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Abstract

Introduction—High-resolution microscopy using fluorescent probes is a powerful tool to 

investigate individual cell structure and function, cell subpopulations, and mechanisms underlying 

cellular responses to drugs. Additionally, responses to drugs more closely resemble those seen in 
vivo when cells are physically connected in 3D systems (either 3D cell cultures or whole 

organisms), as opposed to traditional monolayer cultures. Combined, the use of imaging-based 3D 

models in the early stages of drug development has the potential to generate biologically relevant 

data that will increase the likelihood of success for drug candidates in human studies.

Areas covered—The authors discuss current methods for the culturing of cells in 3D as well as 

approaches for the imaging of whole-animal models and 3D cultures that are amenable to high 

throughput settings and could be implemented to support drug discovery campaigns. Furthermore, 

they provide critical considerations when discussing imaging these 3D systems for high 

throughput chemical screenings.

Expert opinion—Despite widespread understanding of the limitations imposed by the 2D versus 
the 3D cellular paradigm, imaging-based drug screening of 3D cellular models is still limited, with 

only a few screens found in the literature. Image acquisition in high throughput, accurate 

interpretation of fluorescent signal, and uptake of staining reagents can be challenging, as the 

samples are in essence large aggregates of cells. The authors recognize these shortcomings that 

need to be overcome before the field can accelerate the utilization of these technologies in large-

scale chemical screens.
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1. Introduction

1.1 3D cellular systems in drug screening campaigns

The academic and private sectors have invested massively in the area of high throughput 

screening (HTS) as a means to assess small molecule libraries in miniaturized assays to 

identify lead compounds with therapeutic potential. Traditionally, HTS has been limited to 

in vitro biochemical and two-dimensional (2D) cellular assays, with cells typically residing 

as a monolayer on the bottom of the well of a microtiter plate. Although conventional 2D 

assays are informative (for instance, reporting on a compound’s cell permeability or 

toxicity), they fall short in recapitulating the complex microenvironment and cell-cell 

interactions of a tissue or organism. A growing body of evidence indicates that cells grown 

in monolayers lose some of their physiological properties and do not faithfully recapitulate 

drug responses. Although not the topic of discussion here, we direct the reader to the 

following references for comprehensive reviews discussing the differences between 2D and 

3D biology [1–4]. It is generally accepted that drug screening campaigns would benefit from 

the use of more relevant biological models that better translate results to the in vivo scenario 

[5–10]. Additionally, the analysis demonstrating that phenotypic screening leads to a higher 

proportion of FDA-approved drugs compared to target-based screening has been a major 

driver of the renewed interest in finding evermore physiologically relevant models for 

chemical screening [11]. These models include three-dimensional (3D) cell cultures and 

small model organisms that can be cultured in multi-well plates and treated with chemical 

libraries. Recent advances in the establishment of robust 3D systems amenable for high 

throughput screening have elicited significant interest as demonstrated by an increased 

commercial activity around 3D-based technologies. Multiple companies now commercialize 

plates, scaffolds and tool-box reagents amenable for the establishment and screening of 3D 

cell cultures. Hardware and software for high throughput imaging of 3D systems is also fast 

evolving. Finally, companies now offer fee-for-service screening and profiling of chemical 

entities in 3D cellular models.

1.2 Fluorescence imaging of 3D systems

A number of assay readouts and detection methods have been applied to 3D cell cultures. 

Homogeneous cytotoxicity and cell viability assays that measure metabolic activity, such as 

tetrazolium and resazurin reduction assays, acid phosphatase activity, and cellular ATP 

levels or cell membrane integrity, are typically employed as endpoint assays with 

colorimetric, fluorescence, or luminescence-based readouts [12]. Some of these methods 

often require disassembly and termination of culture (i.e. cell lysis) for analysis. In addition, 

colorimetric conversion products have been noted to bind to extracellular matrix (ECM) 

[13]. Although sensitive and amenable for high throughput testing, these assays detect 

responses representing averaged cell population effects. Brightfield microscopy is also 

usually employed to track overall changes in structure size. Because microscopy-based 

imaging using fluorescent probes can provide in-depth information about individual cell 

structure, function, and relative location, as well as overall changes in the morphology and 

growth of the 3D structure, it is quickly becoming a standard readout method. Imaging also 

informs on sub-populations such as those that are resistant or sensitive to drug treatment, in 

many cases without the need to disrupt the structures under testing. Moreover, imaging of 
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both fixed (endpoint) and live cultures is feasible and amenable for multiplexing with 

endpoint functional assays, including metabolic/viability described above, invasive potential, 

and/or morphological changes. Nowadays, several techniques for 3D fluorescence 

microscopy acquisition are available, such as widefield, confocal and super resolution 

microscopy.

For small molecule screening using whole organisms, brightfield microscopy is commonly 

used to characterize morphological or behavioral changes upon compound treatment. 

Increasingly, however, fluorescence microscopy is utilized to monitor the injection or uptake 

of fluorescent dyes and the expression profile of reporter constructs in transgenic animals 

(i.e. expressed in specific organs or cell populations). Confocal microscopy is the most 

popular, given the thickness of the organisms. However, standard widefield microscopy at 

low objective magnification has also been used to increase throughput.

The visualization of 3D cellular structures in high throughput is nevertheless challenging 

and analysis is confounded by light scattering and absorption of the thick biological sample, 

the method employed to culture cells in 3D, lack of homogeneous cell labeling when using 

certain fluorescent sensors, the need to determine body orientation before whole-animal 

image analysis, and others. Another main challenge is the automation of acquisition and 

analysis of images with reasonable throughput.

