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Three-dimensional (3D) tumor culture techniques are gaining popularity as in vitro models
of tumoral tissue analogues. Despite the widespread interest, need, and present-day
effort, most of the 3D tumor culturing methodologies have not gone beyond the inventors’
laboratories. This, in turn, limits their applicability and standardization. In this study, we
introduce a straightforward and user-friendly approach based on standard 96-well plates
with basic amenities for growing 3D tumors in a scaffold-free/scaffold-based format.
Hanging drop preparation can be easily employed by flipping a universal 96-well plate. The
droplets of the medium generated by the well-plate flip (WPF) method can be easily
modified to address various mechanisms and processes in cell biology, including cancer.
To demonstrate the applicability and practicality of the conceived approach, we utilized
human colorectal carcinoma cells (HCT116) to first show the generation of large scaffold-
free 3D tumor spheroids over 1.5 mm in diameter in single-well plates. As a proof-of-
concept, we also demonstrate matrix-assisted tumor culture techniques in advancing the
broader use of 3D culture systems. The conceptualizedWPF approach can be adapted for
a range of applications in both basic and applied biological/engineering research.
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INTRODUCTION

The practical utilization of a 96-well plate for biological inquiry enables the execution of parallel and
large-scale independent experiments. Harnessing the benefits of the standard 96-well plate format,
3D spheroidal cultures with compatible designs [e.g., handing drop insertion (Tung et al., 2011; Zhao
et al., 2019; Fu et al., 2021; Liu et al., 2021), including magnetic levitation (Kim et al., 2013; Tseng
et al., 2015; Ge et al., 2018), and nonadhesive surface (Friedrich et al., 2009; Liao et al., 2019)] were
developed to address several applications. Products such as the ultra-low attachment (ULA) plates
are available (Vinci et al., 2012; Raghavan et al., 2016) along with other techniques for 3D spheroidal
culture development, for example, microfabrication (Lee J. M et al., 2018; Park et al., 2018; Ganguli
et al., 2021; Sun et al., 2021), soft lithography (Cha et al., 2017; Kuo et al., 2017), and floating methods
(Vadivelu et al., 2015; Kim et al., 2021) among others. Despite the widespread interest, the current
culture methods have several limitations, including nonuniformity of spheroid formation, irregular
sphericity, short-term cultures, evaporative loss of culture media, and limited volume (size of
spheroids) of culture (Shi et al., 2018; De Souza Moraes et al., 2020; Han et al., 2021). Furthermore,
many of the existing methods are expensive, labor-intensive, and highly complex, limiting their
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applicability and standardization. Furthermore, most of the 3D
spheroid culturing methodologies have not progressed beyond
the inventors’ laboratories. A simple and user-friendly approach
for 3D spheroid production, especially long-term growth, will
render the widespread utilization of the spheroid technology for
more meaningful biological evaluation beyond what 2D cultures
can afford.

Our study aims to introduce a 3D tumor spheroid technology
utilizing a matrix-assisted culture approach in a standard 96-well
plate format. By simply flipping a universal 96-well plate, pendant
drop meniscus can be formed in single wells of the plates where
large spheroids can be generated in a contact-free environment
(Figure 1). Homogenous 3D spheroids that can bemaintained for
a prolonged time could give rise to the formation of tumoral
physiological features observed in cancers in vivo (Costa et al.,
2016; Nath and Devi, 2016; Decarli et al., 2021). However, the
realization of such a technology has remained a technical
challenge. To demonstrate the broad applicability of the
flipped 96-well system, we first show the generation of large
scaffold-free 3D tumor spheroids in millimeter scale (over
1.5 mm in diameter), without any structural support. The self-
assembled spheroid models can be cultured over a month and
possibly longer, with high morphological homogeneity and
excellent sphericity.

The hanging drop technique has primarily been used as a
scaffold-free technique to develop cancer spheroids (Decarli
et al., 2021). The hanging drop meniscus in contact-free format

is significantly advantageous because other scaffold-based 3D
culture approaches can be incorporated with a large working
volume of the culture media. In conventional hanging drop
studies, the long-term maintenance of tumor culture models in
scaffolds has not been possible primarily due to the small working
volume of the culture media (20–40 μL of hanging drop) (Foty,
2011; Tung et al., 2011). We propose a flipped well plate concept to
generate a contact-free environment to provide sufficient working
volume (over 1 ml per well) for cultures to develop without
modification. To demonstrate the significance, we adopted an in
situ 3D culture technique with matrix-assisted design
[i.e., synthetic or natural scaffold (Li and Kumacheva, 2018)]
that promotes the interaction between the cells and the
extracellular matrix (ECM) environment. By extending the
concept of 3D matrix culture in hanging drop format, natural
tissue-derived scaffold-based 3D tumor cultures in physiologically
relevant conditions were demonstrated. The conceptualized well-
plate flip (WPF) approach poses no methodological barrier in
translation and can be adapted for a range of applications in both
basic and applied biosciences research.

MATERIALS AND METHODS

Cell Culture
Human colorectal carcinoma cells (HCT116), obtained from
American Type Culture Collection (ATCC), were maintained

FIGURE 1 | Hanging drop formation by well-plate flip. (A). Schematic illustration of an overfilled and flipped well-plate to generate hanging drop meniscus. (B).
Images of 96-well-based strips to compare underfilled wells (−120 and −60 μl) and overfilled wells (20–100 μl) to the maximum volume of a well before/after flipping the
plate. (C). Comparison of conventional hanging drop and well-plated hanging drop formation. The mechanistic rationale of hanging drop formation generated at the
bottom of a flipped well-plate. Rd is the radius of the pendant drops, and Lc is the capillary length of the well-plate. (D)Representative images of the flipped tube and
well-plate overfilled with 60 μl from the maximum volume of each designed dimension (from left to right: 0.7 ml microcentrifuge tubes, Elisa 96-well strip, Black 96-well
plate, and 1.1 ml Deep 96-well plate). (E) Images of conventional hanging drop in the lid of a plastic plate and deep well-plate hanging drop.
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in Dulbecco’s Modified Eagle Medium (DMEM; Corning),
supplemented with 10% fetal bovine serum (FBS; Gibco) and
1% penicillin/streptomycin (PS; Lonza). Other malignant cells
(A375, skin melanoma; HepG2, hepatocellular carcinoma; Panc-
1, pancreatic carcinoma; A498, renal carcinoma; and Du145,
prostate carcinoma) and human lung fibroblast (IMR-90
fibroblast, ATCC-CCL-186) were obtained from the Tumor
Engineering and Phenotyping Facility of the Cancer Center at
Illinois (CCIL, University of Illinois Urbana-Champaign). All the
cells were cultured and maintained in a humidified 5% CO2

incubator (Thermo Scientific) at 37 °C, according to routine
standard protocols unless otherwise noted for culture conditions.

Humidity Control Chamber
A prototype chamber (Supplementary Figure S1) was designed
for humidity maintenance and printed at Illinois MakerLab
(http://makerlab.illinois.edu). A bench-top 3D printer
(Ultimaker) was used to fabricate a humidity control chamber
using polylactic acid (PLA) filament, designed by Sketchup
software (Trimble). All of the standard 96-well plates
(Corning, Thermo Scientific, CytoOne, Advangene, and
Genesee Scientific), Elisa 96-well strip (Corning), deep 96-well
plate (Effendorf), and black 96-well plate (Greiner Bio) were
tested to generate hanging drop formation and evaluated for the
evaporation rates of hanging drop height in the chamber.
Variation in evaporation from the height of each hanging
drop was measured every 6 h using standard 96-well plates
flipped in the chamber, which was maintained in a humidified
incubator at 37°C in 5% CO2. A standard 96-well plate (Thermo
Scientific) was mainly utilized without modification or treatment
in this study unless otherwise noted for specific types of well
plates.

Spheroid Generation
HCT116 (human colorectal carcinoma cells) 3D spheroids were
generated using a standard 96-well plate at the bottom of the
hanging drop meniscus formed by the well-plate flip technique.
The seeding density of cells varied from 2 × 104 to 3 × 102 cells per
well before the 96-well plate overfilled with 440 μl volume of
media flipped to produce a hanging drop meniscus. For long-
term incubation of over 1 month, culture media was repeatedly
replenished by either manual liquid pipetting or a well–well
transfer technique (Supplementary Figure S4). 3D spheroids
were monitored daily using an inverted microscope (Leica
DMI3000B) equipped with a CCD camera (Qimaging EXi
Blue). The size distribution of the tumor spheroid was
analyzed from the optical microscopy images by open-source
imaging software (Fiji ImageJ). (Schindelin et al., 2012; Chen
et al., 2014).

WST-1 Proliferation Assay and Supernatant
ATP Assay
Spheroid proliferation incubated for 5 days was measured
through the WST-1 assay (Roche Applied Science), and then
after 48 h, other groups of spheroids were measured to compare
drug sensitivity to 0.5 μM of 5-Azacytidine (Sigma). For ATP

determination in culture media, 150 μl of supernatant of spheroid
culture was collected at each time point. The ATP contents in the
supernatant were evaluated using a luciferase-based assay
(Mahmud et al., 2009). Briefly, the supernatant collected was
mixed with firefly lantern extracts (Sigma/FLE-250) and
incubated in D-luciferin solution (GoldBio/LUCK-100) for
10 min at 37°C. To detect the luciferase activity, a Synergy H1
multimode microplate reader (Biotek) was used by comparing to
an ATP standard curve (Sigma/A2383). Relative ATP
concentrations were calculated as the difference in ATP level
compared with the standard dilutions curve. Data were expressed
as a relative fold of ATP levels.

