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ABSTRACT: Tumor spheroids are powerful tools for drug
screening and understanding tumor physiology. Among spheroid
formation methods, the hanging drop method is considered most
suitable for high-throughput screening (HTS) of anticancer drugs
because it does not require surface treatment. However, it still
needs to increase the liquid-holding capacity because hanging
drops often fall due to the increased pressure caused by the
addition of drugs, cells, etc. Here, we report a multi-inlet spheroid
generator (MSG) enabling the stable addition of liquid-containing
drugs or cells into a spheroid through its side inlet. The MSG was
able to load additional solutions through the side inlet without
increasing the force applied to the hanging drop. The volume of
the additional liquid was easily controlled by varying the diameter
of the side inlet. Furthermore, the sequences of the solution injections were manipulated using multiple side inlets. The feasibility of
the MSG in clinical application was demonstrated by testing the efficacy of drugs in patient-derived cancer (PDC) cells and
controlling the stromal cell ratio in the tumor microenvironment (TME) containing spheroids. Our results suggest that the MSG is a
versatile platform for HTS of anticancer drugs and recapitulating the TME.
KEYWORDS: hanging drop, tumor spheroid, drug screening, multi-inlet, volume control

1. INTRODUCTION
Two-dimensional (2D) cell culture of tumor cells often fails to
predict the drug response in cancer patients.1 This is because
this 2D tumor model does not reflect the tumor micro-
environment (TME) in vivo, in which tumor cells grow three-
dimensionally (3D) and interact with stromal and immune
cells.2 Thus, 3D tumor models have emerged as a break-
through in conventional drug screening3 because they mimic
the TME better than 2D tumor models by forming the 3D
structure of tumor cells like spheroids. Tumor spheroids
resemble the 3D shape of tumors and constitute the hypoxic
core where the tumor cell stemness is enhanced.4

Tumor spheroids can be constructed with or without
scaffolds.5 Nonadherent microwells6 and microfluidics7 are
methods requiring a scaffold that induces spheroid formation
and maintains the uniform size of spheroids. Despite these
advantages, most of their scaffolds are fabricated only by
expensive photolithography or contain complex structures
unsuitable for mass production.8 Spinning flask9 and hanging
drop10 are methods that do not require a scaffold for
constructing 3D tumor spheroid models. Among these
scaffold-free methods, the hanging drop method is considered
the most suitable for high-throughput screening (HTS) of
anticancer drugs because it forms spheroids by aggregating

cells in hanging drops without any electrical devices.11

However, they are still labor-intensive and have limitations in
controlling the spheroid size.12 To solve these problems, recent
efforts have been focused on automating the spheroid
formation process and improving the spheroid size control.13

Zhao et al.14 reported developing a 3D printed hanging drop
dripper that generates uniform spheroids in a simple and
reproducible manner. However, because it could only hold a
few microliters of liquid, it needs to include the cumbersome
step of draining some of the media before loading additional
liquid-containing drugs or stromal cells. Otherwise, when
additional liquid is loaded, direct pressure would be applied to
a drop containing a spheroid in the dripper, causing the drop
to fall off. This makes it difficult to process large amounts of
drugs or add additional cells such as stromal cells for HTS of
drug and recapitulating the TME.
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Several cell culture methods have been developed for HTS
of anticancer drugs. These methods include multiwell screen-
ing in 3D hydrogel culture,15 microfluidic chip,16 and
organoid/patient-derived cell culture.17 In 3D hydrogel
culture, cells are encapsulated in a hydrogel, allowing the
simulation of the diffusion of in vivo tissues. However, this
method can be complex and time-consuming.18 Microfluidic
chip-based methods can reduce consumption and costs by
requiring only small amounts of fluids, but they can be
challenging for unskilled researchers due to their fabrication
complexity and operational limitations. Organoids and patient-
derived cells are the best options for mimicking the in vivo
system, but they are expensive to culture and can be difficult to
analyze due to their various sizes and shapes.
Here, we report a multi-inlet spheroid generator (MSG) that

modulates the tumor−stroma ratio (TSR) and drug concen-
tration in a spheroid in an easy and stably controlled manner
(Figure 1). The MSG consists of a center inlet connected with
a side inlet. The center inlet generates a hanging drop to form
a tumor spheroid, while the side inlets are used to load
additional liquid-containing drugs or stromal cells into the
spheroid. The MSG can hold a larger volume of liquid than the
conventional single-inlet spheroid generator (SSG) because
unlike the SSG, the MSG can load an additional solution
through the side inlet without increasing the force applied to
the hanging drop pressure. This was verified by computational
fluid dynamics (CFD) simulation. Also, by changing the
diameter of side inlets, the volume can be easily controlled.
The feasibility of the MSG in clinical application was
demonstrated by testing the efficacy of drugs in patient-
derived cancer (PDC) cells and controlling the stromal cell
ratio in the tumor microenvironment (TME) containing
spheroids.

