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Three-dimensional (3D) cell cultures have contributed to a variety of biological research ¯elds by
¯lling the gap between monolayers and animal models. The modern optical sectioning micro-
scopic methods make it possible to probe the complexity of 3D cell cultures but are limited by the
inherent opaqueness. While tissue optical clearing methods have emerged as powerful tools for
investigating whole-mount tissues in 3D, they often have limitations, such as being too harsh for
fragile 3D cell cultures, requiring complex handling protocols, or inducing tissue deformation with
shrinkage or expansion. To address this issue, we proposed a modi¯ed optical clearing method for
3D cell cultures, called MACS-W, which is simple, highly e±cient, and morphology-preserving. In
our evaluation of MACS-W, we found that it exhibits excellent clearing capability in just 10min,
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with minimal deformation, and helps drug evaluation on tumor spheroids. In summary, MACS-
W is a fast, minimally-deformative and °uorescence compatible clearing method that has the
potential to be widely used in the studies of 3D cell cultures.

Keywords: Tissue optical clearing; 3D cell cultures; imaging.

1. Introduction

Three-dimensional (3D) cell cultures, such as
spheroids or organoids, have become essential
models for a broad range of biological research, in-
cluding tumor biology, disease modeling and drug
screening.1–3 They can better mimic the features of
in vivo microenvironments by re-establishing phys-
iological cell–cell and cell–extracellular matrix
(ECM)–cell interactions,4 while avoiding the ethical
issues and species-speci¯c di®erences and ethical
problems associated with animal models.

Modern optical imaging techniques, such as
confocal or two-photon microscopy, have greatly
contributed to 3D observation, which is crucial for
obtaining accurate structural information of 3D cell
cultures.5–8 However, their intrinsic opaqueness of
the multicellular structures limits light penetration,
leading to unsatisfactory optical imaging perfor-
mance in deeper layers.9,10

Tissue optical clearing techniques have been in-
troduced to address this issue by reducing the
scattering and absorption via physical and chemical
strategies. Although most clearing protocols were
developed or optimized for real tissues, various
clearing methods have been implemented in the
characterization of 3D cell cultures.11 The hydro-
phobic methodologies, such as 3DISCO and Etha-
nol-ECi, have strong clearing capability and have
been applied to retinal organoids,12,13 and brain
organoids,14 but they are characterized by tissue
shrinkage, potential °uorescence quenching, and
toxicity. The hydrophilic clearing methodologies are
most widely used in 3D cell cultures due to their
ease of handling and safety. For instance, the
CUBIC-series protocols have been used in tumor
cell spheroids and ureteric bud organoids, and cor-
tico-striatal assembloids.15–17 But require multi-
steps and are slow even when applied to small
samples. The fructose-glycerol (FG) clearing agent
enables high-resolution 3D imaging of human co-
lonic organoids, but it causes organoid shrinkage
which would alter the spherical shape of tissues with
large lumens,18 as like 88% Glycerol.19 ClearT2 has

also been utilized to clear the HFIB spheroids and
MCF-7 spheroids.20 Some researchers also intro-
duced hydrogel-based methods, such as CLARITY
and SHIELD, into structural analysis of tumor cell
spheroids or cerebral organoids16,21; although they
have been combined with micro°uidics to accelerate
the process to achieve clearing within 5 h, this ap-
proach requires complicated chip design due to the
complicated clearing protocol.22 Moreover, the
small and fragile nature of 3D cultures makes them
susceptible to damage or loss during multi-step
medium exchange operations. Therefore, single-step
methods are preferred in clearing 3D cell cultures. A
simple, highly e±cient, and morphology-preserving
method suitable for 3D cell cultures is thus needed.
Emerging clearing agents, such as MACS(MXDA-
based aqueous clearing system)-R1,23 Ub-1,24 and
FOCM,25 have been reported to perform excellently
as rapid hydrophilic clearing agents for tissue slices
or sections, showing great potential to be used in
millimeter-scale 3D cell cultures.