Drug Discrepancy Test in 2D and 3D Culture
For 2D cultures, HCT116 cells were seeded on standard 96-well
plates at a density of 5 × 103 per well and preincubated for 12 h. 5-
Azatididine (Sigma) and docetaxel (Sigma) were used to evaluate
the cytotoxicity of the anticancer drug. The cells were
subsequently incubated in various concentrations of the drugs
for 24 h, and then WST-1 (Roche Applied Science) assay for
cytotoxicity was performed to determine the 50% inhibition
concentration (IC50) value. Sigmoidal dose–response curves
for 2D culture were generated using Origin 2019 software
(Origin Lab), and the IC50 value was obtained. The IC50
value of the drugs was used to verify a drug discrepancy in 3D
cultures at each drug concentration.

The assessment of drug-dose response in 3D spheroids was
performed according to the standard colony-forming assay
(CFA) (Franken et al., 2006). For 3D cultures, tumor
spheroids were prepared as described above using the well-
plate flip technique in a standard 96-well plate with 2 × 103

cells per well in 440 μl of culture medium. Large tumor spheroid
prepared for 3 weeks was dissociated by trypsinization to
determine reproductive cell death after drug treatment for 24 h
with the IC50 concentration of 5-azatididine and docetaxel. The
dissociated cells were seeded at various densities on 12-well plates
and allowed to grow for 10 days per established protocols. ImageJ
software customized with Fiji macros was used to calculate the
number of colonies formed on the plates. The results of drug-dose
resistance represent the cell death ratio of the IC50 cultured in 2D
and 3D culture systems and compared with a negative control
group (nondrug treatment).

Flow Cytometry
Flow cytometric analyses of 3D spheroid samples were performed
for Live/Dead assay using Calcein-AM (Invitrogen) and
Propidium Iodide (Invitrogen). For 3D recovery, tumor
spheroids of different sizes were harvested and re-suspended
for spheroid dissociation enzymatically through trypsinization
with 0.25% trypsin-EDTA for 5 min at 37°C. The dissociated cells
were washed twice in PBS and incubated with fresh culture media
containing 1 μMof Calcein-AM at 37°C for 30 min. The cells were
washed twice with PBS and stained using Propidium Iodine at
final concentration of 1 μg/ml. Samples were subsequently
assayed with a BD LSR II flow cytometer (BD Biosciences)
after cell density was adjusted according to the requirements
of the flow cryometric analysis. Data were collected with the
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FACSDiva 6.1.1. software (BD Biosciences). FCS Express 6
software (De Novo) was used to analyze the data.

Glucose Consumption and Lactate
Production
Standard enzyme reagent kits were used to measure relative
glucose and lactate concentrations. Spheroids generated in
different conditions were obtained 3 and 7 days after seeding
the HCT116 cells. Spheroid cultures were transferred and
incubated in PBS for 2 h. Then the culture medium (glucose
content of 4.5 g/L) was changed and incubated for an additional
12 h to measure relative glucose/lactate levels; 200 μl medium
were taken from each sample and analyzed using the Glucose
(GO) Assay Kit (Sigma/GAGO20-1 KT) and the colorimetric
L-lactate assay kit (Sigma/MAK329-1 KT). The absorbance at
540 nm for the glucose assay and at 570 nm for the lactate assay
was measured in a Synergy H1 multimode microplate reader
(Biotek). Spheroid samples were lysed in 1% (m/v) sodium
dodecyl sulfate (SDS, Sigma) solution in PBS, and protein
concentration was determined with standard bicinchoninic
acid (BCA) assay (Thermo Scientific). Glucose consumption
and lactate production rates in spheroid cultures were
determined and compared with total protein concentration.

Migration Observation
HCT116 3D spheroids were generated by the flip well plate
method described above and allowed to settle at the bottom of
the well-plate for subsequent operations by flipping. Tumor
spheroids generated for 3 days were placed onto the flat-
bottom of the 96-well, and spheroid migration was observed
for 72 h. Other spheroidal samples cultivated for 5 days were
prepared with or without the final concentration (10 nM) of
docetaxel for 24 h. Optical microscopic images of the spheroids
are then captured every 12 h for a period of up to 48 h.

Gel Matrix Embedment
After culturing for a period of up to 15 days, tumor spheroids
generated at the bottom of the hanging drop meniscus settle to
the U-shaped bottom of the 96-well plate by flipping. A single
spheroid was placed at the bottom of the 96-well plate, and then
the culture media was carefully discarded. Tumor spheroid of
different sizes was embedded into either 0.5 wt% of agarose gel
(Fisher BioReagents/BP160-100) or Matrigel membrane matrix
(Corning/356234) and then cultured for up to 10 days. For gel
matrix embedment, 10 μl of agar solution was slowly dispensed
onto the surface of the well plate for 15 min at room temperature
to solidify. Then, 50 μl of agar solution was slowly dispensed
dropwise onto the plate to completely cover the spheroid in agar
gel. After complete gelation for 15 min, 100 μl of fresh medium
was added to the well plate. Similarly, 10 μl of Matrigel solution
cooled at 4°C was slowly dispensed onto the surface of the well
plate and preincubated for 30 min at 37°C to solidify. Then, 50 μl
of Matrigel solution was dispensed on top of the spheroid to
embed the spheroid completely in the Matrigel. The gelation of
Matrigel was performed at 37°C overnight in a humidified
incubator, and then 100 μl of media was added to the plate.

Optical microscopic images of the spheroids embedded in the gel
were then captured every day. An additional experiment of U87
spheroid embedded in the Matrigel is provided in
Supplementary Figure S8.

Co-culture with 2D Fibroblast and
Dissemination
For co-culture and dissemination assay with 2D fibroblasts, IMR-
90 human fibroblasts were seeded in a standard 96-well plate at
two different densities. IMR-90 cells were precultured until 20%
or 40% confluence on 2D plate. Tumor spheroids generated
separately for 10 days were transferred into the 96-well plate
with different confluency of IMR-90 fibroblast. For co-culture
studies, the 96-well plate was overfilled up to 440 μl volume of
media and then flipped to produce hanging drop meniscus. For
3D spheroid dissemination assays, tumor spheroids were
mounted on top of a confluent fibroblasts layer for a desired
time period after co-culture by flipping the well-plate again.
Other tumor spheroids generated by the same approach were
transferred onto the well plate in which 3D tumor spheroid and
2D fibroblasts were present. Optical microscopic images of tumor
spheroids with IMG-90 fibroblasts were then captured daily.

Hydrogel-Based Hanging Drop 3D Culture
A mixed hydrogel of alginate (0.5 wt%) and gelatin (1 wt%) was
utilized as a 3D scaffold substrate. Briefly, 0.5 wt% of alginate
solution and 1 wt% of gelatin solution were prepared by
dissolving sodium alginate (Sigma/71238) and gelatin (Sigma/
G9382) powders in PBS. Re-suspended HCT116 cells prepared
with standard procedures were mixed with 1 ml of the gelatin/
alginate solution at a density of 105 cells/ml. Bead-type hydrogels
were generated by adding the mixture solution with cells in a
0.1M CaCl2 (Sigma-Aldrich) solution in a dropwise manner.
After gelation for 15 min, bead hydrogels containing HCT116
cells were washed twice in DI water and cultivated in a hanging
drop format for over 1 month and the media was replenished
(every 3 days for the first 2 weeks and every 1 day for the last
2 weeks manually).

Decellularized Tissue-Based Hanging Drop
3D Culture
Colonic tissue was obtained from CD-1 male mice sacrificed
under UIUC IACUC approved protocol and immediately frozen
at −80°C. Prior to decellularization, mouse intestinal samples
were washed three times in PBS. Decellularization was performed
by immersion of the tissue in a cell lysis B-PER reagent (Thermo-
fisher) for 48 h at room temperature, and the decellularized tissue
was then washed three times in PBS. The fragmentation of
residual DNA in decellularized samples was lysed using
DNAse I (New England Biolabs) at a concentration of 10
U/ml (1 U is the enzyme activity) prepared in reaction buffer.
The DNA contents of decellularized tissue samples were extracted
by Purelink genomic DNA mini kit (Invitrogen) following the
manufacturer’s instructions and quantified with NanoDrop One
microspectrophotometer (ThermoFisher). For evaluation of
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recellularization, decellularized intestine and HCT116 cells
prepared with standard protocols at a density of 104 cells/well
were incubated together for 1 month in hanging drop formation.
Media were replenished manually every 2 days after 1 week of
incubation.

Histological Analyses
Slide sections were stained according to established protocols.
Briefly, samples were fixed in 4% neutral buffered formalin (NBF;
Sigma) solution at 4°C overnight and sequentially processed in a
tissue processor (Leica Microsystems) as immersed with
70%–80% ethanol for 10 min each, 95% ethanol for 15 min,
and 100% ethanol for 10 min. Next, the samples were placed
in xylene solution for 10 min following standard protocols and
immersed into three paraffin baths, 15 min in the first bath and
25 min in the other paraffin baths, and then placed in a mold with
paraffin. Paraffin-embedded samples were cut into 5-μm-thick
sections and mounted onto hydrophilic slide glass. After
deparaffinization with xylene, samples were then hydrated by
ethanol and distilled water. Samples were stained with
hematoxylin and eosin (H&E; Sigma) and Periodic acid-Schiff
(PAS; Sigma).