2. MATERIALS AND METHODS
2.1. Materials. Methylcellulose, bovine serum albumin (BSA),

agarose, dimethyl sulfoxide (DMSO), temozolomide (TMZ),

cisplatin (CDDP), and ethylenediaminetetraacetic acid (EDTA)
were purchased from Sigma-Aldrich (St. Louis, MO). Nimustine
hydrochloride (ACNU) was purchased from MedChemExpress
(Monmouth Junction, NJ). Minimum essential medium (MEM),
MEM/F12, penicillin, and streptomycin were purchased from Life
Technologies (Carlsbad, CA). Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased from
HyClone Laboratories (Logan, UT). LIVE/DEAD Viability/Cytotox-
icity Kit was purchased from Molecular Probes (Eugene, OR). EZ-
cytox Cell Viability Assay Kit was purchased from Daeillab Service
(Seoul, Korea). Anti-Ki-67 rabbit monoclonal antibody was purchased
from Novus Biologicals (Centennial, CO). Blocking solution,
horseradish peroxidase (HRP)-labeled polymer-conjugated secondary
antibodies against rabbit IgG, Mayer’s hematoxylin, and ready-to-use
3,3′-diaminobenzidine (DAB) substrate−chromogen solution were
purchased from DAKO (Carpinteria, CA).
2.2. Design and 3D Printing of the SSG and MSG. The MSG

was designed using Inventor Professional (Autodesk, San Rafael, CA)
and fabricated using an FDM 3D printer (Single Plus − 320C,
Cubicon, Seongnam, Korea) with an acrylonitrile butadiene styrene
(ABS) filament (Cubicon). After the 3D printing, it was post-treated
with 100% acetone to smoothen the surface.19 The MSG consists of
four wings (1.5 × 2.5 × 1 mm3, W × L × H), a center inlet (3 mm in
diameter), and a side inlet (1.5−4 mm in diameter). The diameter of
the side inlet was determined by the volume of solution (5−40 μL) to
be added to the inlet (Figure 2A−E). The wings were designed to
locate the MSG on 24-well plates (Corning, Corning, NY) (Figure
2F,G). The center and side inlets were connected by a channel (0.8
mm in height). The MSG can be reduced to fit into 96-well plates
(Figure S1). The SSG, which had only the four wings and single
center inlet, was fabricated in a similar way.
2.3. CFD Analysis. COMSOL Multiphysics version 5.5

(Burlington, MA) was used to perform CFD simulation to analyze
the pattern of flow injected into the SSG and MSG. In both devices,
flow was applied to the center inlet at 50 μL/s and analyzed for 1 s.
The contact angle of the MSG was set at 60 or 120° for hydrophilic or
hydrophobic MSG. Flow streamlines, pressure distributions, and
forces were simulated at different flow rates (20−100 μL/s).
2.4. Measurement of the Maximum Cumulative Liquid

Volume (MCLV) in the SSG and MSG. The MCLV was defined as
the maximum addable volume without dropping hanging drops. The

Figure 1. Schematic describing the relative ease of drug testing, and tumor microenvironment (TME) construction by the multi-inlet spheroid
generator (MSG) through the formation of stable hanging drops. When tumor spheroids are formed by aggregation of tumor cells injected through
the center inlets, different volumes of drugs or stromal cells can be incorporated into spheroids through different diameters of the side inlets.
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MCLV of each device was measured to determine how much more
liquid the MSG could hold compared to the SSG. For the
measurement, both SSG and MSG were filled with 50 μL of
phosphate-buffered saline (PBS; pH 7.4) containing green dye
through the center inlet. Additional volumes (10−120 μL) of PBS
were added into either the SSG through the center inlet or the MSG
through the side inlet.
For comparing the flow movement of the additional solution

entering the hanging drops, 50 μL of PBS was injected into the center
inlet in SSG or MSG. Then, 40 μL of PBS with blue dye was injected
into either the center inlet in SSG or the side inlet in MSG.
2.5. Cell Culture. The glioblastoma (GBM) cell line U87 and

