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Current strategies for studying disease 
mechanisms, pharmaceutical drug 
discovery, and toxicity testing rely on in vivo 
animal and two-dimensional (2-D) in vitro 
models. Though commonly used to inves-
tigate disease pathogenesis and perform 
toxicity testing, animal models are not 
necessarily predictive of human responses 
following exposure, and interspecies differ-
ences can have profound impacts on extrap-
olation or interpretation of data (1). Animal 
models are limited by time intensive, costly, 
and low-throughput experiments, contrib-
uting to the large backlog of compounds 

that have not been adequately tested for 
safety (2–6). While in vitro–based models 
address these limitations, 2-D monolayer 
cultures lack the complex cell–cell interac-
tions, intercellular junctions, cross-talk, and 
cellular morphology present in the in vivo 
environment (7,8).

Since standard in vitro culture systems 
and in vivo animal models are handicapped 
in their ability to recapitulate human tissue 
responses, there exists a need to develop 
more complex predictive systems to evaluate 
disease mechanisms and to serve as 
platforms for toxicological testing (7,9,10). In 

2007, the NRC report “Toxicity Testing in the 
21st Century: A Vision and a Strategy” (11) 
called for a change in the current approach 
to toxicity testing by emphasizing the devel-
opment and use of more relevant in vitro 
systems using human cells.

New approaches for three-dimensional 
(3-D) cell culture have allowed increased 
cell–cell interactions, formation of intercel-
lular junctions, and intercellular commu-
nication, providing a more physiologically 
relevant microsystem (8,10,12). Toxicity 
testing of compounds, including chemo-
therapeutics and nanoparticles, has demon-
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Three-dimensional (3-D) in vitro platforms have been shown to closely recapitulate human physiology when 
compared with conventional two-dimensional (2-D) in vitro or in vivo animal model systems. This confers a 
substantial advantage in evaluating disease mechanisms, pharmaceutical drug discovery, and toxicity testing. 
Despite the benefits of 3-D cell culture, limitations in visualization and imaging of 3-D microtissues present 
significant challenges. Here we optimized histology and microscopy techniques to overcome the constraints 
of 3-D imaging. For morphological assessment of 3-D microtissues of several cell types, different time points, 
and different sizes, a two-step glycol methacrylate embedding protocol for evaluating 3-D microtissues pro-
duced using agarose hydrogels improved resolution of nuclear and cellular histopathology characteristic of cell 
death and proliferation. Additional immunohistochemistry, immunofluorescence, and in situ immunostaining 
techniques were successfully adapted to these microtissues and enhanced by optical clearing. Utilizing the 
ClearT2 protocol greatly increased fluorescence signal intensity, imaging depth, and clarity, allowing for more 
complete confocal fluorescence microscopy imaging of these 3-D microtissues compared with uncleared 
samples. The refined techniques presented here address the key challenges associated with 3-D imaging, 
providing new and alternative methods in evaluating disease pathogenesis, delineating toxicity pathways, 
and enhancing the versatility of 3-D in vitro testing systems in pharmacological and toxicological applications.

Reports

METHOD SUMMARY
Here we present a summary of refined techniques for imaging of 3-D microtissues produced using agarose hydrogels. 
These techniques include adaptation of a two-step glycol methacrylate embedding protocol, immunostaining, and optical 
clearing, which improved the visualization of 3-D microtissues.
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strated different responses in cells cultured 
in 2-D versus 3-D (10,13,14). However, the 
adaptation of 2-D fluorescence or imaging-
based assays for use in 3-D models presents 
a serious challenge for 3-D in vitro cell 
culture. Imaging and visualization of struc-
tures is challenging in 3-D cell culture due to 
factors such as microtissue thickness, light 
scattering, and impaired diffusion of reagents 
across multiple cell layers (15).

Here we adapted and refined techniques 
that enable optimal visualization of micro-
tissues to enhance imaging acquisition and 
assessment of morphological and toxico-
logical outcomes relevant to human disease. 
To address the challenges associated with 
visualization, this study describes novel 
protocols for histopathology and optical 
clearing methods for imaging of 3-D micro-
tissues produced using agarose hydrogels 
to obtain morphological and functional end 
points. Overall, the improved imaging and 
generation of integrated data sets will lead 
to expanded use of these 3-D microtissues 
for assessing toxicity.

