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Organoids are stem cell-derived three-dimensional tissue cultures composed of multiple cell types that
recapitulate the morphology and functions of their in vivo counterparts. Organ-on-a-chip devices are
tiny chips with interconnected wells and channels designed using a perfusion system and microfluidics
to precisely mimic the in vivo physiology and mechanical forces experienced by cells in the body. These
techniques have recently been used to reproduce the structure and function of organs in vitro and are
expected to be promising alternatives for animal experiments in the future. In the present study, we
designed and fabricated an organ-on-a-chip system for mounting organoids from mammary tumor-
affected cats (FMT organoids) and normal intestinal organoids from mice (Ml organoids) and perfused
them with anti-cancer drugs. The effects of drug perfusion on FMT and MI organoids were examined by
measuring cell viability and performing genetic analysis. After 48 h of perfusion with toceranib (10 pM)
or doxorubicin (1 pM), cell viability of FMT organoids was decreased compared to the non-perfusion
condition. The expression of apoptosis-related genes, such as p53 and Caspase-9 was significantly
upregulated in FMT organoids with drug perfusion. The rate of cell death drastically differed before and
after branching in the device, owing to differences in flow velocity and drug infiltration. Perfusion of Mi
organoids with toceranib also reduced viability, as observed in FMT organoids; however, this was due
to the induction of necrosis rather than apoptosis. In conclusion, our established multi-organoid-on-
chip system could be used to evaluate anti-cancer drug sensitivity and side effects in vitro, which might
contribute to developing personalized medicine for cancer patients.

Keywords Organoid, Organ-on-chip, Feline mammary tumor, Anti-cancer drug, Microfluidic device, Side
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Malignant tumors are the most common cause of death in dogs and cats. They account for one-third of all cat
deaths, with mammary tumors being the most common in cats aged 10-12 years?. Surprisingly, about 80%

Laboratory of Veterinary Pharmacology, Department of Veterinary Medicine, Faculty of Agriculture, Tokyo
University of Agriculture and Technology, 3-5-8 Saiwai-cho, Fuchu , Tokyo 183-8509, Japan. 2Department of
Biotechnology and Life Science, Faculty of Technology, Tokyo University of Agriculture and Technology, 2-24-
16 Naka-machi, Higashi Koganei, Tokyo 184-8588, Japan. 3Laboratory of Genome Science, Department of
Undergraduate Course of Marine Biosciences, Tokyo University of Marine Science and Technology, 4-5-7 Konan,
Minato-ku, Tokyo 108-8477, Japan. *AIRDEC Mini Co., Ltd., 1-2-36 Kajino-cho, Koganei, Tokyo 184-0002, Japan.
*Department of Pharmacology, Faculty of Veterinary Medicine, Benha University, Moshtohor, Toukh 13736,
Elgaliobiya, Egypt. ®Precision One Health Initiative, Department of Pathology, College of Veterinary Medicine,
University of Georgia, Athens, GA 30602, USA. “Center for Infectious Disease Epidemiology and Prevention
Research, Tokyo University of Agriculture and Technology, 3-5-8 Saiwai-Cho, Fuchu, Tokyo 183-8509, Japan.
8Faculty of Veterinary Medicine, Mansoura University, Mansoura 35516, Egypt. °Laboratory of Veterinary Anatomy,
Department of Veterinary Medicine, Faculty of Agriculture, Tokyo University of Agriculture and Technology, 3-5-8
Saiwai-cho, Fuchu, Tokyo 183-8509, Japan. “‘email: Mohamed.elbadawy @fvtm.bu.edu.eg; fu7085@go.tuat.ac.jp