colon cancer cell line HT-29 were purchased from the American Type
Culture Collection (Bethesda, MD). Patient-derived GBM cells
(GBL28, GBL67, GBL15, GBL37, and GBL51) were obtained from
the Brain Bank of Seoul National University Hospital (SNUH, Seoul,
Korea). Their use was approved by the Institutional Review Board
(IRB) of SNUH (H-0507-509-153). Human cancer-associated

fibroblasts (CAFs) were obtained from Samsung Medical Center
(SMC, Seoul, Korea) with IRB approval (SMC-2017-07-131-020).
Mouse embryonic fibroblasts (MEFs) were provided by Dr. G.V.
Shivashankar (National University of Singapore) and labeled with
green fluorescent protein (GFP), as described previously.20 Red
fluorescent protein (RFP)-labeled U87 cells were purchased from
Creative Biogene (Shirley, NY).
Wild-type U87, RFP-labeled U87, and patient-derived GBM cells

were cultured in Petri dishes (100 mm in diameter, Corning) filled
with MEM at 37 °C in a 5% CO2 incubator. HT-29 cells and GFP-
labeled MEFs were cultured in DMEM, and CAFs were cultured in
MEM/F12. All media were supplemented with 10% (v/v) FBS, 100
units/ml penicillin, and 100 μg/mL streptomycin.
2.6. Spheroid Formation by the MSG. To inhibit cell adhesion

in the MSG, 70 μL of 3% (w/v) BSA solution was added to the center
and side inlets of the MSG, respectively, and incubated for 1 h at
room temperature (RT). After incubation, the solution was removed
by pipetting, and the MSG was washed with 200 μL of PBS. The

Figure 2. Design and fabrication of the MSG. (A) Top and (B) side views showing its dimensions. Real images of MSG showing (C) top, (D) side,
and (E) cross-sectional views. (F) Stand-alone MSG and (G) arrays of the single-inlet spheroid generator (SSG) and MSG mounted on a 24-well
plate.
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MSG was air-dried in a biosafety cabinet with ultraviolet light for 30
min.
Freshly prepared tumor cells were obtained from Petri dishes

through trypsinization and suspended in their respective medium.
Then, 1% (final conc.) methylcellulose was added to the cell
suspensions to enhance cell aggregation.21 A total of about 3000 cells
were used to form a spheroid by loading 50 μL of each cell suspension

(6 × 104 cells/mL) into the center inlet of the SSG or MSG. Both
devices were incubated at 37 °C in 5% CO2 for 2 days.22
2.7. Drug Treatment on Spheroids of Cell Line and PDCs in

the MSG. Once U87 or GBL28 spheroids were formed in the MSG
as described above, different volumes (0−40 μL) of 1 mM TMZ
dissolved in DMSO were added to the MSG through the side inlet
with different diameters (0−4 mm). The MSG was incubated at 37

Figure 3. Effects of hydrophobicity and hydrophilicity on drop formation in the SSG and MSG. (A) Schematic describing the differential effects of
hydrophilicity on hanging drop formation in the SSG and MSG. (B) Images of inlets (top view) and drops (side view) in the hydrophobic (without
O2 plasma treatment) and hydrophilic (with O2 plasma treatment) SSGs and MSGs after injecting 60 μL of green ink through their center inlet.
Hydrophobicity in the devices can be changed into hydrophilicity by O2 plasma treatment at 100 W for 60 s using Cute (Femto Science,
Hwaseong, Korea). (C) Height of drops in the hydrophobic and hydrophilic SSGs and MSGs. ***p < 0.001, two-tailed unpaired Student’s t-test;
ns, not significant (n = 3). (D) Computational fluid dynamics (CFD) simulation of flow patterns in the hydrophobic and hydrophilic MSGs over
time. COMSOL Multiphysics version 5.5 was used for the simulation.
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°C in a 5% CO2 incubator for 2 days. After incubation, spheroids on
the MSG were dropped into 24-well plates by flowing 50 μL of PBS
into the center inlet and treated with a LIVE/DEAD Viability/

Cytotoxicity Kit. Bright-field and fluorescent images of spheroids were
taken using a DeltaVision Elite Fluorescence microscope (GE
Healthcare, Chicago, IL). These images were analyzed using ImageJ