Materials and methods
Culture methods
Culture methods and target cells are summa-
rized in Table 1. BEAS-2B (No. CRL-9609; 
ATCC, Manassas, VA) immortalized human 
lung epithelial cells were cultured in BEGM 
media with a Single Quot supplement kit (No. 
CC-3170; Lonza, Basel, Switzerland) at 37°C 
in 5% CO2. LNCaP (No. CRL-1740; ATCC) 
human prostate adenocarcinoma cells were 
cultured using phenol-red free RPMI-1640 
(No. 11835; Life Technologies, Grand Island, 
NY) with 10% fetal bovine serum (FBS) and 
penicillin/streptomycin at 37°C in 5% CO2. 
PLHC-1 (No. CRL-2406; ATCC) fish (Poecili-
opsis lucida) hepatoma cells were cultured 
using EMEM media (No. 30–2003; ATCC) 
with 5% FBS and penicillin/streptomycin at 
30°C in 5% CO2.

3-D culture methods
Hydrogels containing 2% agarose were 
created from micromolds (No. 24–9; Micro-
tissues, Inc., Providence, RI). Hydrogels were 

equilibrated with appropriate cell culture 
medium for a minimum of 30 min prior to 
cell seeding (16) into hydrogels at various 
densities (Table 1). After seeding, cells settled 
to the bottom of the small recesses and self-
assembled into spheroids over the course 
of 24 h.

Microtissue histology
Microtissues within agarose hydrogels were 
fixed in 10% neutral buffered formalin (No. 
225; Fisher Scientific, Agawam, MA) for a 
minimum of 24 h prior to dehydration and 
processing. Microtissues within the agarose 
molds were then embedded in Technovit 
7100 glycol methacrylate (No. 14653l; 
Electron Microscopy Sciences, Hatfield, 
PA) per manufacturer’s specifications with 
one modification. Samples were partially 
submerged in the infiltration solution and 
hardener 2 mixture to allow the sample to 
firmly attach to the bottom of the histology 
mold prior to filling the mold completely 
and adding a block holder. Samples were 
sectioned at a thickness of 3 mm, after which 
sections were mounted on slides and stained 
with hematoxylin and eosin (H&E) for histo-
logical examination.

Preparation of frozen sections
Microtissues within agarose hydrogels 
were fixed in 10% neutral buffered formalin 
overnight at 4°C. Following fixation and 2 
washes with phosphate-buffered saline 
(PBS), samples were placed in a 15% 
sucrose/PBS solution for at least 3 h at room 
temperature and then in a 30% sucrose/PBS 
solution overnight at 4°C. Samples were 
embedded in optimal cutting temperature 
compound (OCT) (No. 14–373–65, Tissue–
Tek; Fisher Scientific), frozen on dry ice 
before sectioning, and stored at -80°C until 
use. Samples were sectioned at 8 mm and 
affixed to Superfrost plus slides (No. 12–55–
010; Fisher Scientific) before storage at -80°C 
until immunostaining.

Immunohistochemistry
Frozen sections of microtissues affixed to 
slides were thawed, dried at room temper-
ature, and washed in PBS twice prior 

to antigen retrieval. For antigen retrieval, 
samples were placed in pre-heated 0.01 M 
citrate buffer (pH 6.0) for 20 min and then 
allowed to cool for 20 min. After 2 washes 
in PBS (5 min each), slides were treated with 
a 3% peroxide/methanol solution to quench 
endogenous peroxidase activity. Sections 
were then incubated with an Avidin/Biotin 
Block Kit (No. SP-2100; Vector Laboratories, 
Burlingame, CA) per manufacturer’s speci-
fications and blocked in a 1% bovine serum 
albumin (BSA) (No. A7906; Sigma-Aldrich, 
St. Louis, MO) and 15% goat serum (No. 
G9023; Sigma-Aldrich) solution for 1 h at 
room temperature. Slides were incubated 
overnight with an anti-E-cadherin primary 
antibody (1:6000 dilution) (No. 610181; BD 
Biosciences, San Jose, CA) at 4°C. Following 
washes in PBS, samples were incubated with 
goat anti-mouse IgG biotinylated secondary 
antibody (1:1000 dilution) (No. B0529; Sigma-
Aldrich) for 1 h at room temperature and 
subsequent incubation with Avidin/Biotin 
Peroxidase Complex Kit (PK-6100; Vector 
Laboratories) per manufacturer’s recommen-
dation. Antibody expression was detected 
using the DAB Kit (No. SK-4100; Vector 
Laboratories). Sections were then counter-
stained with hematoxylin and coverslipped 
with Cytoseal 60 (No. 23–244257; Thermo 
Fisher Scientific, Waltham, MA).

