
depth (A, right column) As spheroids increased in radii, the plots of measured 
fluorescence fell short of hypothetical fluorescence as z-depth into spheroid increased 
(B, C right column). (scale bar is 40-𝜇m). 
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Supplemental Figure 3-5. The loss of fluorescent signal within spheroids is 
dependent upon three axis positional (x, y, z) location.  

. 
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Supplemental Figure 3-5. The loss of fluorescent signal within spheroids is 
dependent upon three axis positional (x, y, z) location. KGN cell monolayers were 
labeled with CTG, trypsinized, counted, and seeded at varying cell numbers to form 
spheroids with diameters ranging from 50-µm to 200-µm. Confocal z-stacks were 
acquired, and confocal slices at the equator, 30°north, 60°north, 30°south, and 
60°south were taken for further analysis (A).  Representative confocal slices for 
an100𝜇m diameter spheroid at equator, 30°south, 60°south, and 30°north were 
rendered (B). The fluorescent signal was relatively homogenous across confocal slices 
south of the equator, whereas at the equator there was a marked dampening of signal 
in the central portion compared to the outer edge (B). To quantify the difference in 
fluorescence across confocal slices, the average fluorescence across the cross-sectional 
(x, y) radii was computed by averaging individual fluorescent values from a series of 
concentric rings (C). The average fluorescent signal was plotted as a function of its 
cross-sectional radii for the confocal slices 30°north (dashed red lines), 60°north 
(dashed blue lines), 30°south (solid red lines), 60°south (solid blue lines), and the 
equator (black lines). Representative graphs for spheroids with a 50-µm (D), 100-µm 
(E), and 150-µm (F) diameters are shown. For smaller spheroids (~50𝜇m diameter), 
the average fluorescent intensity across the cross-sectional radii was relatively 
constant for confocal slices up until the equator (C). For larger spheroids (~150𝜇m 
diameter), even below the equator, the fluorescent signal was markedly decreased in 
the center as compared to edge (E). (scale bar is 30-µm). 

. 
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Supplemental Figure 3-6. Signal loss throughout the z-depth of spheroids exhibits 
a reproducible, exponential decay function for all dyes. KGN cell monolayers were 
labeled with CTV, CTR, CTDR, trypsinized, counted, and seeded at varying cell 
numbers to form spheroids with diameters ranging from 50-µm to 200-µm. After 24-
hours, confocal images were acquired. To assess the distance into live spheroids that 
could be imaged by confocal microscopy, the average fluorescent intensity was 
measured along that central z-axis for each confocal slice. For each spheroid, the 
average intensity was normalized by peak fluorescent signal, plotted as a function of 
its z-depth, and the best-fit exponential decay curve was calculated from 50-𝜇m past 
the peak signal. Representative graphs for spheroids labeled with CTV (A), CTR (B), 
or CTDR (C) are shown at the following radii: 50-µm (left column), 100-µm (middle 
column), and 150-µm (right column).. 
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4.1 ABSTRACT 

Connexins are membrane proteins that form gap junctions (GJ), which form direct 

channels of communication between cells in multiple organ systems. Since GJ are 

involved in many biological processes and disruption of gap junction intercellular 

communication (GJIC) has been linked to numerous pathologies, identifying compounds 

that interfere with GJIC is crucial. Traditional methods to study GJIC in vitro are low-

throughput, performed in 2D cell monolayers, may induce cellular damage, and/or 

require the use of specialized skills. In this study, we have developed a method to assess 

GJIC in a high throughput format within 3D spheroids, a more physiologically relevant 

platform with increased cellular interactions and communication. Spheroids, four per 

well, were formed in a 96 well plate, and imaged using the 20X water objective of a high-

throughput confocal microscope.  We acquired z-stacks of living spheroids that were 

dynamically taking up fluorescent calcein dyes and distributing them via GJIC 

throughout its 3D radius. To account for the complexity of acquiring quantitative 

fluorescence from confocal z-stacks of spheroids, ratio imaging was utilized. We 

optimized the spheroid-based GJIC assay with respect to dye choice and labeling time, 

spheroid size, and means of fluorescent quantitation, by assessing the effect of treatment 

with and without carbenoxolone, a GJIC inhibitor. The 3D spheroid-based GJIC assay 

measured GJIC inhibition by quantifying the differences in fluorescence distribution 

across the 2D/3D radius. 

 

KEYWORDS: Gap Junctions, Spheroids, Image Quantification, Confocal Microscopy 
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4.2 INTRODUCTION 

Gap junctions (GJ) are channels that directly connect the cytoplasm of adjacent cells thus 

enabling intercellular communication (GJIC) [1]. GJ allow the passive diffusion of small, 

hydrophilic molecules, such as ions, metabolites, nutrients, and second messengers from 

one cell to the next [1,2]. GJ play key communicatory roles in a variety of organ systems, 

ranging from the brain to the heart [3-8]. For example, GJ facilitate electrical impulse 

propagation within the heart as well as neurons, help regulate vascular resistance, and 

coordinate follicular growth and maturation [4,5,8]. GJ dysregulation can lead to 

arrhythmias or tumor promotion [7,9,10]. GJIC can be modified by a variety of 

mechanisms, such as alterations in the functional state or channel permeability, or 

reduction in the overall number of channels [11].  Furthermore, GJIC can be negatively 

affected by a range compounds, from environmental toxicants, such as bisphenol A and 

cigarette smoke particulates, to pharmaceuticals, such as carbenoxolone and clotrimazole 

[12-16]. Different drugs and toxicants may alter GJIC via different mechanisms yielding 

different results. For example, certain drugs, such as carbenoxolone, mefloquine, and 

quinine, block gap junction communication, but its effects are reversible [15,17-19]. 

Whereas, other drugs, such as lipopolysaccharide, irreversibly block gap junctions 

[20,21]. Alternatively, other drugs, such as trimethylamine and quinolone, act to enhance 

GJIC [22,23].  Regardless of the mechanism, the altered level of communication between 

cells could lead to disturbances in homeostasis, which dependent upon the scenario may 

be beneficial or detrimental. For example, some GJ openers, such as quinolone, may lead 

to reduction in cancerous tumor growth, however, alternative GJ openers, such as 

trimethylamine, may induce seizures [22,23].  
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To study GJIC in vitro, there are variety of methods that assess the movement of 

fluorescent dyes between cells [1]. For example, microinjection, scrape loading, and 

electroporation load cells with membrane impermeable dyes and GJIC is measured by 

monitoring the passage of fluorescent signal to neighboring cells [24-31]. Gap-FRAP 

(fluorescence recovery after photobleaching) photobleaches a small area of fluorescently 

labeled cells and GJIC is measured by monitoring the recovery of the fluorescent signal 

from neighboring cells [32,33]. In a pre-loading assay, fluorescently labeled cells are 

added on top of unlabeled cell monolayers, and GJIC is measured by monitoring dye 

transfer to the monolayer [34,35].  Each of these techniques has its own advantages and 

disadvantages [1].  For example, microinjection, scrape-loading, electroporation, and 

gap-FRAP induce damage to the cells [24-33]. Overall, these techniques are time-

consuming, low throughput, and some require specialized skills [1]. Furthermore, they all 

utilize cell monolayers to evaluate GJIC in two-dimensions (2D) [1].  

 

In this paper, we used confocal microscopy to develop a method to assess GJIC in 3D 

spheroids in a high throughput format. Spheroids afford numerous advantages over 2D 

monolayer cultures, including improved physiological relevance and increased cell-cell 

interactions and communication [36-43]. To measure GJIC, spheroids were incubated 

with membrane permeable calcein derivatives that are converted by cellular esterases into 

impermeable fluorescent molecules, which can pass from cell-to-cell within spheroids via 

GJ  [1,44]. Fluorescence within the labeled spheroids was assessed by acquiring a z-stack 

of images for each spheroid using a high throughput confocal microscope. The assay was 
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optimized with respect to calcein derivative (calceinAM  versus calein-red-orange-AM 

(calceinRO)), time of incubation with calcein prior to imaging, and spheroid size. To 

evaluate these optimizations, the effects induced by a well-known GJIC inhibitor at a 

dose known to block connexin-43, 100𝜇M carbenoxolone (CBX), were compared to 

untreated spheroid controls [45,46]. Measurement of GJIC, required us to determine the 

best method to quantify calcein fluorescence as a function of spheroid radius from the z-

stack of images. However, quantitation is complex due to the loss of fluorescence as a 

function of increasing depth as well as the spherical shape of the spheroid (Figure 4-1) 

[47-49]. To improve accuracy, we uniformly labeled cells prior to spheroid formation 

with different fluorescent dyes (CellTrackerTM Red CMPTX (CTR) or CellTrackerTM 

Green CMFDA (CTG)), and used ratio imaging for quantitation. We used these ratios to 

evaluate several different methods of quantifying fluorescence as function of spheroid 

radius and determined the best method by performing a Z-factor analysis.  

 

4.3 MATERIALS and METHODS 

4.3.1 Micro-mold fabrication and hydrogel formation. 

Molds, designed using computer-assisted design (CAD) (Solidworks, Concord, MA), 

consisted of a base platform upon which lay a series of 6 rows by 8 columns of pegs, with 

each peg designed to fit within one well of 96-well plate (Sensoplate Plus, Grenier Bio 

One). Atop each peg were 4 conical-shaped micro-posts. Molds were milled out of 

aluminum (Proto Labs, Inc, Maple Plain, MN). 
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To form hydrogels, 90-𝜇L of sterile molten UltraPure Agarose (Fisher Scientific, 

Waltham, MA) (2% weight/ volume in phosphate buffered saline) was pipetted into each 

well and the mold was inverted on top of the 96-well plate allowing the micro-posts to be 

submerged in agarose. The mold was removed after 10-minutes, after the molten agarose 

solidified. Each agarose hydrogel contained 4 micro-recesses where spheroids would be 

formed. Prior to spheroid formation, hydrogels were equilibrated with 150-𝜇L of serum-

free DMEM (Life Technologies, Grand Island, NY) supplemented with 1% 

penicillin/streptomycin for 24 hours incubating at 37°C with 10% CO2. 

 

4.3.2 Cell culture, spheroid formation, fluorescent dye labeling, and drug 

treatment. 

Human ovarian granulosa (KGN) cells were grown in DMEM with 10% fetal bovine 

serum (FBS) (Fisher Scientific, Waltham, MA) and 1% penicillin/streptomycin at 37°C 

with 10% CO2. Once confluent, cell monolayers were labeled with either 5µM 

CellTrackerTM Red CMPTX (CTR) (Life Technologies, Grand Island, NY) or 5µM 

CellTrackerTM Green CMFDA (CTG) (Life Technologies, Grand Island, NY). To label 

monolayers, serum-containing medium was removed from the culture flasks, and flasks 

were washed once with serum-free DMEM. Fluorescent dyes were reconstituted in 

serum-free DMEM, and incubated with the cell monolayer for 30-minutes at 37°C with 

10% CO2. After labeling, medium was exchanged with fresh serum-free DMEM, and 

incubated for 15-minutes at 37°C with 10% CO2. The labeled cell monolayers were 

harvested using 0.05% trypsin, concentrated by centrifugation at 120 x g for 6-minutes, 

and counted. Cells were washed once with serum-free DMEM and spun down at 120 x g 
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for 6-minutes. Cells were re-suspended in serum-free DMEM at a concentration of 

200,000-cells/mL. A 20-µL aliquot of cell suspension was pipetted into the loading dock 

of each hydrogel to form four spheroids each composed of approximately 1,000-cells. 