In this work, we proposed a modi¯ed clearing
solution for simple and rapid clearing of 3D spher-
oids, named MACS-W. MACS-W achieves higher
transparency of 3D cell cultures than other methods
with a simple one-step protocol in merely 10min
while maintaining ideal °uorescence compatibility
and minimizing sample deformation. Furthermore,
MACS-W enables 3D imaging of intact tumor spher-
oids and helps drug evaluation with more accurate
quantitative analysis. We anticipate that MACS-W
will be leveraged widely in broad biology research and
drug discovery, potentially paving the way for new
discoveries in the study of 3D cell cultures.

2. Materials & Methods

2.1. Cell culture and spheroid formation

HCT-116 (ATCC) cell line expressing GFP endog-
enously was cultured in RPMI 1640 medium
(Gibco, C11875500BT) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-strep-
tomycin in a humidi¯ed incubator (Thermo

X. Zhong et al.

2350018-2



Scienti¯c, USA). When cells were grown to about
80% con°uence, they were digested with trypsin-
EDTA and resuspended in the medium. After
pretreatment of the U-shaped 48-well plate with
Anti-Adherence Solution (STEMCELL, 07010),
spheroid production was initialized by seeding
10,000 cells per well. After that, the plate was cen-
trifuged at 500 rpm for 5min at room temperature.
The medium was renewed every 2 days.

Each tumor spheroid was ¯rst rinsed thrice with
PBS, and then treated with PFA (4% (w/v)) at 4�C
overnight, followed by PBS rinse thrice for the fol-
lowing experiments.

2.2. Clearing

MACS-R0: MACS-R0 is a mixture of 20 vol%
MXDA (Tokyo chemical industry, D0127) and 15%
(w/v) sorbitol (Sigma-Aldrich, 85529) with ddH2O.
Tumor spheroids were incubated for 30min.

MACS-R1: As described in the original literature,
MACS-R1 can render 1-mm-thick brain sections
cleared within 30min.23 Tumor spheroids were in-
cubated in a mixture of 40 vol% MXDA and 30%
(w/v) sorbitol with PBS (Sigma-Aldrich, P3813) for
30min.

MACS-R2: MACS-R2 is a mixture of 40 vol%
MXDA and 50% (w/v) sorbitol with ddH2O.
Tumor spheroids were incubated for 30min.

MACS-W: Tumor spheroids were incubated in a
mixture of 40 vol% MXDA and 30% (w/v) sorbitol
with ddH2O for 10min.

88%Glycerol: Tumor spheroids were incubated in
88% glycerol (Sigma-Aldrich, V900860) prepared
with ddH2O for 1 h.

Ub-1: Ub-1 was prepared as a mixture of 25wt%
Meglumine (Shanghai Macklin Biochemical Co.,
M813277), 25wt% Urea (Sigma-Aldrich, 15604),
20wt% 1,3-Dimethyl-2-imidazolidinone (Sigma-
Aldrich, 40727), and 0.2wt% Triton X-100 (Sigma-
Aldrich, T8787). The spheroids were incubated
for 1 h.

FOCM: Tumor spheroids were incubated in
DMSO (Sigma-Aldrich, D2650) solution containing
20% urea (Sigma-Aldrich, 15604), 30% sorbitol and
5% glycerol for 5min.

The Osmotic pressure was measured using a
Gonotec-3000 osmometer (Gonotec, Germany). The

refractive indices weremeasured at about 20�Cusing
an Abbe refractometer (WYA, Shanghai Yidian
Physical Optics Instrument Co., Ltd., China).

2.3. Staining

Chemical Dye Staining: Two chemical dyes were
used in this study. The PI powder (Beyotime Bio-
technology, ST511) was dissolved in ethanol and
diluted into the ddH2O at a concentration of 5�g/
mL as working solution. The DiI (Beyotime Bio-
technology, C1991S) working solution was obtained
by mixing the DiI mother liquor and PBS at a rate
of 1:1000. The spheroids were treated with each
working solution overnight, and rinsed twice with
0.01M PBS for 10min.