1.3 High throughput imaging-based screening in 3D models

For the purpose of drug discovery, 3D systems need to be scalable to relatively high 

throughputs, fast, simple, reproducible and amenable to automation (compatible with the 

liquid handling robots, plate readers and imaging platforms currently adopted by most 

academic and private labs). Only a few 3D systems, generally those with relatively low 

levels of complexity and/or cost, possess those characteristics. For these reasons, 

microfluidic and certain chip-based methods will not be discussed here, even though these 

systems allow for controlled environmental modifications [14].

Translating an imaging assay from 2D into 3D can be quite difficult. Certain information 

obtainable from 2D systems is often not possible in 3D cultures or whole animals. For 

example, subcellular events such as nuclear translocation or vesicle trafficking are not 

resolvable in 3D models due to sample background and other physical constraints (see 

section 3.1). Therefore, 3D imaging screens are primarily suitable for macro-level readouts 

such as cellular identification or viability. Standard 2D procedures such as fixation and 

antibody staining involving multiple washes are not readily transferable, in particular to non-

adherent 3D systems. Penetration of reagents into the 3D structure and potential volumetric 

collapse with fixation all must be empirically determined before the screen can begin.

We discuss in the next section the current 3D cellular systems amenable to high throughput 

imaging-based screens starting with in vitro 3D cell cultures followed by in vivo whole 

animal models. We highlight benefits and drawbacks of each methodology and provide 

examples when available. Current imaging strategies, including hardware and analysis 

methods are discussed in more detail in section 3.
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2. 3D models amenable for imaging-based high throughput screening

2.1 In vitro 3D cell cultures

The term “3D culture” is ambiguous; herein, 3D cultures are those where cells aggregate 

with each other into 3D structures via cell-cell and cell-ECM interactions. A wide range of 

3D cellular models have been developed, which can be applied to various research 

applications including toxicology, cancer, and stem cell drug discovery. These models can be 

either single (homotypic) or multi-cell-type (heterotypic). Each model has advantages and 

limitations, and, given the diverse requirements of different cell types and applications, not 

one specific 3D system is regarded as the “gold standard”. Despite their diversity, all provide 

structural and cellular morphological complexity that yields different responses to 

therapeutic compounds compared to traditional monolayer cultures. Excellent 

comprehensive reviews of 3D tissue models, especially those not yet amenable to early 

phases of drug discovery due to throughput limitations, such as self-assembled heterotypic 

organoid cultures, are found in references [15–17].

The most popular and commonly employed 3D models are single-cell type and mixed co-

culture spheroids because of their relative ease and reproducibility of culture techniques, and 

the scalability to sustain high-throughput screens. Additionally, given appropriate matrix 

conditions and chemotactic cues, spheroid cultures can be modified to assess functionality, 

such as cell migration and invasion [18]. The main drawback of spheroids is the need to 

optimize size uniformity, important in order to standardize screen analysis. Spheroid size is 

critical because a concentric cell proliferation gradient is observed with proliferating cells in 

the periphery, cell-cycle arrested or dormant cells in the middle layers, and necrotic cells in 

the core, especially when spheroids reach ~500 μm in diameter [6].

2.1.1 Single cell-type spheroids—Single cell-type spheroids are typically self-

assembled clusters of cells cultured in environments where cell-cell interactions dominate 

over cell-substrate interactions. In cancer drug screening, these spheroids are referred to as 

“multicellular tumor spheroids” as they mimic an avascular tumor nodule with regard to 

oxygen and nutrient gradients, ECM- and cell-cell contacts. Literature examples support the 

use of spheroids in oncology- and toxicology-oriented studies. These studies have 

demonstrated the superiority of spheroids over traditional monolayer cultures in terms of 

clinically relevant metabolic and proliferative responses to drugs, including chemoresistance 

[1,5,6,19]. Currently, efforts are directed at establishment of spheroid culture systems with 

induced pluripotent stem cell (iPSC)-derived material as well as patient-derived tumor cells 

to use in personalized medicine [20,21].

2.1.2 Mixed co-cultures—Mixed co-culture models better mimic the heterogeneous 

composition of a normal tissue or tumor where cell-cell interactions, cell-ECM interactions, 

and environmental cues influence the phenotypic outcomes typically seen in vivo [22]. 

Tumor cells grown in a mixed cell-type spheroid model display different drug sensitivity 

patterns than when grown in single cell-type 3D spheroids [23]. For drug discovery 

purposes, having different cell types in the same well also provides an internal control for 

potential drug toxicity. Besides spheroids, other co-culture systems in which multiple layers 
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of ECM and different cell types are seeded in the same well are sometimes considered as 

“3D cultures” since heterotypic cell-cell interactions and cell-ECM interactions are taking 

place. These relatively simple multilayered cultures have been employed for the screening of 

drugs that affect various biological processes including angiogenesis and ovarian cancer 

metastasis [24,25].

2.2 Current methods for 3D cell culturing

Several automation-friendly methods are currently available for 3D culturing. They can be 

categorized into scaffold-free or scaffold-dependent systems, in which cells are cultured 

without or in the presence of a natural or synthetic substrate for support or attachment, 

respectively (Figure 1). These methods typically allow one to optimize size and number of 

aggregates/well by adjusting the initial cell number and time of culture and are overall 

suitable for the culturing of single- and multi-cell type spheroids. In contrast to 2D, where 

cells can be cultured in ultra-throughput formats, current 3D cultures are limited to 96- and 

384-well formats, allowing only focused-library or small-scale validation screens. 

Additionally, imaging of spheroids is heavily influenced by the method utilized to culture 

cells.

