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In response to the increasing demand for spheroid-based cancer research, the
importance of developing integrated platforms that can simultaneously
facilitate high-throughput spheroid production and multiplexed analysis is
emphasized. In addition, the understanding of how the size and cellular
composition of tumors directly influence their internal structures and
functionalities underlines the critical need to produce spheroids of diverse
sizes and compositions on a large scale. To address this rising demand, this
work presents a configurable and linkable in vitro three-dimensional (3D) cell
culture kit (CLiCK) for spheroids, termed CLiCK-Spheroid. This platform
consists of three primary components: a hanging drop microarray (HDMA), a
concave pillar microarray (CPMA), and gradient blocks. The HDMA alone
produces a homogeneous spheroid array, while its combination with the
gradient block enables one-step generation of a size-gradient spheroid array.
Using the size-gradient spheroid arrays, the occurrence of necrotic cores
based on spheroid size is demonstrated. Additionally, spheroids in a single
batch can be conveniently compartmentalized and regrouped using a CPMA,
enhancing the versatility of spheroid arrays and enabling multiplexed drug
treatments. By combining the different assembly methods, this work has
achieved high-throughput production of cell composition-gradient spheroid
arrays, with noticeable variations in morphology and vascularization based on

cell compositions.

1. Introduction

In vitro cell culture and in vivo animal models have consistently
been employed to research disease mechanisms and drug

screening. However, with the growing em-
phasis on animal welfare and bioethics,
the trend is gradually shifting toward re-
ducing animal experiments.l'3] Instead,
there is an increased interest in in vitro
three-dimensional (3D) cell culture mod-
els due to their increased fidelity, owing
to the heightened relevance of the models
and the introduction of induced pluripo-
tent stem cells and patient-derived cells.[*7]
In particular, spheroids are an effective
3D cell culture model as they are rela-
tively easy to produce and can recapitu-
late structural and functional features of in
vivo microenvironments.!®1% While meth-
ods to produce spheroids have advanced
significantly, high-throughput screening re-
quires spheroids to exist in a separate ar-
ray environment. Hanging drop and low-
adhesion well plates are prominent exam-
ples of the separate array environment.
These systems allow for the precise con-
trol of cell type, cell number, and reagent
change of multiple conditions, but the cell
seeding and reagent change procedures are
labor-intensive and difficult to parallelize
without the assistance of a machine.[!!]
In addition, hanging drop plates are also
susceptible to evaporation. Consequently, various methods, such
as microwell array platforms, have been developed to generate
large-scale spheroid arrays at once.['>13] Another study demon-
strated the large-scale production of spheroids using a funnel
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Figure 1. Schematic illustrations of the components and functions of a configurable and linkable in vitro 3D cell culture kit for spheroids (CLiCK-
Spheroid). The hanging drop microarray (HDMA) facilitates the generation of a homogeneous spheroid array, which can be collected on a Petri dish.
By applying a gradient block to the HDMA, a size-gradient spheroid array and a composition-gradient spheroid array can be generated. The generated
spheroid array can be retrieved entirely or selectively by contacting the concave pillar microarray (CPMA), while retaining their spatial arrangement. Thus,
the spheroid array can be transferred freely from batch to compartmentalized environment and vice versa.

array to simultaneously generate hanging drop arrays.['*] While
these methods successfully generate homogeneous spheroids at
a large scale, their applicability to high-throughput screening is
limited due to their interconnected environment, which prevents
the creation of compartmentalized and multiplexed cell culture
and analysis.

Meanwhile, the size and composition of spheroids play cru-
cial roles in determining their function, viability, and response
to drugs.l>16] Studies have shown that as the spheroid size in-
creases, a hypoxic region and necrotic core can form within
the spheroid.['’] These factors can significantly influence var-
ious aspects of spheroid behavior, including extracellular ma-
trix remodeling,'®! metastasis,['! and drug resistance. Addition-
ally, co-culture and tri-culture spheroids composed of multiple
cell types have gained considerable attention as they can bet-
ter mimic the tumor microenvironment and provide a more re-
alistic model for studying disease progression and therapeutic
interventions.[?l However, the generation of large-scale and het-
erogeneous spheroid arrays remains a challenge. Current ap-
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proaches, primarily based on microwell plates, are often labor-
intensive and time-consuming. These methods fail to efficiently
generate arrays of diverse spheroid compositions and sizes,
limiting their applicability in studying complex biological phe-
nomena and drug screening. To address the problem of labor-
intensiveness, Marimuthu et al. demonstrated the formation
of a size-gradient spheroid array using multi-sized microfluidic
funnels?!l and other studies showed an area-based size-gradient
spheroid array formation.?2-24l While these studies effectively
exhibited the fabrication of single ratio size-gradient spheroid
arrays, there remains a pressing need to develop novel high-
throughput techniques that enable the production of large-scale
cell composition-gradient spheroid arrays in a more efficient and
reproducible manner.

In this study, we introduce a configurable and linkable in vitro
3D cell culture kit (CLiCK) for spheroid, termed CLiCK-Spheroid,
which is a novel hanging drop microarray platform designed
specifically for on-demand generation and multiplexed analysis
of spheroid arrays (Figure 1). CLiCK-Spheroid comprises three
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main components: hanging drop microarray (HDMA), concave
pillar microarray (CPMA), and gradient block. The proposed kit
enables researchers to easily prepare spheroid arrays according
to their specific requirements, including homogeneous arrays,
size-gradient arrays, and cell composition-gradient arrays. Fur-
thermore, CLiCK-Spheroid provides a convenient method for
separating spheroids into discrete environments, allowing for
individualized analysis and experimentation. Additionally, this
platform facilitates the efficient retrieval and transfer of the
entire and localized spheroid array for downstream applications.
With its user-friendly design and enhanced functionality, CLiCK-
Spheroid is expected to become a valuable tool for biologists
to open new possibilities for advancing various research areas,
including tumor biology, personalized medicine, and drug
discovery.

2. Results

2.1. One-Step Generation of a Homogeneous Spheroid Array

An HDMA is conceptualized and fabricated to generate a
spheroid array in a hanging drop form (Figure 2a,b). The bottom
part of the HDMA features a funnel-shaped hole array in which
cell suspension, media, and reagents can be loaded through
pipetting from the loading ports. All the holes are connected from
the top to a reservoir with a maximum volume of 1.6 mL. When
cell suspension is loaded in the HDMA, the seeded cells are dis-
tributed and settled into each hole. By removing the supernatants
and adding media to the HDMA, the homogeneous spheroid ar-
ray could be formed in the HDMA at once (Figure S1a, Support-
ing Information). The size of the spheroid exhibited a correla-
tion with the cell concentration, the area of the upper part of the
funnel, and the average height of the liquid above the funnel,
as depicted in Figure 2c. When BT474 cells, one of breast cancer
cell line, were seeded into the HDMA, the cells formed spheroids
within 24 h (Figure 2d,e).