Immunofluorescence of frozen sections
Frozen sections affixed to slides were 
allowed to warm to room temperature 
and then fixed for 5 min in 4% paraformal-
dehyde or 10% neutral buffered formalin. 
Slides were washed with PBS 3 times 
at room temperature and then perme-
abilized with 0.25% Triton X-100 for 10 
min at room temperature. Samples were 
washed in PBS as before and then blocked 
with 1% goat serum, 3% BSA, and 0.3 
M glycine for 1 h at room temperature. 
Slides were incubated overnight at 4°C 
with same anti-E-cadherin antibody (1:500 
dilution) used for immunohistochemistry 
as described above. Following incubation, 
slides were washed in PBS as described 
above and incubated with anti-mouse 
secondary antibody (1:1000 dilution) (No. 

Table 1. Cell culture conditions.

Cell line Cell type Media and supplements Temperature Microtissues, 
Inc. Mold

Seeding  
density/gel

Cells/ 
microtissue

BEAS-2B Human lung epithelium BEGM media with Single Quot supplement kit 37°C 24–35 80,000 2300

24–96 80,000 830

LNCaP Human prostate adenocarcinoma RPMI 1640 with 10% FBS and penicillin/streptomycin 37°C 12–256 95,000 375

PLHC-1 Poeciliopsis lucida hepatocyte EMEM with 5% FCS and penicillin/streptomycin 30°C 24–96 100,000 1050
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A21236; Life Technologies) for 2 h at 
room temperature. For F-actin staining to 
visualize the cytoskeleton, sections were 
permeabilized as above and incubated 
with rhodamine phalloidin (1:500 dilution) 
(R415; Life Technologies) for 25 min. 
Slides were washed as described above 
and stained with Hoechst 33342 (1:1000 
dilution) (No. H1399; Life Technologies) for 
30 min at room temperature. Coverslips 
were mounted using hard set mounting 
media (No. H-1400; Vector Laboratories) 
and stored in the dark at 4°C until imaging.

Immunofluorescence of whole spheroids
Whole microtissues in agarose hydrogels 
were fixed in 10% neutral buffered formalin 
overnight at 4°C. Following fixation, gels 
were washed with PBS 3 times for 5 min 
each at room temperature with gentle 
shaking. Spheroids were permeabilized 
by incubation in 0.25% Triton X-100 in 
PBS for 2 h at room temperature and 
washed as described above. Samples 
were blocked for 1 h at room temper-
ature with 1% goat serum, 3% BSA, and 
0.3 M glycine, followed by incubation with 
the same anti-E-cadherin antibody (1:500 
dilution) mentioned above overnight at 
4°C. Samples were then washed in PBS 
as previously described and incubated 
with anti-mouse secondary antibody 
(1:1000 dilution) for 2 h at room temper-
ature followed by washes as described 
above, counterstained with Hoechst 
33342 (1:2000 dilution) for 2 h at room 
temperature followed by additional PBS 
washes, and finally, protected from light 
during storage at 4°C until clearing. For 
Hoechst staining alone, previously fixed 
microtissues stored at 4°C were stained 
with Hoechst 33342 (1:2000 dilution) in 
PBS for 2 h at room temperature.

Detection of reactive 
oxygen species (ROS)
BEAS-2B microtissues were grown 
for 4 days, then treated with 50 µM 
menadione sodium bisulfite (No. M5750; 
Sigma-Aldrich) and counterstained with 
Hoechst 33342 (1:2000 dilution) for 1 h. 
After 1 h, 5 µM CellROX Green reagent 
(No. C1044; Life Technologies) was added 
to each sample for an additional hour as 
per manufacturer’s suggestions. Samples 
were briefly washed in PBS twice for 5 min 
and fixed in 10% neutral buffered formalin 
for 1 h before being cleared and imaged 
using a Zeiss LSM710 laser confocal 
microscope (Carl Zeiss, Jena, Germany).