Scientific Reports |

(2025) 15:39 | https://doi.org/10.1038/s41598-024-84297-0 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-84297-0&domain=pdf&date_stamp=2025-1-2

www.nature.com/scientificreports/

of mammary tumors in cats are malignant with a high tendency to metastasize, and the percentage of cats
with lymph node metastasis already present at the time of initial diagnosis is very high, ranging from 20 to
42%">#4, Although tumors are graded according to size and presence of metastasis, the prognosis is poor, with
a median survival of approximately 30 months for low-grade tumors and 8 months for high-grade tumors®.
Additionally, spontaneous feline mammary tumors (FMT) are considered a natural model of human aggressive
breast carcinoma (HBCs) as they both share wide demographic, epidemiological, and clinicopathologic
similarities®°. Under the criterion of the WHO classification of mammary tumors, HBCs are simple glandular
epithelial tumors. In this context, FMT demonstrates a high similarity to HBCs since in cats the vast majority
of FMT are malignant glandular epithelial tumors!’. Cats with mammary tumors are usually treated by removal
of the mammary glands. As mammary glands are interconnected by lymphatic vessels, the recurrence rate
is high!!. If a patient is diagnosed as a high-risk group for recurrence, chemotherapy with anti-cancer drugs
such as doxorubicin and carboplatin is usually performed after surgery'?. The use of anti-cancer drugs in cats
with mammary tumors is associated with serious side effects. These include gastrointestinal toxicity, such as
vomiting and anorexia; bone marrow toxicity, such as leukopenia and thrombocytopenia; and cardiotoxicity
and nephrotoxicity, depending on the type of anti-cancer drug’. The sensitivity or resistance of cancer cells to
anti-cancer drugs is of primary concern in anti-cancer therapy, and simultaneous evaluation of drug sensitivity
and side effects in vitro is challenging.

Organoids (miniaturized organs) are stem cell-derived 3D cellular structures that can self-aggregate, renew,
differentiate, and recapitulate the in vivo morphology and functions of the original tissues or organs'>-16.
Organoids showed great promise in organogenesis, drug screening, and disease modeling!*!”-23, In previous
studies, we established methods for culturing organoids from normal and cancerous tissues**~2%. Organ-on-chip,
also called organ-chip, tissue-chip, or microphysiology system, is a cell culture system designed to mimic the
functions of multicellular tissues and organs®>*°. By modeling the complex functions of living organisms, these
systems can reproduce cell-cell interactions and advanced physiological functions®!~3. Recently, various organs
and diseases have been modeled using various organ-on-chip devices*»*~0, Combining patient-derived cancer
organoid cultures with the organ-on-a-chip system is expected to lead to the development of more practical
clinical models*!*2.

In the present study, we generated FMT organoids and normal intestinal organoids from mice (MI organoids)
and loaded them onto a microfluidic device to investigate the effects of anti-cancer drug perfusion on the viability
of FMT organoids and to evaluate their side effects on MI organoids.

Materials and methods

Materials

To generate FMT and MI organoids, cells extracted from tissue samples were mixed with Matrigel (BD Bioscience,
San Jose, CA, USA) and cultured in a stem cell-supporting medium as described previously?#?>28, FMT samples
were portions of mammary tumor tissues from a patient cat that were surgically removed at veterinary clinics
(Minamigaoka Animal Hospital) in Japan, transported immediately to the laboratory in a shipping medium?*’
and used to generate FMT organoids. The experiments were approved by the Institutional Animal Care and
Use Committee of Tokyo University of Agriculture and Technology (approval number: 0020007). Mouse
experiments were also performed following the guidelines of the Institutional Animal Care and Use Committee
of the Tokyo University of Agriculture and Technology (approval number: R04-120). Female C57BL/6 ] mice
(6 week-old) were obtained from Japan SLC Inc. (Shizuoka, Japan). The mice were anesthetized by isoflurane
and the intestinal tissues were dissected and used for generating MI organoids. The studies were also done in
agreement with Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

The anti-cancer drugs used included doxorubicin (Cayman, Ann Arbor, MI, USA) and toceranib sulfate
(Sigma-Aldrich, Saint Louis, MO, USA). The antibody source used was HER2 (Novus Biologicals Inc., Centennial
CO., USA), whereas the necrosis inhibitor was HS-1371 (MedChem Express Inc., Monmouth, NJ, USA). The
fluorescent secondary antibodies used were as follows: Alexa Fluor™ 488 donkey anti-goat IgG; Alexa Fluor 488™
goat anti-rabbit IgG; Alexa Fluor 488™ goat anti-mouse IgG (all Thermo Fisher Scientific Inc., Waltham, MA,
USA); Biotinylated goat anti-mouse IgG (Vector Laboratories Inc., Newark, CA, USA); Horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (Cayman); and HRP-conjugated anti-mouse IgG (Millipore, Temecula, CA,
USA).