2.2.1 Scaffold-free methods—Among scaffold-free techniques (Table 1) we find the 

liquid overlay methods, which consist of culturing cells in non-adhesive surfaces like round 

bottom ultra-low attachment (ULA) [18,26], agarose-coated [27,28], or poly HEMA-coated 

plates [29,30]. A comparison of these methods concluded that spheroids grown in ULA or 

agarose-coated plates were reproducible in size and number of spheroids per well (1 

spheroid/well) and display comparable growth curves, oxygen and nutrient gradients. The 

spheroids grown on ULA plates, however, showed more compact structures and grew to 

slightly larger sizes than those grown on agarose-coated plates, while spheroids grown in 

poly-HEMA-coated plates were non-reproducible in size [18]. The hanging drop technique, 

where spheroids are cultured in a hanging drop plate before being transferred to a separate 

plate for follow-up analysis, is another type of the liquid overlay method [31–34]. Magnetic 

levitation has also been used to set up 3D spheroids in scaffold-free conditions. In this 

method, cells are labeled with magnetic nanoparticles and upon application of a magnetic 

field, cells are brought together to interact and aggregate with each other to form larger 3D 

cultures [35]. Magnetic labeling has also been used for immobilization of spheroids to allow 

media changes while minimizing disruption [36]. The scaffold-free methods described above 

prevent cell attachment to the well surface and induce cell aggregation and the formation of 

uniform floating spheroids at the bottom of the well (or drop in the case of hanging drop 

plates). The extracellular matrix keeping spheroids together is naturally secreted by the cells. 

Most such methods are available in 96- and 384-well format and yield spheroids of 

homogenous sizes at a single aggregate per well. Since these methods rely on cells’ ability to 

establish cell-cell contacts, however, certain cell types dissociate easily and do not form 

compact spheroids in these conditions [29]. To address this issue, Ong and colleagues 

reported the generation of scaffold-free, dense spheroids by connecting cells directly but 

transiently with an inter-cellular linker that facilitates aggregation [37]. Due to their 

“floating” nature, spheroids generated by liquid overlay methods often pose autofocus 

challenges when imaging.
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Liquid overlay methods are well suited for co-cultures, mostly when different cell-types are 

mixed prior to seeding for 3D growth. Co-cultures of hepatocyte spheroids and stromal cells 

(such as fibroblasts or nonparenchymal cells) are now commercially available in 96-well 

format for toxicology applications (InSphero). Liquid overlay methods also allow the 

sequential addition of various cell types, resulting in layered spheroids that are, for instance, 

suitable for the study of cell migration and invasion in 3D. Indeed, co-culture spheroids with 

randomly-distributed as well as patterned concentric layers cells of different types formed 

using hanging drop and ULA plates have been described [32,38–40]. For example, Ivanov et 
al. reported a spheroid co-culture of differentially labeled normal human fetal brain tissue 

and medulloblastoma tumor cells [39]. The spheroids adopted a polarized shape with 

discrete tumor cells-dominated and normal cells-dominated regions.

2.2.2 Scaffold-dependent methods—Other methods use scaffolds to seed cells close 

together to promote aggregation (Table 1). Scaffold-dependent methods include growing 

spheres on top of substrates coated with ECM-based preparations (such as collagen or 

Matrigel) and/or biologically inert organic matrices, such as agar [30,41]. A similar principle 

is used in patterned plates in which nanoscale rectangular grid patterns are printed on 

transparent synthetic-resinous bases or ECM-coated plates to provide a scaffold to which 

cultured cells can aggregate to form spheroids [21,42]. The utility of these micropatterned 

plates for drug screening was recently demonstrated using patient-derived spheroids in a 96-

well format [21]. Co-cultures of hepatocyte spheroids and stromal cells have also been 

reported using micropatterned techniques [43,44]. Because growing spheres on top of 

substrates allows their attachment to the bottom of the well, these methods are better suited 

for imaging than spheroids in suspension. However, optical aberrations could arise due to 

light scattering/absorption by the scaffold or uneven scaffold surfaces. Scaffold-dependent 

protocols also include seeding cells fully embedded in the substrate and allowing them to 

form spheroids. For example, co-cultures of tumor and mesenchymal stem cells embedded 

in ECMs have been reported [45]. In contrast to the methods described above, embedding 

cells in the substrate makes it harder to control the number and size of spheroids per well 

[46–48]. Other inert scaffolds, such as chemically defined hydrogels and alginates, allow the 

modulation of stiffness to mimic the stiffness of a particular tissue [49–51]. The inert 

degradation of the gel at the end of the culture period allows the isolation of live cells for 

further downstream processing and imaging. However, imaging of spheroids within the 

scaffold has not been assessed. It is likely that the image quality of scaffold-embedded 

spheroids might be compromised due to optical aberrations and intensity attenuation 

produced by the scaffold. Accordingly, Reid et al. implemented an imaging protocol in 

which tumor spheroids grown in agarose and Matrigel coated plates were transferred to 96-

well plates containing media before imaging [52]; adding such a transfer step, however, 

places a natural burden on the protocol. Overall, the possibility of certain scaffolds 

interfering with microscopy imaging should be considered and, in the case of scaffold-

embedded spheroids, differential drug penetration could pose another issue. In addition, 

dispensing of certain scaffolds into micro-well plates requires special handling, which poses 

a challenge for automation. For example, Matrigel and agarose should be dispensed at low 

and high temperatures, respectively, to prevent solidification before reaching the well.
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2.3 Whole model organisms

The nematode Caenorhabditis elegans and the zebrafish Danio rerio are among the most 

attractive animal models for drug discovery based on low cost and culture conditions 

compatible with large scale screens. Importantly, these organisms are genetically tractable, 

have well-defined developmental stages, and are transparent, facilitating imaging-based 

screens. Using them as models has provided insights into the molecular and cellular basis of 

human disease because approximately 50% and 70% of C. elegans’ and D. rerio’s genes, 

respectively, have a human counterpart. However, whole organisms pose a challenge for 

fluorescence-based high-throughput screening. Not only are the physical limits of light 

microscopy important considerations, as for 3D cell cultures, but practical problems of 

distributing embryos and larvae into multi-well plates, the need of immobilizing animals 

before imaging, and setting up analysis algorithms that can identify and adjust to 

asymmetrical body plans in the final image, make this a challenging field. With these 

difficulties, whole organism screening has primarily been limited to low- and medium-

throughput assays. Nevertheless, several labs have come up with creative solutions for some 

of the above problems and industry is beginning to follow up with commercial equipment to 

address their needs. As a result, screens for toxicity, mutagenesis, cell migration, and 

proliferation in whole organisms are now a reality.