For immunohistochemistry experiments for Ki-67
(Invitrogen; PIMA514520, 1:200 dilution), deparaffinized
sections were quenched by incubating the slides in 2.5%
hydrogen peroxide to block endogenous peroxidase. Sections
were permeabilized for 20 min in 0.1% (v/v) Triton X-100 in
PBS. Sections were incubated with primary antibodies applied at
1:200 dilution in 0.1% (w/v) bovine serum albumin (BSA) in PBS
overnight at 4°C. The immunocomplexes were stained using the
avidin–biotin–peroxidase complex (ABC) method (Vector
Laboratories). Hematoxylin counterstain was performed for
the identification of cell nuclei. Ki-67 proliferation index was
calculated as a percentage of stained nuclei from digitized images
of the area with the highest number of brown nuclei, according to
established protocols using ImageJ software (Mezei et al., 2011).

Statistical Analysis
The data for the experiments were expressed as mean ± SD and
analyzed by unpaired Student’s t-test and one-way ANOVA with
a post hoc test (Graphpad prism 9.0.), where post hoc
comparisons were conducted using the Tukey’s method. *p <
0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001 were considered
as statistically significant. Details of the statistical tests are
presented in each figure legend. No statistical analysis was
performed to predetermine a required effect size.

RESULTS

Pendant Drop Formation and Maintenance
in Single Wells
In the WPF method depicted in Figure 1A, the adhesion force of
the liquid media to polystyrene plastic in the well causes an
upward capillary action against gravity (Figure 1B). This action
resulted in a concave meniscus pulled into a spherical shape at the
air–liquid interface. The formation of a pendant drop, first

examined by Young and Laplace two centuries ago, has been
well-understood. The relative conditions for surface gravitational
force and surface tension as characterized by the Bond number
(Nb) (Wilkes et al., 1999; Berry et al., 2015) (Figure 1C) are
given by,

Nb ≃ (Rd/Lc)2

where Nb is the gravitational force/surface tension force (Lee
et al., 2010), Rd is the radius of the pendant drops, and Lc is the
capillary length (depth) of a well in the plate. When a 96-well
plate overfilled to the maximum capacity in each well is inverted,
a balance exists between the surface tension and gravitational
force, which prevents the liquid media from collapsing and
spilling the contents in the well. Interestingly, this principle
can be applied to any standard experiment with the 96-well
plate (Figure 1D).

In conventional hanging drop methods, the small working
volume (20–40 μL) on the lid of a plastic plate or in different
configuration settings has been a major impediment for culture
growth because of the rapid evaporative loss of the small volume
of the fluid (Figure 1E) (Tung et al., 2011; Klingelhutz et al., 2018;
Zhao et al., 2019; Ganguli et al., 2021). In our conceptualized
approach, it is possible to use a deep well-plate with up to 1 ml
volume in each well to generate pendant drop meniscus, even
with the increased capillary length (Lc) of the well depth.

Traditionally, a semi-closed system sealed with a reservoir is
employed to compensate for the loss due to evaporation in the
hanging drops (Erbil and Dogan, 2000; Martins et al., 2008). For
efficient maintenance, we designed a prototype chamber to
examine the flip concept technique, which eliminates the
laborious maintenance steps of hanging drop well-plates
(Supplementary Figure S1). A plastic chamber designed with
a 3D printer that can stack multiple standardized well-plates can
be used as an effective control system for hanging drop
maintenance in a humidified incubator. Further, we
demonstrate a simple strategy for the utilization of a spacer
that can be inserted between a flipped well-plate and a lid
reservoir to maintain hanging drops. The conceptualized
design is flexible and can be tailored for specific applications.

3D Spheroid Generation
Hanging drop provides a seamless dimension without spreading
and has been used for various biological studies involving
microbes to neural tissues over the past several decades
(Harrison, 1906; Reinhoff, 1922; Kamiyama et al., 2012). For
generating scaffold-free tumor models, the overfilled 96-well
plate can be inverted to generate a pendant hanging drop after
seeding cells in each well (Figure 2A). Cellular clusters form at
the bottom center of the drop by gravity due to cell–cell
interactions. In addition to the merits of generating the
concave bottom in a hanging drop by gravity in a 96-well
format, other experiments are possible. First, microscopic
observation and addition of different compounds/cells at
multiple time points are possible after spheroids temporarily
settle at the bottom of the well-plate. Uneven or loose clusters
could be rearranged by flipping again, which leads to improved
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sphericity of 3D spheroids. Additionally, the spheroidal cell
culture media contain various types of molecules that can be
used as indicators of abnormal cell metabolism or for further
analysis. In particular, the 3D spheroid models generated by our
approach enable endpoint analysis without the need for
additional recovery and are compatible with standardized
instrumentation that will accommodate the well-plates. These
advantages are invaluable compared to 2D culture systems and
other spheroid generation techniques (shown in Tables 1, 2).

The organization of cellular clusters results from anchorage-
independent growth in which geometrical features influence the
spheroid morphology. A contact-free environment in hanging
drops achieves a high level of consistency and reproducibility
without any possibility of surface adhesion (Figure 2B). The
controlled number of initial cells seeded in a well can be
correlated with the size of the spheroidal clusters (Figures
2C,D, Supplementary Figure S2). The results of the spheroid
proliferation assay with drug treatment (Figure 2E) and
extracellular ATP level (Supplementary Figure S3) in the
culture supernatant were demonstrated by endpoint analysis in
a 96-well format. Universal 96-well platforms enable a manual
exchange of the culture media by pipetting the liquid manually or
through semi-automated instruments such as the liquid handler.
A well to well transfer technique through liquid contact can be

utilized not only to avoid shear damage but also to renew the
growth milieu (Supplementary Figure S4). Thus, the WPF
approach provides stable culture conditions for long-term
culturing with a large working volume of media in each well
that can be used for downstream experiments. That said,
downstream analysis of tumor heterogeneity or modulation/
alteration of gene expression profiles, quiescence, and necrosis
(Cui et al., 2017) is beyond the aim of this study.

Long-Term Spheroid Cultivation
First, we intentionally examined 3D spheroids cultivated for
over 1 month by manual replenishment of culture media
(Figure 3A, Supplementary Figure S5). In Figure 3B, the
form of a 3D HCT116 spheroid manifests the feature of solid
in vivo tumors with a distinct proliferating periphery, quiescent
layers, and necrotic core (Costa et al., 2016; Nath and Devi,
2016). Under in vitro conditions, an empirical model of
avascular 3D spheroids formulated by the Gompertz function
of growth (Costa et al., 2016; Han et al., 2021) was shown to
reach a growth plateau under depleted nutrient conditions
within a few days (<5–7 days) of growth (Foty, 2011; Tung
et al., 2011; Zhao et al., 2019). Experiments show that with
appropriate culture conditions and media replenishment,
HCT116 spheroids could be grown in a contact-free

FIGURE 2 | 3D spheroid generation through well-plate flip. (A) Schematic workflow of tumor spheroid generation and sample management for endpoint analysis.
(B) Large 3D spheroid of HCT116 cells, uniformly generated at the bottom of the flipped hanging drop in a standard 96-well plate. The 3D spheroids were cultivated for
2 weeks with manual replacement of culture media. The yellow dash box indicates a magnified view of the spheroids in hanging drop formation (C) 3D spheroid
generation with different seeding concentrations of HCT-116 cells (D). Microscope images after cultivation for 5 and 7 days. Scale bar = 250 μm. (E)WST-1 assay
to assess 3D spheroid proliferation in Day 5 and Day 7; Nondrug treatment and drug treatment of 5-azacytidine (0.5 μM). Data represent mean ± SD (n = 3, biological
replicates per condition, *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001 Significance by Student’s t-test.). The results were statistically compared with the groups
(on Day 5). (C–E) The initial seeding density of HCT116 cells was from 2 × 104 (Spheroid 1) to 3 × 102 (Spheroid 6) cells per well (a two-fold decrease in each titer).
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environment for up to 1.5 mm diameter, reaching a growth
plateau in 1 month, as shown in our study (Figure 3C). Glucose
consumption and lactate production are correlated with
spheroid volume and nutritional states as well as the growth
of proliferating regions. In Figures 3D,E, spheroid glucose

uptake and lactate release rates were higher compared to
spheroids by conventional methods on the lid of a plastic
plate. The association of spheroid size accounted for the rates
of nutrient consumption and production as the spheroids grew.
The observed increase in glucose consumption and lactate

TABLE 1 | Summary of spheroid formation techniques along with advantages and disadvantages.

Methods Advantage Disadvantage

Conventional hanging drop • Simple • Low throughput
• Inexpensive • Long-term culture difficult
• Uniform spheroid size • Not efficient for media exchange

• Small culture volume
• Labor intensive and time consuming
• No cell-ECM interaction
• Transferring of spheroids for analysis
• Not compatible with most plate readers
• Evaporation control required

Nonadherent surface (Liquid overlay method) • Easy to use • Long-term culture difficult
• Inexpensive • No cell–ECM interaction
• No specialized equipment

Cell suspension culture (Rotary cell culture system) • Simple • No individual compartments for spheroids
• Mass production • Nonuniformity (size, composition)
• Long-term culture • High shear force
• Good viability • No cell–ECM interaction

• Specialized equipment

Microfabrication (microfluidic device) • Continuous perfusion • Difficulty collecting cells for analysis
• Precise handling • High complexity
• Flexibility to study design • Not available to most users

• Expensive

Magnetic levitation • Rapid method to develop heterotypic spheroids • Requires the magnetic nanoparticles
• Nanoparticles’ interference to spheroid assay
• Difficulty in scale-up
• Limited spheroid formation
• Not available to most users

This work (well-plate flip) • Simple to use • Static conditions
• No additional cost • Evaporation control required
• Long-term culture
• High reproducibility
• Accessibility to any users
• Co-culture ability
• Scaffold-based culture
• Noncontact environment
• Compliant with high-throughput screening

TABLE 2 | Comparison of 96-well-based commercialized product [Hanging drop plate and Ultra-low attachment (ULA) plate] and our well-plate flip approach.

