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High-content confocal analysis
of tumorigenesis, cancer stem
cells, and drug response in 3D
cholangiocarcinoma cultures
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Three-dimensional (3D) culture models, particularly multi-spheroid models, are becoming increasingly
essential in cancer drug discovery, particularly in stem cell and cancer stem cell (CSC) research.
However, analytical methods for 3D multi-spheroid models, especially for single-cell and single-
spheroid analysis in CSC research, remain limited. To address this gap we developed 3D multi-spheroid
cholangiocarcinoma models that incorporate a CSC live-cell biosensor and a novel analysis method,
3D Surface Integrative Spheroid Profiling (3D-SiSP), utilizing high-content confocal imaging. 3D-SiSP
quantifies spheroid area, allowing for both high- and low-throughput analyses. We demonstrate

three key applications of 3D-SiSP. First, it outperformed traditional length-based methods for in vitro
tumorigenesis measurements, offering greater precision. Second, 3D-SiSP enabled the calculation of
individual spheroid areas along with real-time CSC biosensor signals, revealing larger spheroids had
more undifferentiated cells. Lastly, 3D-SiSP facilitated simultaneous, real-time quantification of CSC
content during anti-cancer drug testing in individual spheroids, providing evaluation of drug responses.
Drug response differences across treatments were also quantified. Overall, 3D-SiSP provides a flexible
and effective methodology for characterizing cancer cells and CSCs while evaluating anti-cancer drugs,
applicable in both high- and low-throughput contexts. This approach enhances our understanding of
CSC dynamics and supports the development of anti-CSC therapies.

Keywords Cholangiocarcinoma, Cancer stem cell, Live reporter, 3D multi-spheroid, 3D high-throughput
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Cell culture is a widely utilized in vitro model that enhances our understanding of cell biology, disease
mechanisms, drug actions, and tissue engineering. Most research in cancer biology and drug responses has
traditionally relied on two-dimensional (2D) cell cultures. However, these models have limitations in accurately
mimicking physiological conditions and the complex tissue microenvironment. As a result, three-dimensional
cultures, such as spheroids and organoids, have gained significant traction due to their superior ability to replicate
physiological conditions’. 3D cell cultures have become particularly valuable in the realm of functional precision
medicine, particularly for anti-cancer drug screening®>. Furthermore, 3D cultures are extensively employed in
cancer research, where structural complexity and the tumor microenvironment play crucial roles*.

Studies focusing on clonal expansion and tumorigenesis in cancer stem cells can benefit from a multi-
spheroid model>~’. This approach enables high-resolution analysis of individual cells across numerous spheroids.
Unlike large spheroids that often develop necrotic cores and hinder high-resolution imaging or uniform stain
penetration, our multi-spheroid model minimizes central cell death and provides consistent data at the single-
cell level. Generating multiple spheroids simultaneously also boosts experimental throughput and statistical
power, allowing robust analysis of clonal expansion and stem cell characteristics that are challenging to assess
with single, large spheroids®~.
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Despite their advances, the labor-intensive nature of 3D culture techniques and data analysis limits the
development of these models for high-throughput drug testing. Currently, high-throughput 3D drug screening
primarily relies on whole-well (bulk) metabolic and end-point assays, such as adenosine triphosphate (ATP)
measurements!'“!!. However, this approach risks overlooking. This is particularly problematic when studying
the dynamics of minor populations within 3D culture, such as stem cells or live biosensors as bulk and snapshot
assays often fall short. To address these challenges, high-throughput imaging-based methods tailored for 3D cell
culture models are ideal. One complication with spheroids and organoids is their propensity to form irregular

shapes!?!3

, which complicates the use of metrics like spheroid index (circularity) or length cut-offs!*!5, that may

not yield fair comparisons. Therefore, methods capable of capturing single-cell information from live biosensors
are highly desirable.
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«Fig. 1. The area-based analysis, 3D-SiSP, applies to both spherical and non-spherical spheroids. (a) 3D multi-
spheroid model preparation (BioRender/Mahidol University). (b) Live-cell CSC biosensor TFK-1 spheroids
(1000 cells/well) cultured for 14 days in ULA flat-bottomed trays with (lower) and without (upper) 0.7% MC
in culture medium. Images are 9-field composites (5x objective); scale bar =1 mm. (c-e) 3D multi-spheroid
measurements for TFK-1 and KKK-D068 cells: (c) area, (d) length, and (e) width. (f) Morphology of TFK-1
and KKK-D068 multi-spheroids (20x objective, maximum projection, scale bar =100 pm). Blue =nuclear
area (Hoechst 33342). (g) Percentage of spherical vs. non-spherical objects in TFK-1 and KKK-D068 multi-
spheroid cultures (single-object data, all seeding densities, n=6 replicates/density). (h,i) Area-based (h) and
length-based (i) size comparison of spherical vs. non-spherical objects in TFK-1 and KKK-D068. (j) Hoechst
33342-stained objects (500 cells/well) area analysis by 3D-SiSP (20x objective, maximum projection, scale
bar =100 pm). Right panel: 3D-SiSP nuclear area measurement. (k) 3D-SiSP image analysis schematic of 3D
objects stained by Hoechst 33342 (BioRender/Mahidol University). (I) Spheroid area versus length variation
example. Multi-color = 3D-SiSP nuclear area measurement. Area/length normalized to smallest values. (m)
Scatter plots of spherical and non-spherical TFK-1 objects (n=17,414) showing area vs. length distribution
and correlation (R =Spearman, p =p value). Spherical shape: width-to-length ratio 0.8-1.2 (n=5909); non-
spherical: others (n=11,505). Dashed lines: area (7853.98 um?) and length (100 pm) cut-offs. (n) Bar graph:
percentage of objects passing length but not area cut-off. (m,n) Object length/area data from maximum
projection images. Box plots (c—e,h-i): single-object data, all seeding densities, n =6 replicates/density,
n=21,865 (TFK-1), 16,778 (KKK-D068), Wilcoxon rank sum test. Bar graph (n): mean *s.d., n=6, t-test.
Sphere: spherical objects, Non-sphere: non-spherical objects.