In order to assess the homogeneity of the spheroid array
formed in the HDMA, we seeded 500 000 BT474 cells into HD-
MAs with different hole sizes and array dimensions (Figure S2a,
Supporting Information). Arrays of different dimensions were
designed while keeping the overall size of the array constant,
thus leading to different hole sizes. The results demonstrated the
generation of homogeneous spheroid arrays, with the size of the
spheroids being proportional to the hole size (Figure S2b, Sup-
porting Information). Specifically, the diameters of the spheroids
in the 10 x 10 (1.5 mm square top and 1 mm circular bottom), 12
% 12 (1.25 mm square top and 0.833 mm circular bottom), and 15
x 15 (1 mm square top and 0.667 mm circular bottom) HDMAs
were 370.3 + 22.5, 332 + 17.4, and 282 + 13.3 um, respectively.
The coefficient of variance (CV) for each HDMA was 6.09%,
5.23%, and 4.71%, indicating a high level of spheroid homo-
geneity across all the HDMAs. This level of uniformity is signifi-
cantly higher than that reported by Sumi et al. (34.97%, 16.85%,
and 23.33%).1*] This enhanced uniformity is likely due to dif-
ferences in device design. The histogram depicted in Figure 2f
also showed that the spheroids generated in the HDMAs were
monodispersed (CV = 6.09%). To investigate whether the posi-
tion of the spheroid in the array affects its diameter, we analyzed
the average spheroid diameter at each position (Figure 2g). As a
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result, we confirmed that spheroids of highly homogeneous sizes
were generated in the HDMAs, although slightly larger spheroids
were found along the edges of the array. To find out the relation-
ship between seeded cell numbers and the actual number of cells
settled into each hole, we derived an empirical equation showing
the relationship between the spheroid diameter and the num-
ber of seeded cells. We seeded green fluorescent protein (GFP)-
BT474 cells in each well of a conventional ultra-low attachment
96-well plate, starting with 50 cells and doubling the number up
to 6400 cells. We have determined that the relationship between
BT474 spheroid diameter on day 1 and the number of BT474 cells
within the investigated range follows Equation (1) below:

2.66638

(1)

Nummber of seeded cells — < Diameter of spheroid at day 1 )

16.83865

As Equation (1) was derived empirically, it should be noted
that its application is limited to BT474 spheroids on day 1. From
this equation, we calculated the number of cells settled in each
hole (Figure 2h). The average number of settled cells in 10 x 10
HDMA was 3760 in each hole. This corresponds to ~376 000
cells settled in the whole array, which was 75.2% of the initially
seeded cells. Considering that the holes occupy 58.22% of the to-
tal surface area of the HDMA bottom, theoretically, there should
be 2910 cells present in each hole. In practice, the presence of
flow during pipetting and the influx of cells from the bottom sur-
face of the reservoir bordering the holes can contribute to the ob-
served increase in the number of cells settled in the holes. Consis-
tent with this finding, when seeding 100 000 cells, spheroids with
an average diameter of ~203.1 + 5.8 um were generated (CV =
2.86%). According to the previous empirical equation, this corre-
sponds to a spheroid composed of ~760 cells. Therefore, it can be
inferred that in the current design of the 10 x 10 HDMA, ~0.76%
of the total seeded cells are settled into each hole.

During medium or reagent changes in the HDMA, there was
arisk of loss and unintended movement of spheroids. To prevent
this, a mesh insert is designed to fit the reservoir of the HDMA
(Figure S3a, Supporting Information). The mesh was sterilized in
ethanol, washed twice with phosphate-buffered saline (PBS), and
then immersed in an anti-cell adherence solution before place-
ment into the HDMA with the spheroid array. In the absence of
the mesh insert, movement of spheroids near the pipette tip to
other holes during medium changes was observed (Figure S3b,
Video S1, Supporting Information). However, with the mesh in-
sert in place, the spheroid arrays were successfully retained at
their initial positions (Figure S3c, Video S2, Supporting Informa-
tion). In comparison to the results of reagent change with gen-
tle pipetting, the spheroid retention rate was higher when using
the mesh insert, despite harsh pipetting (Figure S3d, Supporting
Information). Therefore, the mesh insert was used during the
reagent change process to maintain the spheroids in their origi-
nal position.

Next, we monitored the growth of spheroids over time to in-
vestigate the maintenance of spheroid array homogeneity. By ex-
amining the spheroid images, it was evident that the spheroids
increased in size over 7 days of observation (Figure S4a, Support-
ing Information). Similar growth patterns were observed when
comparing the spheroids seeded with 500 000 cells (3760 cells per
hole) in the 10 x 10 HDMAs and the spheroids seeded with 3200
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Figure 2. Device configuration and operation procedures of CLICK-Spheroid for generating a homogeneous spheroid array. a) Design of HDMA, HDMA
support, and assembly method. b) A picture of the HDMA assembled with HDMA support. c) Theoretical principle of spheroid formation. The gray
structure indicates one funnel of HDMA. The volume (V) of the spheroid is proportional to the area of the top of the funnel (A), the average height of the
liquid above the funnel (h), and the concentration of the cell suspension (C). d) Microscope images of the BT474 spheroid formation in the first 24 h.
e) The produced BT474 spheroid array in the 10 x 10 HDMA. f) Histogram of the spheroid diameter in the 10 x 10 HDMAs (n = 400 spheroids). g,h)
Heatmaps of g) spheroid diameter and h) number of seeded cells in the 10 x 10 HDMAs (n =400 spheroids). i) Fluorescence images of spheroid sections
generated using the conventional microwell arrays and CLiCK-Spheroid. Red fluorescence indicates dead cells stained with 7-aminoactinomydin D (7-
AAD), and blue fluorescence indicates nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI). j) Western blotting results of expression of markers for
comparing day 7 BT474 spheroids from the conventional microwell array and CLiCK-Spheroid. Graphs showing the expression of breast cancer receptors,
AKT signaling pathway, MAPK signaling pathway, and cell proliferation (n = 3).
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cells per well in the conventional ultra-low attachment well plate
(Figure S4b, Supporting Information). The CV of the spheroid
diameter in the HDMA was 6.09% on day 1, 5.33% on day 3, and
5.46% on day 7, indicating that the homogeneity of the spheroid
array in the HDMA was well maintained over time. Spheroid
growth was analyzed position-by-position to investigate the po-
tential differences in spheroid growth based on their positions
within the array (Figure S4c, Supporting Information). Using the
spheroid sizes on day 1 as a reference, we compared the spheroid
sizes on days 3 and 7 to determine the relative growth rate of
the spheroids. Spheroid growth was slightly more pronounced
toward the edges of the array than the center over time. This dis-
parity can be resolved by increasing the frequency of medium
changes to prevent nutrient depletion or increasing the volume
of medium replaced during each medium change process. How-
ever, this trend did not significantly affect the overall homogene-
ity of the spheroid array, as the CVs on day 1, day 3, and day 7
were similar.

