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Clearing Strategies for 3D Spheroids
Abstract
Multicellular spheroids have emerged as powerful tools  
to bridge the gap between in vitro cell culture models  
and in vivo tissues. In drug discovery programs, where  
high-throughput is required, investigators to date have 
been unable to take full advantage of these models 
because of the lack of available methods to fully interrogate 
them. Perhaps the greatest challenge in higher throughput 
3D imaging is the acquisition of images of solid spheroids, 
owing to the reduced light penetration from increased light 
absorption and scattering properties. One solution is to use 
optical clearing techniques, which can enhance the imaging 
depth in spheroids by removing lipid and protein molecules, 
which contribute to light scattering effects, and by 
modifying the refractive indices within the sample. 

In this technical note, we compare different optical clearing 
strategies for 3D spheroids using the Opera Phenix™  
high-content screening system and quantify the clearing 
effectiveness and alterations in spheroid morphology using 
Harmony® 4.8 imaging and analysis software.

 
We demonstrate:

•  How to increase imaging depth in 3D spheroids  
by a factor of four 

•  How different optical clearing techniques  
affect clearing effectiveness, clearing time  
and spheroid morphology
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Spheroid Production and Optical Clearing

To create spheroids, approximately 500 HeLa cells per well 
were seeded in CellCarrier™ Spheroid Ultra Low Attachment 
(ULA) 96-well microplates (PerkinElmer, #6055330). After  
3 days in culture at 37 °C and 5% CO2, spheroids were fixed 
with 3.7% formaldehyde. The diameter of the spheroids was 
approximately 250 µm. Nuclei were stained with 5 µM 
DRAQ5™ for 1 h at room temperature. For imaging, spheroids 
were manually transferred into a CellCarrier-384 Ultra 
microplate (PerkinElmer, #6057300) in PBS. 

The optical clearing approaches described here have been 
published previously and are grouped into two categories, 
aqueous-based and organic solvent-based. The aqueous 
clearing reagents were ScaleA2, ScaleS4 and ScaleS0 – ScaleS4 
(sequential clearing).1,2 For ScaleA2 and ScaleS4 clearing,  
the spheroids were directly transferred into the final optical 
clearing solutions. For the sequential optical clearing approach 
with ScaleS0 – ScaleS4, spheroids were incubated sequentially 
in ScaleS0, ScaleS1, ScaleS2, and ScaleS3 for 1 h each. Before 
the final mounting in ScaleS4, the samples were washed with 
PBS. All Scale incubations were done at 37 °C to enhance the 
clearing process. 

A mixture of benzyl alcohol and benzyl benzoate (BABB)  
was used as an example of an organic solvent-based clearing 
solution.3 For clearing with BABB, the spheroids were initially 
dehydrated with a series of 5 minute room temperature 
incubations in methanol solutions of increasing concentration 
(25%, 50%, 75%, and 100%). Before the final mounting in 
BABB, the spheroids were incubated for 5 minutes in a 1:1 
BABB/methanol mixture. The full compositions of the optical 
clearing solutions are summarized in Table 1.

HeLa spheroids were imaged on an Opera Phenix™ high- 
content screening system using a 20x water immersion objective 

(NA 1.0), in the absence or presence of the different clearing 
reagents. To monitor clearing success over time, confocal image 
stacks (300 planes, 1 µm z-plane intervals) were acquired after 
four different time points (1 h, 18 h, 48 h and 96 h). Detection 
of each individual spheroid was centered in one field of view 
using the PreciScan intelligent image acquisition tool (available in 
versions 4.5 or later of Harmony imaging and analysis software). 

Imaging Results

As commonly reported, optical clearing techniques significantly 
increase the imaging depth over time. Without clearing, in  
PBS, only the lower quarter of a 250 µm thick HeLa spheroid  
is visible. In contrast, when a clearing method is applied, 
imaging into the core or even through the entire sphere is 
achieved (Figure 1). The effectiveness of each of the clearing 
methods shown in Table 1 is dependent on the cell type, the 
overall thickness in the z dimension, the ECM substrate used, 
and the length of time that the clearing agent was applied. 

3D Analysis of Spheroids 

To quantify the effectiveness of the clearing methods and the 
morphology of spheroids in the different clearing solutions,  
the 3D high-content analysis and visualization tools built into 
Harmony 4.8 high-content analysis software were used. As a 
first step in the image analysis process, the visible region of 
each spheroid was detected using a local intensity threshold. 
Subsequently, the spheroid region was segmented into 
individual nuclei. In the uncleared 3D samples, nuclei could 
only be detected in the outer spheroid region. After successful 
optical clearing, e.g. using ScaleS4, nuclei were detectable 
throughout the whole spheroid (Figure 2).