The secondary antibody used for IHC was Dako Envision + dual Link System-HRP (Catalog #: K4061, Agilent
Technologies Inc., Santa Clara, CA, USA), and visualized using DAB solution (Nacalai Tesque, Tokyo, Japan).

Fabrication of the microfluidic device
The microfluidic device was fabricated using mechanical micromachining. First, a 3D device design was created
using computer-aided design (CAD) software and converted into CNC milling paths using computer-aided
manufacturing (CAM) software. The detailed dimensions of the device are provided in Fig. 1C and Supplemental
Fig. 1 (unit: mm). A 2 mm thick acrylic sheet was machined to create microfluidic channels using a CNC
milling machine (MiniMiller MM100, Modia Systems Co., Ltd., Japan). Two different drill bits, with diameters
of 0.4 and 0.5 mm (MHR230, NS Tool Co., Ltd., Japan), were used to mill various parts of the microfluidic
structure, including inlets, outlets, chambers, and channels, to achieve the required dimensions. After milling
the microfluidic features, a 1 mm diameter drill bit (MHR230, NS Tool Co., Ltd., Japan) was used to segment the
acrylic sheet into individual sections, each measuring 3 X4 cm and containing a complete microfluidic channel
network. The bases for the microfluidic device were prepared by machining another 2 mm-thick acrylic sheet
into 3 x4 cm blocks.

Thermal bonding was used to assemble the microfluidic device. A hot press (ROMANOFE USA) was used
to apply heat and pressure, which softened the acrylic at the interface and created robust bonds. Before bonding,
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Fig. 1. Establishment of a microfluidic system using an organ-on-chip system and feline mammary tumor
(FMT) organoids. Overview of organoids-on-a-chip experiments (A). Representative H&E-stained image
(Left panel) and expression of a mammary tumor marker HER2 (Right panel) in FMT organoids are shown
(B). Scale bar: 50 um. After generating organoids from a cat with mammary tumor disease, the organoids
were mounted on a microfluidic device, and drug perfusion was performed. After perfusion, the organoids
were collected for genetic analysis and cell survival measurements. The device was created by CAD design and
acrylic cutting. The width and height of the flow channel were 0.4 and 0.5 mm, respectively, and the diameter
of the chamber was set at 5 mm (C). Liquid flows in from the left side of the device and flows out in three
separate directions (D). The device was connected to a syringe pump and perfused in a CO, incubator at 37 ‘C
for 48 h (E).
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residual debris within the microchannels was carefully removed using tweezers or adhesive tape to ensure
channel clarity. The channel sections were then aligned with the base blocks and secured in position using high-
temperature-resistant tape to prevent movement during the bonding process. Glass plates were placed on either
side of the assembly to prevent the acrylic material from adhering to the metal plates of the hot press during
bonding. The bonding was conducted at 215 °C for 21 min.

The connectors for the inlet and outlet of the microfluidic device were fabricated by cutting the tips off the
pipettes and inserting 0.75 mm diameter PTFE tubes (F-8007-001, Fron Industry, Japan) into the tips. The tips
were secured with a strong adhesive (High Super 5, Cemedine, Japan). The connectors were then affixed to the
inlet and outlet of the microfluidic device. After assembly, the device was left undisturbed overnight to allow the
adhesive to fully cure.