When comparing day 7 spheroids of similar size from CLiCK-
Spheroid and the conventional microwell array, we found that the
spheroid from the microwell array showed more dead cells than
that from CLiCK-Spheroid (Figure 2i and Figure S5a, Support-
ing Information). Furthermore, we confirmed protein expression
by western blot analysis to determine whether the difference ex-
ists between the spheroids from the conventional microwell ar-
ray and CLiCK-Spheroid (Figure 2j and Figure S5b, Supporting
Information). As a result, an increase in the marker expressions
for breast cancer receptors (estrogen receptor (ER) and human
epidermal growth factor receptor 2 (HER2)), the AKT signaling
pathway, the mitogen-activated protein kinase (MAPK) signaling
pathway, and cell proliferation markers (c-Myc and Cyclin D1)
were observed in CLICK-Spheroid, but the differences were sta-
tistically insignificant. From these results, we were able to con-
firm that our system is just as effective or even better than con-
ventional methods in maintaining the identity of cancer cells and
promoting cell proliferation.

2.2. One-Step Generation of a Size-Gradient Spheroid Array

To generate size-gradient spheroid arrays in the HDMA rather
than homogeneous arrays, a gradient block was introduced
(Figure 3a). The gradient block consists of two main structures: a
gradient-generating slope and aligning parts. The aligning parts
of the gradient blocks were designed to fit into the grooves of the
HDMA, enabling reversible assembly. When the gradient block
was assembled with the HDMA, the height above each hole var-
ied along the gradient-generating slope. As a result, when the cell
suspension was loaded into the HDMA with the gradient block,
different numbers of cells settled into each hole (Figure S1b, Sup-
porting Information). As depicted in Figure 3b, no leakage was
observed when the cell suspension was loaded into the gradi-
ent block-assembled HDMA. Through microscopic imaging, a
successful formation of the size-gradient spheroid array was ob-
served along the slope of the gradient block. An increase along the
gradient slope was observed in the analysis of the spheroid diam-
eter by column (Figure 3c). However, we found that as the column
number increases, the change in diameter becomes less signifi-
cant. This is due to the linear nature of the gradient-generating
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slope. In theory, a linear slope results in a proportional distri-
bution of cells. This means that the volume of the generated
spheroids has a proportional relationship, and consequently, the
diameter follows a curve of 1/3 power, leading to a reduction in
differences at higher column numbers. The number of seeded
cells per position calculated using Equation (1) shows a linear in-
crease based on the column (Figure 3d). The relationship can be
described by the following equation:

Number of seeded cells in each position

= 574.515 x column number — 534.644 (2)

Equation (2) demonstrated a high coefficient of determination
(R? value of 99.2%), indicating that the number of seeded cells
was effectively controlled using the gradient block.

To assess the difference in spheroid zonation within the
size-gradient spheroid array generated using CLiCK-Spheroid,
live/dead staining was performed. BT474 cells were seeded at
a concentration of 500 000 cells per device to assess the oc-
currence of a necrotic core. In our experiments, among the
BT474 spheroids generated in an HDMA, only the spheroids
in columns 5 to 10 exhibited necrotic cores (Figure 3e). The
size of the necrotic core was proportional to the spheroid size
(Figure 3f). When the seeding concentration was set to 250 000
cells per device, the occurrence of the necrotic core was ob-
served in spheroids with diameters exceeding 540 um (Figure
S6a, Supporting Information). Our findings reveal that necrotic
cores were observed starting from larger spheroids of 540 um in
size, which aligns with existing research indicating that necrotic
cores typically appear in spheroids larger than 500 um,!?*! but
with a slightly larger threshold value. This phenomenon may be
attributed to the oxygen-rich environment of the hanging drop,
as also observed in Figure 2i. On the other hand, when the size-
gradient spheroid array was generated by mixing lung fibroblasts
(LF) and human umbilical vein endothelial cells (HUVEC) with
BT474 cells at a ratio of BT474: LF: HUVEC = 3:1:1, with a total
seeding concentration of 250 000 cells per device, the occurrence
of the necrotic core was observed even in spheroids with a diame-
ter below 500 pm (Figure S6b, Supporting Information). Necrotic
cores appeared in spheroids with diameters above 350 um, and
when compared to BT474 mono-type spheroids under the same
conditions, larger necrotic cores were observed. This indicates
that spheroids of the same size may differ in compactness de-
pending on the cell type due to the variation in cell-to-cell inter-
action forces. Considering the studies reported that fibroblasts
are often found in the core of co-culture spheroids,!?-2%1 it can be
inferred that the LF region in the core was more compact than
the BT474 region, and it leads to the easy occurrence of hypoxic
and necrotic core. In conclusion, it is not feasible to establish a
general threshold size for necrotic core occurrence, as it can vary
depending on the type of cells involved or the culture method
applied.

2.3. Multiplexed Drug Condition Treatment in a Single Spheroid
Array

For stable retrieval and multiplexed condition treatment of the
generated spheroid array, a concave pillar microarray (CPMA)
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Figure 3. CLiCK-Spheroid for generating a size-gradient spheroid array. a) Configuration and assembly method of CLiCK-Spheroid for generating a size-
gradient spheroid array. The aligning parts of the gradient blocks are designed to fit into the grooves of the HDMAs. b) Schematic diagrams and real
images illustrating the generation of size-gradient spheroid arrays using CLiCK-Spheroid (top). The size-gradient spheroid arrays were obtained on day
1, with an initial seeding number of 375 000 cells (bottom). ¢,d) Graphs and heatmaps showing c) spheroid diameter and d) number of seeded cells at
each position in the array. e) Fluorescence images showing the day 7 BT474 spheroid array stained with calcein-AM (green) and propidium iodide (red).
The initial seeding concentration was 500 000 cells per device. Yellow dotted circles indicate the locations of spheroids used for magnified images. f) A
graph of the diameters of spheroids and necrotic cores, and the ratio of necrotic core occurrence according to the column number (n = 3).
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Figure 4. Multiplexed drug treatment and assays in a single spheroid array. a) Configuration and assembly method of CLiCK-Spheroid for retrieval and
compartmentalization of spheroid arrays. The edges of the CPMA are designed to fit inside the legs of the HDMA support, enabling easy alignment by the
naked eye. b) Schematic illustrations (top) and real images (bottom) of operational procedures for spheroid array retrieval and compartmentalization.
The numbers in parentheses indicate the corresponding time points. c) Graph depicting the spheroid retention rate at the time point indicated in panel
b (n =4 for HDMA and n = 399 for spheroids). d, ) Fluorescence images of live/dead-stained size-gradient spheroid arrays on day 7. Spheroids were
treated on day 5 with different anticancer drugs at multiple concentrations for 48 h. d) Doxorubicin (DOX) and epirubicin (EPI)-treated spheroid arrays.
The concentration range was 10 nm to 100 um. e) Paclitaxel (PTX) and docetaxel (DTX)-treated spheroid arrays. The concentration range was 1 nm to

10 um.

and compartmentalized HDMAs were introduced (Figure 4a).
The CPMA is designed with a concave plateau and air channels
to stably place the spheroid on the pillar without forming bub-
bles, and the dimensions are made to fit the HDMA. In addition,
the outer frame of the CPMA is designed to interlock with the
inner part of the HDMA chamber, allowing for easy alignment
with the naked eye. In the case of compartmentalized HDMAs,
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partitioning walls and blocking structures were added to the bare
HDMAs. The walls physically separate the liquid environment,
thus allowing multiplexed conditions to be treated in a single
HDMA. The blocking structures were designed to block unin-
tended movement of spheroids.