Figure 4. Liquid-holding capacity (LHC) of the SSG and MSG. (A) Schematic describing the behavior of hanging drops in the SSG and the MSG
when an additional solution is injected through the center and side inlets, respectively. (B) Flow movement of an additional solution of 40 μL of
PBS (blue) onto the hanging drops in the SSG and MSG previously formed by the injection of 50 μL of PBS (blank). Unlike the MSG, the SSG
failed to hold the drop at 2 s after the additional injection through the center inlet. (C) CFD simulation of flow patterns in the SSG and MSG with
the additional injection of 40 μL of PBS. Black lines represent the streamline injected from inlets. The color map represents the pressure
distribution applied to the hanging drops. (D) Force applied to the hanging drops in the SSG and the MSG with the additional injection of 40 μL
of PBS. (E) Images of hanging drops in the SSG and the MSG with the addition of different volumes (10 μL at a time) of solutions until hanging
drops fall. (F) Maximum cumulative liquid volume (MCLV) in the SSG and the MSG. ***p < 0.001, two-tailed unpaired Student’s t-test (n = 4).
(G−I) MCLV of the MSG increases as the diameter (G), height (H), and number (I) of the side inlet increase. (J) An image of the MSG with six
side inlets.
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Figure 5. Simple HTS of drugs on tumor spheroids using the MSG having different diameters of side inlets. (A) Schematic diagram illustrating how
to control drug concentration in hanging drops by changing the diameter of the side inlet. (B) Calculated volume that can be accommodated in a
single side inlet with different diameters (0−4 mm). All side inlets are cylindrical and have the same height of 3.2 mm. (C) Images and (D) mean
fluorescence intensities of hanging drops mixed with different volumes (0−40 μL) of an additional solution containing fluorescent particles injected
through side inlets of different diameters (0−4 mm). (E) Bright-field (BF) and fluorescent images, (F) diameter, and (G) viability of spheroids of
the U87 in hanging drops in the MSG with a diameter of 4 mm on different days (1−7). Live (green), calcein AM; dead (red), ethidium
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(NIH, Bethesda, MD). Cell viability was calculated from the ratio of
green fluorescence (calcein AM) intensity to red fluorescence
(ethidium homodimer-1) intensity.23 The viability of GBL67,
GBL15, GBL37, and GBL51 spheroids was measured using the EZ-
cytox Cell Viability Assay Kit according to the manufacturer’s
instructions.
For the combined drug treatment, the treatment sequence of

ACNU and CDDP was changed on spheroids of MSG with three
inlets. After spheroids were formed, 20 μL of 5 μM (final conc.)
ACNU or CDDP was added in one side inlet and incubated for 24 h.
After 24 h, 20 μL of 5 μM ACNU or CDDP was added to the other
side inlets in the same manner and cultured for 24 h.
2.8. Formation of Single Spheroids with Different TSRs by

the MSG. Spheroids with different TSRs (1:0−1:2) were obtained by
adding 3,000 RFP-labeled U87 cells and different numbers (0−6,000
cells) of GFP-labeled MEFs into the center and side inlets on different
days, respectively. In detail, single spheroids were first generated by
loading 50 μL of RFP-labeled U87 suspension (6 × 104 cells/mL)
through the center inlet and incubating them for 2 days in a 5% CO2
incubator. Different numbers (0−6000 cells) of GFP-labeled MEFs
were added to spheroids through the side inlet using a pipette. After
that, spheroids with GFP-labeled MEFs in the MSG were incubated in
a 5% CO2 incubator for 24 h. Hanging drops in the MSG were
dropped into 24-well plates and incubated again in a 5% CO2
incubator for 7 days. To observe the spatial distribution of MEFs
and tumor cells in spheroids, 3D images of spheroids were taken using
a spinning-disk confocal microscope (Andor Dragonfly 302; Oxford
Instruments, Concord, MA). To generate colon tumor spheroids with
stroma-low (≤1:1) and stroma-high (>1:1) ratios, which are known
as a prognostic cutoff value in colon cancer patients,24 HT-29
spheroids on day 2 were mixed with different numbers (0−6000 cells)
of CAFs through the side inlet. The mixture was incubated for 7 days
in the CO2 incubator until they were collected for histological and
immunohistochemical studies.
2.9. Histology and Immunohistochemistry. Routine hema-

toxylin-and-eosin (H&E) staining protocol was used to stain the
spheroid sections for histological examination.25 HT-29 spheroids
were fixed in 4% paraformaldehyde and embedded in 2% agarose.
Agarose-embedded spheroids were fixed in 10% neutral buffered
formalin for 12 h.
For immunohistochemical localization of Ki-67, a marker for cell

proliferation, the sections in paraffin wax were deparaffinized in
xylene, rehydrated in graded alcohol, and transferred to 0.01 M PBS.
The sections were first incubated in EDTA (pH 9) for 3 min at 121
°C to reveal hidden antigen epitopes and later incubated with
blocking solution for 20 min at RT. After blocking, they were
incubated with anti-Ki-67 rabbit monoclonal antibody at 1:100
dilution at 4 °C overnight. The sections were washed with PBS (pH
7.4), and the remaining antibody was visualized using HRP-labeled
polymer-conjugated secondary antibodies against rabbit IgG and
ready-to-use DAB substrate−chromogen solution according to the
manufacturer’s instructions. Finally, the sections were lightly counter-
stained with Mayer’s hematoxylin for 20 s before dehydration and
mounting.
2.10. Statistical Analysis. All data were represented as the mean