In this report, we present a novel high-throughput imaging-based technique designed to accommodate various
spheroid shapes, including those containing CSC-specific biosensors. We demonstrate the effectiveness of these
innovative approaches across several applications, including in vitro tumorigenesis, stem cell differentiation
studies, and assessing anti-cancer drug efficacy in CSC-containing spheroids.

Results

Spheroid culture and measurement of 3D multi-spheroid model

3D-multi spheroid culture is commonly employed to investigate the growth of cancer cells and CSCs*. Typically,
a limited number of the cells of interest are cultured in a serum-free medium supplemented with growth factors,
using ultra-low attachment (ULA) flat-bottomed microplates to facilitate spheroid formation!®-!8, However, cell
aggregation frequently complicates measurements and interpretations, particularly during high-throughput
screening!®?’. To reduce the impact of aggregation and optimize the spheroids suitable for high-throughput
screening, we seeded TFK-1 cholangiocarcinoma (CCA) cells in 0.7% methyl cellulose (MC) using an easy-
to-prepare method (detailed in the “Materials and methods” section) (Fig. 1a). MC increases the medium’s
viscosity, reduces cell-cell adhesion, thus allowing individual cells to self-assemble into distinct spheroids rather
than clumping indiscriminately*!. By adding MC to the culture medium, the position of each seeded cell is
maintained, resulting in uniformly formed spheroids with minimal aggregation, in contrast to TFK-1 spheroids
cultured in medium without MC (Fig. 1b).

Using this culture method, we evaluated the spheroid formations of TFK-1 and another CCA cell line,
KKK-D068, by measuring the area, width, and length (please see detail in the “Materials and methods” section)
of the spheroids formed. KKK-D068 exhibited a significantly larger total area, width, and length compared
to the TFK-1 spheroids (Fig. 1c—e). Furthermore, both cell lines generated spheroids with both spherical and
non-spherical (irregular) shapes, with only about 30% exhibiting spherical morphology (Fig. 1f,g). To further
understand the disparities, we investigated the size differences between spherical and non-spherical spheroids.
Notably, non-spherical spheroids displayed significantly larger dimensions, corroborating both the area and
length measurements (Fig. 1h,i), suggesting that non-spherical spheroids may possess a greater growth potential
than their spherical counterparts.

To account for these differences in the context of high-throughput drug screening, we developed a method
based on area measurement to quantify spheroid growth in a compact multi-well format, termed 3D Surface
Integrative Spheroid Profiling (3D-SiSP). This method involved initially labeling live cells with Hoechst 33342,
a fluorescent nuclear stain. Subsequently, the area, width, and length of clusters of Hoechst-positive cells
(spheroids) were measured (Fig. 1j). For comprehensive coverage of each spheroid, we combined 3-6 stacking
planes into a single maximum projection image, preserving the highest fluorescent intensities of each position
along the z-axis (Fig. 1k). This approach included objects with varying morphologies, both spherical and non-
spherical (Fig. 11). We proposed that utilizing object area derived from the maximum projection images provides
a more accurate representation of 3D objects compared to traditional length-based methods!®?%23, In previous
studies, it has been demonstrated that relying solely on length measurements can lead to misinterpretation?*.
As illustrated in Fig. 11, applying both length-based and area-based (3D-SiSP) methods to spherical versus
non-spherical objects, yielded comparable results for spherical objects (left), however, when both methods
were applied to non-spherical objects (right), the length-based method resulted in a size overestimation of
approximately 40% (1:1.4) compared to the area-based method (3D-SiSP).

We next examined the distribution of objects based on area and length, defining and illustrating the equivalent
length and area cut-offs as the x and y intercepts for both spherical and non-spherical objects. Non-spherical
objects exhibited scatter patterns that differed from those of spherical objects and were characterized by a higher
proportion of objects that met the length cut-off but not the area cut-off (Fig. 1m,n). Consequently, relying solely
on length measurements may lead to an overestimation of the sizes of non-spherical objects.
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In contrast, when measuring spherical objects, the length-based measurements showed a high degree of
correlation with the area-based 3D-SiSP method (Fig. 1m, sphere, R=1). However, less correlation was observed
when analyzing non-spherical objects, as the length-based measurements trended to overestimate their sizes
(Fig. 1m, non-sphere, R=0.97). Overall, the area-based 3D-SiSP method proved to be versatile, accommodating
analyses of both spherical and non-spherical objects effectively.