Below we outline the various methods devised to address the above issues in the fluorescent 

screening of immobilized D. rerio and C. elegans models. Of note, many groups are working 

on screening for drugs affecting the cardiovascular system of zebrafish without 

immobilizing them first. Necessarily, this is done using live video feeds and corresponding 

tracking analysis. We will not cover this work in detail here, but refer interested readers to 

papers such as [53–55].

2.3.1 Zebrafish (Danio rerio)—The optical transparency of zebrafish embryos and larvae 

allows the in vivo observation of fluorescent probes and/or morphological defects as 

readouts in a chemical screen. Zebrafish embryos develop externally and relatively quickly, 

with most internal organs and systems functioning in the first 24–48 hours post fertilization, 

and large numbers of embryos can be obtained [8]. Organ and disease development can be 

modeled in zebrafish. The majority of screens thus far have been somewhat limited in their 

size due to the need for plating animals manually. Several groups report handling embryos 

and larvae automatically without harming them. Pardo-Martin et al. designed a custom 

fluidics system that leaves larvae sufficiently unharmed that they survive well and can be 

imaged over multiple days [56]. This method does require a complex setup, however, and 

will require further development before it is practical for widespread usage. By customizing 

the commercially available COPAS Biosort XL (now called FP-2000), Letamendia et al. 
automatically dispensed embryos of the same age based on their size. They observed no 

difference in heart rate, morphology or development between embryos dispensed 

automatically or manually, making this an attractive option for labs seeking to work on 

larger scale zebrafish screens [53].

Most zebrafish chemical screens require the immobilization of embryos/larvae through 

anesthetics and/or by plating them in agarose, in order to achieve acceptable image 
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resolution. For example, Gehrig et al. plated embryos in 96-well agarose-embedded plates 

and manually oriented them. Without manipulation, the orientation of each animal can vary 

within wells, necessitating an extra image analysis step designed to locate the pertinent 

region of the fish (i.e. head) [56–59]. Vogt et al. looked at tail blood vessel morphology to 

assess cardiovascular development and defects in transgenic fluorescent embryos. Entire 

wells were imaged by using low magnification in 96-well plates. For this work, however, 

results from embryos that were not in the optimal orientation had to be eliminated because 

the software could not accommodate the variations [57]. After developing in-house software 

based on Matlab, Peravali et al. quantified data from all embryos regardless of orientation to 

map monoaminergic neurons in GFP transgenic animals [58].

Overall, analyses now either accommodate the need to identify gross morphological areas of 

an animal or avoid the need to do so in its entirety. A remaining challenge is the plating of 

organisms automatically: for the time being, zebrafish are best suited to follow-up assays, 

for example measuring toxicity effects that would not be noticeable in a spheroid model 

(such as cardiovascular or neurological development, or subtle effects of toxicity).

2.3.2 Nematode (Caenorhabditis elegans)—C. elegans is widely used to model many 

molecular disorders but, due to its distance from mammals in the evolutionary tree, some 

diseases cannot be reproduced. When appropriate, however, its small size, optical 

transparency, short life cycle, simple growth conditions, and low-cost make it an excellent 

choice for large-scale screens [60].

The smaller size of C. elegans has enabled researchers to adopt automated dispensing more 

easily than with zebrafish. Many groups are also using the COPAS Biosorters and a group 

has developed a method to seed worms using a standard peristaltic pump [9,61–64]. Much of 

the groundwork has been laid even for density titrations down to 384-well plates. The 

animals, however, must still be synchronized in developmental stage before screening can be 

done or the analysis needs to distinguish animal age by size or another metric. In general, C. 
elegans also needs to be immobilized before imaging. However, at least one group has used 

the nematodes’ natural motility as an asset for toxicity readouts [64].

Further difficulties with screening in C. elegans include dosing in the small molecules, 

which are typically impermeable through C. elegans cuticle and may be potentially broken 

down by the E. coli present with the worms [9]. Additionally, as in other systems, the 3D 

images generated are in general too cumbersome for standard analysis algorithms to process 

and must be flattened to 2D prior to analysis. As in zebrafish, imaging readouts for C. 
elegans need to be mapped to the appropriate body region before analysis can be done (i.e., 
locate head before neurons can be found). However, the ease of making transgenics in C. 
elegans makes adding region-specific tags an approachable task. As methods and equipment 

continue to improve, C. elegans will become even more attractive for use in truly high-

throughput whole organism screening.