± standard deviation. Two-tailed unpaired Student’s t-tests, one-way
analysis of variance (ANOVA) multiple comparisons, and two-tailed
unpaired multiple t-tests were used to compare the data groups. The
levels of statistical significance were set as *p < 0.05, **p < 0.01, and

***p < 0.001. The number of samples was provided in the figure
captions.

3. RESULTS
3.1. Hydrophobicity is Required for Hanging Drop

Formation in the MSG. To understand the mechanism
underlying how the MSG can hold large amounts of liquid, we
investigated the effects of the surface hydrophobicity of the
SSG and MSG on spheroid formation (Figure 3A). The water
contact angle of the 3D printed ABS surface was measured to
be approximately 113 degrees, indicating a hydrophobic
surface.26 The SSG has only one center inlet, whereas the
MSG has a center inlet that produces a hanging drop and side
inlets connected to the center inlet inside the chip. When the
surface became hydrophilic by O2 plasma treatment, the SSG
could form water drops, while the MSG could not (Figures
3B,C and S2). This change can be explained by the fact that on
the hydrophobic surface of the MSG, the injected fluid does
not flow into the side inlet, but instead flows into the side inlet
on the hydrophilic surface of the MSG (Figure 3B; Videos S1
and S2). This was further supported by the CFD simulation
(Figure 3D; Videos S3 and S4). These results suggest that
surface hydrophobicity is required for the MSG to form a
hanging drop.
3.2. MSG Can Hold More Liquid Than SSG. The MSG

can load an additional solution through the side inlet without
increasing the force applied to the hanging drop (Figure 4A).
When SSG and MSG previously filled with 50 μL of solution
through the center inlet were injected with an additional 40 μL
of solution through the center and side inlets, respectively, the
drop hanging on SSG fell within 2 s, but the drop hanging on
MSG did not. (Figure 4B). This can be explained by the CFD
simulation showing that the fluid flows directly to the outlet of
the SSG while changing the flow direction twice until it reaches
the outlet of the MSG (Figure 4C). The pressure applied to
the SSG drop was proportional to the flow rate, but that to the
MSG was constant with increasing flow rate (Figure 4D). A
similar trend was observed when additional solutions were
incrementally injected into both devices (Figures 4E and S3).
As a result, the MCLV of the MSG was significantly higher (p
< 0.001) than that of the SSG (Figure 4F). The liquid-holding
capacity (LHC) of the MSG can be further increased by
increasing the diameter, height, and number of its side inlet
(Figure 4G−I). In particular, more side inlets can increase the
number of solutions that can be injected into the MSG. The
MSG with multiple side inlets could be used to investigate the
effect of drug combinations on a tumor spheroid as well as
interactions of various types of stromal cells with cancer cells,
which is required to recapitulate the TME.2

3.3. MSG for HTS. By changing the diameter of the side
inlet, the final drug concentrations in the hanging drop on the
MSG can be easily adjusted (Figure 5A). This is possible
because the drug concentration in the MSG can be
predetermined by the volume of the drug injected through