After allowing the cell suspension to settle to the bottoms of the micro-recesses for 30-

minutes, 150-µL of serum-free DMEM was added per well. Cells self-assembled into 

spheroids for twenty-four hours prior to the addition of a calcein dye. Spheroids labeled 

with CTR were incubated with 2.5µM calcein-AM (calceinAM) (Life Technologies, 

Grand Island, NY), while spheroids labeled with CTG were incubated with 2.5µM 

calcein-red-orange-AM (calceinRO) (Life Technologies, Grand Island, NY). To inhibit 

gap junction intercellular communication (GJIC), spheroids were incubated with 100µM 

carbenoxolone (CBX) for five hours prior to the addition of a calcein dye. 

 

4.3.3 Microscopy and image analysis measurements. 

To image spheroids, the Opera PhenixTM High Content Screening System (Perkin Elmer, 

Waltham, MA, USA), equipped with proprietary SynchronyTM Optics consisting of a 

Nipkow spinning microlens disk in conjunction with pinhole disk and 2 sCMOS cameras, 

was used. Fluorescent images for each dye were acquired using the 20x water objective 

in conjunction with two excitation lasers: 488-nm for CTG and calceinAM, 561-nm for 

CTR and calceinRO. Confocal z-stacks of spheroids were acquired every 5-µm for a total 

of 375-µm.  
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Confocal images were analyzed via two different image analysis software programs: 

Imaris (Bitplane, Belfast, UK) and ImageJ (National Institutes of Health, Bethesda, MD, 

USA). With Imaris, confocal images were rendered as 3D objects, and a mask of the 

outer spheroid surface was created (Supplemental Figure 4-2B, C). Total volume and 

center (x, y, z) position was measured for each spheroid, and its average radii was 

computed by the following equation: 𝑟 = 	 &
%
S23.
U

V
. The 3D rendering was cropped to 

remove images north of the equator, as identified by the center z-position, thus forming a 

hemisphere (Supplemental Figure 4-2D, E). The outer surface underwent a distance 

transformation in order to create a series of concentric shells, eroding inwards in 5µm 

increments (Supplemental Figure 4-2F). The volume, calcein, and CelltrackerTM (CT) 

fluorescence were computed for every shell of the hemisphere (Supplemental Figure 4-

2G). With ImageJ, the spheroid’s perimeter was identified by thresholding the calcein 

signal, subsequently eroded in 5µm increments creating a series of concentric shells for 

each confocal image (Supplemental Figure 4-1B, C, D). The same set of shells were 

applied to the corresponding CT signal for each confocal image of spheroid 

(Supplemental Figure 4-1E). The cross-sectional area, calcein, and CT fluorescence 

were computed for every shell at every image (Supplemental Figure 4-1F). 

 

4.3.4 Data Analysis. 

To determine the staining patterns associated with the use of certain dyes and labeling 

methods, the “fluorescence per area” for each shell was calculated by dividing the total 

CT or calcein fluorescence of a given shell by the cross-sectional area of that shell. To 
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evaluate this distribution across the spheroid radius, the “fluorescence per area” was 

plotted as a function of its radial location.  

 

To determine the effects of inhibition of GJIC on the penetration of calcein inwards, two 

different approaches were evaluated: (1) the equatorial confocal image or (2) the southern 

hemisphere of the spheroid. For both approaches, the calcein fluorescence was 

normalized by the CT fluorescence for each shell. Additionally, each shell’s radial 

position was normalized by the total number of shells, with a value of “1” indicating the 

outer shell of spheroid, and value of “0” indicating the spheroid center. For both the 

equatorial confocal image and the southern hemisphere of the spheroid, three different 

data analysis methods were computed: 

(1) the ratio of calcein/CT fluorescence was plotted as a function of its normalized 

radial position for each confocal image, and the area under the curve was 

calculated.  

(2) the ratio of the fluorescence of the center core to the outer shell at the equatorial 

confocal image was computed according to the equation below:  

𝑅𝑎𝑡𝑖𝑜 − 𝑐𝑜𝑟𝑒: 𝑜𝑢𝑡𝑒𝑟	𝑠ℎ𝑒𝑙𝑙 = 	

𝐹𝑙f2>?
𝐹𝑙2{D?>	@\?33 fd3f?B|

𝐹𝑙f2>?
𝐹𝑙2{D?>	@\?33 l}

 

(3) the ratio of the middle two shells to the outermost two shells was computed 

according to the following equation, where “n” is the outermost shell, “n-1” is the 

2nd outermost shell, and so forth: 
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𝑅𝑎𝑡𝑖𝑜 − 𝑚𝑖𝑑𝑑𝑙𝑒	𝑠ℎ𝑒𝑙𝑙: 𝑜𝑢𝑡𝑒𝑟	𝑠ℎ𝑒𝑙𝑙 = 	

𝐹𝑙|p& + 𝐹𝑙|p%
𝐹𝑙| + 𝐹𝑙|p~ fd3f?B|
𝐹𝑙|p& + 𝐹𝑙|p%
𝐹𝑙| + 𝐹𝑙|p~ l}

 

For all of these different methods of data analysis, the average and standard deviation 

was calculated for spheroids treated with or without the gap junction inhibitor, CBX. 

 

4.3.5 Statistical Analysis. 

To compare the effect of CBX on GJIC for all methods of data analysis, a two-tailed 

Student’s t-test was performed with a significance level of 0.05   

 

To evaluate which method of data analysis provided the best separation between the 

positive control (CBX treatment) and negative control (no drug), we performed a Z-factor 

analysis, according to the equation below: 

𝑍 = 1 −	
3 𝜎^2@ + 𝜎|?e
𝜇^2@ − 𝜇|?e

 

Achieving a Z-factor values above 0.5 implies excellent separation between positive and 

negative controls, whereas achieving Z-factor less than zero implies too much overlap 

between positive and negative controls to be an effective assay at screening numerous 

compounds [50]. 
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4.4 RESULTS 

4.4.1 Spheroid fluorescence is dependent on the method of dye incorporation and 

location in the spheroid. 

To assess gap junction intercellular communication (GJIC) within 3D spheroids, we 

measured the penetration of membrane permeable calcein dyes, calceinAM or calceinRO. 

Upon entering cells, calcein dyes are converted into membrane impermeable fluorescent 

molecules that can penetrate deeper into spheroids through functional gap junctions. To 

account for the limitations of confocal imaging of spheroids, we used ratio imaging by 

uniformly labeling cells with a CellTrackerTM (CT) dye prior to spheroid formation 

(Figure 4-1). Monolayers of KGN cells were labeled with a CT dye, either CTR or CTG, 

trypsinized, counted, seeded into hydrogels, and allowed to self-assemble into spheroids. 

After 24-hours, spheroids were incubated with a calcein dye (calceinAM was added to 

CTR-labeled spheroids, while calceinRO was added to CTG-labeled spheroids). After 

approximately 70-minutes of incubation, confocal images were acquired using the 20X 

water objective. Representative confocal images (x, y) were assessed at 30°south (30°S), 

60°south (60°S), 60°north (60°N), and the equator of a spheroid either (1) uniformly 

labeled with a CT dye prior to spheroid formation (Figure 4-2A, C) or (2) labeled with a 

calcein dye via diffusion and GJIC into the spheroid (Figure 4-3A, C). The fluorescent 

signal of the CTR and CTG dyes was relatively homogenous across each confocal image 

(Figure 4-2A, C). Alternatively, the fluorescent signal of images from spheroids 

incubated with calceinAM or calceinRO, showed a gradient across each image, with the 

brightest signal occurring around the outermost cell layer (Figure 4-3A, C). For both  
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Figure 4-1. Quantitation of GJIC is complicated by limitations of confocal 
imaging. KGN spheroids were labeled with fluorescent dyes two different ways: (1) 
uniformly labeled by using a CT dye to label the individual cells used to form the 
spheroids, or (2) diffusion/GJIC driven by labeling spheroids with a calcein dye. For 
uniformly labeled spheroids, the diagram shows that fluorescence should 
hypothetically be uniform and equivalent at the (x, y) equator and the (x, z) plane (B, F 
- right side, shown in red). However, due to the limitations of confocal imaging, loss 
of fluorescence occurs with increasing z-depth. Fluorescence of the equatorial image 
(x, y) of a spheroid labeled with CT (D) is bright and uniform as are the images below 
the equator. But for images above the equator, fluorescence declines as shown by the 
(x, z) plane image of a spheroid labeled with CT (H).  Alternatively, for spheroids 
labeled with calcein which is driven by diffusion/GJIC, the diagram depicts a gradient 
of fluorescence with the highest intensity near the spheroid surface. In theory, the 
equatorial plane (x, y) and the (x, z) plane should have a similar gradient pattern (B, F - 
left side, shown in green) because calcein should penetrate the spheroid evenly in all 
directions. The (x, y) equatorial image of a spheroid labeled with calcein shows this 
gradient (C), however the image of the (x, z) plane shows the gradient pattern only in 
the southern hemisphere, whereas in the northern hemisphere, there is no gradient and 
minimal fluorescence due to a loss of fluorescent signal deeper into the z-depth (G). 

. 
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Figure 4-2. Labeling cells with fluorescent dyes prior to spheroid formation yields 
uniform fluorescence throughout the spheroid. KGN cell monolayers were labeled 
with either CTR (A, B) or CTG (C, D), trypsinized, counted, and seeded to form 
spheroids. After 24-hours, confocal z-stacks were acquired. Representative confocal 
images for at equator, 30°south, 60°south, and 60°north were rendered for either CTR 
(A) or CTG (C). For both dyes, the fluorescent signal was relatively homogenous 
across each of the confocal images, however, the overall signal began to dampen at 
confocal images deeper into the z-depth (equator, 60°north) (A,C). To quantify the 
fluorescence distribution across each confocal image, the perimeter of the spheroid 
was identified, and then eroded every 5µm to form a series of concentric shells. For 
each shell, the total fluorescence was divided by its cross-sectional area and plotted as 
a function of radial position (B, D). For both CTR and CTG, the average fluorescent 
signal across the radius is relatively even across for each confocal image (B, D). 
However, for both dyes, the overall fluorescent signal decreases in value for images 
deeper in the z-depth (B,D). (scale bar is 50𝜇m). 
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Figure 4-3. Calcein labeling of spheroids creates a gradient of fluorescence 
decreasing inwards from the spheroid surface. KGN cell monolayers were 
trypsinized, counted, and seeded to form spheroids. After 24-hours, spheroids were 
labeled with either calceinAM (A,B) or calceinRO (C,D) and confocal z-stacks were 
acquired. Representative confocal images for the equator, 30°south, 60°south, and 
60°north were rendered for either calceinAM (A) or calceinRO (C). For both dyes, the 
fluorescent signal was brightest along the spheroid’s perimeter, and decreased towards 
the center. Additionally, the overall signal began to dampen at confocal images deeper 
into the z-depth (equator, 60°north) (A,C). To quantify the fluorescence distribution 
across each confocal image, the perimeter of spheroid was identified, and then eroded 
every 5µm to form a series of concentric shells. For each shell, the total fluorescence 
was divided by its cross-sectional area and plotted as a function of radial position (B, 
D). For both caleinAM and calceinRO the fluorescent signal across the radius is 
greatest along the spheroid perimeter and decreases when moving towards the 
spheroid center (B, D). However, for both dyes, the overall fluorescent signal is 
decreased for images deeper in the z-depth (B,D). (scale bar is 50𝜇m). 
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methods of staining, overall fluorescence decreased with z-depth, with the brightest 

images occurring south of the equator (30°S and 60°S) (Figure 4-2A, C, Figure 4-3A, 

C). 