2.4 Fluorescent sensors

Fluorescent sensors, such as small molecule dyes commonly applied to the imaging of cell 

monolayers, have been adapted and are frequently used to image spheroids [18,29]. As in 
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2D, most of these sensors are incubated with the spheroids right before detection and used to 

image fixed or live samples. Common readouts include cell viability, mitochondrial 

membrane potential/integrity, GPCR and ion channel activity, and hypoxia. These assays are 

performed with a variety of fluorescent dyes such as: for viability (i.e. calcein-AM, 

propidium iodide, CyQUANT, Hoechst 33342, EthD-1, SYTOX Green), mitochondrial 

membrane potential and integrity (i.e. TMRM, JC10, MitoTracker, MitoView), GPCR/

channel activity (Fluo-4, Fura-2 and related dyes), hypoxia (i.e. CYTO-ID, HypoxiSense 

680, LOX-1), to name but a few. For a recent review of small molecule fluorescent dyes, 

please see [65].

Immunostaining of fixed spheroids with specific fluorescent antibodies is also commonly 

employed. For instance, anti-pimodinazole antibodies are used to mark hypoxic regions in 

spheroids [66]. However, protocols involving multiple washing steps are not preferable in 

high throughput settings. In contrast to single cell type systems, co-cultures require the 

differential labeling of cells. A common strategy is the use of fluorescent dyes such as 

CellTrackers (Life Technologies), which are taken up by cells prior to 3D culturing and 

chemical exposure. Examples of this strategy are found in references [32,39,67]. However, 

the sensor’s signal diminishes after each cell doubling so they are only useful for relatively 

short term cultures. The main advantage of fluorescent dyes is that they allow the labeling of 

virtually any cell type, including patient-derived cells.

Engineered cell lines that express a fluorescent gene reporter have also been used 

[18,32,33,38,42,48,52,68]. For example, Reid et al. utilized a GFP reporter to track a 

subpopulation of cancer stem cells existing within a population of luminal breast cancer 

cells [52]. Genetically encoded sensors do not suffer from differential bioavailability and 

penetration issues as certain fluorescent dyes (see section 5). In addition, a physiologically 

relevant and uniform cell-to cell-expression can be achieved especially when stable cell lines 

are generated by genome editing technologies. Genetically encoded sensors provide a signal 

that is stable over time but are only useful when working with cell lines, which need to be 

engineered to express the fluorescent protein of interest prior to 3D culturing and are 

frequently time intensive to build [38].

Most fluorescent screens in zebrafish have utilized either transgenic lines or have a reporter 

construct or dye microinjected directly into the animals at early stages [8,57–59,69–71]. 

Gehrig et al. microinjected embryos with an array of fluorescent reporter constructs to map 

the interaction between cis-regulatory elements and core promoters [59]. A multi-fluorescent 

label zebrafish line was developed by Tsuji et al. to build an in vivo sensor for beta-cell 

activation and proliferation in the pancreas [72]. Finally, an in vivo screen for compounds 

that prevent metastasis of cancer cells was performed by Gallardo et al. Zebrafish embryos 

expressing a fluorescent tag in the postlateral line primordium were used to screen for 

compounds that prevent the delamination and migration of these cells. Importantly, hits from 

the initial screen were further tested in a murine tumor model and found to be effective, 

affirming the applicability of this system for future work [70]. As with spheroid cultures, 

genetically encoded sensors can achieve uniform expression and specific labeling of 

populations without the need for individual microinjections. However, this must be balanced 

with the effort necessary to generate a stable line.
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Transgenic fluorescent lines are also commonly used in C. elegans [62,73]. Maglioni et al. 
have investigated mitochondrial stress as shown by gross morphology and fluorescence 

activation of heat shock proteins [73]. Uptake of fluorescent dyes in C. elegans is a useful 

alternative to creating transgenic lines [61,64]. Thus far, researchers have used primarily live 

dyes to fluorescently label only the dead worms due to significant challenges with dye 

penetration in intact worms [60,74]. One of the most comprehensive investigations into 

using C. elegans for screening came from Gosai et al. The authors imaged worms in 96- or 

384-well plates. Animals were categorized based on size, and neurons and autophagosome 

spots were detected to distinguish phenotypes and dead animals were identified via SYTOX 

green uptake [61]. Moy et al. automatically dispensed animals into 384-well plates and 

performed a toxicity screen using SYTOX Orange to label dead worms in a screen for novel 

antibiotics [64].

3. Methods for high throughput imaging and analysis of 3D cellular models

3.1 Microscopy methods and hardware

The size of 3D cellular models such as spheroids and whole organisms can exceed several 

hundred μm in thickness and hence pose extra challenges to conventional fluorescence 

microscopy techniques normally applied to 2D cell cultures. Many commercially available 

imaging systems, both confocal and widefield, are capable of acquiring image stacks with 

defined optical Z plane sections.

Widefield fluorescence microscopy captures image sections that have a depth equivalent to 

the objective lens’ respective depth of field. For example, a 20x 0.4 Numerical Aperture 

(NA) lens has a depth of field which is approximately 5.8 μm deep (for a review see 

reference [75]. This means that when imaging a sample several hundred μm thick, one can 

image sections ~6 μm at a time using a standard 20x 0.4 NA lens. In order to image an entire 

300 μm sample, one would need to image 50 sections (or ~120 sections if using Nyquists 

sampling) to accurately capture the sample in its entirety. In the case of a 20x 0.4 NA lens, 

objects smaller than 5.8 μm would all appear in the same focal plane and could appear as 

slightly fuzzy or out of focus. Deconvolution, or image processing of 3D images, utilizes 

mathematical formulas based on the objective lens and optical properties of the imaging 

system to essentially restore out-of-focus light back to its original point source. This, in turn, 

can produce images with much higher contrast than standard widefield counterparts (Figure 

2). Confocal microscopy, on the other hand, utilizes an electronic or mechanical hardware 

that blocks out of focus light at a defined depth via a fixed size slit, pinhole, or electronic 

shutter. In the case of confocal microscopy, optical thickness is determined by the objective 

lens’s NA as well as the size of the shutter (pinhole, slit, etc.).