Immunostaining: The following primary anti-
bodies were used in this study: anti-Ki67 (Abcam,
1:200, ab279653), anti-Cas3 (Cell Signaling Tech-
nology, 1:400, 9661). Secondary antibodies includ-
ing Alexa Fluor 405 (Abcam, 1:500, ab175660) and
Alexa Fluor 594 (Abcam, 1:500, ab150080) were
used. The ¯xed tumor spheroids were ¯rstly
blocked in 200�L 0.2% PBST (0.2 vol% Triton
X-100 in PBS) containing 10% goat serum (Boster
Biological Technology, AR1009) overnight, and
then subjected to immunostaining with 200 �L
primary antibodies in 0.2% PBST containing 5%
goat serum overnight. The spheroids were then
rinsed with 0.2% PBST six times and immersed in
200�L secondary antibodies in 0.2% PBST con-
taining 5% goat serum for 6 h. The staining was
conducted at room temperature on a shaker at 60
rpm. The samples were ¯nally washed with 0.2%
PBST six times and stored in PBS at 4�C prior to
clearing.

2.4. Drug treatment

Apatinib (Beyotime Biotechnology, SF5454) was
dissolved by DMSO and diluted into the medium at
concentrations of 0, 5, 10 and 20�M, then was in-
troduced to the spheroids. After incubation at 37�C
for 72 h, the spheroids were harvested and rinsed
twice with 0.01M PBS for 10min each time.

2.5. Imaging

A Zeiss Axio Zoom.V16 microscope was used to
acquire the wide-¯eld images of the tumor spheroids
before and after clearing.
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Fluorescence images of tumor spheroids were
obtained using a Zeiss confocal °uorescence micro-
scope (Zeiss, LSM710, Germany) with Zen 2011
SP2 (V8.0.0.273, Zeiss, Germany) software. The
samples were placed in a confocal dish, a Zeiss
10� Fluar objective (N.A. 0.5; air) was used for
imaging.

2.6. Data analysis

All raw image data were acquired in CZI format
and exported into TIFF format, MATLAB
(v.2019a, Mathworks, USA) was used for image
preprocessing. Imaris software was used to recon-
struct image stacks and calculate the cell density in
Fig. 4.

The transmittance performance in Fig. 1 is de-
¯ned as the ratio of the pixel value of the sample to
the pixel value of the background. The deformation
of the tumor spheroid was de¯ned by the change of
the area of the corresponding °uorescence images
before and after clearing, and was quanti¯ed with
MATLAB.

The mean °uorescence intensity in Fig. 3 was the
average intensity of the pixels in the spheroid ima-
ges. The image contrast in Fig. 3 was de¯ned as

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� I � Imð Þ2

n� 1
:

r
ð1Þ

The imaging depth was de¯ned as the z-depth
where maximum mean °uorescence intensity was
observed after clearing by the pre-clearing value.

Statistical analyses were performed using
GraphPad Prism 8 (GraphPad Software, USA). All
numerical data are presented as mean � standard
deviation (S.D.). In this study, p values were cal-
culated using paired t test, and p < 0:05 was con-
sidered signi¯cant (n.s., not signi¯cant; *, p < 0:05;
**, p < 0:01).

3. Results

3.1. MACS-W is a rapid and
morphology-preserving clearing

method for 3D cell cultures

As previously mentioned, acquiring the 3D struc-
tures of 3D cell cultures is crucial, and optical im-
aging methods have proven to be e®ective tools.
However, the mismatch of the refractive index be-
tween the sample and the imaging medium limits

the imaging performance.10 Although numerous
optical clearing methods have been developed, the
majority of them are proposed for real tissues and
may be time-consuming, labor-intensive, and result
in sample deformation when applied to 3D cultures.