Application of the 3D-SiSP for measuring in vitro tumorigenesis

In vitro tumorigenesis is commonly assessed in cancer research by measuring the number of spheroids that
emerge from low-density cancer cell cultures. To demonstrate the application of the 3D-SiSP method in studying
in vitro tumorigenesis, we utilized CCA cell lines containing the live-cell green fluorescence protein (GFP)-
biosensor for CSCs (SORE6 reporter system)?*, which allows for the identification of the CSC population within
the cancer cell culture by fluorescent microscopy. Cell lines containing GFP biosensor without SORE6 promoter
(mCMV-dsCopGFP) were used as control?. This system is particularly useful for investigating the role of CSCs
and their enrichment?*?* (Fig. 2a). Live CSCs (GFP-positive (GFP?%)) and non-CSCs (GFP-negative (GFPNEC))
CCA cells can be enriched by Fluorescence-Activated Cell Sorting (FACS) (Fig. 2b).

The GFPPOS (CCA CSC) and GFPNEG (CCA non-CSC) cells® were seeded at various densities (1000, 500,
250, 125, and 63 cell/well) in complete RPMI 1640 medium supplemented with 0.7% MC in an ULA flat-bottom
96-well plates, as illustrated in Fig. 2a. After 14 days of culture, the spheroids were stained with Hoechst 33342
before imaging the entire well to minimize selection bias. As previously reported?®-2%, the GFP?©S CCA exhibited
a higher spheroid formation potential, evident by the increased number of spheroids across different seeding
densities (Fig. 2c). The raw images were analyzed in parallel using the length-based and 3D-SiSP methods to
determine spheroid counts and object values. Typically, spheroid measurement relies on spheroid length with
a defined cut-off'*1722, In this study, we set the length cut-off at 100 um?*>??, which is equivalent to an area of
7853.98 um? for spheroids with a spherical shape. We then compared the results obtained from the 3D-SiSP
method (Fig. 2d,e) with those from the length-based method (Fig. 2f,g).

As anticipated, we found that the GFPPOS CCA CSCs generated a significantly higher number of spheroids
in 3D culture compared to their GFPNEC counterparts, as measured by both methods (Fig. 2d-g). Notably, the
3D-SiSP method exhibited greater discriminative power than the length-based method, both in determining
spheroid count and object values; it successfully detected significant differences in spheroid numbers at a seeding
density of 250 cell/well, while the length-based method only achieved this at 500 cell/well, adhering to the cut-
offs (100 um for length-based, and 7853.98 pm? for 3D-SiSP) (Fig. 2d,f).

It has been shown that the smaller spheroids play important roles in drug screening and tumorigenesis
Therefore, we also analyzed the spheroids without applying any cut-off (Fig. 2e,g). In this case, the mean object
area or length was utilized (Fig. 2e,) as all values were biologically meaningful. Based on this analysis, the
3D-SiSP method proved to be more sensitive, successfully detecting significant differences in object values at
the seeding of 125 cells/well (Fig. 2¢), whereas the length-based method could only detect such differences at
500 cells/well (Fig. 2g).

7,29

Application of 3D-SiSP in cancer cells with GFP-based biosensor for CSCs

Since CSCs are highly plastic, real-time dynamic indicators such as live biosensors are essential tools for CSC
research®3. To apply the 3D-SiSP method in CSC studies, we utilized CCA cell lines previously established in
our lab, which specifically express a short half-life version of GFP in CSCs (GFPP©%)2325,

We examined the spontaneous differentiation of CCA CSCs in our 3D multi-spheroid culture model. The
GFPPOS cells were sorted into highly pure populations (95.10%, Fig. 2b) and cultured as depicted in Fig. la.
Imaging was conducted in both Hoechst 33342 and GFP channels on days 0 and 14 of the culture. On day
0, all sorted GFPPOS cells were present in the culture (Fig. 3a, top left), compared to the CCA control cells,
containing an empty vector, mCMV (Fig. 3a, lower left). By day 14, the GFP?®S spheroids had increased in
size (Fig. 3a, top right), consistent with CSC tendency to form larger and more complex spheroids®!. We also
observed inter-spheroid and intra-spheroid heterogeneity in the GFP signal within the 3D cultures (Fig. 3a, top
right), indicating spontaneous loss of stemness (differentiation) over the 14 days of 3D culture. This supports the
transient nature and complex roles of CSCs in cancer spheroids.

To measure the size of the 3D object for high-throughput application, we generated maximum projection
images where spheroids were identified based on the Hoechst 33342 positive area, the highest GFP intensities of
each position along the z-axis in the image (Fig. 3b). We then classified the differentiation status of the cancer
spheroids into undifferentiated and differentiated based on the GFP intensity cut-oft (Fig. 3c). Integrating
3D-SiSP measurements and GFP intensity revealed that undifferentiated spheroids exhibited a larger spheroid
area compared to differentiated spheroids (Fig. 3d), indicating the superior spheroid forming capability of the
GFPPOS cells. Furthermore, we also verify the stemness phenotype by investigating the co-expression of GFP
and some established CCA CSCs surface proteins®*~**. Both CD44*/CD133* and CD133*/LGR5" were highly
expressed in the undifferentiation group, ensuring the stemness characteristics (Fig. 3e).