Commercialized products Well-plate flip (WPF)
approach (this work)Hanging drop plate ULA plate

Price (in US Market) $ 30–60 (USD/plate) $ 30–70 (USD/plate) Less $1 (USD/plate)
Format Special plate (96 well) + Hanging drop insertion Special plate (surface coated 96 well) Any standard 96-well plate
Working volume 10–30 μL/well 100–200 μL/well 300–1200 μL/well
Long-term culture Up to 6–7 days Up to 1–2 weeks Over 1 month
Media replacement Difficult Amenable Amenable
Microscope observation Difficult Amenable Amenable
Scaffold-based Culture Difficult Hard to maintain Amenable
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production with growth in spheroids is mainly due to the high
accumulation of cells in a proliferating and quiescent state. The
presence of central necrosis core might have no effect on the
rates of nutrient uptake (Dini et al., 2016). Consequently, among
many factors contributing to culture conditions, nutritional
considerations are a primary determinant of the size of
avascular tumor spheroids (Conger and Ziskin, 1983). We
expect that the avascular tumor models in vitro could be
cultured continuously for a prolonged time period with
enough nutrients.

The flow cytometry results of the live/dead assay revealed the
portion of live and dead cells associated with structural
heterogeneity. The HCT116 spheroid cultivated for 1 month
exhibited over 60% cell death, while the HCT116 spheroids
cultivated only for a short period (~5 days) showed that most
cells are still alive (Figure 3F, Supplementary Figure S6). The
results imply that in vitro tumor models, even in isogenic tumor
cells, require an extended culture time to develop quiescent
layers and necrotic core to sufficiently represent tumor
structural heterogeneity in a 3D milieu. Further, the
biological relevance and the inconstancies of the micron-
sized spheroids (<200–300 μm in diameter) developed within
1 week or less (Mehta et al., 2012; Choi et al., 2014) have been
questioned because a necrotic phenotype is a typical feature of
tumoral volume growing in vivo or in vitro (Dini et al., 2016; Lee
S. Y et al., 2018). 3D spheroid models should encompass this
characteristic in the center of spheroids by up-/down-regulating

appropriate genes and/or pathways (Berghe et al., 2000; Sever
and Brugge, 2015). As heterogeneity is an intrinsic feature of
tumor models, the WPF system can be used as a reproducible
tool for understanding tumor heterogeneity, depending on size-
varied tumor models cultivated for an extended time.

Solid tumor-like properties of 3D spheroids and their
resistance to therapeutics have been reported in the past
studies (Gencoglu et al., 2018; Aleksakhina et al., 2019). We
determined the half maximal inhibitory concentration (IC50) of
two anticancer drugs, 5-Azacytidine and docetaxel, in a
comparative study between 2D and 3D cultures (Figures
3G,H). In Figure 3I, a drug–response evaluation between 2D
and 3D culture models shows the resistance of 3D spheroid
models. Past studies also reveal inconsistent results due to a
variety of intratumor and environmental factors. Most malignant
cells exhibit anchorage-independent growth and tend to self-
aggregate (Supplementary Figure S7). Nevertheless, the
compactness and cohesive force of such spheroid formation
considerably vary with the type of malignant cells, resulting in
different expression levels of membrane proteins (e.g., integrin,
cadherin) and extracellular matrix proteins (Białkowska et al.,
2020). Further, not all types of malignant cells could form dense
cellular aggregates (Han et al., 2021) because even a minor
physical perturbation may disrupt the 3D cellular cluster
aggregates. Substantial differences in gene expression profiles,
morphological phenotype, proliferation capacities, surface
epitope expression, biological markers, metabolism, and

FIGURE 3 | Long-term culture of 3D HCT116 spheroids. (A) Images of 3D spheroids cultivated for an extended time (Day 5, Day 15, and Day 30). (B)Microscopic
images of 3D spheroids (on Day 3 and Day 30). (C) The size measurement of HCT116 spheroid for 35 days. The medium was manually replaced after Day 7 (black line:
Every 2 days, red line: Every 7 days) through a well-well transfer technique (Supplementary Figure S3). (D) Glucose uptake and (E) lactate release of 3D spheroids on
Day 3 and Day 7, generated in different conditions, flipped well-plate method and conventional lid hanging drop method. (F) Flow-cytometric measurement of
HTC116 tumor spheroids with a 1-month culture. The spheroids were dissociated completely and stained with Calcein-AM and propidium iodide (PI) for live/dead assay.
(G) 2D cell death index determination of 5-azacytidine and (H) Docetaxel. The half the maximal inhibitory concentration (IC50) values of the drugs were determined from
the results of the 2D responses of HCT116 cells. (I) Discrepancy of cell viability assay between 2D and 3D cultures with IC50 of 5-azacytidine and docetaxel. All data
represent mean ± SD (n = 3, biological replicates per condition); *p < 0.05; **p < 0.01; Significance by Student’s t-test.
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metastatic potential (Ferretti et al., 2007; Fares et al., 2020) have
also been noted.

In situ Tumor Spheroid Assays
Tumor spheroids can settle at the bottom of the well-plate and be
used for subsequent operations at different periods, where the
only procedure required is flipping of the 96-well plate
compatible assays. Congruent to the concept of in situ 96-
well-plate-based spheroid development, we further
demonstrate the suitability of the WPF method by evaluation
of spheroids without recovery: cellular motility, matrix
embedment, co-culture, and dissemination.

It is known that cell migration in many biological processes,
including cancer progression, is affected by various chemical and
physical processes. Figure 4A shows that the tumor spheroid can
be dispersed on a 2D plate, assumed to be the relocation of many
cells in the division from the free edge of cells to the top of the
cluster periphery. The central region of the spheroid is distinct, as
the spheroid halted its spread on the 2D plate due to drug

treatment. The inhibition of migratory patterns associated with
the formation and growth of metastatic carcinoma cells can be
utilized to unveil a distinct feature among different carcinoma cell
lines. Further, we examined 3D hydrogel embedded assays, by
which the tumor spheroid was embedded in ECM gel derived
from basement membrane extracts (Figure 4B). Many previous
studies have reported invasive and sprouting capabilities of 3D
tumor spheroids embedded in ECM-like gel over time, with a mix
of ECM proteins and growth factors (Vinci et al., 2012; Vinci
et al., 2015) (Supplementary Figure S8). HCT116 spheroids
appeared to be condensed for 2 days when embedded in the
ECM-like gel with a lack of certain factors that can induce
directional cell migration or proliferation (Supplementary
Figure S9). This is at least partly due to HTC116 spheroids
exhibiting compact and dense solid structures in the
microenvironment. The self-assembled isogenic spheroid
embedded in ECM-like gel might display an intermediate-
complexity between 2D monolayer cell populations and in
vivo solid, dense tumors (Han et al., 2021). Thereafter, as

FIGURE 4 | Evaluation of 3D spheroids; cellular motility, matrix embedment, co-culture, and dissemination. (A) Tumor spheroid migration on the 2D bottom of 96-
well plate after flipping [middle panel: for 72 h, right panel: drug treatment of docetaxel (10 nM) after 24 and 48 h]. (B) Tumor spheroid embedding assay in the
environment of ECM-like hydrogel. 3D HTC 116 spheroids with different sizes (cultivated for 5 days, upper panel and 15 days, lower panel) were embedded in Matrigel
andmonitored for up to 10 days. (C) Schematic illustration of aWPF approach for co-culture studies. (D) Image of themorphology of IMR-90 fibroblasts adhered to
the bottom of a 96-well plate. 3D spheroid dissemination on the 2D substrate with IMR-90 lung fibroblast. (E) Microscopic image of 20% confluency and (F) 50%
confluency of IMR-90 fibroblasts with 3D HCT116 spheroid (prepared for 10 days). The scale bar is 500 mm.
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growth continued, slow migration was observed in all directions
with a distinct proliferation at the periphery for the next 7 days.
The results indicated that the proliferative region would become
dense with the physical constraint of the gel matrix, involving
complex homophilic interactions of cell–cell adhesion observed
in solid tumor development.