The compartmentalization process of the spheroid array in-
volved the use of a CPMA and a compartmentalized HDMA with
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five separate reservoirs. Initially, the spheroids in the HDMA
were brought into contact with the CPMA (Figure 4b). Before
this step, the CPMA was coated with an anti-adherence rinsing
solution by bringing it in contact with an HDMA loaded with the
anti-adherence rinsing solution. Through contact, the spheroids
were transferred to the CPMA, with each spheroid being sep-
arated into individual drops on the CPMA. Subsequently, the
medium was loaded into the compartmentalized HDMA, and the
supernatant was removed to ensure the medium remained only
in each hole of the array to avoid unintended spheroid migra-
tion. The CPMA and the compartmentalized HDMA were then
flipped and brought into contact. Finally, after re-flipping, the
medium was carefully loaded into each reservoir for further cul-
ture in the compartmentalized HDMA. The successful transfer
of spheroids to the compartmentalized HDMA using the CPMA
is shown in Figure 4c. The average retention rate of spheroids
at the endpoint was found to be 98.75%, indicating the high sta-
bility of the retrieval and transfer process of the spheroid array
using CLiCK-Spheroid.

Next, to demonstrate the applicability of the device, we treated
a single spheroid array with multiple drugs at different concen-
trations. Four different drugs were used: doxorubicin hydrochlo-
ride (DOX), epirubicin hydrochloride (EPI), paclitaxel (PTX), and
docetaxel (DTX). Prior to drug treatment for spheroids, IC, val-
ues (for 48 h) of each drug were determined for BT474 cells in
two-dimensional (2D) monolayers (Figure S7, Supporting Infor-
mation). By rough calculation, IC;, values were 1.5 pm, 1.5 umM,
4 nMm, and 5.5 nm for DOX, EPI, PTX, and DTX, respectively.
We observed that drugs with similar structures exhibited simi-
lar IC curves. Subsequently, we divided a size-gradient spheroid
array into five horizontal compartments, applying five different
concentrations of each drug for 48 h (Figure 4d,e). The results
showed that damage from DOX and EPI began at concentra-
tions of 10 um, while PTX and DTX started causing damage at
100 nM. This indicated increased drug resistance in 3D spheroids
compared to 2D cell monolayer. Finally, to perform a sequen-
tial drug treatment assay, the homogeneous spheroid array from
the HDMA was transferred to a compartmentalized HDMA with
five horizontal reservoirs and underwent drug treatment for 24 h
(Figure S8, Supporting Information). Based on the results from
the spheroid array, the treatment concentration was determined
to be 10 um, 10 pm, 100 nm, and 100 nm, for DOX, EPI, PTX, and
DTX, respectively. Afterward, it was moved to another compart-
mentalized HDMA with five vertical reservoirs for an additional
24 h of drug treatment. Finally, the spheroid array was transferred
back to the batch HDMA to stain all spheroids with live/dead
reagents. This allowed the single spheroid array to be compart-
mentalized into 25 different groups and treated with 25 different
drug combinations.

2.4. Difference in Spheroid Morphology in a Cell
Composition-Gradient Spheroid Array

Similar to the generation of a size-gradient spheroid array, a cell
composition-gradient spheroid array can be generated using an
HDMA and a gradient block. Sequential cell seeding steps can be
applied to create the composition-gradient spheroid array of two
or more types of cells (Figures S1c and S9a, Supporting Infor-
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mation). Additionally, the configuration of the CLiCK-Spheroid
needed to be different at each cell seeding step to achieve the de-
sired composition gradient. Possible configurations include ho-
mogeneous A cell-gradient B cell, gradient A cell-reverse gradi-
ent B cell, and homogeneous A cell-gradient B cell-reverse gra-
dient C cell. As a proof of concept, we generated a co-culture
spheroid array using the composition gradient, consisting of
BT474 and cytopainter green-stained BT474 (Figure S9b, Sup-
porting Information). First, 375 000 BT474 cells were initially
seeded with the gradient block-assembled HDMA, followed by
the seeding of 375 000 cytopainter green-stained BT474 cells with
the gradient block assembled in the opposite gradient direction.
Consequently, a composition-gradient co-culture spheroid array
was generated without laborious pipetting. We could observe that
the actual diameter of spheroids closely matches the calculated
theoretical diameter for each column (Figure S9c¢, Supporting In-
formation). Meanwhile, gradual changes in GFP signals were ob-
served depending on the column, indicating the successful for-
mation of each gradient (Figure S9d, Supporting Information).

To analyze the effect of cell composition on spheroid morphol-
ogy, we generated a composition-gradient tri-culture spheroid
array composed of GFP-BT474, LF, and red fluorescent pro-
tein (RFP)-HUVECs (Figure 5). Initially, GFP-BT474 cells were
seeded in a gradient. Following this, LF cells were seeded in a
reverse gradient, and finally, RFP-HUVECs were seeded homo-
geneously (Figure 5a). The range of cell composition used in the
experiment was determined based on the composition range em-
ployed by Nashimoto et al. to produce vascularized breast can-
cer spheroids (Figure 5a).l'] As a result, a composition-gradient
spheroid array with a fluorescence gradient changing depend-
ing on the column was successfully generated (Figure 5b). There
were initial differences between the morphology of the spheroids
formed in different columns, and changes in morphology over
time were also observed (Figure 5c¢). Even though RFP-HUVECs
were seeded homogeneously, there was variation in the area of
RFP expression within the spheroid array. This may be due to
the promotion of HUVEC proliferation by LF, as well as the high
affinity of these cell types, while BT474 cells were not well mixed
with HUVECs and did not facilitate HUVEC proliferation.