While both widefield and confocal microscopy have resolution limits based on the refraction 

limits of light (around 250 nm minimum), super-resolution microscopy methods can resolve 

objects approaching 10 nm or less [76,77]. Emerging imaging methods such as Light Sheet 

Fluorescence Microscopy (LSFM), Structured Illumination (3D SIM), and Multiphoton 

Microscopy hold great promise for deeper sample penetration and have been recently 

employed to image whole animals, spheroids and tissue sections [78–81]. These methods 

require expensive instrumentation and specialized sample preparations that are typically not 
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suitable for automated imaging campaigns. For an excellent overall review and guide on 

fluorescence microscopy methods, see references [82] and [83].

Each imaging modality has its strengths and weaknesses (Table 2). Generally, as image 

resolution increases, acquisition speed (and throughput) decreases and cost increases. 

Widefield systems are the least costly but cannot typically penetrate deeper than a few 

cellular layers in a spheroid [18]. Deconvolution can increase image contrast and resolution; 

however, not all deconvolution algorithms are truly quantitative so one must exercise caution 

when analyzing deconvolved images. For a comprehensive review on image deconvolution 

algorithms see [82].

Stand-alone fluorescence microscopes can be fitted with X, Y, and Z motors and autofocus 

modules for higher throughput applications but the additional cost often shifts the decision 

towards purchasing dedicated high content instruments, which are typically more robust 

with intensive usage. There are commercially available choices for high content instruments 

ranging from whole-well imagers to high magnification systems, which use widefield and 

confocal modalities (Table 3). Recent advances in instrument hardware such as in light 

(solid state illumination, solid state lasers) and camera technology (scientific grade large 

format CMOS cameras) have resulted in many high speed, relatively low-cost imagers 

capable of reading a 384-well plate in 5 minutes or less. Because many confocal systems 

physically block out of focus light with a slit or pinhole, 80–90% of the total excitation light 

is also blocked resulting in dimmer emission signal. High-power light sources such as solid 

state illuminators or lasers are the best choice when combined with confocal imaging. When 

using high power light sources, issues such as phototoxicity and photobleaching must be 

considered, particularly when imaging multiple Z sections. Instruments that utilize super-

resolution microscopy typically use immersion objectives for single sample imaging and are 

not currently amenable to multi-well high throughput screening campaigns.

3.2 Image analysis software

There are many options for image analysis, although those targeted to volumetric analysis of 

high-throughput 3D images are quite limited. There are many commercial programs 

available for 2D analyses, such as maximum projections and Z stacks, including software 

from GE, TTP LabTech, PerkinElmer, Life Technologies, Essen and others, generally 

intended for use with the corresponding machine, although many of these work across 

multiple platforms. They are good at handling the large datasets generated by screening, and 

several can calculate image parameters based on a maximum projection of a Z-stack as well 

as individual Z sections. TTP LabTech’s software can conduct basic analysis of 3D 

spheroids natively [24], but highly detailed image data analysis is not possible with their 

software. There are only a few commercially available software packages with solutions for 

3D rendering and volumetric analysis, primarily those from companies such as PerkinElmer 

(Volocity), Bitplane (Imaris) and Arivis Vision (Arivis 4D); however, these software 

packages can be cost prohibitive to smaller labs. Each system can calculate distances 

between structures in a 3D object as well as map connections, but only Volocity is able to 

handle large batch analyses of the types that would be generated by screening. Imaris and 

Arivis 4D seem to be geared more towards in-depth analysis of smaller batches of images. 
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All three systems recommend utilizing a multi-processor computing system for analysis of 

large batches and can be configured so that the work can be sent to a centralized server.

Several open-source methods for image analysis are becoming more popular. In particular, 

ImageJ and Fiji are appealing due to their flexibility and ever growing library of user-

designed plugins. Fiji can be used to reconstruct 3D images from C. elegans, including 

computing intensive series such as long-term time-lapse images of development [84]. 

However, users often need to design an interface to accommodate the multiple well meta-

data necessary to analyze multi-well plates. CellProfiler was designed specifically to handle 

large datasets from automation and screening, and can work with both images and flow 

cytometry data; it is based on a building-block style workflow and is highly flexible. 

However, it targets mainly 2D culture analysis and any 3D imaging would either need to be 

based on maximum projections or be programmed by the end user [85]. Phaedra and 

OMERO are two other open-source software programs that are used for image analysis and 

data management in large-scale screening datasets [86–89]. They can both import and 

analyze file types in a wide variety of common formats. OMERO was designed as a stand-

alone data visualization, analysis, and management system to run within the Open 

Microscopy Environment and currently supports over 140 image file formats [87–89]. 

Phaedra can also support analysis of both imaging and flow cytometry data [86]. However, 

both OMERO and Phaedra were designed primarily for analysis of 2D data, so 3D images 

must either be flattened (e.g., maximally projected) or specific programming designed to 

take volume into account would need to be developed by the end user. A tool designed to 

calculate properties from a Z-stack maximum projection, but which can readily handle the 

large datasets generated by screening, was developed in Di et al. The authors developed the 

tool based on ImageJ to analyze both nuclei and another parameter. In this case, F-actin 

morphology and branching patterns were analyzed in several breast cancer cell lines grown 

in spheroid culture. This more in-depth analysis requires some upfront user investment to 

define parameters of interest and train the software, with the algorithm then identifying 

features of interest for the remainder of the screen [90].

Several open-source analysis tools for nuclear structure in 3D have recently been developed. 