In the tumor microenvironment, metastatic cancer cells and
stromal cells interact with an intricate cross-talk within tissue
microenvironments associated with cell motility during tumor
progression (Bussard et al., 2016). The WPF method was utilized
in co-culture studies of 2D stromal cells with spheroids and
subsequent dissemination assay (Figure 4C). Microscopic
observation shows the spread of 3D spheroid on a 2D planar

substrate with IMR-90 lung fibroblast (Figure 4D). The cell
confluency of the IMR-90 fibroblast on the substrate greatly
influenced the migratory characteristic of the spheroid on the
2D substrate (Figures 4E,F). Further, monitoring two types of
spheroid models on stromal cells might be possible by transfer of
spheroids generated separately under controlled-experiment
conditions to observe migratory patterns and/or interactions
with each other. Past efforts have characterized heterogenetic
features of various types of 3D spheroids. However, numerous
biological factors related to proliferation, migration, and
invasion, which are important hallmarks of cancer metastasis
(Gao et al., 2005; Fares et al., 2020), have remained elusive. Our
conceived approach in a 96-well hanging drop with adequate

FIGURE 5 | Scaffold-free/scaffold-based 3D culture of tumor spheroid generated in hanging drop formation through well-plate flip. (A,B) Comparison of scaffold-
free/scaffold-based 3D spheroid and representative image of Hematoxylin and eosin (H&E) and periodic acid–Schiff (PAS) staining of scaffold-free/scaffold-based 3D
HCT116 spheroid. A mixed gel of alginate (0.5 % wt) and gelatin (1 % wt) was utilized as a 3D substrate. (C) Images of 3D cell culture based on the alginate-gelatin
hydrogel scaffold for 1month in hanging drop formation. (D) Schematic of decellularized scaffold-based 3D tumor spheroid generated by hanging drop formation.
(E) Comparison images of decellularized mouse intestine (F) DNA quantification of mouse intestine samples, pre- and postdecellularization process. (G) Images of 3D
cell culture based on the decellularized intestine for 1 month in hanging drop formation. (H) Histologic H&E analyses of decellularized intestine-based 3D tumor cell
culture. upper: day 15 and lower: day 30 (*muscularis externa). (I) Immunohistochemistry images for Ki67 and hematoxylin-stained sections. Brown nuclear stain
indicates Ki67 positive (left: Intestine tissue, middle: dECM-based tumor cultured for 15 days, right: dECM-based tumor cultured for 30 days) (*muscularis externa). (J)
Percentage of Ki67 expression index (the fraction of Ki67-positive cells) by immunohistochemistry. Data represent mean ± SD; NS, not significant; *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 by Student’s t-test. (F) n = 3 per condition; (J) n = 5 per condition.
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nutrients could generate uniform and scalable 3D spheroids
(>1.5 mm in diameter) that can be cultivated for over 35 days
and possibly for up to 2 months.

Scaffold-Free/Scaffold-Based 3D Culture
Despite the usefulness of 3D spheroidal cultures in tumor
malignancy studies, a gap still exists between in vitro and in
vivo models. A key difference is the absence of cell–matrix
(i.e., ECM components) interactions (Li and Kumacheva,
2018), which make it biologically relevant; however, other
inconsistencies exist in the 3D spheroid formation generated
by other platforms. To simulate in vivo behavior in a 3D
microenvironment, scaffold-based strategies (Rijal and Li,
2017; Li and Kumacheva, 2018) have been shown to be more
amenable and biologically more meaningful. We adopted a
hydrogel scaffold-based 3D culture system in a hanging drop
format to demonstrate the concept. When scaffold-free and
scaffold-based spheroids are grown under the same conditions
for 1 month, a substantial difference was observed (histological
analysis shown in Figures 5A,B). Growing cells, protruding at the
surface of the hydrogel matrix, gradually covered the scaffold
structures by forming a proliferating periphery (Figure 5C).
Wherein, the biological activities of the tumor cells, either self-
aggregated or confined in the artificial matrix, could be passively
affected by the physicochemical cues with respect to their
surroundings, and vice versa (Rijal and Li, 2017).

Decellularized Matrix-Based 3D Culture
To further enhance the physiological relevance, we utilized
decellularized tissue matrix to preserve the biophysical and
biochemical cues for tumor spheroid cultivation (Hussey et al.,
2017; Meran et al., 2020). By extending the scaffold-based
approach, we developed natural tissue matrix-based 3D culture
models that can be sustained in a hanging drop platform as an
in vitro tumor tissue analog (Figure 5D). An acellular natural
matrix, referred to as the decellularized extracellular matrix
(dECM), was utilized after the removal of resident cells
(Figure 5E) from the mouse intestine, where most DNA
contents were eliminated (Figure 5F). It should be noted that
the architectures of the intestinal tissue, including submucosa and
muscular layers (e.g., muscularis externa), were preserved after
decellularization (Supplementary Figure S10). As HCT116 cells
were re-cellularized at the intestine-derived dECM, the structural
morphology of dECM-based tumor culture in hanging drop was
gradually reconfigured to the original shape of tubular intestinal
structures (Figure 5G). Histologic H&E analyses of the dECM 3D
culture showed HCT116 cells predominately proliferated at the
mucosal surface of the acellular matrix (Figure 5H).
Furthermore, Ki-67 positive tumor cells could be found at the
exterior regions of the intestine-dECM (Figure 5I). As time
progressed, the percentage of Ki-67 positive tumor cells
significantly increased (Figure 5J). The results imply that
mechanical properties of the tissue of interest could be
retained and the biological integrity preserved (Supplementary
Figure S11). Thus, the dECM scaffold-based 3D cultures
developed in contact-free hanging drops can effectively model
the morphological features and physiological functions of the

tumor microenvironment to enable further studies with WPF 3D
spheroids.

DISCUSSION

The simple idea of the WPF method to generate hanging drop
meniscus can also be exploited for purposes other than the 3D
spheroidal cancer models. However, one of the major challenges
in the maintenance of the hanging drop culture platform is the
evaporation rates of culture media, which vary depending on
experimental conditions. Generally, an unequal reduction in the
volume of media in the multiwell plate occurs from the edge to
the center of a plate in a humidified incubator over time (Walzl
et al., 2012; Das et al., 2016). In conventional 96-well platforms
[e.g., agar overlay (Friedrich et al., 2009) and ultra-low
attachment 96-well plate (Raghavan et al., 2016)], it is
challenging to sustain uniform growth at ambient conditions
for long term even with periodic replenishment of culture media.
Precise control of evaporation is critical for long-term
maintenance of 3D cultures. Hanging drops generated in open
platforms are very susceptible to rapid water evaporation (Frey
et al., 2014; De Groot et al., 2016). To address this concern, open
and bottomless hanging drop systems in microfluidics were
developed with dynamic shear and interconnected networks
for fluid flow; however, evaporation of liquid in hanging drops
was still a limitation. The loss of culture media must be
compensated by the frequent addition of liquid or equipped
with other auxiliaries (Park et al., 2020) to maintain the height
of the suspended drop in the system. We addressed this challenge
by utilizing a designed chamber or a spacer (Supplementary
Figure S1) to compensate for evaporative loss.

Noncontact 3D environments to study effective cell–cell and
cell–ECM interactions have utilized force-driven floating
techniques (Shri et al., 2017; Chen et al., 2019). A
representative example is the 3D floating culture systems
based on iron nanoparticles (FeNPs) with the magnetic field
as an external stimulus (Souza et al., 2010). It should be noted that
the utilization of external stimuli to construct such configurations
fundamentally affects cellular physiology and cell function and
does not mimic the natural environment. In recent years, FeNPs
have been shown to induce ferroptotic cell death (i.e., ferroptosis)
(Dixon et al., 2012). The absence of ECM interactions in a tumor
environment renders such experiments less physiologically
relevant since mimicking in vivo-like cytoarchitecture in the
floating culture systems has remained a challenge. To address
these classical challenges, we adopted dECM-based approaches to
demonstrate practical and feasible scaffold-based 3D cultures in a
noncontact configuration at the bottom of a hanging drop.
Historically, hanging drop preparation has been applied to
cultivate intact tissue fragments dating back hundred years
(Harrison, 1906). The concept of scaffold-based 3D culture in
hanging drops is advantageous to query the response of both
cell–cell and ECM–cell interactions over an extended time period
under well-controlled contact-free environment. Although a huge
gap in knowledge exists in the development of 3D culture models
and in vivo tissue microenvironments, the degree of flexibility and
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ease of fabrication have significant potential in addressing a wide
range of applications from intact tissues to multicellular organoid
models in scaffold-free/scaffold-based format.

The central interest in 3D spheroidal cultures is in high-
throughput screening/manufacturing and its in vivo-like tissue
features to obtain mechanistic/endpoint information, which is
very cumbersome in animal models. For example, hundreds or
thousands of multiple cellular clusters could be concurrently
generated and arranged in a single chip-like microfabricated
device containing thousands of microwells (Gong et al., 2015;
Fang et al., 2019). For the same reason, routine assays for drug-
dose efficacy were shown for spheroid size-dependent drug
screening or cellular responses (Fernandes et al., 2009;
Markovitz-Bishitz et al., 2010; Xu et al., 2011; Pradhan et al.,
2017). As emphasized above, a primary advantage of the 96-well-
based platform is its accessibility and user-friendly in situ
endpoint analysis of biological samples without recovery or its
adaptability to other standardized formats. The 3D spheroidal
models generated by our WPF technique can be readily evaluated
with existing instrumentation available in most laboratories.
Utilizing the 3D spheroid technology, we show that routine
experiments performed with 2D cultures can now be
performed with 3D cultures in a standard 96-well plate in parallel.

CONCLUSION

In summary, we introduce a hanging drop meniscus for 3D
culture fabrication utilizing the universal 96-well-plate format.
We demonstrate stable 3D culture configurations and the
generation of a large 3D tumor spheroid over 1.5 mm in
effective diameter in universal 96-well-plate hanging drop
platforms without any extra amenities. Based on this simple
strategy, we show that various scaffold-based 3D culture
systems can be developed. Our approach alleviates technical
barriers such as long-term maintenance and a contact-free
culture environment, which are major challenges in advancing
the broader use of 3D culture systems. We expect our simple
approach to generating 3D culture platforms could be adopted by
scientists to develop a range of 3D culture models to address
problems in basic and applied biosciences. Future work could
focus on incorporating different cell types and cancers as well as

utilizing primary cell cultures. In the long term, we expect to
establish analytical protocols based on the WPF approach
(i.e., subsequent biological evaluation) to interrogate tumor
heterogeneity in the context of the microenvironment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

YJ and JI contributed to the conception and design of the
study. YJ and AT performed the experiments and analyzed
the data. YJ wrote the first draft of the manuscript and
prepared the submitted version together with JI. JI
supervised the study and edited the manuscript. All
authors contributed to manuscript revision and read and
approved the submitted version.