To analyze the variations in the morphology of the spheroids
between columns and track how their morphology changes
over time, we categorized the spheroids into seven different
types based on their morphology (Figure 5d) and analyzed the
distribution of each type of spheroid overall, as well as the distri-
bution by columns up to day 4 (Figure 5Se,f). The distribution of
morphologies can be summarized as follows: Single spheroids,
consisting of LF and RFP-HUVEC, were only observed in
column 1 when GFP-BT474 was absent. Stacked aggregates,
characterized by indistinguishable distributions of the three cell
types piled up together, predominantly appeared in regions with
a higher LF ratio than BT474. This morphology was an interme-
diate state prevalent on day 1, which mostly disappeared from
day 2. Paired spheroids were observed when a BT474 spheroid
and an LF-HUVEC spheroid were adjoined side by side, with
the interface where they were joined clearly visible. Due to
either initial differences in ratio or changes in cell composition
during growth, penetration of RFP-HUVEC and LF cells into the
GFP-BT474 spheroid occurred when the proportion of BT474
increased. This phase was classified as penetrating spheroids.
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Figure 5. Spheroid analysis in a cell composition-gradient tri-culture spheroid array. a) Sequence of cell seeding to generate a composition-gradient GFP-
BT474-LF-RFP-HUVEC tri-culture spheroid array. b) Microscope images of the composition-gradient spheroid array on day 4. c) Morphology changes
according to the culture time. Green fluorescence indicates the breast cancer cell, while red fluorescence indicates the endothelial cell. d) Classification of
tri-culture spheroids based on their morphology, including single spheroids, stacked aggregates, paired spheroids, spheroids penetrating neighboring
spheroids, spheroids with a single core, spheroids with multiple cores, and stellate spheroids characterized by satellite spheroids attached to larger
spheroid. e) Morphology changes of tri-culture spheroids in each column according to the culture time. f) Distribution of tri-culture spheroids by

morphology over culture time.

Adv. Healthcare Mater. 2024, 13, 2400501

2400501 (9 of 15)

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

9SUdIT suowwo) dAneal) a|gedijdde ayy Aq paulanob aie sa|dIIe YO Bsn JO s3|NnJ 10y Aseaqr] aulju A3|IM UO (SUOIHPUOD-puE-SWId}/wodA3jImAlelqiauljuo//:sdiiy)
SUOIIPUO) pue swJd] By} 335 ‘[§202/20/€0] uo Aieiqry suljuo AS|ip 4O dInIsu| paduenpy a0y Ag 'LOS00¥Z0Z WYPR/Z00L 0L/10p/wodAs)imAreiqiduluo//:sdiy wouy papeojumoq ‘2z '¥20Z ‘65922612



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

Upon full penetration, the structure transformed into a single-
core spheroid, which was distinguishable by an RFP-HUVEC-LF
core surrounded by a GFP-BT474 shell. Observations suggest
that when the BT474 ratio is high, it typically transitions to
a single-core spheroid within a day after seeding. Between
columns 7 to 10, where the BT474 ratio is substantially higher
and the LF ratio is lower, multiple small LF-HUVEC or HUVEC
spheroids were initially clustered around the BT474 spheroid.
This arrangement resembled a star-like pattern and was clas-
sified as stellate spheroids. The stellate spheroid morphology
was preserved in columns 9 to 10, where the LF proportion is
extremely low. However, in columns 7 to 8, where there is a
significant LF presence, the attached spheroids penetrated the
BT474 spheroid over time, resulting in a multiple-core spheroid.

Interestingly, the HUVECs in the LF-HUVEC spheroid from
column 2 formed vessel-like networks within the spheroid
(Figure S10a, Video S3, Supporting Information). However, it
was difficult to find the difference between BT474-HUVEC co-
culture spheroid and BT474-LF-HUVEC tri-culture spheroid
through immunostaining alone. In the case of tri-culture
spheroids in the penetration process or that have become single-
core spheroids, the penetrating part and the core were not visi-
ble through a confocal microscope due to the dense and opaque
BT474 layers. Therefore, a spheroid-clearing process was con-
ducted based on the method proposed by Park etal.l?] As a result,
we observed a penetrating spheroid from column 2, as well as
cores with a vessel network in single-core tri-culture spheroids
from columns 4 and 7 (Figure S10b, Video S4, Supporting In-
formation). These results were clearly different from BT474—
HUVEC co-culture spheroids, in which HUVEC cores were not
seen within the BT474 spheroid, but HUVECs were rather ad-
hered to the surface of the BT474 spheroid. Even though the
spheroids from columns 4 and 7 were both of the same single-
core spheroid type, the core size was larger in spheroids from
column 4, which had a higher LF ratio. Nevertheless, it was evi-
dent that the vessel network was retained regardless of the size.
Lazzari et al. also reported a similar result where HUVECS were
located at the core of the tri-culture spheroid with LFs and showed
a network-like structure, although the cancer cell type used, pan-
creatic ductal carcinoma, was different.[?6]

From the observations, the behavior of each cell type could be
summarized as follows. BT474 cells exhibited a strong clump-
ing force, and HUVEC alone was unable to penetrate the BT474
spheroid. This was inferred from the phenomenon where many
HUVECs appeared to be attached to the outside of BT474
spheroids in the BT474-HUVEC co-culture spheroid and the
rightmost columns of the composition-gradient array consist-
ing of a low proportion of LE. On the other hand, LF could
penetrate BT474, and the tendency of LF to move into the in-
terior of the cancer cell spheroids has been reported in several
studies.[1027.28.30] \yhen LF and HUVEC coexisted with BT474,
HUVECs migrated toward LFs within the spheroid and the num-
ber of migrating HUVECS correlated with the number of seeded
LFs. This can explain the reduction in the number of stellate
spheroids and the increase in the number of multiple-core and
single-core spheroids with decreasing column number. This was
consistent with the study of Nashimoto et al. which showed a sim-
ilar trend of single to multiple core spheroids depending on the
ratio of MCF-7 to LF.['*] However, they did not observe stellate
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spheroids, presumably due to differences in the cellular affin-
ity between MCF-7 and BT474 and the cell composition used.
Furthermore, it is understood that cellular affinity can vary even
among cancer cell lines from the same origin. Wan et al. reported
differences in the localization of fibroblast cells within tumor
spheroids of various tumor cell types.!?”] They suggested that this
could be due to variations in the proliferation rate of fibroblasts
or differences in the expression of adhesion molecules depend-
ing on the tumor type. In this experiment, we only investigated
a limited range of cell types and compositions, and while we ob-
served corresponding differences in morphology, we could not
hastily conclude which factors were involved. However, consid-
ering the effectiveness of the CLiCK-Spheroid platform in pro-
ducing composition-gradient spheroid arrays by controlling cell
types and numbers, as well as its flexibility in adapting seeding
sequences and intervals, we believe that it will hold a favorable
position for further research related to the cell composition of
spheroids.

2.5. Difference in Vessel Network Formation in a Cell
Composition-Gradient Spheroid Array Embedded in an
Endothelial Cell-Mixed Fibrin Hydrogel

To investigate the differences in vascularization depending on
the composition of tri-culture spheroids, an experiment was de-
signed where spheroids were embedded within a fibrin hydro-
gel. In a previous publication, our group showed how to embed
spheroid arrays within a hydrogel using a pillar array.?!32! In this
study, we embedded a composition-gradient tri-culture spheroid
array within a fibrin hydrogel mixed with RFP-HUVEC to ob-
serve the interactions between the spheroids and the surround-
ing vessel network. Due to the compact spacing of 1.5 mm be-
tween spheroids within the HDMA, a selective CPMA with a 5
x 5 pillar array configuration was introduced to allow the col-
lection of specific spheroid arrays, instead of retrieving the en-
tire spheroid array (Figure 6a). The spacing between each pillar
was set to two units. The spheroids transferred to the selective
CPMA were further transferred to a low-depth well array with
a 5 x 5 array format, which conformed to the dimensions of a
selective CPMA. For spheroid embedding, a fibrinogen solution
was loaded into each well. The spheroids were efficiently trans-
ferred to the bottom of the fibrinogen drops once in contact with
the fibrinogen drop array. Subsequently, spheroids in a fibrin gel
array were produced using a curing method developed in our
laboratory.[**] The selected spheroid arrays were stably embed-
ded in a fibrin gel drop array through this procedure. Since the
volume of the medium drop transferred by the CPMA was small
(~0.27 pL), the fibrin gel crosslinking was not disturbed.