In this work, we initially compared several
existing single-step clearing agents, including
MACS-R0, MACS-R1, MACS-R2, 88% Glycerol,
Ub-1 and FOCM, which showed big potential in the
rapid and high-e±cient clearing of small volumes.
As the refractive index and the osmotic pressure are
crucial factors for optical tissue clearing, we mea-
sured both parameters for all tested clearing agents
(Figs. 1(a)–1(b)). We identi¯ed MACS-R1 to be an
ideal candidate due to its high refractive index and
low osmotic pressure, both of which are advanta-
geous for achieving high transparency and low
sample deformation. As shown in Figs. 1(c)–1(n),
MACS-R1 achieved ideal transparency of tumor
spheroids with a relatively small size deformation.

To address the shrinkage issue of MACS-R1, we
tried to modify its agent content. Reducing the os-
motic pressure should be an e®ective method. To
ensure the clearing performance, we modi¯ed its
agent content by replacing the PBS with water for a
newly developed clearing agent, MACS-W. MACS-
W exhibits the high transparency and excellent size
maintenance capability while maintaining good
clearing performance, making it an e®ective solution
for clearing 3D cell cultures.

3.2. MACS-W is compatible with

various °uorescent probes

Labeling plays a critical role in obtaining 3D
structures of cell cultures. While the °uorescence
compatibility of MACS with various dyes has been
evaluated on real tissues, di®erences in operation
procedure and sample type can a®ect overall com-
patibility. Besides, changes in ion concentration in
MACS-W can also a®ect the °uorescence.26 Thus,
we performed an investigation into the °uorescence
compatibility of MACS-W with several commonly-
used °uorescent probes, including endogenous
°uorescence protein, chemical dyes, and °uor-
ophore-conjugated antibodies used in immunos-
taining. Confocal images of HCT-116 spheroids at a
depth of 50�m were obtained, and the representa-
tive results showed that all tested °uorescence
probes were successfully preserved after clearing.
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These results demonstrate the potential of MACS-
W for use in multicolor imaging in future applica-
tions (Fig. 2).

3.3. MACS-W increases °uorescence
imaging performance

To evaluate the enhancement of imaging perfor-
mance provided by MACS-W, we utilized GFP as

an example and imaged the same HCT-116 tumor
spheroids using confocal microscopy before and
after clearing. The resulting images acquired at
various depths are presented in Fig. 3(a). Enlarged
views showed that MACS-W improved image
quality in deeper layers, as evident in Fig. 3(b).
Additionally, the orthogonal projection (x–z pro-
jection) exhibited a noticeably increased imaging
depth by 66.7% (Fig. 3(c)). Furthermore, we

Fig. 1. Clearing performance of di®erent clearing methods. (a), (b) Refractive index and osmotic pressure of di®erent agents. (c)–
(j) The bright-¯eld images of HCT-116 tumor spheroids treated with di®erent agents, scale bar: 400�m. (k), (l) Illustration of size
quanti¯cation of size changes based on °uorescence image, scale bar: 400�m. The yellow lines indicate the outlines of the samples.
(m) Quanti¯ed size changes. (n) Transmittance. (n ¼ 3 for (a), (b), (m); n ¼ 4 for (n)).
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Fig. 2. Fluorescence compatibility of commonly used °uorescent probes with MACS-W, including GFP, PI, DiI, Alexa Fluor 405
and Alexa Fluor 594, depth: 50�m, scale bar: 400�m.

Fig. 3. MACS-W increases the imaging performance. (a) Fluorescence images of HCT-116 spheroids at di®erent depths before and
after clearing, scale bar: 400�m. (b) Enlarged view of the regions boxed with the dashed rectangle in (a), scale bar, 50�m. (c)
Orthogonal view (x–z) of the image stacks, scale bar: 200�m. (d) Represented curves of mean °uorescence intensity against z-depth.
(e) Represented curves of contrast against z-depth.
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calculated both the mean °uorescence intensity and
contrast across the z-depth of the sample (Figs. 3(d)
and 3(e)). These quantitative results demonstrated
that MACS-W enhances imaging performance in
deeper layers, allowing for observation of previously
inaccessible regions.