FUNDING

This research was funded by National Institutes of Health, under
Award Number T32EB019944.

ACKNOWLEDGMENTS

The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Institutes of Health.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.898699/
full#supplementary-material

REFERENCES

Aleksakhina, S. N., Kashyap, A., and Imyanitov, E. N. (2019). Mechanisms of
Acquired Tumor Drug Resistance. Biochimica Biophysica Acta (BBA) - Rev.
Cancer 1872, 188310. doi:10.1016/j.bbcan.2019.188310

Berry, J. D., Neeson, M. J., Dagastine, R. R., Chan, D. Y. C., and Tabor, R. F. (2015).
Measurement of Surface and Interfacial Tension Using Pendant Drop
Tensiometry. J. colloid interface Sci. 454, 226–237. doi:10.1016/j.jcis.2015.
05.012

Białkowska, K., Komorowski, P., Bryszewska, M., and Miłowska, K. (2020).
Spheroids as a Type of Three-Dimensional Cell Cultures—Examples of
Methods of Preparation and the Most Important Application. Int. J. Mol.
Sci. 21, 6225. doi:10.3390/ijms21176225

Bussard, K. M., Mutkus, L., Stumpf, K., Gomez-Manzano, C., and Marini, F. C. (2016).
Tumor-associated Stromal Cells as Key Contributors to the Tumor
Microenvironment. Breast Cancer Res. 18, 84–11. doi:10.1186/s13058-016-0740-2

Cha, J. M., Park, H., Shin, E. K., Sung, J. H., Kim, O., Jung,W., et al. (2017). A Novel
Cylindrical Microwell Featuring Inverted-Pyramidal Opening for Efficient Cell
Spheroid Formation without Cell Loss. Biofabrication 9, 035006. doi:10.1088/
1758-5090/aa8111

Chen, B., Wu, Y., Ao, Z., Cai, H., Nunez, A., Liu, Y., et al. (2019). High-throughput
Acoustofluidic Fabrication of Tumor Spheroids. Lab. Chip 19, 1755–1763.
doi:10.1039/c9lc00135b

Chen, W., Wong, C., Vosburgh, E., Levine, A. J., Foran, D. J., and Xu, E. Y. (2014).
High-throughput Image Analysis of Tumor Spheroids: a User-Friendly
Software Application to Measure the Size of Spheroids Automatically and
Accurately. JoVE J. Vis. Exp. 89, e51639. doi:10.3791/51639

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 89869912

Jeong et al. Robust 3D Tumor Spheroid Fabrication

https://www.frontiersin.org/articles/10.3389/fbioe.2022.898699/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.898699/full#supplementary-material
https://doi.org/10.1016/j.bbcan.2019.188310
https://doi.org/10.1016/j.jcis.2015.05.012
https://doi.org/10.1016/j.jcis.2015.05.012
https://doi.org/10.3390/ijms21176225
https://doi.org/10.1186/s13058-016-0740-2
https://doi.org/10.1088/1758-5090/aa8111
https://doi.org/10.1088/1758-5090/aa8111
https://doi.org/10.1039/c9lc00135b
https://doi.org/10.3791/51639
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Choi, S. Y. C., Lin, D., Gout, P. W., Collins, C. C., Xu, Y., and Wang, Y. (2014).
Lessons from Patient-Derived Xenografts for Better In Vitro Modeling of
Human Cancer. Adv. drug Deliv. Rev. 79-80, 222–237. doi:10.1016/j.addr.
2014.09.009

Conger, A. D., and Ziskin, M. C. (1983). Growth of Mammalian Multicellular
Tumor Spheroids. Cancer Res. 43, 556–560. doi:10.1177/
001316448304300410

Costa, E. C., Moreira, A. F., DeMelo-Diogo, D., Gaspar, V.M., Carvalho, M. P., and
Correia, I. J. (2016). 3D Tumor Spheroids: an Overview on the Tools and
Techniques Used for Their Analysis. Biotechnol. Adv. 34, 1427–1441. doi:10.
1016/j.biotechadv.2016.11.002

Cui, X., Hartanto, Y., and Zhang, H. (2017). Advances in Multicellular Spheroids
Formation. J. R. Soc. Interface. 14, 20160877. doi:10.1098/rsif.2016.0877

Das, V., Fürst, T., Gurská, S., Džubák, P., and Hajdúch, M. (2016). Reproducibility
of Uniform Spheroid Formation in 384-well Plates: The Effect of Medium
Evaporation. SLAS Discov. 21, 923–930. doi:10.1177/1087057116651867

De Groot, T. E., Veserat, K. S., Berthier, E., Beebe, D. J., and Theberge, A. B. (2016).
Surface-tension Driven Open Microfluidic Platform for Hanging Droplet
Culture. Lab. Chip 16, 334–344. doi:10.1039/c5lc01353d

Decarli, M. C., Do Amaral, R. L. F., Dos Santos, D. P., Tofani, L. B., Katayama, E.,
Rezende, R. A., et al. (2021). Cell Spheroids as a Versatile Research Platform:
Formation Mechanisms, High Throughput Production, Characterization and
Applications. Biofabrication 13, 032002. doi:10.1088/1758-5090/abe6f2

Dini, S., Binder, B. J., Fischer, S. C., Mattheyer, C., Schmitz, A., Stelzer, E. H. K.,
et al. (2016). Identifying the Necrotic Zone Boundary in Tumour Spheroids
with Pair-Correlation Functions. J. R. Soc. Interface. 13, 20160649. doi:10.1098/
rsif.2016.0649

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason,
C. E., et al. (2012). Ferroptosis: an Iron-dependent Form of Nonapoptotic Cell
Death. Cell 149, 1060–1072. doi:10.1016/j.cell.2012.03.042

Erbil, H. Y., and Dogan, M. (2000). Determination of Diffusion Coefficient−Vapor
Pressure Product of Some Liquids from Hanging Drop Evaporation. Langmuir
16, 9267–9273. doi:10.1021/la000721b

Fang, G., Lu, H., Law, A., Gallego-Ortega, D., Jin, D., and Lin, G. (2019). Gradient-
sized Control of Tumor Spheroids on a Single Chip. Lab. Chip 19, 4093–4103.
doi:10.1039/c9lc00872a

Fares, J., Khachfe, H. H., Fares, M. Y., Salhab, H. A., and Fares, Y. (2020). Molecular
Principles of Metastasis: a Hallmark of Cancer Revisited. Signal Transduct.
Target. Ther. 5, 1–16. doi:10.1007/978-3-319-74365-3_166-1

Fernandes, T. G., Diogo, M. M., Clark, D. S., Dordick, J. S., and Cabral, J. M. S.
(2009). High-throughput Cellular Microarray Platforms: Applications in Drug
Discovery, Toxicology and Stem Cell Research. Trends Biotechnol. 27, 342–349.
doi:10.1016/j.tibtech.2009.02.009

Ferretti, C., Bruni, L., Dangles-Marie, V., Pecking, A. P., and Bellet, D. (2007).
Molecular Circuits Shared by Placental and Cancer Cells, and Their
Implications in the Proliferative, Invasive and Migratory Capacities of
Trophoblasts. Hum. Reprod. Update 13, 121–141. doi:10.1093/humupd/
dml048

Foty, R. (2011). A Simple Hanging Drop Cell Culture Protocol for Generation of
3D Spheroids. J. Vis. Exp. JoVE 6, 2720. doi:10.3791/2720

Franken, N. A. P., Rodermond, H. M., Stap, J., Haveman, J., and Van Bree, C.
(2006). Clonogenic Assay of Cells In Vitro. Nat. Protoc. 1, 2315–2319. doi:10.
1038/nprot.2006.339

Frey, O., Misun, P. M., Fluri, D. A., Hengstler, J. G., and Hierlemann, A. (2014).
Reconfigurable Microfluidic Hanging Drop Network for Multi-Tissue
Interaction and Analysis. Nat. Commun. 5, 4250. doi:10.1038/ncomms5250

Friedrich, J., Seidel, C., Ebner, R., and Kunz-Schughart, L. A. (2009). Spheroid-
based Drug Screen: Considerations and Practical Approach. Nat. Protoc. 4,
309–324. doi:10.1038/nprot.2008.226

Fu, J. J., Lv, X. H., Wang, L. X., He, X., Li, Y., Yu, L., et al. (2021). Cutting and
Bonding Parafilm to Fast Prototyping Flexible Hanging Drop Chips for 3D
Spheroid Cultures. Cel. Mol. Bioeng. 14, 187–199. doi:10.1007/s12195-020-
00660-x

Ganguli, A., Mostafa, A., Saavedra, C., Kim, Y., Le, P., Faramarzi, V., et al. (2021).
Three-dimensional Microscale Hanging Drop Arrays with Geometric Control
for Drug Screening and Live Tissue Imaging. Sci. Adv. 7, eabc1323. doi:10.1126/
sciadv.abc1323

Gao, C.-F., Xie, Q., Su, Y.-L., Koeman, J., Khoo, S. K., Gustafson, M., et al. (2005).
Proliferation and Invasion: Plasticity in Tumor Cells. Proc. Natl. Acad. Sci.
U.S.A. 102, 10528–10533. doi:10.1073/pnas.0504367102