From the tri-culture spheroid array generated, as shown in
Figure 5a, we selectively retrieved five spheroids, each from
columns 2, 4, 6, 8, and 10, using a selective CPMA. These
spheroids were then embedded in a 5 mg mL~! fibrin hydro-
gel containing RFP-HUVECs at a concentration of 1 000 000
cells mL~'. After 5 days of culture, we observed differences in the
vessel network around the spheroids depending on the cell com-
position (Figure 6b—e). A higher ratio of LF within the spheroids
corresponded to an increase in the area occupied by the vessel
network, and a decrease in mean E lacunarity. The latter indicates
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Figure 6. Embedment of a specific spheroid array using CLiCK-Spheroid. a) Schematic illustrations (top) and experimental images (bottom) of operation
procedures for embedment of a specific spheroid array into a fibrin hydrogel. b) Representative spheroid images that show differences in interaction with
the vessel microenvironment depending on composition. Green fluorescence indicates BT474 cells and red fluorescence indicates HUVECs. Spheroids
on day 4 were transferred to the fibrin hydrogel and then cultured for 5 days. c—e) Graphs of ¢) the vessel area, d) the average vessel length, and e) the
lacunarity of the blood vessel network in proximity to each spheroid on day 5 of fibrin embedment (n = 5). Significance differences were calculated by
one-way analysis of variance (ANOVA) and Tukey’s post hoc test (*p < 0.05, **p < 0.01).

a decrease in geometrical heterogeneity possibly accompanying
network formation. There was no significant variation in the av-
erage vessel length. The improved formation of vessel networks
with an increased proportion of LF suggests that LF aids the
network formation by HUVEC, while BT474 does not engage in
HUVEC growth. This observation is consistent with the findings
shown in Figure 5 and previous findings that BT474 does not
induce vascular sprouting.[*! When comparing the results of tri-
culture spheroids in liquid with those embedded in the hydrogel,
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the movement of LF was different. In column 2, the LFs did not
facilitate the penetration of HUVEC into the BT474 spheroids.
Instead, LFs showed elongated morphology along the hydrogel.
In the case of single-core spheroids from column 4, the vessel
network outside the spheroid was observed to connect with the
vessels within the spheroid core (Figure 6b, Figure S11, Video S5,
Supporting Information). Nevertheless, the number of vessels
undergoing angiogenesis toward the spheroid was quite low,
possibly due to the dense spheroid formation by BT474, making
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it difficult for HUVEC to penetrate through the BT474 layer. It is
anticipated that using an aggressive cancer cell type or another
cell line that forms less dense spheroids than BT474 could
provide better observation of interaction with the vessel network.

3. Discussion

In this study, we developed a configurable and linkable in vitro
3D cell culture kit for spheroids called CLiCK-Spheroid, which
can generate versatile spheroid arrays and enable on-demand re-
trieval and multiplexed analysis of spheroid arrays (Figure 1).
To generate and retrieve spheroid arrays, we used three main
components: hanging drop microarray (HDMA), gradient block,
and concave pillar microarray (CPMA). We had previously re-
ported a CPMA that was designed for separated hanging drop
arrays and used for multiplexed and sequential assays.[**] How-
ever, the preparation of hanging drop arrays was labor-intensive
and suffered from issues such as the height difference between
drops, making consistent contact between drops challenging.
The CLiCK-Spheroid overcomes these difficulties by simplifying
the preparation process for hanging drop arrays and requiring
fewer pipetting steps. This enhancement not only alleviates the
laborious nature of the task but also eliminates the height differ-
ence between drops, which was previously problematic.

When comparing the HDMA design to multiple funnel inserts
previously reported in Sumi et al.’s work,['*] the HDMA was con-
figured to avoid placing holes directly next to the walls of the de-
vice to optimize the uniformity of the spheroids even at the ex-
pense of yield. Instead, the edges of the hole array were placed
at a distance of ~2 mm from the walls to mitigate the meniscus
effect, which raises the medium height near the walls. This strat-
egy ensured that the media height above each hole was uniform
across the entire array. Our HDMA design also features vertical
walls to prevent a significant increase in the size of the periph-
eral spheroids. Nevertheless, a slight increase in size was still ob-
served due to the movement of cells accumulated on the bottom
surface bordering the holes. To further improve homogeneity, we
could potentially incorporate grooves outside the hole array of
the HDMA to prevent cells accumulated on the reservoir base
from entering the holes. Alternatively, we could employ a selec-
tive CPMA to harvest and utilize only the more uniformly sized
spheroids, excluding the outermost spheroids of the array.

In addition to spheroid homogeneity, device utility was also in-
creased by integrating mesh insert, gradient block, and CPMA
with the HDMA. Devices in which spheroids are in one con-
nected liquid environment, such as HDMA and microwell array,
could face challenges during complete reagent change, which re-
quires full removal of supernatant media and subsequent loading
of fresh media. There was a risk that spheroids would be swept,
causing them to move to adjacent holes and merge with other
spheroids.*®l Moreover, during the spheroid clearing process,
the addition of the dense optical clearing solution resulted in
spheroid floating, which disorganized the spheroid array. How-
ever, a mesh insert effectively resolved these issues in CLiCK-
Spheroid. The mesh insert, capable of reversible assembly, was
introduced during the reagent change process to aid in the reten-
tion of the spheroid array and was subsequently removed to pre-
vent interference with imaging. In the clearing process, the mesh
insert also effectively prevented the spheroids from migrating to
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other wells. However, after adding the optical clearing solution,
the mesh insert could not be detached due to the persistent buoy-
ancy of numerous spheroids. While this obstructed bright field
imaging, it did not hinder fluorescence imaging, thus proving
effective for unimpeded confocal image acquisition.