Application of 3D-SiSP for evaluating CSC content in anti-cancer drug testing

CSCs are believed to play a crucial role in driving drug resistance’>*. The 3D multi-spheroid culture system
is a widely used technique for studying CSCs and their responses to anti-cancer drugs'”*”*%. To investigate
the role of CSCs under anti-cancer drug treatments, we developed a high-throughput image-based protocol
for the 3D multi-spheroid culture to assess drug cytotoxicity and measure the CSC population in response
to various drug doses (Fig. 4). We employed Calcein Blue AM and Zombie NIR™ to differentiate between live
and dead cells, respectively. To ensure that no false positives of Calcein Blue AM from the dead populations
and optimize concentrations and staining times for the 3D-SiSP method, the dead cells were separately stained
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Analysis of tumorigenesis potential of CCA CSC by the 3D-SiSP and traditional length-based method.

(a) Schematic diagram of the in vitro tumorigenesis assessment by the 3D-SiSP. (Created by BioRender.com/
Mahidol University). (b) Gating strategy for FACS. The CSC live-cell biosensor-containing TFK-1 cells were
sorted into GFPPO% and GFPNEC populations. (c) Representative images of Hoechst 33342-stained GFPPOS

and GFPNEC TFK-1 cells at indicated seeding densities. Scale bar =300 um. The images were taken using a

5x objective lens. (d,f) Quantitative analysis of the number of spheroids of GFP?°S and GFPNEC populations.
Area 7853.98 um? (d) or length 100 pum (f) was used as a cut-off for spheroid determination. (e,g) Quantitative
analysis of the object values. The results are area (e) and length (g) of Hoechst 33342-positive objects of GFPP0S
and GFPNEC populations. In (d)-(g), the data were from n >3, and statistical significances were analyzed by the

Wilcoxon rank sum test.
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Fig. 3. Application of 3D-SiSP in CCA cells with the GFP-based live-cell biosensor for CSCs. (a) Spontaneous
differentiation of the 3D multi-spheroids. GFPPOSCCA cells were seeded at 1000 cells/well and imaged on
days 0 and 14, as indicated. Green = GFP-positive CSCs, blue = nuclear area of spheroids (Hoechst 33342),
white scale bar =200 pm, yellow scale bar =100 um. The images were captured using a 20x objective lens.

(b) Schematic diagram of 3D-SiSP image analysis of live CSC content in the spheroids by Hoechst 33342

or Calcein Blue AM double staining (Created by BioRender.com/Mahidol University). (c,d) Quantitative
analysis of the undifferentiated and differentiated 3D multi-spheroid on log, , spheroid GFP intensity (c) and
log, , spheroid area (d). The data represent from n=278 (undiff) and 490 (diff). Statistical significances were
analyzed by the Wilcoxon rank-sum test. (e) Co-expression of CD44/CD133* (left) and CD133*/LGR5*
(right) protein surface markers of the GFPP®S and GFPNEC populations analyzed by flow cytometry. The data
represent mean+s.d., n=3.

with Zombie NIR™ before being added to the healthy spheroids. The viable spheroids were specifically stained
at concentrations of 10 and 5 pM Calcein Blue AM, with no false positives from the dead population (positive
for Zombie NIR™) (Fig. 5a). The 10 uM concentration exhibited a better foreground-to-background ratio and
provided a longer-lasting stain compared to the 5 tM concentration. We subsequently optimized the incubation
time for 10 uM Calcein Blue AM, adjusting it to a duration of 10-190 min (Fig. 5b). Based on these results, we
will conduct further experiments utilizing staining durations between 10 and 70 min.

Next, we investigated the CSC-mediated response to anti-cancer drug treatments including 5-fluorouracil
(5-FU) and gemcitabine in live biosensor-containing TFK-1 cells. As anticipated, the area of Calcein Blue AM
positive cells was decreased in a dose-dependent manner, indicating increased cell death with higher drug doses.

Scientific Reports|  (2025) 15:31387 | https://doi.org/10.1038/s41598-025-16144-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3D Multi-spheroid formation Drug treatment Staining & imaging

/ « Staining: Calcein Blue AM
i [: (TR 4 o Live imaging: High content

confocal imaging machine

~ >, SORESG reporter- 4

containing cells \\/ Drugs
E/\ i > > /

3D multi-spheroids

Complete medium
+ suspending agent

Cytotoxicity evaluation Cancer stem cell content

Data visualization

Dose of = -
. 8 <.
chemotherapy Calcein Blue AM € g .,
Q X =T
> ,c°e GFPs cells 23 g%
o % @ | Viable spheroid § = = g_.
H (]
High dose o e | & >
° . °, Drug concentration
°
= 25 )
3 °3
® 2 20 g0
. o o §x s %
Vehicle o ° o0 @ 2315 Es .
control ) mE g™
e %o S 10 2
29009 o & S 00
g A B C D E
Drug cencentration Drugs

Fig. 4. Schematic diagram of the 3D multi-spheroid model for evaluating anti-cancer drugs in CCA CSCs
(Created by BioRender.com/Mahidol University).

Interestingly, the GFPP0S

(Fig. 5¢).