Ingredients ScaleA2 ScaleS0 ScaleS1 ScaleS2 ScaleS3 ScaleS4 BABB

D-(-)-Sorbitol (% w/v) - 20 20 27 36.4 40 -

Glycerol (% w/v) 10 5 10 - - 10 -

Urea (M) 4 - 4 2.7 2.7 4 -

Triton X-100 (% w/v) 0.1 - 0.2 0.1 - 0.2 -

Methyl-β-cyclodextrin 
(mM)

- 1 - - - - -

γ-cyclodextrin (mM) - 1 - - - - -

N-acetyl-L-hydroxyproline 
(% w/v)

- 1 - - - - -

Dimethylsulfoxide (% v/v) - 3 - 8.3 9.1 15-25 -

PBS (-) - 1x - - 1x - -

Benzyl alcohol/Benzyl 
benzoate solution

- - - - - - 1:2 ratio

Table 1. Compositions of optical clearing solutions.
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Figure 1. Optical clearing solutions increase imaging depth of spheroids over time. While only the lower quarter of a 250 µm thick spheroid is visible in PBS, imaging  
beyond this, towards the core or almost completely through the spheroid, was only achieved when a clearing technique was applied. Images show one representative 
HeLa spheroid per clearing method. The same spheroid was imaged before (in PBS) and at four different time points after the addition of the optical clearing solutions. 
The x/z dimension images in the upper rows represent longitudinal cuts of spheroids. The x/y dimension images in the lower rows are from the respective z height 
dimensions with the maximum cross section area, as indicated by the dashed line in the x/z images. 

Figure 2. Optical clearing allows the detection of up to four times more nuclei using Harmony 4.8 software. Image stacks (300 @ 1 μm intervals) were acquired in  
confocal mode on the Opera Phenix system using a 20x water immersion objective. 
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Figure 3. Optical clearing allows image detection deeper into HeLa spheroids but alters nuclear volume and intensity. The visible fraction and nuclei count increase over time for 
all clearing approaches. The nuclei volume increases for the aqueous-based clearing solutions (Scale) and decreases for the organic solvent-based solution (BABB). The mean 
intensity of DRAQ5™ in the nucleus decreases for all optical clearing approaches over time; ScaleA2 showed the most significant decrease in mean nuclei intensity compared to 
other clearing approaches tested in this study. All readouts were calculated with the 3D high-content analysis tools of Harmony 4.8 software. Data represent at least three individual 
spheroids and error bars represent the SD. 

In addition to the nuclei count, the mean nuclei volume and the mean DRAQ5™ intensity in the nucleus were calculated. As a 
readout for the overall optical clearing effectiveness, the “visible fraction” of the spheroids was calculated by dividing the visible 
height by the spheroid diameter, which can be derived from the maximum cross section area. 

While the visible fraction of an uncleared spheroid is about 25% 
in PBS, clearing increases the imaging depth and the ability to 
segment nuclei with increasing clearing time (Figure 3). For 
ScaleA2, detection increases to 55% after 1 h and up to 78% 
after 96 h. For ScaleS4, the clearing process is faster and even 
more effective, with visibility values of 95% after 96 h. BABB, like 
other solvent-based clearing solutions, reduces the incubation 
time necessary to clear spheroids with complete optical clearing in 
little as 1 h (Figure 3).

While clearing enables imaging of an entire 250 µM Hela 
spheroid, it is known that clearing agents, such as those described 
here, modify the spheroid size and intensity properties of nuclei. 

The nuclei volume increases after ScaleA2 or ScaleS4 treatment, 
approximately doubling after 96 h. In contrast to the uncleared 

spheroid in PBS solution, ScaleS0 initially leads to nuclei shrinkage 
in spheroids after 1 h, but by transfering spheroids through 
ScaleS1, ScaleS2, ScaleS3 into ScaleS4, the nuclei volume reaches 
a comparable size to the other Scale solutions. Due to spheroid 
dehydration, BABB treatment, similar to other solvent-based 
clearing agents, leads to shrinkage of the nuclei volume  
by approximately 66% (Figure 3). This change in nuclei volume 
corresponds to the change in volume of the whole spheroids 
(data not shown). 