The gradient blocks enable the production of spheroids in 10
different sizes in one seeding step or 10 different compositions
with two to three cell seeding steps, whereas conventional
methods would require the preparation of 10 different cell sus-
pensions. The production efficiency can be further enhanced by
expanding the array dimensions beyond 10 x 10. Furthermore,
the gradient blocks can also be designed with various slopes,
such as quadratic, cubic, or flat, to produce different types of
size-gradient spheroid arrays. This flexibility allows for the
customization of spheroid arrays to meet specific experimental
requirements. In our experiment, we demonstrated the effect of
cell composition by observing the morphology and interaction
with neighbor vasculatures. Meanwhile, Cha et al.’s research cat-
egorized phenotypes based on the spatial distribution of cells and
confirmed drug response trends in tri-culture spheroids using
patient glioblastoma and glioblastoma cell lines.?”) Our study an-
ticipates different outcomes if other cancer cell types were used
instead of BT474, and in this context, CLICK-Spheroid would be
an appropriate platform for screening the desired morphology
and composition for each cancer cell type. Additionally, Jun et al.
produced hybrid spheroids composed of hepatocytes and pancre-
atic islet cells in varying compositions to investigate changes in
liver and pancreatic characteristics compared to the mono-type
liver and pancreatic islet spheroids.’®! The ability of CLiCK-
Spheroid to generate composition-gradient spheroid arrays in a
high-throughput manner can be applied to investigate function
changes in hybrid spheroids according to cell composition,
aiding in the identification of compositions of high biological
relevance.

The introduction of the CPMA into the CLiCK-Spheroid plat-
form represents a significant advancement in the retrieval and
transfer of spheroid arrays. From the perspective of spheroid
retrieval, CPMA can be used in CLiCK-Spheroid to maintain
the position of the spheroid array while enabling retrieval of
individually separated drop arrays (Figure 4a). The selective
CPMA feature also facilitates the recovery of specific spheroid
arrays as needed (Figure 6a). By overcoming the limitation of
an inherently connected HDMA environment, this functional-
ity broadens the utility of the CLiCK-Spheroid platform for high-
throughput screening and multiplexed assays. The ability to di-
vide or recombine a batch of spheroids as desired for reagent
treatment offers several significant advantages. First, since the
spheroids are grown in the same environment, they maintain
synchronized conditions, which is a critical benefit for consis-
tent experimental outcomes. Second, the flexibility to freely ad-
just the type of reagent and the treatment sequence for each
spheroid facilitates sequential and multiplexed drug treatments.
This feature enables high-throughput investigation into the ef-
fects of drug treatment sequences and drug synergies in vari-
ous combinations of sequential treatments.[**#% This approach
could not be achieved with platforms in a connected liquid envi-
ronment, such as traditional hanging drop microarrays or mi-
crowell arrays. Thus, CLiCK-Spheroid enhances the advantage
of large-scale production of spheroids. Additionally, transferring
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a spheroid array from a batch to a compartmentalized environ-
ment and vice versa is made easier, which enhances the overall
throughput of spheroid array-based experiments.

Although CLiCK-Spheroid enables on-demand preparation
and multiplexed analysis of diverse spheroid arrays, there are still
some challenges that need to be addressed. In multiplexed condi-
tion treatment, the process of preparing serially diluted solutions
and loading them into compartmentalized HDMA becomes in-
convenient as the number of conditions increases. It would be
more efficient to connect the platform to a microfluidic concen-
tration gradient generator*!! to shorten the preparation process.
Furthermore, there is a potential issue in compartmentalized
condition treatment as spheroids within the same compartment
might interfere with each other. One possible approach is to use
a pillar array to treat different spheroids under multiplexed con-
ditions without interference. To prevent the evaporation of drops,
a reagent drop array containing multiple reagent types or condi-
tions can be prepared at once using a compartmentalized HDMA
and a CPMA. This array can then be applied to a spheroid array
on another CPMA, allowing for individualized responses in reac-
tion spots without interference between spheroids.

4, Conclusion

In summary, we have proposed a reconfigurable hanging drop
microarray platform named CLiCK-Spheroid. This platform al-
lows for the easy generation of highly monodispersed spheroids
in the HDMA. By assembling the HDMA and gradient blocks,
we can conveniently produce size-gradient and composition-
gradient spheroid arrays without any cumbersome procedures.
Furthermore, the spheroid arrays can be separated into individ-
ual drops or selectively retrieved using the CPMA, and trans-
ferred to compartmentalized HDMAs or hydrogel arrays. We
have used this platform for multiplexed drug treatment by se-
quentially contacting differently compartmentalized HDMAs.
Using the composition-gradient spheroid array, we have analyzed
differences in morphology and vascularization based on the cell
composition. The high versatility in spheroid array generation by
CLiCK-Spheroid, coupled with the flexibility to separate and com-
bine spheroid arrays on demand, is expected to enhance the con-
venience of spheroid array-based research, addressing the labor-
intensiveness and boosting research efficiency. Potentially, our
platform can also be applied to the versatile and controllable pro-
duction and analysis of organoids and multi-type spheroids, pro-
viding a high-content and high-throughput in vitro screening
platform to investigate drug responses and disease mechanisms
with high biological relevance.

5. Experimental Section

Fabrication of CLIiCK-Spheroid Components: Resin-based HDMA,
CPMA molds and CPMA frames, gradient blocks, and low-depth well
array molds were fabricated using DLP-type 3D printers (Pico 2 HD and
Pro 4K65; Asiga, Alexandria, Australia) and a photocurable resin (SG-100;
Graphy, Seoul, Korea). The printed products underwent post-processing
procedures. Briefly, the products were immersed in isopropyl alcohol
(IPA) and sonicated for 10 min. After drying, the products were exposed
to ultraviolet (UV) light using a UV curing machine (Cure Box; ODS,
Incheon, Korea), following the manufacturer’s instructions. Finally, the
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products were autoclaved in deionized water and dried in a convection
oven at 85 °C. The polycarbonate-based HDMAs, HDMA supports, and
gradient blocks were produced through injection molding (Ktaewoo,
Daejeon, Korea). The mesh inserts were created by attaching a surgical-
grade stainless steel mesh to the printing bed of a fused deposition
modeling-type 3D printer (Ender-3 V2 Neo; Creality, Shenzhen, China)
and then printing polylactic acid filament on top of it.[42]

To prevent device leakage, the bottom side of HDMAs and gradient
blocks were coated with hexadecyltrimethoxysilane (HDTMS). For CPMAs,
the CPMA frames were first assembled with CPMA molds. Next, a mix-
ture of poly(dimethylsiloxane) (PDMS) (monomer: curing agent = 10:1)
was poured into the molds and degassed in a vacuum chamber. After
degassing, they were cured in a convection oven at 85 °C. To fabricate
low-depth well arrays, a small amount of PDMS was poured on low-depth
well array molds. Then, inverted confocal dishes were placed on top of
the molds to minimize the entrapment of bubbles within the mold. Next,
the entire assembly was inverted, and magnets were placed on the top
of the mold and the bottomn of the confocal dish to prevent separation
between them. Afterward, the same process as CPMA fabrication was fol-
lowed. To prevent contamination, HDMAs and gradient blocks were auto-
claved and dried before use. The mesh inserts and low-depth well arrays
were immersed in filtered 100% ethanol and dried while being exposed to
UV overnight in a clean bench.