We quantitatively analyzed spheroid viability and CSC content, as shown in Fig. 3b, resulting in the
determination of the spheroid viability index (SVI) and CSC index (Fig. 5d,e). Analysis of the CSC index in
individual spheroids revealed the highest CSC enrichment with 0.05 uM (4.7 log, , pM) of 5-FU, achieving a CSC
index of 1.66 (Fig. 5d). Treatment with 0.01 uM (4 log,, pM) gemcitabine yielded a CSC index of 1.47 (Fig. 5e).
The distribution of the CSC index for individual spheroids treated with 5-FU and gemcitabine is displayed in
Fig. 5f and g, respectively. Furthermore, we examined the relationship between spheroid GFP intensity and
spheroid area. The highest positive correlations between GFP intensity and spheroid area were observed at
0.05 uM of 5-FU and 0.01 pM of gemcitabine treatment (Fig. 5h,i), corresponding to the highest CSC indices
(Fig. 5d-g).

To further compare CSC content in viable spheroids across treatments, we calculated the “Normalized CSC
index’s area under the curve (AUC)” This involved calculating the CSC index AUC of each treatment across a
range of doses and normalizing it by the CSC index AUC of the vehicle control. The dose range was selected
based on SVI, ensuring equivalent viability across conditions. The normalized CSC index’s AUC for both 5-FU
and gemcitabine, calculated within the SVI range of 0.6-1, indicated that both drugs can enhance CSC content
within the tested dose ranges Notably 5-FU (AUC 1.18) exhibited significantly higher CSC content compared
to gemcitabine (AUC 1.03) (Fig. 5j). These results suggest that CSCs are enriched under sublethal doses of
chemotherapies, demonstrating distinct induction patterns.

area increased at certain doses of anti-cancer drugs compared to the control group

Discussion

Three-dimensional multi-spheroids are increasingly utilized in cancer and stem cell research®*, including
drug screening. Consequently, many researchers are turning to 3D cell culture models, such as spheroids
and organoids, which better mimic in vivo conditions This shift highlights the need for the development of
novel 3D platforms and analytical methods suited to these culture models*!. While 3D multi-spheroids are
typically expected to exhibit a spherical shape, studies have shown that, under certain conditions, they can adopt
non-spherical morphologies. These morphologies can be influenced by factors such as the culture medium,
extracellular matrix*?, the nature of the cells*’, and their heterogeneity*4-*.

In this study, we show that 3D multi-spheroids derived from CCA were predominantly non-spherical,
necessitating analyses specifically designed to assess both spherical and non-spherical spheroids. In vitro
tumorigenicity measurement using 3D multi-spheroids is typically conducted using a length-based method!¢-8,
which can lead to misinterpretations, particularly when dealing with non-spherical shapes?*.

Theoretically, the most informative 3D multi-spheroid growth evaluation should be analyzed based on
spheroid volume, where both horizontal and vertical information are rendered into the 3D simulated spheroid
for further spheroid volume calculation. However, the spheroid volume consumes high data processing and
analysis, which is not suitable for high-throughput techniques. Herein, the 3D-SiSP method offers a solution
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to this issue as it is based on area measurements rather than length, allowing for a more accurate and reliable
assessment?’. The number of z-stacking planes was optimized to balance high-throughput imaging efficiency
with sufficient analytical resolution. In our experiments, we used the same number of imaging planes for each
experiment and cell line-three imaging planes were used for the tumorigenic assay, and six imaging planes were
used for the drug testing experiment to cover the whole spheroid. The drug testing experiment needs higher
planes because the experiment started with a higher number of initial cell-seeding densities, resulting in bigger
spheroid sizes.

The tumorigenic potential of cancer cells in 3D can be used to evaluate the growth of individual clones
Instead of applying cell seeding density for interpretation, in vitro tumorigenicity measurement should be
conducted under well-distributed culture conditions at very low seeding densities. The 3D-SiSP method appears
particularly suitable for this purpose, as it can measure and analyze every spheroid produced in each 3D

48,49
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«Fig. 5.. 3D multi-spheroid model for evaluating CSC-mediated anti-cancer drug response. (a) Optimization

of Calcein Blue AM concentrations. Dead cells stained by Zombie NIR (NIR) were included as a negative
control. The images were taken 10 min after Calcein Blue AM incubation. (b) Calcein Blue AM retention from
10 to 190 min after staining. Doses of Calcein Blue AM are indicated on the left side. The images in (a) and

(b) were taken using the 10x objective lens. Scale bar =100 um. (c) Calcein Blue AM stained viable spheroids
across a range of 5-FU concentrations. Each image is composed of 6 fields from a 20x objective water lens.
Scale bar =300 pum. For all images, Blue = viable spheroids (Calcein Blue AM), Red =dead cells (Zombie NIR™),
Green = GFPFO% (dsCopGFP). The double y-axis graph shows cytotoxicity evaluation of the 3D multi-spheroids
under 5-FU (d) and gemcitabine (e) represented as SVI (right y-axis) and CSC index (left y-axis). The data
represent mean +s.d., n=3. (f,g) Violin plots show the CSC index across a range of 5-FU (f) and gemcitabine
(g) concentrations. Statistical significances were analyzed by the Wilcoxon rank-sum test by comparing each
concentration and the vehicle control. (h,i) Scatter plots between Log, , spheroid area and Log, , GFP intensity
of spheroids show correlations across a range of 5-FU (h) and gemcitabine (i) concentrations. The regression
line (black line) was estimated by linear regression of Pearson correlation with a 95% confidence interval (gray
band). R=Pearson correlation coefficient, p=p value. In (f)-(i), the data represent single spheroid information
ranging from 76 to 169. (j) Bar graphs show the normalized CSC index AUCs of the 3D multi-spheroids
under 5-FU and gemcitabine in the dose range where SVI equals 0.6-1. The data represent mean+s.d.; n=3.
Statistical significances were analyzed by t-test. 5-FU 5-fluorouracil, Gem gemcitabine, AUC area under the
curve, SVI spheroid viability index.