Among them, TANGO is based on ImageJ and R, and runs off of Z-stacks [91]. Another tool 

is based on the Insight Segmentation and Registration and the Visualization Toolkits. This 

program is dedicated to correctly partitioning individual nuclei within a dense 3D matrix 

[92]. V3D is another open-source software; however, it stands out in that it was specifically 

designed for 3D image analysis of structures within an organism or cell properties within a 

structure. It is capable of handling extremely large images with the computing power of a 

standard computer, and does not require a 2D-reconstructed image to pinpoint a specific 

place in a 3D image. However, it is mostly designed for datasets comprised of a few large 

images rather than what would typically be generated by screening and renders the images 

based on a maximum projection of Z-stacks, but is amenable to user modification [93].

4. Conclusion

The demand for more physiologically relevant models, which can better recapitulate in vivo 
drug responses, has prompted advances in the implementation and characterization of 
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imaging-based 3D cell culture and whole-organism assays, as well as their optimization for 

high throughput screening. These advances have further been made possible by convergence 

in diverse technologies ranging from biomedical engineering to advanced optics. This is 

reflected in the increasing number of publications on 3D cellular models as well as the 

commercial launching of reagents and platforms for the culturing and imaging of 3D 

structures. Despite all these advances, the use of 3D systems in drug discovery programs is 

still limited to follow up studies.

5. Expert Opinion

Before we can see the widespread adoption of 3D systems by the scientific community for 

the screening of large compound libraries, many conceptual and practical restrictions need to 

be overcome. Conceptually, data generated using these methods still need to be validated 

against established in vivo models. Particularly for 3D cellular models, which are relatively 

new, further optimization of the models is likely going to be needed, including the 

incorporation of vascular components of tissues or extension of culture time for long-term 

drug studies. Related emerging efforts in the direction of increasing complexity in 3D 

include tissue printing (also referred to as bioprinting) and organs-on-chips (also referred to 

as tissue-chip or microphysiological systems); however, these platforms represent a 

departure from the microtiter plate-based format and are naturally better suited for testing of 

small number of compounds at the post-screen stages of a project.

Great strides have been made to establish innovative ways of culturing cells in 3D and to 

miniaturize cultures for high throughput testing. However, standardized protocols for the 

imaging of 3D structures are still lacking. Issues such as incubation time and penetration 

efficiency of fluorescent sensors into the 3D structure also need to be addressed. Since most 

fluorescent sensors have been developed for 2D cultures it is necessary to optimize them in 

3D structures as noted in a study by Beauchamp et al. of spheroids made of iPSC-derived 

cardiomyocytes for cytosolic calcium signals using fluo-4 as a calcium-sensitive fluorescent 

probe where the calcium indicator only partially penetrated into spheres as shown by optical 

sections of the spheroids [34]. Wenzel et al. stained spheroids with the fluorescent dyes 

Hoechst 33342 (which stains nuclei of live/fixed cells) and SYTOX Green (which stains 

nuclei of dead cells) [28] and noted that these dyes have sufficient penetration into spheroids 

but that they required a 24-hour incubation prior to imaging, and dyes such as Hoechst can 

exhibit cytotoxicity and/or cell cycle arrest after prolonged treatment. The recent work by 

Bonnier et al. indicates that common dyes applied in 2D assays display differential diffusion 

and bioavailability when cells are grown in 3D collagen matrices, highlighting the 

importance of protocol adaptation to individual culture conditions [94]. Additionally, certain 

dyes could be differentially metabolized or transported out of the cell under 3D culture 

conditions: the commonly used cell viability dye calcein-AM is a known substrate of MDR 

transporters, which reportedly are upregulated in certain 3D culture settings compared to 

monolayers [95]. Finally, some sensors like near-infrared reagents (see below) have been 

noted to reach maximum signal intensity only 72 hour after spheroid staining. Nevertheless, 

it is worth mentioning current efforts aimed at improving imaging of 3D structures. To 

minimize the effect of light scattering, both private and academic groups have developed 

near infrared reagents [96] which contain dyes emitting at ~700 nm, a region where light 
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absorption and scattering of biological tissues is at a minimum. Furthermore, to enhance 

detection depth of 3D samples, several protocols and reagents, such as 3DISCO, CLARITY 

and Scale have been developed for the optical clearing of biological samples [97–99]. 

Aqueous fixative reagents such as Scale (PerkinElmer) for spheroid culture applications 

have also been released. A recent study implemented several optical clearing protocols for 

the imaging of scaffold-free spheroids of neuronal origin, including Clear(T2), Scale and 

SeeDB [100].

While there have been many microscopy based hardware improvements in speed and 

sensitivity, certain issues still remain. Images collected during acquisition, particularly 

image Z stacks, can generate large data files, on the order of 100s of GBs to TBs (on a daily 

basis), therefore large data storage drives are required. The data and storage drives must be 

backed up and archived, and this usually requires dedicated IT personnel. Other issues that 

occur during automated imaging such as autofocus errors (particularly with round bottom 

and micro patterned plates), slow acquisition times (due to Z stacks or imaging multiple 

fields of view), and phototoxicity induced by long exposures to dim samples are other 

examples that need to be addressed.

No imaging platform or software analysis package is currently regarded as the “gold 

standard”; several considerations need to be taken into account when choosing the best 

approach for a given assay, including resolution needed, imaging speed, computational time, 

throughput, need for custom algorithms, types of analyses required, and the need for 

volumetric calculations or interconnection mapping (Figure 3). Studies with whole animals 

illustrate this point. For example, Gehrig et al. microinjected zebrafish embryos with over 

200 different fluorescent reporters to investigate the expression pattern of each reporter. The 

authors took small Z-stacks of each embryo at low magnification using a stand-alone 

microscope-based imaging platform (scan^R, Olympus), then a custom designed software 

warped the 3D images onto a 2D maximum projection of an ideal fish embryo for 

fluorescent expression analysis. This approach allowed the authors to minimize 

computational time while addressing expression down to the tissue level in the animals [59]. 