 

To quantify fluorescence along the spheroid’s radius, the perimeter of the spheroid was 

detected a for each image using the calcein signal, and a series of concentric shells were 

formed by eroding inwards every 5-µm (Supplemental Figure 4-1B, C, D). The same 

set of shells were applied to the corresponding CT signal for each confocal image 

(Supplemental Figure 4-1E). For each shell, the total area and fluorescence of the CT 

and calcein dyes were measured, and the fluorescence per area was computed and plotted 

as a function of its radial location (Figure 4-2B, D, Figure 4-3B, D). For CT dyes, 

fluorescence per area was comparable for each shell due to the uniform labeling (Figure 

4-2B, D). Alternatively, for calcein dyes, the fluorescence per area was greatest at the 

outer shell and decreased inwards toward the spheroid center (Figure 4-3B, D).  

Therefore, we can quantify calcein fluorescence as it penetrates inwards, and distinguish 

its staining pattern from a uniformly labeled CT fluorescent signal. These data also 

revealed that regardless of labeling method, fluorescence decreased significantly for 

confocal images north of the equator and so subsequent analyses were based only on the 

images of the southern hemisphere (Figure 4-2B, D, Figure 4-3B, D). 

 

4.4.2 CalceinRO outperforms calceinAM as an indicator of GJIC. 

To determine which calcein dye was better for assessing GJIC, we evaluated calceinAM 

versus calceinRO on spheroids treated with and without carbenoxolone (CBX) an 
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inhibitor of GJIC. KGN cell monolayers were first labeled with a CT dye, either CTR or 

CTG, trypsinized, counted, and seeded into hydrogels to form spheroids. After self-

assembling for 24-hours, spheroids were either incubated with or without CBX (+/- 

CBX) for five hours prior to the addition of a calcein dye. CalceinAM was added to 

spheroids labeled with CTR, while calceinRO was added to spheroids labeled with CTG.  

After approximately 80-minutes of incubation with the calcein dyes, confocal z-stacks 

were acquired and equatorial images were taken for further analysis. All spheroids 

possessed a gradient of calcein fluorescence with the brightest signal occurring around 

the perimeter (Figure 4-4A, C). However, the gradient of fluorescence of spheroids 

treated with CBX experienced a sharper decline compared to untreated controls (Figure 

4-4A, C).  

 

To quantitatively compare the performance of the calcein dyes, we quantified calcein 

fluorescence as a function of radius for the equatorial images. The perimeter of the 

equatorial images was detected and a series of concentric shells were formed by eroding 

inwards every 5-µm for both the calcein and CT images (Supplemental Figure 4-1B, C, 

D, E). For each shell, calcein and CT fluorescence were measured, and the calcein signal 

was normalized to the CT signal to account for both minor differences in spheroid size 

and limitations of confocal microscopy.  To account for differences in total fluorescence 

between spheroids, the ratio of calcein/CT was normalized to its maximum value and 

plotted as a function of normalized radial position (Figure 4-4B, D).  When treated with 

CBX, the amount of fluorescence reaching the center for both calcein dyes was reduced 

(Figure 4-4B, D).  However, for spheroids labeled with calceinRO, the difference  
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Figure 4-4. CalceinRO is more effective than calceinAM as a reporter of GJIC.  
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Figure 4-4. CalceinRO is more effective than calceinAM as a reporter of GJIC. 
KGN cell monolayers were labeled with either CTR or CTG, trypsinized, counted, and 
seeded into agarose hydrogels to form spheroids. After self-assembling for 24-hours, 
spheroids were incubated either with or without the gap junction inhibitor, CBX, for 5-
hours prior to the addition of a calcein dye. CalceinAM was added to spheroids 
labeled with CTR, while calceinRO was added to spheroids labeled with CTG. 
Confocal z-stacks of spheroids were acquired and the equatorial image was taken for 
further analysis. Representative equatorial images were rendered for spheroids that 
were treated with CBX or without CBX and labeled with either calceinAM (A) or 
calceinRO (C). For both dyes, the fluorescent signal was brightest along the spheroid’s 
perimeter, and decreased towards the center (A, C). Additionally, for spheroids treated 
with CBX, the decline in fluorescence appeared sharper (A, C). To quantify the 
fluorescence distribution across each confocal image, the perimeter of the spheroid 
was identified via calcein fluorescence, and then eroded every 5µm to form a series of 
concentric shells. The same set of concentric shells were applied to the CT channel.  
For each shell, the calcein fluorescence was divided by its CT fluorescence, 
normalized by its maximum ratio, and plotted as a function of its normalized radial 
position (B, D). Representative graphs for spheroids treated +/- CBX labeled with 
calceinAM (B) or calceinRO (D) were plotted. For both calceinAM and calceinRO, 
the spheroids treated with CBX (white squares) possessed a lower normalized 
fluorescent signal across the spheroid radius than their non-treated counterparts (black 
squares) (B, D). However, calceinRO labeled spheroids possessed a larger separation 
between the +/- CBX groups (D). To quantitatively compare the separation between 
+/- CBX for both calceinAM and calceinRO, the AUC was measured for each 
spheroid, and the average and standard deviation was computed for each dye (E). 
Spheroids labeled with calceinRO exhibited a greater and statistically significant 
separation between +/- CBX treatment than spheroids labeled with calceinAM (E). 
(scale bar is 50𝜇m). 

. 
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between control and CBX treatment was greater than spheroids labeled with calceinAM 

(Figure 4-4B, D).  To quantify this difference in signal, we calculated the AUC and 

computed the average and standard deviation for spheroids treated +/- CBX for both 

calcein dyes (Figure 4-4E, Table 4-1). The difference in the AUC between +/- CBX-

treatment was both greater and statistically significant for spheroids labeled with 

calceinRO versus calceinAM (Figure 4-4E, Table 4-1).  To determine if CBX altered the 

total calcein dye taken up by spheroids, we examined the non-normalized data for 

spheroids labeled with calceinAM and calceinRO. Calcein/CT was plotted as a function 

of its radial position for the equatorial image (Supplemental Figure 4-3A, C). 

Furthermore, we quantified the effect CBX induced on overall fluorescent signal by 

summing the calcein and CT fluorescence of each shell, and normalizing the total calcein 

by total CT fluorescence for each equatorial image. CBX treatment did not significantly 

alter total fluorescence of spheroids labeled with calceinRO, however, CBX treatment did 

increase total fluorescence of spheroids labeled with calceinAM over non-treated controls 

(Supplemental Figure 4-3, B, D, E).  

 

4.4.3 Spheroid size and calceinRO incubation time need to be optimized. 

To evaluate the influence of spheroid size, we tested the effect of CBX on a range of 

sizes (radii 30-60𝜇m). KGN cell monolayers were labeled with CTG, trypsinized, 

counted, and used to form spheroids which were either incubated with or without CBX 

for five hours prior to the addition of calceinRO. After approximately 80-minutes of 

incubation, confocal z-stacks were acquired, and equatorial images analyzed. Compared 

to spheroids with 60𝜇m radii, fluorescence of smaller spheroids (30- and 45𝜇m radii) was  
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higher and could qualitatively reveal the differences between treatment groups (Figure 4-

5A, C, E). To quantify the fluorescent distribution throughout spheroids of variable radii, 

the perimeter of the equatorial images was detected and a series of concentric shells were 

formed. For each shell of the equatorial image, the ratio of calceinRO/CTG fluorescence 

was normalized by its maximum value and plotted as a function of its normalized radius 

(Figure 4-5B, D, F). For small and larger spheroids (30- and 60𝜇m radii), the difference 

between control and CBX treatment was minimal (Figure 4-5B, I). However, spheroids 

of intermediate size (45𝜇m radii) showed a significant difference (Figure 4-5D).   

 

To determine the optimal time of calceinRO labeling, KGN spheroids that were pre-

labeled with CTG and treated +/- CBX, were incubated with calceinRO and confocal z-

stacks were acquired at different times, starting 30-minutes after the addition of 

calceinRO. Acquiring confocal z-stacks (75 z-images, 2 fluorescent channels) for 4 

spheroids per well takes approximately one minute, therefore, as opposed to evaluating a 

single spheroid over time, each well of 96-well plate represents a specific time point.  

Thirty minutes after the addition of calceinRO, fluorescence distribution across the radius 

appeared qualitatively similar for spheroids treated +/- CBX with minimal fluorescent 

signal reaching the center (Figure 4-6A). Over the time-course of 80-minutes, the level 

of calcein signal reaching the center increased for untreated spheroids, but appeared 

unchanged for spheroids treated with CBX (Figure 4-6A). To quantitatively evaluate the 

effect of calceinRO incubation time, the equatorial image of each spheroid was analyzed 

by forming concentric shells, measuring calcein and CT fluorescence, and computing the 

ratio of calceinRO/CTG fluorescence for each shell. This ratio was normalized by its 
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Figure 4-5. Spheroid size is integral in quantifying differences in fluorescent 
signal.  
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Figure 4-5. Spheroid size is integral in quantifying differences in fluorescent 
signal. KGN cell monolayers were labeled with CTG, trypsinized, counted, and 
seeded into agarose hydrogels to form spheroids. After self-assembling for 24-hours, 
spheroids were incubated either with or without the gap junction inhibitor, CBX, for 5-
hours prior to the addition of calceinRO. After incubation with calceinRO for 80-
minutes, confocal z-stacks of spheroids were acquired and the equatorial image was 
taken for further analysis. Representative equatorial images were rendered for 
spheroids that were treated with CBX or without CBX of variable radii ranging from 
30µm (A), 45µm (C), to 60µm (E). Regardless of spheroid size, the fluorescent signal 
was brightest along the spheroid’s perimeter, and decreased towards the center for 
both +/- CBX treatment (A, C, E). Additionally, for spheroids treated with CBX, the 
decline in fluorescence seemed sharper for spheroids under 50µm (A, C). However, 
for larger spheroids (60µm), the loss of fluorescent signal made it difficult to discern 
qualitative differences between +/- CBX (E).  To quantify the fluorescence 
distribution across each confocal image, the perimeter of the spheroid was identified 
via calceinRO fluorescence, and then eroded every 5µm to form a series of concentric 
shells. The same set of concentric shells were applied to the CTG channel.  For each 
shell, calceinRO fluorescence was divided by its CTG fluorescence, normalized by its 
maximum ratio, and plotted as a function of its normalized radial position (B, D, F). 
Representative graphs were plotted for spheroids treated +/- CBX for spheroids of 
variable radii ranging from 30µm (B), 45µm (D), to 60µm (F). For both small 
spheroids (30µm) and larger spheroids (60µm), there was minimal separation between 
CBX-treated spheroids (white squares) and non-treated groups (black squares) (B, F). 
For 45µm radius spheroids, there was a clear difference between +/- CBX treated 
spheroids (D). (scale bar is 50𝜇m). 

. 
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Figure 4-6. The distinction between +/- CBX increases with time. 