culture. This capability is especially valuable when analyzing highly heterogeneous cell populations, allowing for
quantitative investigations into aspects of cancer biology, such as the differentiation of CSC-expressing spheroids
and the crosstalk between CSCs and the tumor microenvironment. Overall, these findings suggest that the
effectiveness of the 3D-SiSP method in this context should warrant extensive future testing.

To apply the 3D-SiSP method to the in vitro tumorigenic assay, we utilized the object area measurement to
quantify the spheroids in the culture. This approach does not rely on subjective cut-off'#17:2223, When combined
with live/dead staining, it enables the exclusion of dead cells, ensuring that only viable spheroids are measured.
Small spheroids and tumoroids are commonly used for high-throughput drug screening because their smaller
size facilitates easier handling and manipulation, making them well-suited for large-scale studies. Therefore,
they should not be excluded based on subjective cut-offs.

We demonstrated that the 3D-SiSP method, using object area measurement, is effective for analyzing small-
sized spheroids. Both small and large spheroids offer unique advantages and applications in cancer research®”.
The choice between them depends on the specific goals and requirements of the study”.

Interestingly, the 3D-SiSP method relies on maximum projection, which combines imaging planes into
one. Ideally, the volume of spheroids should be assessed through 3D confocal imaging; however, this may be
challenging in high throughput applications due to the time-consuming nature of the process and the substantial
workload associated with data acquisition, storage, and analysis. Our system is also suitable for studying CSCs as
it facilitates real-time identification and characterization of individual cells, including CSCs within the spheroids.
Conventional whole-well and non-imaging-based assays may not capture these small populations effectively.

Evaluating the impact of anti-cancer drugs on CSCs is challenging, as these drugs often affect both cancer
cells and CSCs. Providing more evidence of CSC biology with additional markers, such as other stemness-related
markers, and dead staining dye would be used as a secondary validation to increase reliability and enhance the
chance of biological discovery. Moreover, comparing the CSC content resulting from drugs with different killing
efficiencies is difficult. Therefore, it is essential to use a dose or dose range that results in a comparable killing
effect across treatments.

Taken together, we have demonstrated that the 3D-SiSP method is suitable for evaluating in vitro
tumorigenicity, along with other CSC characteristics such as differentiation. Furthermore, this method is
effective for assessing cytotoxicity and CSCs in the context of anti-cancer treatment. Additionally, the 3D-SiSP
method may be flexible enough to be applied to other 3D culture models such as embryoid bodies and organoids
in regenerative medicine. Altogether, our 3D-SiSP method, along with the three example applications, provides
laboratory protocols and tutorial analysis code in R language and offers a comprehensive tool for high-throughput
imaging and analysis in cancer and CSC research.

Materials and methods

The experimental protocols described in the peer-reviewed paper including the 3D Surface Integrative Spheroid
Profiling (3D-SiSP) for evaluating in vitro tumorigenicity and CSC-mediated anti-cancer drug response, have
been published on protocol.io (https://www.protocols.io/private/ECE27AC5049811EFBE540A58 AO9FEAC02).

Cell lines

The human CCA cell lines, TFK-1 and KKK-D068 were obtained from the Japanese Collection of Research
Bioresources (JCRB, Osaka, Japan)>!. TFK-1 cells were cultured in Roswell Park Memorial Institute 1640
Medium (RPMI 1640), KKK-D068 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), and
both media were supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), and 1% penicillin/
streptomycin (Gibco). All cultures were maintained at 37 °C in a humidified 5% CO, atmosphere.

Scientific Reports |

(2025) 15:31387 | https://doi.org/10.1038/s41598-025-16144-9 nature portfolio


https://www.protocols.io/private/ECE27AC5049811EFBE540A58A9FEAC02
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Preparation of biosensor-containing cells, sorted GFPP°3, and GFPNEC cells

The six tandem repeats of the SOX2/OCT4 response element (SORE6) are used to drive a short half-life version
of green fluorescence protein (dsCopGFP), while the minimal cytomegalovirus (mCMV) promoter is used
to enhance the biosensor protein signal. The biosensor system (SORE6-mCMV-dsCopGFP) with its control
construct (mCMV-dsCopGFP)* as lentiviral plasmids was a kind gift from Dr. Lalage M. Wakefield, NCI, USA.
To construct the CCA biosensor-containing cells, the procedures including the generation and transduction of
lentiviral biosensors were performed according to our previous work?>.