Figure 1. 3-D microtissue embedding and histopathology. (A) Micromolds were used to cast 
agarose hydrogels containing 256 round-bottom recesses for microtissue formation. (B) An 
array of microtissues can be processed for imaging directly in the hydrogels, as shown in 
the diagram of the two-step plastic embedding and histology process. (C) H&E staining of 
BEAS-2B (top panel) and LNCaP (bottom panel) microtissues show normal morphology at 7 
days and proliferating and apoptotic cells after 14 days (see figure insets). Scale bar = 50 µm. 
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ClearT2 optical clearing
Samples were cleared in a chemical fume 
hood using a modified version of the original 
ClearT2 protocol developed by Kuwajima et 
al. (2013). The methods were adapted to 
microtissues and required a 1 h incubation of 
samples in a final solution of 50% formamide 
(No. 47670; Sigma-Aldrich) and 20% polyeth-
ylene glycol (PEG) (No. 89510l Sigma-Aldrich). 
For imaging of intact microtissues, agarose 
hydrogels were inverted and placed into 35 
mm glass bottom dishes (No. P35G; MatTek, 
Ashland, MA) to allow samples to fall out of 
hydrogels and onto the coverslips for imaging 
using laser scanning confocal microscopy 
and a 20× objective (Zeiss LSM710, Plan-
Apochromat, 0.8 NA, 0.55 WD objective). 
During imaging, plates were sealed with 
parafilm to prevent evaporation of formamide.

Results and discussion
The adaptation of 2-D imaging-based assays 
to 3-D culture models has presented signif-
icant issues, including problems with clear 
visualization and penetration of reagents into 
the cores of 3-D microtissues. Addressing 
these challenges required the development 
of new approaches to evaluate relevant 
toxicological and morphological end points 
by merging standard in vivo histological 
techniques with faster in vitro assays, 
bridging the gap between in vivo and in vitro 
toxicological and pharmacological studies.

Improved histological techniques 
for imaging of 3-D microtissues
Self-assembly of 3-D microtissues created 
using non-adhesive agarose hydrogels (16) 
(Figure 1A) occurred over the course of the 
first 20 h after seeding. The process can 
be optimized to control spheroid size by 
regulating seeding density to yield a specific 
diameter after a given time point (Figure 
1C). Traditional histological techniques were 
adapted to enable visualization of micro-
tissue interiors. A two-step amendment 
to the Technovit 7100 plastic histology 
protocol enabled en-bloc embedding with 
minimal disruption to whole hydrogels 
containing an array of 256 microtissues per 
section (Figure 1, A and B). H&E staining 
of 3 mm BEAS-2B (Figure 1C, top panel) 
and LNCaP microtissue sections (Figure 
1C, bottom panel) permitted close exami-
nation of nuclear, cellular, and overall tissue 
morphology. These key changes in cellular 
structure were easily distinguishable within 
the histological samples, emphasizing the 
advantage provided by the clarity of the thin 

plastic sections for identifying key cellular and 
morphological features (Figure 1C).

Histopathological assessment of tissue-
like interactions is important in assessing 
adverse end points as complex cellular inter-
actions and tissue organization are lacking 
in traditional 2-D in vitro cultures. Histology 
of microtissues at 7 and 14 days exhibited 

mitotic figures and long-term cell viability was 
indicated by intact nuclear and cytoplasmic 
structures at 21 days in culture (inset image, 
Figure 1C). Although microtissues were viable 
after 21 days, both BEAS-2B and LNCaP 
cultures at 14 and 21 days contained areas 
of cell death and cellular debris at the core 
(inset image, Figure 1C). The observed cell 