. 
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Figure 4-6. The distinction between +/- CBX increases with time. KGN cell 
monolayers were labeled with CTG, trypsinized, counted, and seeded into agarose 
hydrogels to form spheroids. After self-assembling for 24-hours, spheroids were 
incubated either with or without the gap junction inhibitor, CBX, for 5-hours prior to 
the addition of calceinRO. Confocal z-stacks of spheroids were acquired and the 
equatorial image was taken for further analysis. Representative equatorial images were 
rendered for spheroids that were treated with CBX or without CBX at various time 
points (~30-, ~45-, ~70-, and ~80 minutes after the addition of calceinRO)  (A). 
Regardless of time point, the fluorescent signal was brightest along the spheroid’s 
perimeter, and decreased towards the center for both +/- CBX treatment (A). At early 
time points (30-minutes), spheroids treated +/- CBX appeared qualitatively similar 
with minimal fluorescent signal reaching the center (A). As incubation time with 
calceinRO increased, a greater fluorescent signal appeared from the center of non-
treated spheroids, alternatively for CBX-treated spheroids, the fluorescent signal from 
the center did not appear to increase with time (A).  To quantify the fluorescence 
distribution across each confocal image, the perimeter of spheroid was identified via 
calceinRO fluorescence, and then eroded every 5µm to form a series of concentric 
shells. The same set of concentric shells were applied to the CTG channel.  For each 
shell, calceinRO fluorescence was divided by its CTG fluorescence, normalized to its 
maximum value, plotted as a function of normalized radii, and the AUC was 
calculated. The average and standard deviation was calculated for each well and 
plotted as a function of time (B). Thirty minutes after the addition of calceinRO, there 
was no difference in signal between CBX-treated spheroids (white squares) and no 
drug treatment (black squares) (B). As time progresses the separation between +/- 
CBX treated spheroids increased (B). (scale bar is 50𝜇m). 
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maximum value, plotted as a function of its normalized radius, and the AUC was 

calculated. The average and standard deviation of the AUC was computed for each well 

and plotted as a function of time (Figure 4-6B). At the beginning of the time series (~30-

minutes) there was no difference in calceinRO distribution between control and CBX 

treated spheroids (Figure 4-6B, Table 4-2). As time progressed, the difference between 

control and CBX treatment increased with largest difference occurring after 70-minute 

incubation (Figure 4-6B, Table 4-2). 

 

4.4.4 All tested methods of data analysis yielded statistical differences between +/- 

controls, but that does not imply ample separation with respect to Z-factor 

analysis. 

To determine the best method to quantify GJIC, we tested two different approaches on 

the same data set. We analyzed confocal z-stacks of KGN spheroids prelabeled with CTG 

and incubated calceinRO for 70 minutes by either evaluating (1) just the equatorial 

image, or (2) the entire southern hemisphere of spheroid.   For both approaches, the 

spheroid perimeter was detected and 5-𝜇m concentric surfaces were applied to both the 

calceinRO and CTG fluorescent channels (Supplemental Figure 4-1, Supplemental 

Figure 4-2).  The calceinRO/CTG signal for each shell of the equatorial image and the 

set of hemispheric images was then evaluated by three different methods: (a) normalizing 

to maximum value, plotting as a function of normalized radial position, and measuring 

the AUC, (b) calculating the ratio of fluorescence in the core normalized by outer shell, 

or (c) calculating the ratio of fluorescence in the middle shell normalized by outer shell 

(Figure 4-7A, C, E).  These six calculations were done on every spheroid, and the  
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Figure 4-7. CBX inhibits calcein diffusion into the spheroid.   
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Figure 4-7. CBX inhibits calcein diffusion into the spheroid.  KGN cell monolayers 
were labeled with CTG, trypsinized, counted, and seeded into agarose hydrogels to 
form spheroids. After self-assembling for 24-hours, spheroids were incubated either 
with or without the gap junction inhibitor, CBX, for 5-hours prior to the addition of 
calceinRO. After incubation with calceinRO for 70-minutes, confocal z-stacks of 
spheroids were acquired. Both the equatorial image and southern hemisphere of 
spheroid were taken for further analysis. To quantify the fluorescence distribution 
across the equatorial image and southern hemisphere, the perimeter of spheroid was 
identified, and then eroded every 5µm to form a series of concentric shells. The same 
set of concentric shells were applied to both the CTG and calceinRO signals.  For each 
shell, calceinRO fluorescence was divided by its CTG fluorescence. For each 
spheroid, this normalized calceinRO/CTG fluorescence was then evaluated in three 
different ways: (1) further normalized by its maximum ratio, plotted as a function of 
its normalized radial position, and subsequently measuring the AUC (A, B), (2) 
calculating the ratio of core to outer shell fluorescence (C, D), (3) calculating the ratio 
of middle to outer shell fluorescence (E, F). For each method of data analysis, the 
average and standard deviation was calculated for spheroids treated with CBX (white 
bars) or without any drug (black bars) (B, D, F). For every method of analysis, CBX-
treated spheroids had statistically significant lower amounts of calceinRO fluorescence 
penetrating inwards than their non-drug treated counterparts (B, D, F). 
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average, standard deviation, and statistical significance were calculated for spheroids 

treated +/- CBX (Figure 4-7B, D, F, Table 4-3). To compare analysis methods, a Z-

factor analysis was performed. All six analysis methods showed that CBX inhibition of 

GJIC was statistically significant (Table 4-3). However, to be considered useful for a 

high throughput drug discovery screen, there must also be good separation between the 

control and treatment groups, as measured by the Z-factor, which evaluates the 

differences between the averages, and the variation about the mean. Of the six methods 

tested, the ratio of the middle shell to the outer shell of the hemispheric images yielded 

the largest Z-factor (Table 4-3). 

 

4.5 DISCUSSION 

Gap junctions perform a critical role in cellular communication throughout the body, and 

disruption of physiologic GJIC could lead to various pathologies [1,6-10]. To study GJIC 

in vitro, we have developed a 3D spheroid model that quantifies fluorescence distribution 

patterns throughout its radius. Although spheroids are biologically advantageous over 

traditional 2D monolayer approaches, acquiring accurate quantitative information from 

confocal z-stacks of 3D spheroids is more complex [39,43,47]. To address some of these 

imaging complexities, we utilized ratio imaging to normalize the uptake and distribution 

of calcein penetration into 3D spheroids. With this spheroid model, we acquired z-stacks 

of living spheroids that were dynamically taking up fluorescent calcein dyes and 

distributing them via GJIC throughout its 3D radius. We tested the ability of our system 

to detect CBX-mediated inhibition of GJIC. We optimized our model with respect to 
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calcein dye choice and incubation time, spheroid size, and data analysis approach in order 

to enhance the separation between the positive and negative controls (+/- CBX). 

 

Prior to assessing gap junction inhibition within 3D spheroids, we first assessed the 

ability of our system to quantify the penetration of calcein throughout spheroids. To do 

so, cells were first self-assembled into spheroids and then incubated with either 

calceinAM or calceinRO. When adding a fluorescent dye to spheroids, the dye must enter 

the outer cell layer prior to diffusing towards the spheroid center, thereby establishing a 

gradient of fluorescence from outer edge to core. When evaluating the diffusion of 

calcein dyes into spheroids, the greatest signal occurred at the edge of spheroid with a 

gradient of signal decreasing towards the center. However, a limitation of confocal 

microscopy of spheroids is the loss of fluorescent signal deeper into the z-depth [47-49]. 

We have previously shown that for larger spheroids (diameter < 50𝜇m), loss is not 

uniform across the confocal image but rather is preferentially greater in the center of 

spheroid [47]. Therefore, when developing a gap junction assay that quantifies 

fluorescence along the 3D radius, these effects needed to be minimized and so spheroid 

size was restricted. Additionally, to ensure that this gradient of signal is due to calcein 

penetration and not signal loss due to the limitations of confocal imaging, we used ratio 

imaging by staining the cells used to form spheroids with a CT dye.  By normalizing 

calcein fluorescence to CT fluorescence at each location in the spheroid we control for 

changes in fluorescence due to the limitations of confocal imaging of spheroids as well as 

small variations in spheroid size. 
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To develop a spheroid-based GJIC assay, we optimized several parameters; choice of 

calcein dye, time of incubation with calcein dye, spheroid size, timing of confocal 

imaging, and method of quantitative analysis. All were done with and without CBX 

treatment, a well-known inhibitor of GJIC [45,46]. We tested two calcein dyes, 

calceinAM and calceinRO. CalceinRO provided a greater separation between +/- CBX 

treatment groups compared to calceinAM. There could be a variety of attributes 

contributing to the better performance of calceinRO, ranging from differing 

excitation/emission spectra to differing chemical properties. However, calceinAM is a 

substrate for the efflux pump p-glycoprotein (P-gp), a pump expressed by KGN cells 

[44,51]. Moreover, we have previously shown that CBX inhibits P-gp in KGN spheroids 

[44]. For calceinAM-labeled spheroids, the addition of CBX increased the overall amount 

of fluorescence versus controls. But this was not the case for calceinRO-labeled 

spheroids treated with CBX, as the total fluorescence was comparable with and without 

CBX treatment. CBX treatment did inhibit GJIC in both calceinRO-labeled and 

calceinAM-labeled spheroids because the proportion of total calcein fluorescence in the 

outer shell of the spheroid was increased versus controls. These data suggest that 

calceinRO is not a P-gp substrate or a weak substrate, which may be part of the 

explanation as to why it outperformed calceinAM in our assay. 

 

Assessing GJIC is a live cell assay, where the uptake and distribution of calcein 

throughout a spheroid is a dynamic process that starts when dye is added. Moreover, the 

acquisition of confocal z-stacks of two fluorescent channels (75 images per channel), for 

4 spheroids per well, for an entire 96-well plate takes approximately 100-minutes. 
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Therefore, if a dynamic process is completed within minutes after addition of compound, 

then performing confocal microscopy of an entire 96-well plate would not be a relevant 

technique to use. Our previous research assessing GJIC in 3D spheroids indicated that 

calceinAM penetration and distribution throughout the spheroids occurred on a time-scale 

of hours, as opposed to minutes, thus confocal microscopy could be performed [44]. 

Alternatively, if confocal z-stacks are acquired too quickly after the addition of calcein 

dyes, then there may not be a detectable level of calcein present in the spheroid, let alone 

penetrating towards the spheroid center. Therefore, if calcein does not have adequate time 

to travel through gap junctions towards spheroid center, then +/- CBX treatment groups 

would exhibit the same staining patterns, and we would not be able to visualize or 

quantify differences between groups. We found that calceinRO should be incubated with 

spheroids for at least 70-minutes prior to imaging in order to provide adequate separation 

between +/- CBX treatment groups. Furthermore, since it requires approximately 1-

minute to image one well, we need to either (1) dramatically reduce the amount of z-

images needed per image location, or (2) account for the dynamic changes that could 

occur over 90-minutes and design the 96-well plate set-up accordingly. For example, our 

confocal microscope acquires images in a snake-like pattern moving from one column to 

the next across a 96-well plate. To account for dynamic changes that may occur across 

the plate, the positive control (+CBX) and negative control (no drug) should be included 

within each column. The images of the negative control (no drug) should be acquired 

first, while the positive control (+CBX) should be acquired last. Control spheroids 

possess the greatest amount of fluorescence reaching the core, and amounts will increase 

over time. Imaging the negative control 8-minutes prior to the positive control may 
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reduce the difference between +/- controls, but it will ensure that differences are real, and 

not due to differences in the time of imaging. 

 

Another critical parameter of the GJIC assay is spheroid size. For spheroids, we need to 

balance the need to increase physiological relevance with multiple cell layers with the 

physical limitations of instrumentation. If spheroid radius is too small, then treatment 

with a GJ inhibitor will have minimal effect since most cells of the spheroid will be in 

close proximity to the reservoir of calcein dye and will not be labeled via GJIC. Our 

studies indicate that spheroids with a radius under 30-𝜇m are too small to observe 

differences between +/- controls. Alternatively, if a spheroid is too large (>60-𝜇m) signal 

loss is extensive, thus differences between +/- controls are dampened. We found that 

maximum difference between positive and negative controls occurred with spheroids 40-

45-𝜇m in radius.  Furthermore, when designing a strategy to measure inhibition of GJIC 

in 3D spheroids, we need to consider the role that spheroid size plays in fluorescence 

quantification. Due to the innate variability of cell type, as well as various pipetting errors 

throughout the experimental set-up, spheroid formation will yield of a range of spheroid 

sizes. With our technique, we aim to achieve a standard deviation approximately 10% of 

its mean.  Therefore, an ideal quantification strategy would not be sensitive to minor 

deviations in spheroid radius.  