According to data published in%, cells positive for the SORE6 biosensor (GFPP®S) are considered CSCs,
while cells negative for the SORE6 biosensor (GFPNES) are considered non-CSCs. To purify GFPPOS and GFPNEG
cells, the biosensor-containing CCA cells were detached using 0.25% trypsin-EDTA, and then washed with
phosphate-buffered saline (PBS) supplemented with 3% FBS. The cells were filtered through a cell strainer before
being sorted two times on a BD FACS Aria™ III Cell Sorter to increase the purity. The sorted cells were kept on
ice in the dark for no more than 2 h before seeding. The data were analyzed by Flow]Jo software (version 10.8.1)
and the matched CCA cell line containing the mCMV-dsCopGFP construct was used as a gating control.

Culture optimization for 3D multi-spheroids

3D multi-spheroids were developed from CCA cells cultured according to the strategy shown in Fig. 1a. Briefly,
StemXVivo MC (R/D Systems) was mixed with the culture media comprising either RPMI1640 for TKI-
1 or DMDM for KKK-D068 supplemented with 10% FBS and 1% Pen/Strep (Complete Medium) to a final
concentration of 1.4% before being plated onto a flat-bottomed 96-well ULA microplate (Corning). Finally,
CCA single-cell suspension in complete medium was seeded onto the prepared plate at a ratio of 1:1 v/v, thus
resulting in 0.7% MC final concentration for the 3D multi-spheroid cultures (Fig. 1a). Specific details of the in
vitro tumorigenic assays and evaluation of CSC-mediated anti-cancer drug response using 3D multi-spheroids
are provided in the “Tumorigenic assay” to “CSC-mediated anti-cancer drug response” sections.

Immunofluorescent staining and flow cytometry

Biosensor-containing TFK-1 cells were double-stained for the detection of CD44/CD133 or CD133/LGR5 protein
surface markers as previously described?. Briefly, cells were washed with 3% FBS in PBS and subsequently
blocked with Odyssey blocking buffer (Li-Cor) for 30 min on ice. Following blocking, cells were incubated for
15 min in the dark with an antibody cocktail containing: PE anti-human CD133 (mouse, #372803, BioLegend),
PerCP-Cy5.5 anti-mouse/human CD44 (rat, #103031, BioLegend), and APC anti-human LGR5 (rat, #130-100-
85, Miltenyi Biotec). Live/Dead Zombie NIR was included in the cocktail to assess cell viability. Isotype-matched
antibodies served as controls for non-specific binding. TFK-1 cell lines transduced with mCMV-dsCopGFP
served as controls for GFP expression. Stained cells were analyzed on a BD LSR Fortessa™ Cell Analyzer (BD
Biosciences). Flow cytometry data were analyzed using Flow]Jo software (version 10.8.1).

High-content confocal imaging

The high-throughput screening (HTS) microplate reader Operetta CLS™ (PerkinElmer) was utilized for high-
content confocal imaging at magnifications 5x and 20x magnification. Confocal images were captured in bright
field, GFP, Hoechst 33342, near-infrared (NIR), and Calcein Blue AM channels depending on the specific settings
for each experiment, covering 3 or 6 z-planes (3 planes for the tumorigenic assay and 6 planes for CSC-mediated
anti-cancer drug response) to encompass the entire spheroid. All fields from the entire culture were imaged for
the in vitro tumorigenic assay to minimize selection bias. For the 3D multi-spheroid model used to evaluate
CSC-mediated anti-cancer drug responses, high-content confocal imaging was performed in live imaging mode
at 37 °C and 5% CO,. To optimize the concentration of Calcein Blue AM, Zombie NIR™ was used to verify its
specific labeling of viable cells. This was done by adding Zombie NIR™-stained, dead biosensor-containing cells
to a 3D plate of healthy biosensor-containing spheroids, followed by the addition of Calcein Blue AM to label
the viable cells.

Image analysis, data processing, and calculation

All image analyses were performed using the Columbus Image Data Storage and Analysis System version 2.9.1
(PerkinElmer). For 3D image analysis, all planes of different z-planes from the confocal images were combined
into one maximum projection image, where a pixel with maximum intensity stands for the whole stacking. The
maximum projection images were analyzed using the pipelines explained in materials and method “Tumorigenic
assay” to “CSC-mediated anti-cancer drug response” sections. The data were then further analyzed, and statistical
significance and visualization were performed using R software (http://www.R-project.org/, version 4.3.3). The
data and R coding tutorial are available on the website https://kuchikinamthip.github.io/projects/3D-SiSP and
GitHub https://github.com/KuchikiNamthip/3D-SiSP.

Applications of 3D multi-spheroid cultures
Tumorigenic assay
To evaluate tumorigenesis, fluorescence-activated cell sorting (FACS)-sorted GFPPOS or GFPNEG cells were
prepared in 100 uL of complete medium and cultured on the prepared plate (as described in part 3 of the
“Materials and methods” section) for 14 days after which all cells were fixed in 4% paraformaldehyde (PFA) for
30 min and stained with 10 pg/mL Hoechst 33342 (Abcam) nuclear staining dye overnight.

The traditional length-based methods were calculated from individual image planes, while all area-based
methods (3D-SiSP) were calculated from the maximum projection image. All cells were identified by Hoechst-
positive nuclear staining. Thus, the growth of individual clones was detected from the clusters of Hoechst-
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positive areas. Area, length, width, and width-to-length were measured from all Hoechst-positive objects (as
described in part 5 of the “Materials and methods” section).