Generation and culture of FMT and Ml organoids

To prepare the FMT and MI organoids, mammary tumor and intestinal tissues collected from cats with
mammary tumors and normal mice, respectively, were cut and washed three times with PBS (Takara Bio Inc.,
Shiga, Japan). Mice were euthanized under isoflurane anesthesia and the tissues were isolated. After washing,
the tissues were minced finely, mixed in 0.1 mg/mL LiberaseTH (Sigma-Aldrich), and shaken in a 37 C
thermostatic bath for 30 min. They were then centrifuged at 600 X g for 3 min, removing the supernatant. After
they were trypsinized in a thermostatic bath at 37 “C for 5 min, they were passed through a 70 um pore size
nylon cell strainer, collected in a 15 mL tube with fetal bovine serum (FBS, Sigma-Aldrich), and centrifuged for
3 min. After centrifugation, the supernatant was removed and the cells were washed three times with PBS. The
supernatant was then aspirated and the cell pellet was suspended in Matrigel on ice and dropped into wells of a
24-well plate at 40 pL droplet size. After the gel was allowed to solidify in a CO, incubator at 37 °C for 30 min,
the organoid culture medium was added (500 pL per well) and the culture plates were maintained at 37 ‘C under
5% CO,. The medium was changed three times per week.

Organoid passage

After culturing the organoids for 7-14 days, they were passaged into new wells using 5 mM EDTA/PBS solution
at a ratio of 1:3-4, depending on the size and density of the organoids in the wells. Briefly, to dissolve Matrigel,
500 pL of 5 mM EDTA/PBS was added per well and the culture plate was kept on ice for 90 min. The organoid
suspension was collected in a 15 mL tube and centrifuged at 4 'C and 600x g for 3 min. After washing the
organoids with PBS, it was treated with 1 mL of pre-warmed (37 ‘C) TrypLE Express solution (Life Technologies
Co., Grand Island, NY, USA) for 5 min at 37 ‘C and vigorously pipetted, and 100 uL of FBS was added to the
tube to neutralize the solution. Cell pellets were collected by centrifugation and mixed with fresh Matrigel on
ice as described above. The Matrigel-containing cells were dropped on a 24-well plate at 40 uL/well, solidified in
a CO, incubator at 37 C for 30 min, and then the culture medium was added to each well and replaced three
times weekly.

Hematoxylin and eosin (H&E) staining of FMT organoids

H&E staining of organoids was carried out as described previously?»?. After fixation overnight with 4%
paraformaldehyde (4% PFA, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), each organoid sample
was dehydrated with ethanol and xylene and then embedded in paraffin for microtome slicing into 4 um-thick
sections and mounted onto MS-coated glass slides. Thereafter, the sections were deparaffinized and subjected
to H&E staining, according to standard procedures. Images were captured under a light microscope (BX-52;
Olympus, Tokyo, Japan).

Immunohistochemical (IHC) staining of FMT organoids

IHC staining of organoids was performed as described previously*»?. After deparaffinization of organoid
sections with xylene and ethanol, the antigen was retrieved in 10 mM citrate buffer with heating at 121 C for
5 min, followed by inactivation of the endogenous peroxidase activity by treating the sections with 1% peroxidase
for 30 min. Subsequently, after blocking with 10% normal goat serum (NGS) for 30 min at room temperature,
the samples were incubated at 4 ‘C overnight with HER2 (1:200). The sections were then washed three times
with PBS, incubated with secondary antibody (EnVision Dual Link System-HRP), and visualized using DAB
solution (Nacalai Tesque, Tokyo, Japan). Nuclei were counterstained with Mayer’s hematoxylin. All images were
captured using a light microscope (BX-43; Olympus).

Live/dead staining

After perfusion of organoids with anti-cancer drugs, they were transferred from the device to 48-well plates,
and 100 pL of LIVE/DEAD™ Cell Imaging Kit (488/570) reagents (Thermo Fisher Scientific) were added per
well and incubated for 15 min at room temperature. After incubation, cells were observed under a fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan). The cell death rate was calculated by comparing the number of
dead cells to the total number of cells.