Figure 2. Immunostaining of frozen 3-D microtissue sections at 3 days. E-cadherin was localized in 
LNCaP microtissues by (A) immunofluorescence using an anti-E-cadherin antibody (red) and Hoechst 
33342 nuclear counterstain (blue) or (B) immunohistochemistry with an anti-E-cadherin antibody 
(dark brown) and hematoxylin nuclear counterstain (blue). (C) BEAS-2B cells visualized using fluores-
cence [nuclear staining (blue) and F-actin staining with rhodamine phalloidin (red)]. Scale bar = 50 µm.
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death is most likely due to increased micro-
tissue diameter, as previous studies have 
reported a 100 mm diffusion limit of oxygen 
and other nutrients within various 3-D cell 
culture models (17,18). Exploiting these limita-
tions may be advantageous in mimicking 
hypoxic tumor environments to model 
tumor progression and response to cancer 
therapies (19–21). These techniques may be 
applicable to other hydrogel and scaffold-
free models; however, 3-D cultures require 
more arduous collection and embedding 
protocols for histology, as seen with PLHC-1 
microtissues (Supplementary Figure S1). 
The ability to manipulate microtissue size, 
visualize microtissue cores, and assess 
morphologies using these refined histo-
logical techniques accentuates the strength 
of 3-D in vitro models as alternative methods 
for addressing a wide variety of pharmaceu-
tical and toxicity testing needs.

Immunostaining of 3-D microtissues
To demonstrate the versatility of 3-D micro-
tissues, new approaches for histological and 
immunostaining techniques were examined. 
Fixed agarose hydrogels containing micro-
tissues were en-bloc embedded in OCT with 
a two-step embedding protocol similar to the 
glycol methacrylate embedding procedure. 
Immunofluorescence and immunohisto-
chemistry of LNCaP microtissue sections 
showed strong staining for the epithelial 
cell marker E-cadherin at cell–cell junctions 
(Figure 2, A and B). This technique was 
also validated using rhodamine phalloidin 
to visualize cellular F-actin staining and 
cytoskeletal organization in BEAS-2B 
microtissue sections (Figure 2C). Similar 
to tissue arrays, fixing, embedding and 
sectioning the whole agarose hydrogel also 
enables uniform staining, visualization, and 
assessment of multiple microtissues within 
a single sample (22–24). Additional samples 
fixed in Optimal Fix (American MasterTech 
Scientific, Inc., Lodi, CA), an alcohol-based 
fixative, were similarly embedded but yielded 
poor results during cryosectioning due to a 
lack of proper OCT infiltration in the hydrogel 
(data not shown). The current study demon-
strates the utility and practicality of protein 
biomarker assessment using immunos-
taining of 3-D cultures to visualize specific 
structures and patterns of expression within 
microtissues.

Clearing for improved optical 
imaging of 3-D microtissues
Imaging of intact 3-D samples was greatly 
improved through the use of optical 

clearing protocols, allowing for faster and 
higher-throughput fluorescence imaging of 
spheroids in situ. In this study, an organic 
solvent-free method for optical clearing, 
ClearT2, improved imaging depth and greatly 
increased the number of discernible fluores-
cently labeled nuclei in PLHC-1 microtissues 
compared with uncleared samples imaged 
in PBS (Figure 3A). The ClearT2 protocol 
enabled sharper visualization of nuclear 
structure, particularly in the center of the 
microtissue at a depth of more than 75 µm 
along the z-axis, in stark contrast to nuclear 
staining of uncleared samples, which was 
obscured or indistinct at depths greater than 
30 µm (Figure 3A, Supplementary Videos 
1A and 1B).

The ClearT2 method was also used 
in conjunction with immunostaining and 
biochemical staining of microtissues, demon-
strating the advantages of this technique in 
evaluating important functional and toxicity 
end points. LNCaP microtissues, which 

were stained and cleared in situ, showed 
localization of E-cadherin staining at cell–
cell contacts (red) and clearly visible nuclear 
staining (gray) throughout each sequential 
image in the z-axis (Figure 3B, Supple-
mentary Videos 2A and 2B). In addition to 
evaluating the formation of cell–cell junctions 
as a functional end point, toxicological end 
points such as oxidant generation can also 
be examined in intact spheroids. To induce 
the generation of reactive oxygen species 
(ROS), BEAS-2B microtissues were treated 
with menadione sodium bisulfite, a redox-
cycling compound, prior to staining with 
CellROX green to detect ROS generation 
and nuclear counterstaining (gray, Figure 3B). 
Cleared samples (Figure 3B, bottom panel) 
showed increased optical imaging of the 
microtissue interior with more distinct cellular 
staining compared with uncleared samples 
in PBS (Figure 3B, top panel), indicating that 
dye penetration into the microtissue was 
not a limiting factor. However, optimization 