 

To determine the best method of data analysis, we tested several computational methods 

focused on either the equatorial image or the stack of images comprising the southern 
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hemisphere. Each approach has advantages and disadvantages. For example, evaluating 

the equatorial image is computationally simple, however, a single image may not be 

representative of the whole spheroid. Furthermore, given the range of spheroid sizes, 

their respective equators could be at different z-heights, making it susceptible to differing 

levels of fluorescent loss, thus adding more variability to the system. Alternatively, 

evaluating the images of the hemisphere is more computationally complex, but more 

representative of the spheroid and the effects of signal loss should be less versus the 

equatorial image. For the equatorial image and the hemispheric images, we also 

compared three different methods to quantify the normalized calcein fluorescent signal: 

(1) the AUC for normalized calcein as a function of radius, (2) the ratio of core to outer 

shell, or (3) the ratio of the middle shell to the outer shell. The AUC accounts for data 

from across the entire 2D or 3D radius of the spheroid, which should be beneficial, 

however difference in fluorescence patterns due to size changes can alter the AUC, 

leading to variability from spheroid to spheroid. Alternatively the ratio of core to outer 

shell, is a simplified approach, however, the core is more susceptible to fluorescent loss. 

Also, the distance traveled by calcein to the core is dependent upon the spheroid radius, 

thus increasing variability. However, the ratio of middle shell to outer shell circumvents 

some of these issues. With this method, calcein diffuses a fixed distance to reach the 

middle shell, whereas the distance to the core may vary depending on the size of the 

spheroid. Also, the middle shell is less affected by loss of fluorescent signal than the core. 

To compare these analysis methods, we performed a Z-factor analysis which examines 

the separation between the averages of +/- controls and the variability of the standard 

deviation about those means [50]. Although taking the ratio of the middle to outer shell in 
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the southern hemisphere did not have the largest separation between the +/- CBX 

averages, its variation about their mean was small, thus contributing to a higher Z-factor 

than any other method of data analysis.  

 

In this paper, we have developed a high throughput assay to measure GJIC within 

spheroids. Spheroids afford numerous biological advantages over more traditional 

approaches to study GJIC, including increased physiological relevance with multiple cell 

layers, increased cell-cell contacts and communication [39,43]. Despite their biological 

advantages, acquiring quantitative information from confocal z-stacks of spheroids is 

more complex than traditional 2D cell monolayers [47,48]. The spheroid-based GJIC 

assay substitutes calceinRO for calceinAM, is optimized for spheroid size, uses ratio 

imaging to correct for limitations of confocal imaging, and provides a quantitation 

method to analyze the data. Because GJ are involved in many biological processes and 

disruption of GJIC has been linked to numerous pathologies, this assay may be useful for 

identify drug candidates and environmental toxicants that interfere with GJIC. 
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4.10 SUPPLEMENTAL FIGURES  

 
 

Supplemental Figure 4-1. Individual confocal images were analyzed to measure 
fluorescence distribution across 2D radius. Confocal z-stacks were acquired for 
spheroids labeled with both a CT and calcein dye, and the equatorial images were 
taken for analysis (A). The equatorial calcein image was imported into ImageJ and 
thresholded to identify the spheroid containing region (B, C). The outer perimeter of 
the spheroid was identified and subsequently eroded every 5𝜇m to form a series of 
concentric shells (D). The same set of shells was applied to the CT fluorescent channel 
(E). For each shell, the area, the calcein signal, and the CT signal were measured (F). 
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Supplemental Figure 4-2. Spheroids were rendered as hemispheres to measure 
fluorescence distribution across 3D radius. Confocal z-stacks were acquired for 
spheroids labeled with both a CT and calcein dye, and the southern hemisphere of the 
spheroid was analyzed (A). First, the entire z-stack was imported into Imaris, rendered 
in 3D (B), and the surface of the spheroid was identified (C). The center point of the 
spheroid (x, y, z), total volume, calcein-, and CT fluorescence were measured. To 
minimize the effects of fluorescent signal loss, the 3D rendering was cropped at the 
equator, leaving only the southern hemisphere (D, E). The outer surface of the 
spheroid was eroded every 5𝜇m to form a series of concentric hemi-shells (F). The 
same set of shells were applied to both the CT and the calcein fluorescent channels. 
For each shell, the volume, the calcein signal, and the CT signal were measured (G). 
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Supplemental Figure 4-3. CBX increases total fluorescence of calceinAM but not 
calceinRO labeled spheroids.  
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Supplemental Figure 4-3. CBX increases total fluorescence of calceinAM but not 
calceinRO labeled spheroids. KGN cell monolayers were labeled with either CTR or 
CTG, trypsinized, counted, and seeded into agarose hydrogels to form spheroids. After 
self-assembling for 24-hours, spheroids were incubated either with or without the gap 
junction inhibitor, CBX, for 5-hours prior to the addition of a calcein dye. CalceinAM 
was added to spheroids labeled with CTR, while calceinRO was added to spheroids 
labeled with CTG. Confocal z-stacks of spheroids were acquired and the equatorial 
image was taken for further analysis. To quantify the fluorescence distribution across 
each confocal image, the perimeter of the spheroid was identified via calcein 
fluorescence, and then eroded every 5µm to form a series of concentric shells. The 
same set of concentric shells were applied to the CT channel.  For each shell, the 
calcein fluorescence was divided by its CT fluorescence, and the calcein/CT signal 
was plotted as a function of its normalized radial position (A, C). Representative 
graphs for spheroids treated +/- CBX labeled with calceinAM (A) or calceinRO (C) 
were plotted. For calceinAM, spheroids treated with CBX (white squares) possessed a 
higher calceinAM/CTR fluorescent signal at the outer edge than their non-treated 
counterparts (black squares), with both lines converging to same value at spheroid 
center (A). However, for calceinRO, spheroids treated +/- CBX possessed a similar 
calceinRO/CTG signal at the outer edge, and then diverged with CBX-treated 
spheroids possessing an overall lower signal at spheroid center (C). To quantify the 
difference in fluorescent signal induced by CBX, the calcein and the CT fluorescence 
of each shell were summed, and the total  calcein fluorescence was normalized by the 
total CT fluorescence. The total calcein/CT ratio was computed for each spheroid, and 
the average and standard deviation were calculated for spheroids treated +/- CBX (B, 
D, E). For calceinAM, spheroids treated with CBX had a statistically significant 
increase in overall fluorescent signal compared to non-treated counterparts (B, E). For 
calceinRO, untreated spheroids had a slightly higher overall fluorescent signal than 
CBX-treated spheroids, although the result was not statistically significant (D, E). 



 
 

191 

 

 
CHAPTER 5 

 

 
5 Conclusions, Discussion, & Future Directions 

 
 
                                                                                                                     

 

 
 
 
 
 
 
 

 

 

 

 

 

 



 
 

192 

5.1 OVERVIEW 

In vitro models are integral tools in every biological field that possess a range of purposes 

from: examining physiology, modeling disease progression, as well as evaluating efficacy 

or toxicity of compounds [1-4]. Traditionally, in vitro modeling has predominantly 

utilized two-dimensional (2D) cell monolayers, which can be easily formed and assessed, 

relatively cheap, and adaptable to high-throughput screening. However, utilizing a single 

layer of cells attached to a plastic substrate fails to capture the complexity found in vivo 

[1]. To better mimic the in vivo environment, three-dimensional (3D) multicellular 

spheroids can be utilized. 3D spheroid models have been utilized for over hundred years 

to study a range of biological processes [2,5]. Throughout this time-frame, spheroids 

have been shown to approximate the cell density found in vivo, possess increased levels 

of cell-cell interactions and intercellular communication, as well as maintain a more 

differentiated state, and recapitulate organ-specific processes [2, 6-12]. Spheroids, with 

their multiple cell layers, will naturally form concentration gradients of nutrients, oxygen, 

carbon dioxide, and pH along its 3D radius [13,14]. These gradients give rise to 

variations within a single spheroid, thus individual cells will experience different 

microenvironments depending upon their location. This phenomenon cannot be 

recapitulated within 2D cell monolayers, as every cell experiences the same physiological 

conditions. Therefore, by probing with fluorescent dyes and microscopy, alterations in 

cellular behavior induced by changes in microenvironment can be assessed. Additionally, 

similar to the in vivo environment, the multiple cell layers within a spheroid form barriers 

to transport and diffusion [13,14]. By incubating spheroids with fluorescent compounds, 

uptake, diffusion, and distribution throughout spheroids can be modeled over time [4,15]. 
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To further increase complexity, secondary compounds can be added that block or alter 

the uptake and distribution throughout. Overall, 3D spheroids can model complex 

biological processes in an in vitro setting.  

 

A critical component in advancing the use of spheroids for quantitative in vitro modeling 

is determining the appropriate spheroid size. In order to quantify differences in biology 

throughout the spheroid, the radius must be large enough. If a spheroid is too small (1-3 

cell layers), every cell within the spheroid could have protrusions reaching the outermost 

layer providing access to the reservoir of nutrients, dyes, compounds, thus preventing the 

formation of gradients. In order to achieve quantifiable differences within spheroids, 

multiple cell layers are necessary, with a larger number of cell layers yielding starker 

changes throughout. However, there is also an upper biological limit to spheroid size, as 

oxygen and nutrients can only diffuse 200-𝜇m into the spheroid [15,16]. Creating 

spheroids larger than the diffusion limit will yield formation of apoptotic/necrotic cores, 

which could be useful for studying cancer biology, however, should be avoided for 

forming healthy tissues [3,15,17].   

 

Furthermore, the key biological advantage of spheroids, its three-dimensionality, is also 

its potential downfall with respect to quantitative fluorescence microscopy. Acquiring 

quality images of thin, 2D cell monolayers is relatively straightforward regardless of the 

microscopy technique used. However, the increased tissue thickness of spheroids creates 

issues while imaging, with variable constraints dependent upon the type of microscopy 
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performed. For example, for wide-field epifluorescence images, emitted fluorescent light 

can be captured for spheroids up to a height of 205-µm [18]. However, for confocal 

microscopy, fluorescent loss starts to occur immediately, with striking signal loss 

occurring approximately 50-µm into the z-depth [19,20]. This limit can be improved upon 

with tissue clearing techniques, which increase visualization up to approximately100-µm 

into a spheroid [19,20]. However, tissue clearing is not amenable to live cell imaging, 

thus limiting its usefulness to fixed, endpoint assays. Alternative microscopy techniques, 

such as multi-photon and light-sheet microscopy, also offer improved visualization into 

z-depth [21,22]. Overall, when developing quantitative spheroid assays, a delicate 

balance must be achieved between the biological need for multiple cell layers and the 

physical limitations of microscopy.  

 

Additionally, spheroid size plays a role in dictating the total amount and subsequent 

distribution patterns of fluorescent signal throughout. In order to eliminate potential 

differences in fluorescent signal due to size, there are two options: (1) restrict spheroid 

size to be within a set range of radius, or (2) determine appropriate ways to normalize 

fluorescence data to analyze spheroids of different sizes. The process of spheroid 

formation will yield spheroids of variable radii, therefore, understanding how to 

normalize differences due to size is crucial to maximizing the usefulness of spheroids. 

Furthermore, fluorescent data obtained from different imaging systems may experience 

varying sensitivity to deviations of spheroid radius. Therefore, data obtained from each 

imaging system may possess different size-based inclusion criteria for fluorescent 

quantification. Understand the quantitative limitations of each technique is critical to 
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maximize the usefulness of obtainable spheroid data. This dissertation aimed to develop 

quantitative analysis strategies for spheroids to better account for differences in 

fluorescent signal due to size.  

 

In order for spheroids to be truly triumphant over 2D cell monolayers as an in vitro 

modeling tool, the technology must be amenable to high-throughput screening. 