Figure 5. continued

homodimer-1. (H−M) Viability and diameter of the glioblastoma (GBM) cell U87 (H−J) and patient cells GBL28 (K−M) spheroids on 2 days at
different final temozolomide (TMZ) concentrations (0−444.4 μM), which was determined by injecting different volumes (0−40 μL) of 1 mM
TMZ through the side inlets with different diameters (0−4 mm). Half-maximal inhibitory concentration (IC50) of U87 = 232.4 μM, IC50 of GBL28
= 374.1 μM. Scale bar, 200 μm. Cell viability was calculated from the ratio of green fluorescence intensity to red fluorescence intensity. (N) Drug
sensitivity assay of spheroids from long-term (GBL67 and GBL15; >2.5 years) and short-term survivors (GBL37 and GBL51; >1 year). *p < 0.05;
**p < 0.01; ***p < 0.001, one-way ANOVA multiple comparison test; ns, not significant (n = 3).
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the side inlet, which increases as the diameter of the side inlet
increases. For example, when the cylindrical side inlet with a
height of 3.2 mm has a diameter of 1.5, 2, 2.5, 3, 3.5, and 4
mm, respectively, its void volume is 5, 10, 20, 25, 30, and 40
μL (Figure 5B). This was demonstrated by observing an
increase in the fluorescence intensity of the hanging drops
when the side inlets of the same height (3.2 mm) but different
diameters (0−4 mm) were filled with a solution containing the
same concentration of fluorescent particles (Figure 5C,D). The
amount of injection volume should be similar to that of the
void volume of the side inlet; otherwise, the water level did not
match that of the center inlet, and the flow went backward to
the side inlet (Figure S4). Before drug treatment, it was
confirmed that spheroids in the MSG increased their diameters
and good viability of ∼95% during the culture (1−7 days)
(Figure 5E−G). Drug screening was demonstrated by treating
spheroids of GBM cells (U87 and PDC) on the MSG having
different diameters of side inlets with 1 mM TMZ (Figure
5H−M). When these spheroids were treated with various
volumes (0, 5, 10, 20, 30, and 40 μL) of 1 mM TMZ that were
equivalent to 0, 90.1, 166.7, 285.7, 375, and 444.4 μM,
respectively (Supplementary Table S1), both spheroids
showed a concentration-dependent cytotoxic effect. The half-

maximal inhibitory concentration of TMZ on U87 and PDC
spheroids was 232.4 and 374.1 μM, respectively.
The feasibility of the MSG for its application to HTS of the

drug on patient samples was demonstrated by comparing the
cytotoxic effects of TMZ on spheroids of GBM cells from
either long-term survivors (GBL67 and GBL15) or short-term
survivors (GBL37 and GBL51; Figure 5N). At 90.1 and 116.7
μM, there was statistical significance only between the survival
rates of GBL67 and GBL37. However, when the concentration
increased to 444.4 μM, it showed statistical significance
between the survival rates of all long-term and short-term
survivor spheroids. The survival rate of long-term survivor
spheroids was <50%, whereas the survival rate of short-term
survivor spheroids was >60%. This suggested that, when the
patient was treated with the drug, the brain tumors of long-
term survivors quickly killed cancer cells due to their high
sensitivity to the drug, whereas short-term survivors were
resistant to the drug, suggesting that cancer cells grew without
being killed by the drug. The bioprinted GBM model also
showed higher viabilities in short-term survivors than long-
term survivors when treated with concurrent chemoradiation
therapy.27

3.4. MSG for Combinatorial Drug Screening. In Figure
4J, it is shown that the MSG can be designed with upto six side

Figure 6. Combination drug therapy that controls the administration order of drugs in the MSG. (A) Live/dead staining images of U87 spheroids
treated with 5 μM cisplatin (CDDP) or nimustine hydrochloride (ACNU) for 2 days with different orders by injecting them into different side
inlets. Scale bar, 200 μm. (B) Diameter and (C) viabilities of U87 spheroids. **p < 0.01; ***p < 0.001, one-way ANOVA multiple comparison test
(n = 3).
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inlets, allowing for the addition of different drugs to a spheroid
in the center inlet through each side inlet. This design feature
enables the rapid assessment of synergistic effects in
combinatorial treatments and the determination of treatment
sequences for multiple drugs. To demonstrate the feasibility of
this application, we chose to investigate the combination
therapy of CDDP and ACNU. These drugs were selected
based on studies showing high efficacy in patients with GBM.28

U87 spheroids showed greater sensitivity in combination drug
therapy than mono-drug therapy, and the sensitivity was also
affected by the order (Figure 6A). U87 spheroids treated with
only CDDP showed a viability of ∼95% and a diameter of
∼300 μm, similar to untreated spheroids (Figure 6B,C).

Numerous dead cells were observed around the edge of
spheroids that received ACNU treatment. These spheroids had
a diameter of ∼350 μm, slightly larger than untreated
spheroids. This increase might be related to apoptosis, which
occurs on the periphery cells in the spheroids vulnerable to the
drug reducing cell−cell adhesion.29 The viability was
significantly lower than when treated with CDDP. When
CDDP and ACNU were treated together, it was confirmed that
the sensitivity to drugs was significantly different according to
the order of drug treatment. When ACNU was administered
after CDDP, spheroid size and survival rate were similar to
ACNU alone. However, when ACNU was administered first
and CDDP was administered, spheroids loosened significantly,