Lin et al. reported a study on heavy metal toxicity in zebrafish using transgenic lines that 

report on expression of heat shock proteins. By using commercially available whole-well 

imagers, the authors eliminated the need for animal orientation-algorithms to begin analysis, 

allowing for commercial software or standard ImageJ to be used [69]. A high-throughput 

pace of screening in zebrafish and C. elegans has been achieved by using fluorescent plate-

reading technology [62,63]. The information from this type of screen is unquestionably 

valuable; however, by definition it sacrifices the ability to obtain actual images of the 

animals and cannot achieve the resolution possible with whole-well or microscopy readers. 

It is perhaps better suited for detecting fluorescent reporter activation or simple toxicity 

studies, rather than the more intricate systemic effects possible to interrogate when, for 

instance, specific cell migration, individual vasculature or other direct cell morphology data 

are available.

Despite the current conceptual and practical challenges we discussed above, we anticipate 

that the fast pace of innovation in the field of 3D biology and fluorescent imaging and their 
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integration into high throughput platforms for drug screening will likely facilitate the 

identification and validation of new therapeutics in the near future.
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Article Highlights

• The increased interest in phenotypic screening coupled with evidence showing 

cells grown in three dimensional structures more closely recapitulate in vivo 
drug response makes high throughput, 3D fluorescent imaging screens an 

attractive option for drug discovery.

• There are many methods in use for making both single and multi-cell type 

spheroids, both of which display differential properties for ease of culture and 

drug sensitivities.

• Whole animal screening is primarily done in C. elegans or D. rerio due to their 

optical transparency and relative ease of husbandry, but achieving true high 

throughput still poses technical challenges.

• Fluorescent sensors must be adapted for 3D culture, especially due to variable 

dye penetration in thick spheroids or through animal tissues, or the effort must 

be made to create stable transgenic lines.

• Recent advances in microscopy have made high speed-high content imaging 

more attainable, but physical properties like sample thickness or light scattering 

necessitate different technologies for 3D imaging as compared to traditional 

monolayers.

• Most current software systems capable of handling typical screening datasets 

primarily modify 2D analysis techniques for 3D images, such as maximum 

projections from Z-stacks, with only a few truly 3D options available.
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Figure 1. 
Schematic representation of most common scaffold-free and scaffold-independent 3D 

cellular culturing methods amenable for high-throughput assays.

Martinez et al. Page 21

Expert Opin Drug Discov. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
3D rendering of Z stacks using current microscopy methods. Spheroids of Panc-1 cells were 

generated in 384-well ULA plates (Corning) at 37 °C, 5% CO2, 95% RH for 7 days. 

Spheroids were stained with 10 μg/ml Hoechst 33342 for 60 minutes prior to imaging. 

Widefield images were captured on an IN Cell 2000 High Content Imaging system at 20X 

(0.70 NA) with 13 Z sections at 5 μm per section. Image volumes were rendered using FIJI 

and the ImageJ 3D viewer plugin and standard rendering settings. Identically spaced 

sections were captured on a Zeiss LSM 710 Confocal point scanning confocal microscope 

using a 20x 0.8 NA air objective and a 3 micron pinhole. Representative “bottom” (closest to 

well bottom) and “middle” image snapshots are displayed. Deconvolution of image stacks 

was conducted using the IN Cell 3D deconvolution software (Enhanced Ratio Aggressive 

Deconvolution method with 10 cycles).
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Figure 3. 
Many factors must be taken into account when designing a 3D screen and desired readout. 

For each step, the primary consideration is in bold. However, each of these are generally 

directly related to the other considerations listed (i.e. as resolution increases, so does 

computational time). Throughput is the exception, in that it is usually inversely correlated 

with the other parameters as listed. For the animal models, we tried to reflect necessary prior 

knowledge and the types of data generally returned. C. elegans is typically best suited to 

drug screens geared towards diseases or compounds with well understood targets known to 

have orthologs in worms. D. rerio develops organ systems more similar to mammals and can 

therefore more readily be used to assess systemic effects (i.e. cardiovascular toxicities or 

developmental defects).
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Table 2

Fluorescence Imaging Technologies

Microscopy Advantages Limitations Examples

Confocal Background light rejection 
(autofluorescence and image 
sectioning)

Costly, can reduce light at sample Spinning Disc, Point scanning, 
Laser Line

Widefield Low cost, fast Does not reduce background SSI, Metal Halide excitation

Widefield + Deconvolution Increased contrast and resolution, 
can reduce background under certain 
circumstances

Not always quantitative, 
processing can be slow, image 
artifacts

Deconvolution algorithms 
(nearest neighbor, constrained 
iterative, etc.)

Super Resolution Detect subcellular localization, 
possibly deeper penetration

Low throughput, typically 1 or 
less spheroid/image

TIRF, SIM, STED
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Table 3

Imaging Platforms

Platform Advantages Limitations Examples

Whole well imagers Low cost, fast, easy to use Resolution limited Nexcelom; Celigo, Pekin Elmer; 
EnSight, Nano3D

Fluorescence Microscopes Subcellular resolution May require additional modules 
(autofocus, Z motors, stage). Can be 
difficult to set up and use in an 
automated environment

Many (Zeiss, Olympus, Nikon, etc)

HCA Systems Fast, subcellular resolution, 
“out of the box” solution

Can be costly and difficult to use GE: IN Cell, MD: IMageXpress, 
Life: Arrayscan, PE: Operetta, 
Phenix, TTP; Acumen, Idea Bio; 
Wiscan, Vala; IC - Series, Wako; 
Cellvoyager, Essen; Incucyte
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