3.4. MACS-W helps drug evaluation

Apatinib is a small-molecule antiangiogenic agent
that has been shown to induce protective autop-
hagy in cancer cells through endoplasmic reticulum
stress.27 Additionally, studies have suggested that
Apatinib can enhance apoptosis in HCT-116
cells.27,28 To further assess the e®ectiveness of
Apatinib, we applied MACS-W to HCT-116
spheroids for drug evaluation.

We treated the tumor spheroids with varying
doses of Apatinib and imaged the spheroids using

confocal °uorescence microscopy before and after
clearing, generating 3D structures (Fig. 4(a)).
Figure 4(b) demonstrates that the spheroid size
decreased with increasing Apatinib concentration.
We also counted the number of proliferating cells
(Ki67+) and apoptotic cells (Cas3+) before and
after clearing. The results shown in Figs. 4(c)
and 4(d) indicate that the MACS-W signi¯cantly
increased the cell counting accuracy and enhanced
the di®erence in cell counts between the various
drug doses. Overall, these ¯ndings illustrate the
potential e®ectiveness of MACS-W in drug evalua-
tion studies, particularly for the evaluation of anti-
angiogenic agents like Apatinib.

4. Discussion

In this study, we described a modi¯ed clearing agent
for 3D cell cultures, termed MACS-W. This work of

Fig. 4. MACS-W helps drug evaluation. (a) Represented °uorescence images of HCT-116 tumor spheroids after 72 h drug
treatment in varied doses, Scale bar: 500�m. (b) Volume of spheroids treated with di®erent doses. (c) Total number of proliferating
cells (Ki67+) at each dose. (d) Total number of Cas3+ cells at each dose. The values are the mean � S.D.; statistical signi¯cance (n.
s., not signi¯cant; *, p < 0:05; **, p < 0:01) was assessed by paired t test, n ¼ 4.

MACS-W: A modi¯ed optical clearing agent

2350018-7



MACS-W lies in its ability to maintain the size of
3D cell cultures without causing sample deforma-
tion, a common problem observed in existing
methods such as MACS-R1. We achieved this by
adjusting the reagent of MACS-R1. Bene¯tting
from the high-speed performance of MACS-R1,
MACS-W o®ers rapid and minimally-deformative
processing, enabling for the acquisition of high-res-
olution 3D structures of tumor spheroids.

As a rapid aqueous clearing protocol for whole
organs, MACS involves a tri-step protocol with
graded chemical solutions, including MACS-R0,
MACS-R1, and MACS-R2. For the tissue sections,
MACS-R1 was used in original paper.23 We specu-
late that the shrinkage induced by MACS-R1 and
MACS-R2 is partially due to the high osmotic
pressure. MACS-R1 is composed of three compo-
nents: MXDA, sorbitol, and PBS, while MACS-R2
is composed of MXDA, sorbitol, and ddH2O. To
ensure clearing performance, the concentration of
MXDA and sorbitol has already been ¯nely tuned.
Therefore, a feasible approach is to adjust the water
and PBS. Since introducing any solute into water
will increase the osmotic pressure, we modi¯ed
MACS-R1 by replacing the PBS with ddH2O and
described MACS-W for size maintenance of tumor
spheroids.23 For 3D cultures with cavity structures,
such as intestinal organoids and cardioids men-
tioned before, these cavity structures often bear
some structural functions, so it is extremely im-
portant to maintain the morphology of the samples
during the clearing process. MACS-W can handle
this task well and is expected to play an important
role in 3D cultures research. In regard to the com-
parison of °uorescence imaging e®ects with other
clearing methods, we excluded the reference meth-
ods after evaluating clearing performance based on
transparency and size maintenance. Therefore, we
only assessed the imaging capability of MACS-W.
Moreover, we believe that assessing tissue trans-
parency and °uorescence compatibility should pro-
vide adequate information regarding performance,
obviating the need for direct comparison of imaging
depth between di®erent methods. Additionally, it is
important to note that tissue shrinkage induced
by most reference methodologies can cause
reduced imaging depth, which may result in unfair
comparisons and inaccurate evaluations of other
reference methods.