For defining spheroid morphology, the spherical shape was defined by a width-to-length ratio between 0.8
and 1.2. Therefore, other objects outside the defined range were considered non-spherical shapes.

For spheroid count, the Hoechst-positive object was determined to be spheroid with cut-offs by area
(7853.98 um?) or length (100 um), and then the number of spheroids was counted from each seeding density.

Differentiation status

To evaluate the differentiation status of the spheroids, the experimental method was performed as described
in part 6.1 of the “Materials and methods” section. The GFP intensities were quantified from the area of each
Hoechst-positive object from the GFPS group cultured for 14 days. The differentiation status of each spheroid
was determined by comparing the GFP intensity of the mCMV-forming spheroid as a background control. In
this analysis, we accepted a 10% false positive rate, meaning that spheroids with GFP intensities higher than
the highest 10% of the mCMV-forming spheroid intensities were classified as undifferentiated spheroids, while
those lower than that cut-off were classified as differentiated spheroids. A step-by-step pseudo-code written in R
language is provided as a tutorial for the implementation of this method.

CSC-mediated anti-cancer drug response

Biosensor-containing TFK-1 cells were seeded at 4000 cells in 80 pL of complete medium and cultured on the
prepared plate (as described in part 3 of the “Materials and methods” section). The culture was incubated for
3 days to generate 3D multi-spheroids. Next, different concentrations of chemotherapeutics including 5-FU
(Selleckchem, #S1209) and gemcitabine (Selleckchem, #S1714) were prepared in 20 uL complete medium
containing 0.5% dimethyl sulfoxide (DMSO) and added to the 3D multi-spheroid cultures. Thus, the spheroids
treated with 0.5% DMSO were used as vehicle control. After 5 days of treatment, spheroids were stained with
10 uM Calcein Blue AM, a viability dye. A high-content confocal imaging was captured in live mode and between
10 and 70 min after adding Calcein Blue AM. For cytotoxicity evaluation of the anti-cancer drugs, the viable
spheroids were identified by Calcein Blue AM, a viability dye. The summation of the Calcein Blue AM-positive
area was represented for the cell viability in each drug concentration (CA,,). The summation of the Calcein Blue
AM-positive area of each treatment concentration was divided by its vehicle control (CA ) for normalization
purposes and represented as ‘spheroid viability index (SVI).

S CA
SVIi=&———
E CActrl

For CSC content under treatment effect, only viable spheroids were included. The ‘CSC index’ was calculated by
the median spheroids’ GFP intensity of each spheroid from each drug concentration (GFP ) normalized with
the median spheroids’ GFP intensity of the vehicle control (GFP_,). The step-by-step pseudo-code written in R
language was provided as a tutorial.

_ Median (GF Pis)
CSC = Median (GF Peyri)

To compare the CSC index among the anti-cancer drugs, the overlapping SVIs across all drugs were used to
define the SVI range. From a defined range of SVI, the trapezoidal rule was used to determine the area under the
curve of the CSC index of each drug (AUC(CSC),,). The AUC of CSC indices was expressed as “normalized CSC
index’s AUC(CSC, ,)” after being normalized by the CSC index’s AUC of the vehicle control (AUC(CSC)_, )
where | is the lowest SVI and h is the highest SVI. The step-by-step pseudo-code written in R language was
provided as a tutorial.

AUC (CSC),,
AUC (CSC)

ctrl

CSCi—n =

Statistical analysis

All graphs and statistical significance were determined and created with R (http://www.R-project.org/, version
4.3.3). To compare two independent groups, statistical significance was determined using either a two-sided
Wilcoxon rank-sum test or a t-test, depending on the data distribution. Correlation analyses were performed
using either Pearson or Spearman correlation, according to whether the relationship was linear or non-
linear, respectively. Specific statistical tests were mentioned in figure legends. For all investigations, statistical
significance was considered when p value <0.05.

Data availability

The 3D-SiSP experimental protocols for evaluating in vitro tumorigenicity and CSC-mediated anti-cancer drug
response were published on protocol.io (https://www.protocols.io/private/ECE27AC5049811EFBE540A58 A9F
EACO02). The step-by-step pseudo-code written in R language was provided for 5 tutorials below are available
on the website https://kuchikinamthip.github.io/projects/3D-SiSP and GitHub https://github.com/KuchikiNa
mthip/3D-SiSP, please note that the protocol.io, website, and GitHub repository will be publicly online after
peer-reviewing. (1) Evaluating the in vitro tumorigenicity of CSC candidate using the 3D multi-spheroid model
by determining spheroid number using 3D-SiSP analytical method. (2) Evaluating the in vitro tumorigenicity of
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CSC candidate using the 3D multi-spheroid model by determining object area using 3D-SiSP analytical method.

3)

Investigating the relationship between spheroid size and their differentiation status for the 3D multi-spheroid

model using 3D-SiSP analytical method. (4) Evaluating CSC content and cytotoxicity under anti-cancer drug
treatments for the 3D multi-spheroid model using 3D-SiSP analytical method. (5) Comparing CSC content
among cytotoxic drugs across a range of spheroid viability index.
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