Throughout the past decade, many commercially-available technologies have been 

developed to easily form and image spheroids in a high-throughput manner [23-25]. For 

example, many traditional techniques to form spheroids, such as hanging drop and liquid 

overlay, have been optimized for use with 96- and 384-well plates [23-25]. Additionally, 

confocal microscopy was adapted for use as high content, high throughput imaging 

systems, and there are many systems commercially available [26,27]. Despite these 

technological advances enabling the formation and image acquisition of spheroids in a 

high-throughput manner, there is still a lack of strategies and tools available to accurately 

quantify and interpret data from 3D spheroids [26,27]. For example, there are various 

open-source and commercially available software programs to analyze 3D data sets 

[26,27]. These programs either possess the ability to perform either (1) an in-depth 

analysis of a few spheroids, or (2) a high level, basic batch-able analysis of a large 

number of spheroids [26,27]. However, to fully capitalize on the complex biology of 

spheroids, an in-depth, batch-able 3D image analysis platform is necessary.  
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Developing high-throughput, quantitative, in vitro models using 3D spheroids can be 

distilled to combination of three tools: (1) probes to identify a biological event, (2) 

instrumentation to acquire data, and (3) software to analyze data. However, a successful 

spheroid model requires not only the utilization these tools, but rather demands a 

thorough understanding of both the physical and biological limitations associated with 

utilizing these tools with 3D spheroids.  Overall, this dissertation aimed to advance the 

use of spheroids for quantitative, live-cell fluorescent imaging through examining, 

understanding, and accounting for the increased complexities of working with 3D 

spheroids. 

 

5.2 SUMMARY of MAJOR FINDINGS 

This dissertation laid the framework for developing high-throughput, fluorescent-based, 

quantitative, live-cell assays utilizing 3D spheroids. We evaluated two different forms of 

microscopy, epifluorescence and confocal, with respect to various fluorescent dyes. We 

evaluated how different fluorescent labeling methods would induce differences in 

fluorescent staining patterns in 3D, and subsequently require different quantitative 

analysis strategies. Our general experimental design involved the following steps: (1) pre-

labeling 2D cell monolayers with fluorescent dyes, (2) tryspinizing and harvesting cells, 

(3) seeding into agarose hydrogels to form spheroids, (4) diffusion-labeling fluorescent 

dyes into 3D spheroids, and (5) acquire fluorescent images. Furthermore, we utilized a 

range of spheroid sizes to assess both (1) the induced differences in fluorescent signal, 

and (2) the respective limitations of our quantitative analysis strategies. Finally, by 
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understanding these quantitative limitations, we developed a spheroid model to assess 

changes in fluorescent signal as a function of 3D radius. 

 

5.2.1 Aim 1. Develop accurate quantitative methods to analyze wide-field 

fluorescent images of 3D spheroids. 

First, we assessed how to best extract accurate quantitative data from wide-field 

epifluorescence images of 3D spheroids. To evaluate the role that dye incorporation has 

on fluorescent staining patterns and subsequent quantitative analysis, we labeled 

spheroids two different ways: (1 – pre-labeled) individual cells were labeled with 

fluorescent dyes as 2D monolayers prior to spheroid formation, thus creating uniform 

signal throughout, (2 – diffusion-labeled) fluorescent dyes were added after spheroids 

were formed, thus creating a gradient of signal throughout. Furthermore, to eliminate 

potential differences due to a dye’s chemical properties, the same fluorescent dyes were 

utilized for both labeling methods. To evaluate the effect of size, spheroids of variable 

diameter (80-200-µm) were formed. Time-lapse epifluorescence images were acquired, 

and analyzed to measure total fluorescence and spheroid radii.  

 

As spheroid radius increases, the overall fluorescent signal also increases, but that 

increase does not imply biological changes, but rather a need for fluorescent 

normalization. To determine how to best normalize fluorescence data, changes in 

spheroid surface area and volume as radii increased were modeled and compared to the 

corresponding fluorescent signal changes. For pre-labeled spheroids, fluorescent increase 
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was best predicted by the increase in volume, whereas for diffusion-labeled spheroids, 

fluorescence was best predicted by the increase in surface area. Furthermore, utilizing the 

appropriate normalization strategy can significantly reduce errors and enhance the 

sensitivity and robustness of spheroid-based assays. Reduced variability and improved 

sensitivity increases compatibility with high-throughput screening, since fewer spheroids 

would be needed to discern the statistical differences between experimental groups.  

 

5.2.2 Aim 2. Develop quantitative analysis strategies to analyze confocal z-stacks of 

living 3D spheroids in a high-throughput format. 

Understanding how to accurately quantify wide-field epifluorescent images is useful for 

evaluating overall changes to spheroids, however, it fails to assess complex biological 

changes occurring throughout the 3D radius. Therefore, our second aim evaluated how to 

best assess quantitative data from 3D confocal z-stacks of spheroids. Since confocal 

microscopy of thick tissues is associated with light scatter induced fluorescent loss, 

extricating the gradient of signal induced by diffusion labeling from the gradient of signal 

induced by light scatter would be difficult. Therefore, to understand how light scatter 

effects fluorescent signal throughout 3D spheroids, spheroids were uniformly, pre-labeled 

with four different CellTrackerTM (CT) fluorescent dyes, or variable excitation/emission 

spectra. To evaluate the effect of size, spheroids of variable diameter (40-200-µm) were 

formed. Confocal z-stacks were acquired, and analyzed to measure the spheroid radius, 

and total and positional fluorescent signals throughout the z-depth.  
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Additionally, this experimental study was performed with a high-throughput confocal 

imaging system, thus requiring the adaptation of the 3D PetriDish technology for use 

with 96-well plate. Therefore, we developed a 3D printed micromold to mold agarose 

hydrogels, and subsequently form spheroids directly within a 96-well plate. Spheroid 

formation within the 96-well plate was validated with respect to spheroid size and 

positional (x,y,z) location. Spheroids formed within a designated (x,y) grid system of 

microscope, as well as within a 200-µm range of z-position. Furthermore, spheroid radius 

was controlled by altering input cell number. For each seeding density tested, standard 

deviation was approximately 10% of the mean radius.  

 

Furthermore, with respect to fluorescence quantification, spheroids larger than 50-µm in 

diameter experienced some degree of fluorescent loss further into z-depth. To determine 

the total amount of fluorescent loss throughout the spheroid, the hypothetical 

fluorescence, assuming no loss of signal, for each confocal slice was calculated and 

compared to the measured values, throughout the z-depth of each spheroid. The total 

amount of fluorescent loss increased as a function of spheroid radii, with larger spheroids 

possessing a greater amount of loss. Furthermore, unlike a planar specimen that will 

undergo uniform loss across each confocal slice, the curvature of spheroid yields an 

uneven loss of signal across each slice with increased signal retention along the outer 

perimeter. Furthermore, we found that the rate of fluorescence loss throughout the z-

depth will be different depending on spheroid size, with smaller spheroids possessing a 

higher rate of loss. This non-uniformity in signal loss both (1) across individual confocal 

slices and (2) throughout the z-depth increases the difficulty to compensate for 
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fluorescent signal loss throughout. Ratio imaging can be used to normalize both (1) the 

differences in fluorescent distribution due to size and (2) the non-uniform fluorescent loss 

throughout the spheroid. Furthermore, utilizing ratio imaging reduces the variation in 

fluorescent signal throughout the z-depth.  

 

5.2.3 Aim 3. Develop a high-throughput quantitative assay to assess gap junction 

inhibition in 3D spheroids. 

Throughout the previous aim, we have determined the limitations of acquiring 

quantitative data from confocal z-stacks of spheroids. With this broader understanding of 

how light scatter affects the fluorescence of uniformly labeled dyes, more complex assays 

designed to evaluate biological changes as a function of 3D radius can be developed. 

When designing biologically driven assays, we set the following constraints based off our 

previous research: 

(1) an uniformly, pre-labeled control fluorescent dye should be included in order to 

perform ratio imaging as a means to normalize light scatter effects  

(2) images further than 50-µm into the z-depth are not appropriate for quantitative 

analysis, thus can image either entire spheroids, for radii ~25-µm, or the southern 

hemisphere of spheroids, for radii ~50um 

Given the biological need for increased number of cell layers, only analyzing the 

southern hemisphere of a 50-µm radius spheroid would be more physiologically relevant 

than analyzing the entirety of a 25-µm radius spheroid. 
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To demonstrate the ability to measure biological changes along the 3D radius through 

fluorescent quantification, we developed a model to study gap junction intercellular 

communication (GJIC) within 3D spheroids.  Gap junctions (GJs) are transmembrane 

proteins that form channels between cells allowing for the passage of small molecules 

and ions [28]. GJIC was assessed by monitoring the penetration of calcein fluorescent 

dyes towards the center of spheroid. To quantify the penetration inwards, the spheroid 

was divided into a series of 5-µm concentric shells. Furthermore, ratio imaging was 

performed by normalizing the calcein fluorescence by a uniformly, pre-labeled CT 

fluorescence, prior to any other quantification steps. To develop a model of GJIC within 

spheroids, we optimized a variety of parameters, including: spheroid size, fluorescent dye 

choice and labeling time, and method of fluorescent quantification. To evaluate the 

performance of each optimization the difference between spheroids treated with or 

without the gap junction inhibitor, carbenoxolone (CBX), was assessed. In order to 

maximize separation between spheroids treated with or without CBX, spheroids should 

be labeled with calcein-red-orange-AM (calceinRO), as opposed to calcein-AM 

(calceinAM), for at least 70-minutes prior to acquiring confocal z-stacks. Furthermore, in 

addition to microscopy-related size constraints, additional size constraints must be 

accounted for when developing biological based assays. For example, when spheroid size 

was too small (>30-µm radius), quantifiable differences between spheroids treated with 

or without CBX was minimal, implying that every cell within the spheroid may have 

access to the reservoir of calcein thus minimizing the effect of CBX. To accurately 

quantify GJIC within spheroids, we should aim to form spheroids approximately 40-µm 

radius.  
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Furthermore, to assess how best to quantify GJIC within spheroids, the same dataset 

containing spheroids treated with and without CBX was analyzed multiple different 

ways. Two different portions of spheroid (equatorial confocal image versus southern 

hemisphere) were analyzed in three different ways: (1) comparing the ratio of core to 

outer shell, (2) comparing the ratio of middle to outer shells, (3) comparing the 

distribution across all shells by plotting fluorescence as function of radial location and 

measuring the area under the curve. Calculating the ratio of the middle to outer shells in 

the southern hemisphere yielded (1) a good separation of means between spheroids 

treated with and without CBX and (2) proved to be least sensitive to minor deviations in 

spheroid radius, as evidenced by low standard deviations. Biologically, this outcome is 

logical because (1) calcein must travel a set distance to reach the middle shell as opposed 

to variable distances to reach the core, (2) the middle shell is less susceptible to 

fluorescent loss than the core, especially with respect to analysis of the southern 

hemisphere.  

 

5.3 LIMITATIONS and POTENTIAL SOLUTIONS 

This dissertation provides guidance for the development of high-throughput, quantitative 

assays of 3D spheroids for both wide-field epifluorescence and confocal microscopy.  

Specifically, we evaluated the effect of both spheroid size and method of dye labeling on 

the resulting distribution, acquisition, and quantification of fluorescent signal. Although 

this simplified experimental approach provided general framework for quantitation of 

fluorescence from 3D spheroids, moving towards developing more biologically relevant 
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assays requires further optimization and validation, as evidenced by the development of 

GJIC assay in chapter 4.  Although we have made significant advancements towards 

developing quantitative, live-cell, fluorescent assays in 3D spheroids, more optimizations 

and modifications could be performed to increase the relevance and applicability of the 

model.  