Optical clearing also decreases detection of DRAQ5™ in HeLa 
spheroids. The largest decrease in fluorescence intensity, observed 
with ScaleA2 clearing solution, was nearly 80% after 96 h, 
whereas the fluorescence intensity was reduced by only 40-50% 
in ScaleS4 or BABB clearing (Figure 3). 
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Conclusion

Multicellular spheroids are often characterized by proliferation 
gradients and cell heterogeneity. Incomplete imaging of the 
spheroid is therefore a major concern for researchers as it can 
reduce the possibility of discovering further insights from 
biologically interesting zones such as the spheroid core (or 
necrotic core in tumoroids). 

Here we have shown that optical clearing, combined with 
imaging on the Opera Phenix system, improves the imaging 
depth and the nuclei segmentation in HeLa spheroids by a factor 
of 4. This improved methodology allows complete imaging  
of spheroids with a diameter of approx. 250 µm when using 
water immersion objectives. Several previously published, non-
proprietary clearing solutions (aqueous-based and organic 
solvent-based) were tested. The ScaleS4 method demonstrated 
the best clearing characteristics with a simple, straightforward 
protocol. Notably, ScaleS4 leads to an expanded spheroid 
volume, which is favorable for image analysis segmentation, 
while retaining fluorescence intensity. However, it shows 
considerable curing over time, with best results achieved after 
48-96 h of incubation. An aqueous-based clearing solution  
such as ScaleS4 with water immersion objectives is an ideal 
combination that properly matches the refractive indices to 
improve 3D image quality and reduce optical aberrations.5 

PerkinElmer’s Opera Phenix and Operetta CLS™ high-content 
screening systems, together with Harmony imaging and analysis 
software, are highly-suited to analyze complex 3D cell model 
systems with integrated image acquisition and 3D software tools 
to visualize, analyze, and gain insights into the biological content 
of physiologically more relevant cell models. 
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High-Content Analysis

T E C H N I C A L  N O T E

3D Volumetric Analysis  
of Luminal Spaces Inside  
Cysts or Organoids

Introduction

High-content assays using 3D objects such as cysts or organoids 
can be challenging from the perspectives of both image 
acquisition and image analysis. 

In this technical note we describe how to image and analyze 
epithelial Madin-Darby canine kidney (MDCK) cysts in 3D on  
the Operetta CLS™ high-content analysis system. 

3D Assay Development and Imaging 

Preparation of MDCK Cysts 
Once epithelial cells such as MDCK cells come into contact with 
extracellular matrix (ECM), they begin to form 3-dimensional 
structures in a process called cystogenesis. Spherical cysts generate 
with a central hollow lumen lined by a polarized monolayer of 
cells. MDCK cysts recapitulate in vivo processes of epithelial tissues 
and are a valuable, extensively studied model system.1

To grow MDCK cysts, we optimized the protocol previously 
described2 by plating MDCK cells in 2 % Geltrex-enriched 
(Geltrex™, Thermofisher, # A1413202) growth medium directly 
into an ultra-low attachment (ULA) coated CellCarrier-384 Ultra 
microplate (PerkinElmer, # 6057802). By omitting the commonly 
used ECM cushion (i.e. well bottom precoating), the distance of 
3D objects to the objective lens was minimized. After 10 days, 
cells were stained with 4 µM Draq5™ (Biostatus, #DR50200) and 
then fixed using 3.7 % formaldehyde.

3D Imaging
MDCK cysts were imaged on an Operetta CLS high-content 
analysis system, equipped with water immersion objectives, in 
confocal mode. To compare 3D image quality with air vs. water 
immersion objectives, the same MDCK cyst was imaged, using 
either a 40x hNA (high numerical aperture, NA 0.75) or a 40x 
water immersion objective (NA 1.1). A z-stack of 301 planes with 
a distance of 0.5 µm over a total distance of 150 µm was 
acquired. Compared to air objectives, images acquired with the 
water immersion objective show much better resolution especially 
the z-direction (Fig 1). This results in improved nuclei segmentation 
which leads to detection of twice as many nuclei from the same 
cyst compared to the air objective. With water immersion 
objectives, the refractive index of the immersion water matches 
the refractive index of the sample, resulting in less light diffraction 
and fewer optical aberrations. Additionally, the water immersion 
objective has a higher numerical aperture than the air objective 
and subsequently more excitation light is delivered into, and more 
emitted fluorescent light collected from, the sample.3
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We address:
•  How to reduce the loss of image resolution as you  

image deeper into the sample

•  How to enable 3D segmentation and analysis for  
your 3D high-content assays

•  How to increase throughput for 3D imaging through  
shorter exposure times

•  How to eliminate long and tedious data transfer steps
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