Ge, S., Wang, Y., Deshler, N. J., Preston, D. J., and Whitesides, G. M. (2018). High-
throughput Density Measurement Using Magnetic Levitation. J. Am. Chem.
Soc. 140, 7510–7518. doi:10.1021/jacs.8b01283

Gencoglu, M. F., Barney, L. E., Hall, C. L., Brooks, E. A., Schwartz, A. D., Corbett,
D. C., et al. (2018). Comparative Study of Multicellular Tumor Spheroid
Formation Methods and Implications for Drug Screening. ACS Biomater.
Sci. Eng. 4, 410–420. doi:10.1021/acsbiomaterials.7b00069

Gong, X., Lin, C., Cheng, J., Su, J., Zhao, H., Liu, T., et al. (2015). Generation of
Multicellular Tumor Spheroids with Microwell-Based Agarose Scaffolds for
Drug Testing. PloS one 10, e0130348. doi:10.1371/journal.pone.0130348

Han, S. J., Kwon, S., and Kim, K. S. (2021). Challenges of Applying Multicellular
Tumor Spheroids in Preclinical Phase. Cancer Cell Int. 21, 152. doi:10.1186/
s12935-021-01853-8

Harrison, R. G. (1906). Observations on the Living Developing Nerve Fiber. Exp.
Biol. Med. 4, 140–143. doi:10.3181/00379727-4-98

Hussey, G. S., Keane, T. J., and Badylak, S. F. (2017). The Extracellular Matrix of the
Gastrointestinal Tract: a Regenerative Medicine Platform. Nat. Rev.
Gastroenterol. Hepatol. 14, 540–552. doi:10.1038/nrgastro.2017.76

Kamiyama, M., Garner, M. K., Farragut, K. M., and Kobori, H. (2012). The
Establishment of a Primary Culture System of Proximal Tubule Segments Using
Specific Markers from Normal Mouse Kidneys. Int. J. Mol. Sci. 13, 5098–5111.
doi:10.3390/ijms13045098

Kim, D., Kim, K., and Park, J. Y. (2021). Novel Microwell with a Roof Capable
of Buoyant Spheroid Culture. Lab. Chip 21, 1974–1986. doi:10.1039/
d0lc01295e

Kim, J. A., Choi, J.-H., Kim, M., Rhee, W. J., Son, B., Jung, H.-K., et al. (2013). High-
throughput Generation of Spheroids Using Magnetic Nanoparticles for Three-
Dimensional Cell Culture. Biomaterials 34, 8555–8563. doi:10.1016/j.
biomaterials.2013.07.056

Klingelhutz, A. J., Gourronc, F. A., Chaly, A., Wadkins, D. A., Burand, A. J.,
Markan, K. R., et al. (2018). Scaffold-free Generation of Uniform Adipose
Spheroids forMetabolism Research and Drug Discovery. Sci. Rep. 8, 523. doi:10.
1038/s41598-017-19024-z

Kuo, C. T., Wang, J. Y., Lin, Y. F., Wo, A. M., Chen, B. P. C., and Lee, H. (2017).
Three-dimensional Spheroid Culture Targeting Versatile Tissue Bioassays
Using a PDMS-Based Hanging Drop Array. Sci. Rep. 7, 4363. doi:10.1038/
s41598-017-04718-1

Lee, J. M., Park, D. Y., Yang, L., Kim, E. J., Ahrberg, C. D., Lee, K. B., et al. (2018).
Generation of Uniform-Sized Multicellular Tumor Spheroids Using Hydrogel
Microwells for Advanced Drug Screening. Sci. Rep. 8, 17145. doi:10.1038/
s41598-018-35216-7

Lee, S. Y., Ju, M. K., Jeon, H. M., Jeong, E. K., Lee, Y. J., Kim, C. H., et al. (2018).
Regulation of Tumor Progression by Programmed Necrosis. Oxidative Med.
Cell. Longev. 2018, 3537471. doi:10.1155/2018/3537471

Lee, W. G., Ortmann, D., Hancock, M. J., Bae, H., and Khademhosseini, A. (2010).
A Hollow Sphere Soft Lithography Approach for Long-Term Hanging Drop
Methods. Tissue Eng. Part C. Methods 16, 249–259. doi:10.1089/ten.tec.2009.
0248

Li, Y., and Kumacheva, E. (2018). Hydrogel Microenvironments for Cancer
Spheroid Growth and Drug Screening. Sci. Adv. 4, eaas8998. doi:10.1126/
sciadv.aas8998

Liao, W., Wang, J., Xu, J., You, F., Pan, M., Xu, X., et al. (2019). High-throughput
Three-Dimensional Spheroid Tumor Model Using a Novel Stamp-like Tool.
J. Tissue Eng. 10, 2041731419889184. doi:10.1177/2041731419889184

Liu, X., Lin, H., Song, J., Zhang, T., Wang, X., Huang, X., et al. (2021). A Novel
Simpledrop Chip for 3d Spheroid Formation and Anti-cancer Drug Assay.
Micromachines 12, 681. doi:10.3390/mi12060681

Mahmud, H., Mauro, D., Qadri, S. M., Föller, M., and Lang, F. (2009). Triggering of
Suicidal Erythrocyte Death by Amphotericin B. Cell Physiol. Biochem. 24,
263–270. doi:10.1159/000233251

Markovitz-Bishitz, Y., Tauber, Y., Afrimzon, E., Zurgil, N., Sobolev, M., Shafran, Y.,
et al. (2010). A Polymer Microstructure Array for the Formation, Culturing,
andHigh Throughput Drug Screening of Breast Cancer Spheroids. Biomaterials
31, 8436–8444. doi:10.1016/j.biomaterials.2010.07.050

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 89869913

Jeong et al. Robust 3D Tumor Spheroid Fabrication

https://doi.org/10.1016/j.addr.2014.09.009
https://doi.org/10.1016/j.addr.2014.09.009
https://doi.org/10.1177/001316448304300410
https://doi.org/10.1177/001316448304300410
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1098/rsif.2016.0877
https://doi.org/10.1177/1087057116651867
https://doi.org/10.1039/c5lc01353d
https://doi.org/10.1088/1758-5090/abe6f2
https://doi.org/10.1098/rsif.2016.0649
https://doi.org/10.1098/rsif.2016.0649
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1021/la000721b
https://doi.org/10.1039/c9lc00872a
https://doi.org/10.1007/978-3-319-74365-3_166-1
https://doi.org/10.1016/j.tibtech.2009.02.009
https://doi.org/10.1093/humupd/dml048
https://doi.org/10.1093/humupd/dml048
https://doi.org/10.3791/2720
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/ncomms5250
https://doi.org/10.1038/nprot.2008.226
https://doi.org/10.1007/s12195-020-00660-x
https://doi.org/10.1007/s12195-020-00660-x
https://doi.org/10.1126/sciadv.abc1323
https://doi.org/10.1126/sciadv.abc1323
https://doi.org/10.1073/pnas.0504367102
https://doi.org/10.1021/jacs.8b01283
https://doi.org/10.1021/acsbiomaterials.7b00069
https://doi.org/10.1371/journal.pone.0130348
https://doi.org/10.1186/s12935-021-01853-8
https://doi.org/10.1186/s12935-021-01853-8
https://doi.org/10.3181/00379727-4-98
https://doi.org/10.1038/nrgastro.2017.76
https://doi.org/10.3390/ijms13045098
https://doi.org/10.1039/d0lc01295e
https://doi.org/10.1039/d0lc01295e
https://doi.org/10.1016/j.biomaterials.2013.07.056
https://doi.org/10.1016/j.biomaterials.2013.07.056
https://doi.org/10.1038/s41598-017-19024-z
https://doi.org/10.1038/s41598-017-19024-z
https://doi.org/10.1038/s41598-017-04718-1
https://doi.org/10.1038/s41598-017-04718-1
https://doi.org/10.1038/s41598-018-35216-7
https://doi.org/10.1038/s41598-018-35216-7
https://doi.org/10.1155/2018/3537471
https://doi.org/10.1089/ten.tec.2009.0248
https://doi.org/10.1089/ten.tec.2009.0248
https://doi.org/10.1126/sciadv.aas8998
https://doi.org/10.1126/sciadv.aas8998
https://doi.org/10.1177/2041731419889184
https://doi.org/10.3390/mi12060681
https://doi.org/10.1159/000233251
https://doi.org/10.1016/j.biomaterials.2010.07.050
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Martins, P. M., Rocha, F., and Damas, A. M. (2008). Understanding Water
Equilibration Fundamentals as a Step for Rational Protein Crystallization.
PLoS One 3, e1998. doi:10.1371/journal.pone.0001998

Mehta, G., Hsiao, A. Y., Ingram, M., Luker, G. D., and Takayama, S. (2012).
Opportunities and Challenges for Use of Tumor Spheroids as Models to Test
Drug Delivery and Efficacy. J. Control. release 164, 192–204. doi:10.1016/j.
jconrel.2012.04.045

Meran, L., Massie, I., Campinoti, S., Weston, A. E., Gaifulina, R., Tullie, L., et al.
(2020). Engineering Transplantable Jejunal Mucosal Grafts Using Patient-
Derived Organoids from Children with Intestinal Failure. Nat. Med. 26,
1593–1601. doi:10.1038/s41591-020-1024-z

Mezei, T., Szakács, M., Dénes, L., Jung, J., and Egyed-Zsigmond, I. (2011).
Semiautomated Image Analysis of High Contrast Tissue Areas Using Hue/
saturation/brightness Based Color Filtering. Acta Medica Marisiensis 57 ,
679–684.