 

First of all, the entirety of the experimental study (fluorescent labeling, spheroid self-

assembly, image acquisition) was completed within 30-hours. Given the short 

experimental time-frame, the cellular retention of fluorescent dyes was high, thus 

yielding bright fluorescent signals.  However, some in vitro models, especially those 

composed of primary or stem-cell derived cells, may require a week or more of 

maturation prior to assessing biological functions [12, 29-31]. In that time-frame, the 

retention of fluorescent dyes would diminish, preventing the acquisition of accurate 

fluorescent signals. Some commercially available fluorescent dyes, such as Qtracker 

dyes, are designed for longer retention times, up to 5-14 days in culture [32]. However, 

performing ratio imaging using a pre-labeled control dye from week(s) prior may not be 

the most effective solution. We have previously shown that for wide-field epifluorescent 

images of spheroids, the signal of a diffusion-labeled dye can be accurately normalized 

by spheroid surface area.  However, given the complexity of quantifying fluorescence in 

confocal z-stacks of spheroids, that simplified approach would not account for all the 

parameters that need to be normalized. Therefore, alternative approaches need to be 

assessed and developed. For example, utilizing cell lines that have been genetically 

engineered to express certain fluorescent dyes, such as GFP or RFP, should yield a 
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uniformly labeled fluorescent signal that would not dampen with increased culture time 

[33-35]. However, the process of engineering stable fluorescent cell-lines is time-

consuming, and not necessarily compatible with all cell types [35]. Alternatively, the 

experimental design can be altered to add two different fluorescent dyes (dye of interest, 

and control dye) once the spheroid has matured. The control dye should be able to 

passively diffuse throughout the entire spheroid, and not be dependent upon any transport 

mechanism to either enter the spheroid or penetrate deeper. Additionally, the control dye 

should be able to maintain a stable fluorescent expression over the remainder of the 

experiment. Labeling all spheroids with the control dye first for a set period of time, in 

theory, will result in a similar signaling pattern throughout all similarly-sized spheroids. 

Therefore, the dye of interest, with its variable expression throughout, can be normalized 

by the control dye. To ensure that normalizing performed by a diffusion-labeled dye is an 

effective alternative strategy to pre-labeling, a comparative analysis of these techniques 

could be performed after a day in culture with multiple control dyes. 

 

Additionally, our studies predominantly utilized fluorescent cytoplasmic dyes, which in 

theory should be evenly stained throughout the cell. However, we did not fully 

investigate the compatibility of our quantitative strategies with dyes that target a 

particular organelle, such as the cell membrane, nucleus, mitochondria, endoplasmic 

reticulum, or others. These particular dyes will express a different, more punctate, 

regional staining pattern within each cell, as opposed to the more uniformly labeled 

cytoplasmic dyes. We hypothesize that the same set of principles should apply, however, 

validating that these specialized intercellular markers would also be subject to the same 
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set of quantitative principles would be necessary prior to development of novel biological 

assays.  

 

Furthermore, we optimized our assay development to perform live-cell imaging to 

measure dynamic changes occurring within spheroids over time. Although measuring 

dynamic changes can provide interesting insights over time, accommodating those 

dynamic changes into development of quantitative assays can be complex. For example, 

repeated imaging over time can lead to both phototoxicity of cells or photobleaching of 

fluorescent signal, especially with respect confocal z-stacks [36,37]. In this dissertation, 

we only performed a time-lapse of spheroids during our first aim, where a single 

epifluorescent image was acquired per time-point, for a total of 11 time-points. After 

acquiring these 11 images, there was no evidence of phototoxicity or photobleaching, 

however, with such a small number of images that is not surprising. Furthermore, for the 

second and third aims, when confocal z-stacks of spheroids were acquired, we only 

evaluated a single time-point per spheroid, consisting of 75 z-slices. However, we did not 

examine how repeated imaging over time would affect cell viability or fluorescent signal 

retention. When designing quantitative fluorescent based assays in 3D spheroids, it is 

important to understand how frequently and how many images can be safely acquired 

prior to either a loss of fluorescent signal or viability, both of which could contribute to 

misleading results. There are two approaches that can be utilized to avoid 

phototoxicity/photobleaching while still obtaining dynamic results: (1) determine the 

limits for experimental system (cell type, fluorescent dye choice) and subsequently 

reduce the number of z-images or time-points to avoid those limits, or (2) utilize the 96-
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well plate format, compare spheroids across the plate as different time-points. 

Determining which approach to use will be dependent upon the dynamic range of the 

experimental assay.  For example, since it takes approximately ~100-minutes to image 

the entire 96-well plate (4 spheroids per well, 2 fluorescent channels, 75 z-slices), shorter 

time-points can be evaluated by comparing spheroids across the plate, however, longer 

dynamic ranges would need to be evaluated with time-lapse experiments. 

 

Finally, live cell imaging has the potential to answer a multitude of questions, regarding 

dynamic changes over time, however, live cell imaging also will possess the most 

stringent constraints with respect to spheroid size. If a single time-point is sufficient to 

answer a biological question, then end-point assays can be utilized instead. With end-

point assays, spheroids can be fixed and imaged at a later date, assuming the model is 

compatibility with fixation. Furthermore, with endpoint assays, tissue clearing techniques 

can be incorporated into the experimental design, thus improving visualization into the z-

depth, and subsequently enabling the formation of larger spheroids (up to 100-µm 

radius).  Ultimately when first designing novel quantitative assays using 3D spheroids, 

performing live-cell microscopy may be necessary to understand the dynamic changes 

occurring within the experimental system over time. However, once these dynamic 

changes are characterized and understood, the assay could be adapted to an endpoint 

assay to capitalize on the benefits of tissue clearing.  
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In addition to these general limitations applicable to all aims of this dissertation, there 

were also specific limitations and potential improvements to each aim, which are detailed 

in the following sections.  

 

5.3.1 Aim 1. Develop accurate quantitative methods to analyze wide-field 

fluorescent images of 3D spheroids. 

Our first aim determined how best to quantify the total fluorescent signal from wide-field 

epi-fluorescent images of 3D spheroids. We only validated our quantitative strategies 

with respect to low magnification (5X) images. We hypothesize that regardless of the 

objective used, the overall quantitative strategies should apply.  However, do higher 

magnification objectives possess the same size-based constraints with respect to capture 

of emitted fluorescent light? For example, with wide-field, epifluorescence, low 

magnification (5X) images, emitted fluorescent light can be reliably captured for 

spheroids up to a height of 205-µm [18]. However, are there different size-based 

constraints when utilizing higher magnification objectives (10X, 20X)? We could test 

these potential constraints by forming spheroids of variable radii, pre-labeled with 

various fluorescent dyes, within our specialized side-view micromold. The side-view 

micromold allows for traditional (x,y) visualization, but also enables acquisition of 

brightfield (x,z) images [18]. By comparing the relationship between spheroid (z) height 

and peak fluorescence intensity, we could asses which height correlated to a loss of 

fluorescent capture for each objective [18]. Furthermore, this aim only evaluated the 

overall fluorescent signal from a single image, thus failing to capitalize on the richness of 

biological content throughout spheroids. There are methods to acquire z-stacks of 
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epifluorescence spheroids, yet our quantitative approaches only evaluated the central 

plane.  Utilizing wide-field epifluorescence microscopy to acquire z-stacks yields blurry 

images due to capture of out-of-focus light. There are methods to remove out-of-focus 

light by deconvolution [26-27,38]. However, rather than fully delve into the complexities 

of epifluorescence microscopy, we altered our approach to evaluate confocal z-stacks of 

spheroids. 

 

5.3.2 Aim 2. Develop quantitative analysis strategies to analyze confocal z-stacks of 

living 3D spheroids in a high-throughput format. 

Our second aim advanced the use of spheroids for live-cell, quantitative, confocal 

microscopy in a high-throughput format by: (1) developing a 3D printed micromold to 

form spheroids directly within 96-well plate, and (2) assessing the quantitative limitations 

of confocal z-stacks of spheroids. With the 3D printed micromold, we could form four 

spheroids per well in every well of 96-well plate. The placement of spheroids fell with 

the designated (x,y) grid system associated with microscope, as well as relatively precise 

z-range (~575-775-µm). However, even though spheroid centers fall within a ~200-µm 

range, the actual z-range that must be imaged will have to encompass the entirety of 

spheroid, not just the center, thus needs to account for spheroid radius. Assuming an 

average spheroid radius of 50-µm, at least 300-µm z-range must be imaged to capture 

entirety of spheroid. Therefore, only 33% of acquired images will contain intersect 

spheroids. By reducing variability in the z-position of spheroids, we can reduce 

acquisition time and amount of non-spheroid data. Reducing the acquisition time, 

enhances the ability to perform faster time-lapse imaging, whereas reducing the amount 
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of non-spheroid data decreases file size lessening the burden of file storage and data 

analysis.  Since the publication of Aim 2, the micromold construction has switched from 

3D printed polymeric material to a milled metal (either aluminum or stainless steel). In 

theory, the metal micromolds should be more resilient and less susceptible micro-post 

breakage than the 3D printed polymeric prototypes, and thus lead to a reduction in 

variability about the z-position of spheroids. To ascertain if milled metal micromolds 

outperformed 3D printed micromolds, a study directly comparing the efficacy of 3D 

printed versus milled metal micromolds could be completed.  

 

Additionally, our paper showcased the use of ratio imaging to compensate for fluorescent 

loss associated with confocal imaging of 3D spheroids. Overall, with ratio imaging, 

fluorescent signal loss was compensated for throughout the z-depth, however, there were 

still variability in normalized signal from slice to slice. To perform ratio imaging, a small 

circular region (radius = 1 pixel = 0.645-µm), encompassing 9 datapoints, was evaluated 

at the same (x,y) position throughout the z-depth. In theory, pre-labeling cells as a 2D 

monolayer ensures all cells are exposed to the same amounts of dye, however, in practice, 

every cell within a spheroid will not possess the same fluorescent signal. Therefore, 

analyzing too small portion of spheroid could lead to high variation from one image to 

the next. By increasing the sampling area, minor cell-cell differences in fluorescent signal 

can be accounted for. For the final aim of this dissertation, we altered our ratio imaging 

approach to normalize the fluorescent signal of one dye by another for either 5-µm wide 

concentric rings (x,y) or 5-µm wide concentric hemishells (x,y,z).   
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Overall, we provided general guidelines on how to assess quantitative limitations of 

confocal microscopy of spheroids. However, every cell type will have different scattering 

properties, and furthermore, different fluorescent dyes may have specific properties.  

Therefore, when developing new biologically driven assays in 3D spheroids, it is critical 

to first understand its respective quantitative limitations. Our techniques to assess 

quantitative limitations of confocal z-stacks are widely applicable to a broad range of 

applications, however, our specific results are only applicable to KGN cells labeled with 

these particular fluorescent dyes.  

 

5.3.3 Aim 3. Develop a high-throughput quantitative assay to assess gap junction 

inhibition in 3D spheroids. 

Our third aim capitalized on the work completed by the previous two aims by developing 

a quantitative, live-cell, confocal assay to measure gap junction intercellular 

communication (GJIC) in 3D spheroids. Despite our demonstrated ability to quantify 

drug-induced inhibition of GJ, there is still room to improve upon this model. First and 

foremost, we determined that the optimal method for assessing GJIC within spheroids is 

evaluating the ratio of middle to outer shells in the set of southern hemispheric images. 

However, analyzing the southern hemisphere of spheroid is time-consuming approach, 

requiring approximately 15-minutes to analyze a single spheroid which translates to 96-

hours for an entire 96-well plate. In comparison, experimental set-up and image 

acquisition combined takes less than 5-hours. The lack of an efficient data analysis 

pipeline will prevent the translation of this GJIC assay into a high-throughput screening 

tool. Currently, 3D image analysis software programs cannot perform an in-depth 
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analysis of 3D confocal z-stacks as a batch-able process. To overcome this limitation, we 

are currently collaborating with experts, from the Center for Computation and 

Visualization at Brown University, to develop image analysis pipelines that will require 

minimal user input and be run on computing clusters to enhance processing time.  