For the particular application in 3D cell cultures,
the usage of existing clearing protocols for real

tissues is a viable approach. In principle, it should
be much simpler to render 3D cell cultures trans-
parent. However, due to the di®erences between 3D
cell cultures and real tissues,29 methods developed
for real tissues may not perform well on 3D cell
cultures. This necessitates meticulous optimization
of the clearing step, reagent's concentration, type
and treatment environment of the original method.
In addition, due to their small and fragile nature,
3D cultures are di±cult to manipulate, and multiple
steps in the methods may lead to sample loss or
damage. Therefore, special equipment, such as
micro°uidics, was required. While the design of
micro°uidic chips and °uid control equipment can
pose a threshold for researchers (speci¯cally opera-
tors), the integrated nature of the chips often
enables high-throughput organoid detection with
simple operations. As a result, micro°uidic chips
have been widely applied in developing and clearing
3D cell cultures,22,30–34 while some chips were
designed with complexity to match the complicated
clearing protocols,22,33 such as hydrogel-embedding
methods, an e±cient single-step clearing method
would simplify the integration of a simple chip de-
sign with the clearing process. Combined with the
micro°uidics, MACS-W is expected to realize the
integrated process of the culture, clearing, staining,
and imaging in one chip, showing great potential in
high-throughput analysis of spheroids or organoids
in the future.

HCT-116 spheroids are a simple and typical 3D
cell culture that possess the basic characteristics of a
3D tumor model while also being low in cost and
easy to cultivate. Therefore, they were selected as
the experimental model for this study. While the
research focused speci¯cally on tumor spheroids, the
potential of MACS-W in other 3D cell cultures
cannot be ruled out. For example, cardioids35,36 and
brainoids37 are also complex 3D tissue models that
have been used in organ development and brain
disease research. However, achieving high-resolu-
tion and intuitive imaging results in these models
has been challenging due to the high scattering in
cardioids and the need for accurate 3D descriptions
in brainoids. Although MACS-W shows great po-
tential for small 3D cell cultures, its clearing e±-
ciency for larger samples requires further
investigation. In the future, a more e±cient clearing
protocol for a broad range of 3D cultures can be
developed through ¯ne screening of di®erent
reagents.
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Tumor spheroids, like real tumors, have a com-
plex, multi-layered structure with cells in the core
and periphery exhibiting di®erent behaviors.38 Due
to limited nutrition, the cells in the core of tumor
spheroids may undergo apoptosis, while those in the
periphery tend to proliferate more actively.39 In our
study, we did not observe a signi¯cant di®erence in
proliferating cell counting before and after clearing
at 20�M. This could be attributed to the fact that
proliferating cells are distributed more in the easily-
imaged periphery. However, we did observe a sig-
ni¯cant di®erence in apoptotic cell counting for all
doses, which may be due to the higher concentra-
tion of apoptotic cells in the core of the spheroids.
Unfortunately, the strong scattering in the core re-
gion made imaging di±cult prior to clearing,
highlighting the value of this technique in improv-
ing our ability to study complex tissue structures.

5. Conclusions

In conclusion, MACS-W is an optimized optical
clearing agent for 3D cell cultures. By addressing
the unique challenges associated with clearing 3D
cell cultures, MACS-W o®ers a rapid, minimally-
deformative, and °uorescence compatible solution
that enables high-resolution imaging of 3D struc-
tures. As such, MACS-W is poised to make signi¯-
cant contributions to fundamental research, drug
development, and disease treatment by o®ering
researchers the ability to better visualize and quan-
tify the behavior of cells in 3D contexts. As such,
MACS-W represents a critical tool for advancing our
understanding of complex biological systems.
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