Quantitative RT-PCR

Total RNA was extracted from the FMT and MI organoids using a NucleoSpin kit (Takara Bio Inc.) following
the manufacturer’s instructions. First-strand cDNA was synthesized using a QuantiTect Reverse Transcription
Kit (QIAGEN). Quantitative real-time PCR was performed using the QuantiTect SYBR I Kit (QIAGEN) and
StepOnePlus Real-Time PCR System (Applied Biosystems). The specific primers used for feline Bax, p53,
Caspase-9, and Caspase-8 as well as mouse Bax, p53, Caspase-9, Caspase-8, RIPK3, Mikl, Ulkl, Atgl2, and
Pick3c3 are listed in Table 1.
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Gene Primer | Sequence
Forward | 5-CTCATGACCACAGTCCATGC-3’
fGAPDH
Reverse | 5'-TGAGCTTCCCATTCAGCTCT-3'
1B Forward | 5-TTTGCTTCAGGGTTTCATCC-3’
ax
Reverse | 5'-GTCCAGTTCATCTCCGATGC-3’
Fp53 Forward | 5'-AACTGACACCCTCACCCTTG-3’
P Reverse | 5'-CTCCCTCACGGTTCCTCATA-3’
B2 Forward | 5'-TTCAGCCGTGTAACTTGCAG-3'
c
Reverse | 5'-GGAGTGGGAGGAGGAGGTAA-3’
Forward | 5'-CTAGTTTGCCCACACCCAGT-3'
fCaspase-9
Reverse | 5'-ACTGCTCGAAAACACCATCC-3’
Forward | 5'-AGGATGTGCCCAAACTTCAG-3’
fCaspase-8
Reverse | 5'-TCCATGGGAGAGGATACAGC-3’
Forward | 5'-CACACGGACTACAGGGGAGT-3’
fCyclin D1
Reverse | 5'-TCGCAGCATAAGAGTTGGTG-3’
Forward | 5-TGCTGAAGATGCACACAACA-3’
fCyclin E1
Reverse | 5'-CTGGTGTGGTCACACTGTCC-3'
Forward | 5'-GAGAGGCCCTATCCCAACTC-3’
m GAPDH
Reverse | 5-GTGGGTGCAGCGAACTTTAT-3'
B Forward | 5'-CACCCCTTTCCTCCTCTCTC-3’
m Bax
Reverse | 5-GGAGACACTCGCTCAGCTTC-3'
53 Forward | 5'-TGGAAGACTCCAGTGGGAAC-3’
m
b Reverse | 5'-TCTTCTGTACGGCGGTCTCT-3’
Forward | 5'-TGCCCTTGCCTCTGAGTAGT-3’
m Caspase-9
Reverse | 5'-AACAAAGAAACGCCCACAAC-3'
Forward | 5'-GGCCTCCATCTATGACCTGA-3’
m Caspase-8
Reverse | 5'-TGTGGTTCTGTTGCTCGAAG-3’
Forward | 5'-GGGACCTCAAGCCCTCTAAC-3’
m RIPK3
Reverse | 5'-GATCCTGATCCTGACCCTGA-3'
Mk Forward | 5'-GTTTGTGAGTGTGGGCAATG-3’
m
Reverse | 5'-GCATTGCTTCAGGGTTTTGT-3’
UlkI Forward | 5-TGCTGGCAGGTAGACATCAG-3’
m
Reverse | 5-GAAAAGCTTGCTTTGGCTTG-3’
Atel2 Forward | 5'-TAGAGCCCTACCCAGTGTGG-3'
m At
¢ Reverse | 5'-TGAATGCTGGAGAGATGCAG-3’
Forward | 5'-TCCTTGATGGTTGATGCAAA-3’
m Pik3c3
Reverse | 5'-AGTGCACAGCCTCCTCATCT-3’

Table 1. Primers for real-time quantitative PCR analysis.

Numerical analysis using COMSOL

A COMSOL simulation was conducted to present the transport and diffusion of anti-cancer drugs, providing
insights into the time-dependent concentration gradients within gels and organoids. The geometry used in
the simulation corresponds to the actual dimensions of the microfluidic device (Supplemental Fig. 1a). The
simulation involved a liquid with the same density and viscosity as water, carrying the drugs entering through
an inlet, flowing through four chambers (PAs and PB), and exiting through three outlets. Each chamber contains
a hemispherical cap (1.5 mm radius, 1 mm height), embedded with 50 solid microspheres (40-45 um radius),
representing the structural components of gels and organoids, and simulating species diffusion within them
(Supplemental Fig. 1b). Detailed quantitative comparison supported by precise mathematical modeling and
simulation-based results shows that COMSOL simulation results revealed good alignment with experimental
data (Supplemental Fig. 1c). The model utilizes Laminar Flow and Transport of Diluted Species interfaces to
fully capture the fluid flow and diffusion. The simulations involve solving the fluid flow within the microfluidic
device, with an inlet flow rate of approximately 570 pL/min. This results in a low Reynolds number, indicating a
laminar flow. The fluid motion is modeled by solving the incompressible Navier-Stokes equations, which govern
the behavior of viscous flows under the assumptions of steady state and incompressibility:

9 (p0) + V- (pUT) = —VP+ V- [ (VT + VOT)]

ot
V.U =0
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Here p denotes density, u is the velocity, i denotes viscosity, and p equals pressure.

The drugs are present at relatively low concentrations (10 pM) compared to the solvent, and changes in
concentration do not significantly affect the fluid’s density or viscosity. This makes it appropriate to apply FicK’s
law to describe the diffusive transport as follows:

—V - (=DVe+cU) =0

where D denotes the diffusion coefficient and c represents the concentration. The diffusion coefficient of the
species D, can be estimated based on the Stokes-Einstein relationship**:

kT
7 6muR

where k is the Boltzmann constant, T is the Kelvin temperature, R is the Stokes radius, and 1 is the dynamic
viscosity of media. The diffusion coefficient for the gel D, was adjusted by multiplying the media coefficient by a
diffusion hindrance factor derived from the area fraction based on the gel fiber diameter in isotropic networks**.
A significantly lower diffusion coefficient D, was applied to the organoids to facilitate the establishment of a
concentration threshold representing the rate of cell death.

Numerical analysis of liquid flow and drug diffusion

Because the rate of cell death by perfusion of anti-cancer drugs drastically differed before and after branching in
the device, we hypothesized that differences in flow velocity and drug infiltration would affect the survival rates
of FMT organoids. To explore the influence of flow velocity and drug diffusion on FMT-organoid survival, we
conducted a numerical analysis using COMSOL Multiphysics.

Supplemental Fig. 2a shows the velocity distribution within the microfluidic device, revealing significant
differences in the flow rate before (PB) and after branching (PA). The flow rate at cross-section B-B (entrance
to PB) was 559.8 pL/h, while cross-section Al-Al (entrance to PA1l) and A2-A2 (entrance to PA2) had flow
rates of 233.5 and 157.6 uL/h, respectively. These variations resulted in differential extents of drug diffusion
across the chambers after 48 h (Supplemental Fig. 2b). PB exhibited the highest degree of species penetration,
with minimal concentration differences between the periphery and the center of the gel (Supplemental Fig. 2c).
Conversely, PA1 and PA2, which had lower flow rates, exhibited reduced drug diffusion into the gel center. The
lowest drug penetration was observed in non-perfused chambers.

To further assess the correlation between drug concentration and organoid mortality, we set concentration
thresholds that indicated cellular death when exceeded (Supplemental Fig. 2d). The simulation results were
consistent with the experimental findings, where higher drug penetration in PB corresponded to increased cell
death, whereas PA regions exhibited reduced mortality owing to lower flow rates.

Statistical analysis

Data are presented as mean + SD. Statistical evaluation was conducted using SigmaPlot software with one-way
analysis of variance (ANOVA) followed by a t-test or Mann-Whitney test. When P values were <0.05, it was
considered statistically significant.

Results

Establishment of a microfluidic system using FMT organoids

To establish a microfluidic system using organoids, FMT organoids generated from mammary tumor-affected
cats were mounted on device wells and perfused with a culture medium containing anti-cancer drugs for 48 h.
The effects of drug perfusion on FMT organoids were examined by measuring cell viability and genetic analysis
(Fig. 1A). After generating FMT organoids, we confirmed their characteristics. H&E staining of FMT organoids
showed that the mammary tumor cells grew in a three-dimensional fashion and formed aggregates (Fig. 1B-Left
panel). Immunohistochemical staining revealed the expression of the mammary tumor marker HER2 in FMT
organoids (Fig. 1B-Right panel). These results indicated that FMT organoids can recapitulate the characteristics
of mammary tumors in cats. The microfluidic devices used in this study were created using CAD design and
acrylic cutting. As shown in Fig. 1C, we designed suitable and interconnected chamber sizes and depths to allow
for multiple organoid cultures. The device presented a branched structure; the liquid entering the device from
the inlet port branched into three different channels and was discharged from the three outlets (Fig. 1D). After
mounting organoids on the device and filling with culture media by syringe, they were perfused for 48 h in a
CO, incubator at 37 °C (Fig. 1E).