 

Furthermore, to develop a quantitative GJIC assay in 3D spheroids, we have optimized a 

series of parameters to maximize separation between spheroids treated with positive 

(CBX) and negative control (no drug) treatments. We focused on obtaining maximal 

separation with respect to positive and negative controls, however we did not assess assay 

sensitivity yet. We can estimate the sensitivity of our assay through performing modified 

a power analysis, where a sample size (n) of 4, yields a degree of freedom (DOF) of 3, 

and to achieve a two-tailed significance level (∝) of 0.05, the critical t-value is 3.182.  

Based on our current results from analyzing the ratio of middle to outer shells in the 

southern hemispheric images, we can estimate the standard deviation (StDev) to be 

approximately 0.02, and the mean for the negative control (𝑋|?e) is 0.459. Therefore, 

according to the following equation, we can calculate the minimum value (𝑋) necessary 

to measure statistically significant differences over the control sample: 

𝑡 = ��:�p�
4D�?1

|
    à      𝑋 = 	𝑋|?e − 𝑡

4D�?1
|

 

According to this analysis, a reduction in GJIC as low as 7% to a value of 0.427 should, 

in theory, yield statistically significant results over the non-drug treated control 

spheroids. In comparison, our positive control (CBX-treated) reduces GJIC by 45% to a 

value of 0.252. These theoretical calculations provide insight regarding the approximate 
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level of difference necessary to achieve statistical differences between the negative 

control and experimental samples. However, this sort of analysis cannot reveal the 

concentration of CBX that would induce that level of GJIC. To determine the 

concentration of CBX needed to significantly reduce GJIC, a concentration response of 

CBX can be performed.  

 

Additionally, when evaluating the ratio of middle to outer shells in the southern 

hemisphere, our positive control (CBX) treatment only reduces GJIC by 45%. Adding 

drugs/compounds to inhibit GJIC within 3D spheroids may not result in a complete 

blockage of communication. To determine if this reduction in GJIC could be enhanced, 

the following modifications to the experimental design can be assessed: (1) test higher 

concentrations of CBX (>100-µM), (2) treat spheroids for longer periods of time with 

CBX (>5-hours) prior to adding calceinRO, (3) incubate with calceinRO for longer 

periods of time prior to imaging (>80-minutes), or (4) test other commonly used gap 

junction inhibitors, such as mefloquine, heptanol, and/or and oleamide [39-42]. 

Alternatively, spheroids do not form perfect onion-like layers composed of a single layer 

of cells, but rather may contain cellular projections that pass through multiple layers. 

Therefore, to determine whether the incomplete blockage of GJIC is due to spheroid 

architecture or drug treatment, comparing the effect of drug treatment (+/- CBX) on cell 

lines that either express or lack GJs. Ideally, the two cell lines (+/- GJs) would be derived 

from the same cell line to eliminate any background in system due to different cell 

sources. For example, cell lines, such as SKOV-3, that normally express low levels of 

GJIC can be stably transfected to express connexin proteins [43]. In theory, CBX 
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treatment should have no effect on GJ- spheroids. Treating GJ+ spheroids with CBX will 

decrease GJIC compared to control spheroids. Furthermore, if the level of GJIC in CBX-

treated GJ+ spheroids is similar to the level of communication in GJ- spheroids, then the 

architecture of spheroid enables some calcein penetration. Alternatively, if the level of 

GJIC in CBX-treated GJ+ spheroid is greater than the level of communication in GJ- 

spheroids, that implies CBX induced a partial inhibition of GJIC within spheroids.  

 

5.4 FUTURE DIRECTIONS 

The primary goal of this dissertation was to develop quantitative, live-cell assays using 

3D spheroids that measure dynamic changes in response to stimuli.  We specifically 

advanced the use of spheroids for high-throughput, quantitative, fluorescent microscopy, 

both epifluorescence and confocal. Based on the current advancements, the future of this 

project can advance in a multitude of directions, ranging from enhancement of 

throughput, to GJIC assay improvement, to developing novel assays with different cell 

types and fluorescent dyes.  

 

Despite increasing the throughput of the 3D PetriDish technology from use in 12- and 24-

well plates to compatibility with 96-well plates, there is still much room for 

improvement. Firstly, all experimental steps, from agarose hydrogel formation to data 

analysis, require user input and attention. However, each step can be adjusted and 

optimized to minimize user input and maximize throughput. For example, the various 

pipetting steps, which include agarose hydrogel formation and equilibration, cell seeding, 

media exchanges for both drug treatment and dye addition, can be automated with robotic 
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liquid handling systems. Previous pilot studies performed in our lab, has already 

demonstrated the feasibility of seeding cells into agarose hydrogels. To automate all of 

these steps, we may want to make extra accommodations, such as the addition of 

temperature controlled areas to prevent agarose from solidifying prior to hydrogel 

formation. Temperature and carbon dioxide control may also be useful to maintain cell 

viability during seeding and media exchange steps. In addition to experimental 

automation, there must also be a similar level of automation applied to the data analysis. 

As mentioned previously, current data analysis protocols require approximately 96-hours 

to analyze an entire 96-well plate, meanwhile experimental set-up and data acquisition is 

less than 5-hours. To increase throughput of data analysis, need to create a data analysis 

pipeline that will be batch-able and require very little user input. Also, given the total size 

(100+ GB) of images, standard computers will not be able to handle these file, thus a 

switch to utilizing computer clusters to increase processing power will be necessary. 

Once the experimental and analysis throughput has been maximized, we can also begin to 

increase the throughput of the technology by adapting the micromold for use with a 384-

well plate.  

 

In addition to technological advancements, we can also advance the robustness, 

relevance, and reliability of the GJIC assay. Through the development of this model, we 

only assessed a single cell line, ovarian granulosa cells (KGN), that are known to express 

connexin-43. However, we can easily adapt this model to other cell types that have been 

shown to express GJIC in vitro/in vivo, such as cell lines (NHF, AC16 ventricular cell 

line, HUVEC), or primary cells (lung fibroblasts, hepatocytes), or iPSC/ESC derived 
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cells (iPSC-neural networks, iPSC-cardiomyocytes, hESC-hepatocytes) [44-50]. 

Furthermore, all these different cell sources will express differing amounts and types of 

connexin proteins. For example, hepatic cells express connexin-32 and -26, while 

cardiomyocytes express connexin-43, -40, -45, -46, and neurons and astrocytes express 

connexin-32 [44,51,52]. By utilizing multiple different cell types, from multiple different 

sources throughout the body, with varying levels and types of connexin proteins, we can 

assess the robustness of our model at assessing. Also, the validity of our model could be 

assessed by testing other well-known gap junction inhibitors, such as mefloquine, 

heptanol, oleamide [39-42]. Additionally, the sensitivity of this model could be assessed 

by performing concentration responses with all those well-characterized gap junction 

inhibitors. Upon understanding how well-known gap junction inhibitors behave in our 

GJIC model, we can begin to assess how other drugs and chemicals of commerce that are 

linked to GJIC fare, such as BPA, 1-methylantracene, PCB-153 [53-55]. And eventually 

we can then begin to screen toxicants, chemicals, and compounds with unknown effects.  

 

After assessing the limitations of acquiring quantitative fluorescence images of 3D 

spheroids, we ultimately chose to develop a model to study GJIC within those spheroids. 

However, if we were to remove the biological context from our GJIC assay, we 

essentially developed a method to accurately quantify fluorescent changes along the 3D 

radius of spheroids. Therefore, we essentially created a tool to answer any biological 

question so long as the following constraints are met: (1) the cell type(s) of interest will 

form a spheroid, (2) there exists a fluorescent probe to measure biology, and (3) the 

desired biological phenomenon will occur within a medium-sized spheroid (radius < 50-
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µm) to avoid limitations associated with confocal microscopy. For example, the uptake 

and distribution of fluorescently labeled microbeads or nanoparticles into spheroids can 

be used as a model for drug delivery [56]. Alternatively, cellular cytoxicity upon 

exposure to drug/compounds can be monitored as a function of 3D radius in either 

physiological or pathophysiological derived spheroids [57]. However, studying the 

development of necrotic cores in cancerous spheroids would most likely be impossible 

with live-cell confocal imaging. This case study would satisfy the first two constraints, as 

numerous cancerous cell lines have been shown to form spheroids, and there exists a 

wide array of commercially available fluorescent dyes to probe necrosis, apoptosis, and 

viability. However, the formation of the necrotic core would occur in large spheroids 

(diameter ~ 500-µm), which is greater than the limit from which accurate quantitative 

analysis of confocal z-stacks can be completed [58]. However, within these larger 

cancerous tissues, the cellular proliferation within the outer zone could be evaluated. 

 

5.5 CONCLUDING REMARKS 

Through this dissertation, we have advanced the use of 3D spheroids for high-throughput 

analyses by developing micromold technology that is compatible with the 96-well plate 

format, and developing quantitative strategies to reliably measure fluorescent signal from 

spheroids. Spheroids provide a more physiologically relevant platform for modeling 

healthy and diseased tissues, as well as testing drug/compound efficacy and toxicity.  

However, the 3D nature of spheroids increases the complexity of assay development, at 

every step throughout the experimental design and analysis. These complexities can be 

overcome by first designing experiments to understand the biological and physical 
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limitations of the model prior to developing biologically-based assays. Furthermore, one 

of the most critical components for assay development is choosing the appropriate 

spheroid size. If a spheroid is too large, issues regarding both cellular viability and image 

acquisition can arise. Alternatively, if a spheroid is too small, it will lack one if its key 

advantages: biological changes as function of 3D radius.  

 

Understanding of how to utilize spheroids properly can yield the measurement of a wide 

range of biological functions throughout the 3D radius. Combining this understanding 

with the high-throughput adaption of both fluorescent imaging systems and spheroid 

formation techniques, positions spheroids at the forefront of the next generation of drug 

screening and toxicity testing. For example, the development of more physiologically 

relevant spheroid in vitro models, could potentially evaluate and predict a novel 

compound’s efficacy, toxicity, off-target effects prior to performing animal studies and 

human clinical trials. More predictive in vitro models would reduce the total expenditure, 

time, and amount of unsuccessful trials necessary to successfully develop a new drug. 

Alternatively, combining the use of spheroids with induced pluripotent stem cell (iPSC) 

technology, could create both normal and genetically-linked disease models, to study 

both the progression and treatment of disease [59]. Furthermore, a single source of iPSCs 

can be induced down multiple different lineages, thus creating a series microtissues of 

different organs all from the same donor. Therefore, from a single patient, microtissues of 

organs both affected and un-affected by the disease could be generated, and studied to 

evaluate disease progression and treatment options for a personalized medicine approach. 

This personalized medicine approach is also applicable for cancer patients, as a biopsy 
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can be used to generate a series of tumor microtissues, where the efficacy of various 

cancer chemotherapeutics can be tested. Furthermore, if iPSCs are also generated from 

the same patient, the off-target toxicity of these various chemotherapeutics can be 

simultaneously assessed. Numerous drugs and compounds either fail clinical trials or are 

later removed from the market due to safety concerns for a small population of people. 

However, with a personalized medicine approach, the efficacy and toxicity would not 

have to be compromised, but rather could determine the best treatment regimen for a 

particular patient.  

 

Overall, spheroids possess the potential to model any number of biological phenomenon 

that occur in an in vivo environment.  To successfully utilize spheroids as an in vitro 

model, simply need to understanding what cell source, fluorescent probe, microscope, 

and quantitative limitations and assessments are necessary to provide answers.    
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