Cell Culture: A human breast cancer cell line BT474 (Korean Cell Line
Bank, Seoul, Korea) and a GFP expressing BT474 (BT474/GFP stable
cell line; FenicsBio, Halethorpe, MD, USA) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum and 1%
penicillin-streptomycin. Normal human LF (Lonza, Basel, Switzerland)
and RFP expressing LFs (RFP-HLFCs-ad; Angio-Proteomie, Boston, MA,
USA) were cultured in a fibroblast growth medium-2 (FGM-2, Lonza), and
cells under passage 7 were used. HUVECs (Lonza) and RFP expressing
HUVECs (RFP-HUVECs; Angio-Proteomie) were cultured in an endothe-
lial growth medium-2 (EGM-2, Lonza), and cells under passage 5 were
used. The medium in the cell culture dishes was replaced every 2 days.

To produce spheroids using commercial devices, a cell suspension
was prepared at the desired concentration. The cell suspension was then
seeded into a 96-well spheroid microplate (#4515; Corning, NY, USA) and
a conventional microwell array device (StemFIT 1000; MicroFIT, Hanam,
Korea) according to the manufacturer’s instructions.

Preparation of Fibrin Hydrogel: A fibrinogen solution was prepared by
mixing fibrinogen obtained from bovine plasma (Sigma-Aldrich, St. Louis,
MO, USA) with PBS (Corning) to achieve a final fibrinogen concentration
of 2.5 mg mL~". The prepared fibrinogen solution was filtered using a
0.22 um syringe filter for sterilization. Thrombin solution was prepared
at two concentrations: 50and 5 U mL~" for the preparation of fibrin hy-
drogel. The 50 U mL~" fibrin solution was loaded into a mist sprayer for
temporary fibrin crosslinking, while complete crosslinking was achieved
by immersing the temporarily crosslinked hydrogel in the 5 U mL~" fibrin
solution.[33]

Live/Dead Assay of Spheroids: To investigate the spheroid viability
and necrotic core formation, this work performed live/dead staining.
Spheroids were stained with 4 pum calcein-AM (Invitrogen, Carlsbad, CA,
USA) and 10 um propidium iodide (P1304MP; Thermo Fisher, Waltham,
MA, USA) for 30 min at 37 °C. After the staining, the medium was replaced
with a fresh culture medium. The spheroids were imaged with a fluores-
cence microscope (F1-CIS; Nanoscope Systems, Daejeon, Korea).

Drug Treatment to 2D Monolayer Cells: To determine ICsq values of
anticancer drugs for 48 h, BT474 cells seeded on the 96-well plates were
used. The cells were seeded in a concentration of 10 000 cells well~" and
were cultured for 4 days. Next, 200 plL of serially diluted drug solutions,
including doxorubicin, epirubicin, paclitaxel, and docetaxel, were loaded
into each well and cultured for an additional 48 h. Following the drug
treatment, Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was
used to measure the drug response. Briefly, the CCK-8 stock solution was
diluted by mixing it with the appropriate cell culture medium at a ratio
of 1:10, and the target cells were treated with the solution for 4 h. Then,
50 pL of the solution was retrieved and mixed with 50 uL PBS, and the
absorbance was measured with a microplate spectrophotometer (Spectra-
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Max 250; Molecular Devices, Sunnyvale, CA, USA) set at a wavelength of
450 nm.

Western Blotting: A Western blot was performed on spheroids follow-
ing a similar method to a previous study.[**] The spheroids were lysed in
RIPA buffer (GenDEPOT, Katy, TX, USA) by homogenizing them with an
ultrasonic processor (VCX-750; Sonics & Materials, Newtown, CT, USA).
The concentration of each protein lysate was measured by using Pierce
BCA Protein Assay Kit (Thermo Fisher) and equalized at a concentration
of 1 ug uL=". The lysates were denatured by boiling at 95 °C with the ad-
dition of 5X SDS-PAGE Loading Buffer (LPS solution, Daejeon, Korea).
10 uL protein samples were run on 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel and transferred to a nitrocellulose membrane (Merck).
The membranes were blocked with a 3% bovine serum albumin (BSA)
solution at room temperature (RT) for 1 h and incubated in the block-
ing solution containing respective primary antibodies overnight at 4 °C.
The primary antibodies used were Cyclin D1 (sc-20044; 1:500, Santa Cruz
Biotechnology, Dallas, TX, USA), c-Myc (sc-40; 1:1000, Santa Cruz Biotech-
nology), HER2/ErbB2 (#2165; 1:1000, Cell Signaling Technologies), ERa
(#15 580; 1:1000, Invitrogen), p-AKT Ser473 (#4051; 1:1000, Cell Signaling
Technologies), AKT (#9272; 1:1000, Cell Signaling Technologies), ERK1/2
(#9102; 1:1000, Cell Signaling Technologies), p-ERK1/2 (#91071; 1:1000,
Cell Signaling Technologies). The membranes were then incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse antibody (#7076;
1:1000, Cell Signaling Technologies, Danvers, MA, USA), anti-rabbit anti-
body (#7074; 1:1000, Cell Signaling Technologies), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH)-HRP (sc-47724 HRP; 1:1000, Santa
Cruz Biotechnology) for 1 h at RT. Bands of each protein were detected
on the iBright CL750 Imaging System (Thermo Fisher), and their intensity
was analyzed using the Image] software.

Spheroid Immunostaining and Clearing:  The spheroids were immunos-
tained and cleared based on a previous study to observe the internal struc-
ture of tri-culture spheroids.[?°] Briefly, spheroids were first fixed in a 4%
formaldehyde solution for 20 min, followed by 1 h permeabilization in a
0.1% triton-X solution and 30 min blocking with 5% BSA. After delipida-
tion with SDS-based clearing buffer (300 mm SDS, 10 mm sodium borate,
100 mm sodium sulfite, pH 9.0) for 6 h, appropriate markers were stained
with antibodies, followed by 1h post-fixation. The optical clearing was per-
formed using a Protos-based immersion medium (125 g iohexol, 3 g dia-
trizoic acid, 5 g N-methyl-D-glucamine dissolved in 100 mL distilled water
with the refractive index adjusted to 1.458 by adding DI water) until the
spheroids became transparent. The cleared spheroids were imaged with a
fluorescence microscope (F1-CIS) for array image acquisition or a confo-
cal microscope (LSM 980; Carl Zeiss, Oberkochen, Germany) at the KAIST
Analysis Center for Research Advancement (KARA).

Analysis of Vascular Network Formation: The vascular network formed
by HUVECs in fibrin hydrogel was analyzed with AngioTool (version
0.63).[42'44]

Statistical Analysis: The mean + standard deviation was used to ex-
press the data. A one-way analysis of variance (ANOVA) with a Tukey post-
hoc test was performed in IBM SPSS Statistics 26 to compare the data
from five groups in spheroid arrays with a vascular network. For compar-
ing the data from two groups, the two-tailed student t-test was used. p val-
ues >0.05, <0.05, and <0.01 were considered to be not significant (n.s.),
statistically significant (*), and very significant (**), respectively.
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