Moraes, G. d. S., Wink, M. R., Klamt, F., Silva, A. O., and Da Cruz Fernandes, M.
(2020). Simplified Low-Cost Methodology to Establish, Histologically Process
and Analyze Three-Dimensional Cancer Cell Spheroid Arrays. Eur. J. Cell Biol.
99, 151095. doi:10.1016/j.ejcb.2020.151095

Nath, S., and Devi, G. R. (2016). Three-dimensional Culture Systems in Cancer
Research: Focus on Tumor Spheroid Model. Pharmacol. Ther. 163, 94–108.
doi:10.1016/j.pharmthera.2016.03.013

Park, J., Kim, H., and Park, J.-K. (2020). Microfluidic Channel-Integrated Hanging
Drop Array Chip Operated by Pushbuttons for Spheroid Culture and Analysis.
Analyst 145, 6974–6980. doi:10.1039/d0an01091j

Park, S. M., Lee, S. J., Lim, J., Kim, B. C., Han, S. J., and Kim, D. S. (2018). Versatile
Fabrication of Size- and Shape-Controllable Nanofibrous Concave Microwells
for Cell Spheroid Formation. ACS Appl. Mat. Interfaces 10, 37878–37885.
doi:10.1021/acsami.8b15821

Pradhan, S., Clary, J. M., Seliktar, D., and Lipke, E. A. (2017). A Three-Dimensional
Spheroidal Cancer Model Based on PEG-Fibrinogen Hydrogel Microspheres.
Biomaterials 115, 141–154. doi:10.1016/j.biomaterials.2016.10.052

Raghavan, S., Mehta, P., Horst, E. N., Ward, M. R., Rowley, K. R., and Mehta, G.
(2016). Comparative Analysis of Tumor Spheroid Generation Techniques for
Differential In Vitro Drug Toxicity. Oncotarget 7, 16948–16961. doi:10.18632/
oncotarget.7659

Reinhoff, W. (1922). Development and Growth of the Metanephros or Permanent
Kidney in Chick Embryos. Johns Hopkins Hosp. Bull. 33, 392–406.

Rijal, G., and Li, W. (2017). A Versatile 3D Tissue Matrix Scaffold System for Tumor
Modeling and Drug Screening. Sci. Adv. 3, e1700764. doi:10.1126/sciadv.1700764

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an Open-Source Platform for Biological-Image Analysis. Nat.
Methods 9, 676–682. doi:10.1038/nmeth.2019

Sever, R., and Brugge, J. S. (2015). Signal Transduction in Cancer. Cold Spring
Harb. Perspect. Med. 5, a006098. doi:10.1101/cshperspect.a006098

Shi, W., Kwon, J., Huang, Y., Tan, J., Uhl, C. G., He, R., et al. (2018). Facile Tumor
Spheroids Formation in Large Quantity with Controllable Size and High
Uniformity. Sci. Rep. 8, 6837–6839. doi:10.1038/s41598-018-25203-3

Shri, M., Agrawal, H., Rani, P., Singh, D., and Onteru, S. K. (2017). Hanging Drop, a
Best Three-Dimensional (3D) Culture Method for Primary Buffalo and Sheep
Hepatocytes. Sci. Rep. 7, 1203–1214. doi:10.1038/s41598-017-01355-6

Souza, G. R., Molina, J. R., Raphael, R. M., Ozawa, M. G., Stark, D. J., Levin, C. S.,
et al. (2010). Three-dimensional Tissue Culture Based on Magnetic Cell
Levitation. Nat. Nanotech 5, 291–296. doi:10.1038/nnano.2010.23

Sun, B., Zhao, Y., Wu, W., Zhao, Q., and Li, G. (2021). A Superhydrophobic Chip
Integrated with an Array of Medium Reservoirs for Long-Term Hanging Drop

Spheroid Culture. Acta Biomater. 135, 234–242. doi:10.1016/j.actbio.2021.
08.006

Tseng, H., Gage, J. A., Shen, T., Haisler, W. L., Neeley, S. K., Shiao, S., et al.
(2015). A Spheroid Toxicity Assay Using Magnetic 3D Bioprinting and Real-
Time Mobile Device-Based Imaging. Sci. Rep. 5, 13987. doi:10.1038/
srep13987

Tung, Y.-C., Hsiao, A. Y., Allen, S. G., Torisawa, Y.-S., Ho, M., and
Takayama, S. (2011). High-throughput 3D Spheroid Culture and Drug
Testing Using a 384 Hanging Drop Array. Analyst 136, 473–478. doi:10.
1039/c0an00609b

Vadivelu, R. K., Ooi, C. H., Yao, R. Q., Tello Velasquez, J., Pastrana, E., Diaz-Nido,
J., et al. (2015). Generation of Three-Dimensional Multiple Spheroid Model of
Olfactory Ensheathing Cells Using Floating Liquid Marbles. Sci. Rep. 5, 15083.
doi:10.1038/srep15083

Vanden Berghe, W., Vermeulen, L., De Wilde, G., De Bosscher, K., Boone, E., and
Haegeman, G. (2000). Signal Transduction by Tumor Necrosis Factor and Gene
Regulation of the Inflammatory Cytokine Interleukin-6. Biochem. Pharmacol.
60, 1185–1195. doi:10.1016/s0006-2952(00)00412-3

Vinci, M., Gowan, S., Boxall, F., Patterson, L., Zimmermann, M., Court, W., et al.
(2012). Advances in Establishment and Analysis of Three-Dimensional Tumor
Spheroid-Based Functional Assays for Target Validation and Drug Evaluation.
BMC Biol. 10, 29–21. doi:10.1186/1741-7007-10-29

Vinci, M., Box, C., and Eccles, S. A. (2015). Three-dimensional (3D) Tumor
Spheroid Invasion Assay. J. Vis. Exp. 99, e52686. doi:10.3791/52686

Walzl, A., Kramer, N., Mazza, G., Rosner, M., Falkenhagen, D., Hengstschläger, M.,
et al. (2012). A Simple and Cost Efficient Method to Avoid Unequal
Evaporation in Cellular Screening Assays, Which Restores Cellular
Metabolic Activity. Int. J. Appl. Sci. Technol. 2 , 17–25.

Wilkes, E. D., Phillips, S. D., and Basaran, O. A. (1999). Computational and
Experimental Analysis of Dynamics of Drop Formation. Phys. fluids 11,
3577–3598. doi:10.1063/1.870224

Xu, F., Wu, J., Wang, S., Durmus, N. G., Gurkan, U. A., and Demirci, U. (2011).
Microengineering Methods for Cell-Based Microarrays and High-Throughput
Drug-Screening Applications. Biofabrication 3, 034101. doi:10.1088/1758-
5082/3/3/034101

Zhao, L., Xiu, J., Liu, Y., Zhang, T., Pan, W., Zheng, X., et al. (2019). A 3D Printed
Hanging Drop Dripper for Tumor Spheroids Analysis without Recovery. Sci.
Rep. 9, 19717. doi:10.1038/s41598-019-56241-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jeong, Tin and Irudayaraj. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 89869914

Jeong et al. Robust 3D Tumor Spheroid Fabrication

https://doi.org/10.1371/journal.pone.0001998
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1038/s41591-020-1024-z
https://doi.org/10.1016/j.ejcb.2020.151095
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://doi.org/10.1039/d0an01091j
https://doi.org/10.1021/acsami.8b15821
https://doi.org/10.1016/j.biomaterials.2016.10.052
https://doi.org/10.18632/oncotarget.7659
https://doi.org/10.18632/oncotarget.7659
https://doi.org/10.1126/sciadv.1700764
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1101/cshperspect.a006098
https://doi.org/10.1038/s41598-018-25203-3
https://doi.org/10.1038/s41598-017-01355-6
https://doi.org/10.1038/nnano.2010.23
https://doi.org/10.1016/j.actbio.2021.08.006
https://doi.org/10.1016/j.actbio.2021.08.006
https://doi.org/10.1038/srep13987
https://doi.org/10.1038/srep13987
https://doi.org/10.1039/c0an00609b
https://doi.org/10.1039/c0an00609b
https://doi.org/10.1038/srep15083
https://doi.org/10.1016/s0006-2952(00)00412-3
https://doi.org/10.1186/1741-7007-10-29
https://doi.org/10.3791/52686
https://doi.org/10.1063/1.870224
https://doi.org/10.1088/1758-5082/3/3/034101
https://doi.org/10.1088/1758-5082/3/3/034101
https://doi.org/10.1038/s41598-019-56241-0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Flipped Well-Plate Hanging-Drop Technique for Growing Three-Dimensional Tumors
	Introduction
	Materials and Methods
	Cell Culture
	Humidity Control Chamber
	Spheroid Generation
	WST-1 Proliferation Assay and Supernatant ATP Assay
	Drug Discrepancy Test in 2D and 3D Culture
	Flow Cytometry
	Glucose Consumption and Lactate Production
	Migration Observation
	Gel Matrix Embedment
	Co-culture with 2D Fibroblast and Dissemination
	Hydrogel-Based Hanging Drop 3D Culture
	Decellularized Tissue-Based Hanging Drop 3D Culture
	Histological Analyses
	Statistical Analysis

	Results
	Pendant Drop Formation and Maintenance in Single Wells
	3D Spheroid Generation
	Long-Term Spheroid Cultivation
	In situ Tumor Spheroid Assays
	Scaffold-Free/Scaffold-Based 3D Culture
	Decellularized Matrix-Based 3D Culture

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