Figure 7. Effects of the tumor−stroma ratio (TSR) on tumor cell proliferation. (A) Schematic illustrating the MSG enabling the recapitulation of
the TME in which tumor cells proliferate better through their interaction with cancer-associated fibroblasts (CAFs). (B) 3D confocal images of
spheroids and (C) ratios of cancer cells to stroma cells in the tumor spheroids with different volumes of additional injection of mouse embryonic
fibroblasts (MEFs). These spheroids were formed by the monoculture of an initially injected 3000 cells of U87 tumor cells labeled with red
fluorescent protein (RFP) through the center inlet for 2 days, followed by the coculture of preformed U87 spheroids with additionally injected
different volumes (0−40 μL) of MEFs labeled with green fluorescent protein (GFP) at 4.8 × 104 cells/mL through the side inlet for 1 day. Scale
bar, 100 μm. The ratios were quantified by comparing the fluorescent intensity of GFP to that of RFP. (D) Fluorescent images and diameters (E)
of tumor spheroids with different TSR ratios on different days (1−7) of coculture show the distribution of U87 (red) and MEF (green) cells. Scale
bar, 200 μm. *p < 0.05; **p < 0.01; ***p < 0.001, Two-tailed unpaired Student’s t-test. ns, not significant (n = 3). (F) Optical images, (G)
diameter, and (H) H&E and Ki-67 images of the colon cancer line HT-29 spheroids with different CAF ratios (0−66.7%). Scale bar, 200 μm.
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the diameter increased to 400 μm, and the survival rate was
30%, showing the highest cytotoxicity against U87 spheroids.
3.5. Effects of TSRs on Spheroid Size and Cell

Proliferation. The MSG can be used to modulate TSR,
which plays a crucial role in tumor growth. TSRs were easily
controlled in the tumor spheroids by injecting different
volumes of stromal cells through the side inlets with different
diameters (Figure 7A−C), similar to the way of drug
treatment. On day 1 after injection of 5 and 10 μL of MEFs,
they were spread in spheroids, whereas after injection of 20 μL
and higher volumes of MEFs, they were concentrated in
specific regions of spheroids (Figure 7B). The ratio between
U87 cells and MEF was increased upto 50% when 40 μL of
MEF was added into the side inlet (Figure 7C). On day 4,
GFP-labeled MEFs moved to the center (Figure 7D). On day
7, spheroids with MEFs were larger than spheroids without
MEFs but no differences between spheroids with different
TSRs (Figure 7E).
The direct interaction of CAF and cancer cells was the

principal factor for tumor proliferation. To closely mimic the
TME, we used the colon cancer cell line HT-29 and their
orthotopic CAFs. Similar to the result of U87 cells and MEFs,
there were no significant effects of the CAF ratio on the
diameter of tumor spheroids of HT-29 (Figure 7F,G). H&E
staining showed that the core was less dense than the periphery
when CAFs were not added (Figure 7H). However, the core
became denser as the CAF ratio increased, indicating the
penetration of CAFs into the tumor spheroids.30 Ki-67 staining
confirmed that spheroids with fibroblasts displayed much
higher proliferation than spheroids without fibroblasts, which
was also shown in the head and neck squamous cell carcinoma
spheroids.31

4. DISCUSSION
The hanging drop method has been widely used to make
tumor spheroids due to their simplicity of generation and
reproducibility. Tumor spheroid production using the hanging
drop method facilitates understanding the TME in vivo and
HTS drug screening. However, the hanging drop method’s
main drawback is its limited capacity to handle large volumes
of drugs or stromal cells for drug screening or stromal-cancer
spheroid formation. This is due to the method’s ability to hold
only a drop of less than tens of microliters. To address this
limitation, the MSG combines the hanging drop method with
multiple inlets, greatly increasing its versatility. This approach
offers several advantages.
First, the MSG enables the addition of solutions after

spheroid formation without the risk of hanging drops falling, as
shown in Figures 3 and 4. When additional solutions are added
to the SSG, the hanging drops are susceptible to the forces
applied by the fluid flow, resulting in their falling. The MSG’s
side inlets reduce the forces by approximately 0.58 times,
preventing the hanging drops from falling and contributing to
an increase in MCLV. The side inlets can hold designated
volumes of additional liquids due to capillary force, enabling
the MSG to retain larger volumes (Figure S5). Capillary forces
cause liquid adhesion to the surfaces of the side inlet and pull
the liquid, preventing it from flowing out. This is the first
attempt to increase the stability of the hanging drop by
lowering the pressure and increasing the MCLV during
solution addition while taking advantage of the hanging drop
method’s ability to add a solution during spheroid culture.