Figure 3. Confocal fluorescence imaging of spheroids is improved by clearing. (A) PLHC-1 
spheroids were imaged in PBS without clearing (top panel) or with clearing by formamide and 
polyethylene glycol (PEG) (bottom panel), after nuclear staining (gray). Confocal cross-section im-
ages (left-to-right) were taken every 15 µm along the z-axis. (B) Confocal cross-sections (z-axis) 
through the middle of LNCaP spheroids (stained for E-cadherin) and BEAS-2B spheroids (induced 
with 50 µM menadione and stained with CellROX Green) imaged 3 days after staining. Both mi-
crotissues were counterstained for nuclei (gray), and visualized in PBS without clearing (top pan-
el) or after clearing with formamide and PEG prior to imaging (bottom panel). Scale bar = 50 µm.
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of immunostaining protocols was critical in 
alleviating the challenges of imaging in 3-D. 
The use of un-optimized protocols did not 
produce adequate immunostaining in micro-
tissues despite the applied clearing method, 
emphasizing the necessity of refining 
techniques specifically for 3-D in vitro assays 
(Supplementary Figure S2, Supplementary 
Videos 3A and 3B). The staining and clearing 
of intact microtissues can be applied to other 
scaffold-free models as demonstrated in 
Supplemental Figure S3. Our adaptation 
of the ClearT2 method successfully cleared 
human and fish microtissues in less than 2 
h, validating the efficiency and efficacy of 
this technique in multiple species and estab-
lishing the potential of 3-D in vitro testing 
platforms in fields such as environmental 
and aquatic toxicology.

These results from the first application of 
the ClearT2 method for increased visualization 
of fluorescence in non-neuronal micro-
tissues demonstrate enhanced resolution 
and imaging depth when visualizing intact 
3-D microtissues. A variety of clearing 
solutions, including the solvent-based 
methods 3-DISCO (3-D imaging of solvent 
cleared organs) and BABB (utilizing a 1:2 
mix of benzyl alcohol and benzyl benzoate), 
have previously been developed for the 
visualization of thick tissues and have been 
applied to a wide range of samples derived 
from brain, skin, mammary glands, immune 
organs, whole embryos, and other tissues 
from in vivo and in vitro experiments (20,25–
30). In contrast to other protocols, ClearT2 
is fast, detergent-free, and immersion-
based, which are ideal characteristics for 
3-D in vitro applications and toxicity testing 
(15,25–28,31). A recent study compared 
multiple clearing methods using neuronal 
microtissues and determined that ClearT2 
increased the fluorescence signal throughout 
the microtissue without altering tissue size, 
unlike other clearing protocols such as 
SeeDb and Scale. Improved resolution 
and increased imaging depth provide more 
complete imaging data sets, allowing for 
better quantification of morphological and 
phenotypic outcomes, with the potential to 
better understand heterogeneous cellular 
responses within a microtissue.

The use of non-adhesive micromold 
hydrogels to create 3-D multicellular in vitro 
microtissues provides an improved platform 
with the capability to merge the complex-
ities of in vivo tissues with the advantages 
and practicality of 2-D in vitro models. The 
ability to clearly assess detailed morphology, 

evaluate longer-term end points using 
sub-lethal markers, and discern adaptive 
responses from acute toxicity is a major 
advantage of this 3-D model. The improved 
techniques presented in this study address 
the challenges of visualizing 3-D micro-
tissues, highlighting their utility for evaluating 
classical pathological changes and laying 
the foundation for alterative platforms as 
efficient and effective screening tools with 
the potential to contribute to the ongoing 
revolution in toxicity testing (32).

The flexibility of the 3-D in vitro cell 
culture hydrogel microtissue platform is 
a major advantage, allowing the use of 
various cell types with improved delin-
eation of biological pathways and mecha-
nisms implicated in toxicity responses 
and disease pathogenesis. The improved 
histological and visualization techniques 
described in this study enhance the appli-
cation, validity, and feasibility of 3-D in vitro 
model systems. These models and imaging 
methods have the potential for adaptation 
to high-throughput screening of primary or 
immortalized cells, thereby increasing the 
human relevance, efficiency, and efficacy 
of 3-D microtissue models for evaluating 
disease mechanisms, pharmaceutical drug 
discovery and toxicity testing.
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