Second, the MSG could easily control the volume of
additional solutions by changing the diameters of the side
inlets (Figure 5). MSG could be used to test the drug
cytotoxicity on PDCs in an easy and high-throughput manner.
Numerous microfluidic devices have been developed to
conduct drug screening tests of tumor spheroids.32 However,
those devices need the fold dilution of drugs, which is
inconvenient and requires many devices to do drug screening
tests. In the MSG, the drug concentration can be determined
by the volume of the drug injected through the side inlet,
which is controlled by the diameter of the side inlet. Recently,
the drug delivery system using a microcarrier has its advantage
in improving the utilization rate by controlling the rate and
amount of drug release and reducing the toxic side effects by
maintaining the small and constant drug release.33 Drugs
incapsulated in microspheres, which can be an attractive option
for treating a complicated tumor microenvironment can also
be treated via side inlets of the MSG.34 Similarly, spheroids
with varied TSRs could be easily produced to observe their
effects on the prognosis of cancer patients.35 Conventionally,
TSRs in spheroids were controlled by mixing each ratio
manually.5 The MSG can simply control the TSR by adding
the stromal cells using side inlets with different diameters,
making it easier and faster to produce different TSR spheroids
(Figure 7). In the future, tri- or quad-cultures of various
stromal cells are needed to be investigated because not only
tumor-stromal cells but also stromal-immune cells have critical
effects on the TME.36 Especially in the GBM TME, microglia,
the residual immune cells in the brain, promote cancer
progression when interacting with tumor cells and show
immunosuppressive potentials that make them difficult to be
attacked by natural killer and T cells.37

At last, the injection order of solutions can be simply
manipulated using multiple side inlets. Testing the efficacy of
combination drug therapy is a good example of taking
advantage of it (Figure 6). In cancer, it is necessary to treat
a combination of various drugs because its capacity to cotarget
various pathways gives a sensible therapeutic strategy for
addressing the problem of drug resistance. For example,
Thakuri et al. treated HT-29 spheroids with a combination of a
drug candidate molecule and dactolisib and showed their
strong synergistic effects.38 Conventional hanging drop devices
used in most drug screening methods typically involve mono-
drug therapy, where the medium is removed from the center
inlet and the drug is inserted. Conducting combination drug
therapy using this method is difficult.39 In contrast, the MSG’s
side inlets increase the number of solutions that can be
injected into the device. The MSG makes it easy to investigate
the efficacy of combination drug therapy, such as CDDP and
ACNU, by controlling the order of drug administration
through multiple side inlets without the hassle of removing
the medium.
In summary, this study developed an MSG integrated with a

24-well plate. Using the MSG, drug screening and generation
of different TSR spheroids could be conducted without losing
spheroids. Drug testing controlled the volume of drugs injected
into the side inlet, expanding conveniences by reducing
experimental steps, such as drug dilution. Utilizing multiple
side inlets, the effects of combination therapy with controlled
order were determined. Furthermore, controlled TSR sphe-
roids by the MSG mimicked a more clinically relevant TME,
which could apply to the HTS test and to understand the cell-
to-cell interactions of tumor and stromal cells by recapitulating
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the patient’s specific TME in vivo. In different TSR spheroids,
TSR remarkably influenced the proliferation potential of the
tumor, leading to different sizes and shapes of tumor spheroids.

5. CONCLUSIONS
The MSG is a highly versatile tool that enables the simple and
stable injection of drugs and cells. The addition of side inlets
greatly increases the volume of additional solutions that can be
held and reduces the risk of hanging drops falling during the
injection of additional solutions. The MSG has been
successfully used for the screening of combination drugs as
well as the recapitulation of the tumor microenvironment,
suggesting its potential for a range of applications in drug
development and cancer research.
In addition to drug screening and tumor spheroid formation,

the MSG has several potential applications in chemical
synthesis, reaction, assay, emulsion, and more. Its ability to
add different solutions one by one opens up new possibilities
for sequential chemical processes in a single drop. For example,
the MSG could be used to create complex chemical reactions
by adding different reagents in a specific order. The MSG
could also be used to develop new assays for drug screening,
such as adding a series of compounds to a spheroid to
determine its response over time. In addition, the MSG could
be used to create emulsions, which are important in a wide
range of applications, including cosmetics, food production,
and materials science. Furthermore, the MSG’s potential for
automation could greatly improve the efficiency of a range of
chemical and biological processes, such as high-throughput
drug screening and material synthesis. With further develop-
ment, the MSG could become a valuable tool for both basic
and applied research in a wide range of fields, including
chemistry, biology, and materials science.
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