Effects of perfusion on cell viability of FMT organoids

We first examined the effects of perfusion on the viability of FMT organoids. After loading the FMT organoids,
the organoid culture medium (without anti-cancer drugs) was perfused at 9.5 uL/min for 48 h. After perfusion,
cell viability and expression of apoptosis-related genes were compared in three groups: organoids under non-
perfusion conditions (NP), organoids perfused in the chamber before branching (PB), and organoids perfused
in the chamber after branching (PA) (Fig. 2A). Live/dead staining of FMT organoids after perfusion revealed
that perfusion of the culture medium had little effect on FMT organoid viability (Fig. 2B). Interestingly, the
highest cell death rate was observed under the NP conditions. There were no differences in the rate of cell death
between the PB and PA conditions. The expression levels of the apoptosis-related markers Bax, p53, and Bcl2
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Fig. 2. Effects of culture medium perfusion on cell viability of FMT organoids. Live/dead staining of FMT
organoids after culture medium perfusion at 9.5 uL/min for 48 h. From left to right: Non-perfusion (NP),
perfusion before branching (PB), and perfusion after branching (PA) (A). Green color shows live cells, while
red color shows dead cells. Scale bar: 100 um. Quantification of the cell death rate of FMT organoids after
perfusion (B). The cell death rate was determined from the ratio of the brightness of live cells to that of dead
cells in live/dead staining (n=6). Results were expressed as mean + SEM. Effects of perfusion on the expression
of apoptosis-related genes in FMT organoids (C). The expression levels of Bax, p53, and Bcl2 in each condition
of FMT organoids were analyzed by quantitative real-time PCR (n=6) and quantified based on the ratio of the
expression level to GAPDH. Data were expressed as mean + SEM.
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were not significantly changed under the three perfusion conditions (Fig. 2C). These results suggest that there
was little improvement in the viability of FMT organoids after perfusion with the culture medium.

Effects of perfusion on sensitivity to anti-cancer drugs in FMT organoids

To investigate the effects of perfusion of the culture medium with anti-cancer drugs on the cell viability of
FMT organoids, the cells were perfused with doxorubicin or toceranib at 9.5 pL/min. After 48 h of perfusion
with toceranib (10 pM) or doxorubicin (1 pM), cell viability was confirmed by live/dead staining (Fig. 3A).
In the PB, the dead cell rate was significantly higher than that in the NP for both toceranib and doxorubicin
perfusion (Fig. 3A, B). PA tended to increase the rate of cell death, but its effect was lower than that of PB. In
FMT organoids of PB with toceranib or doxorubicin, the expressions of Bax, p53, Caspase-9, and Caspase-8
were significantly elevated compared to those in NP organoids (Fig. 3C, D). However, the expression of these
genes in PA organoids was almost the same as that in NP organoids. These results suggest that perfusion of
FMT organoids with anti-cancer drugs may promote cell death in FMT organoids, which is mainly caused by
apoptosis.
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Fig. 3. Effects of culture medium perfusion on the sensitivity of FMT organoids to anti-cancer drugs. Drug
sensitivity was examined by perfusion of anti-cancer drugs at 9.5 uL/min for 48 h. Live/dead staining images
of FMT organoids after perfusion with the drug were shown. The top row of images is for toceranib (10 uM),
whereas the bottom row is for doxorubicin (1 uM) (A). Quantification of cell death rate after perfusion of
toceranib and doxorubicin (B). The cell death rate was determined from the ratio of the brightness of live
cells to that of dead cells in live/dead staining. Data were expressed as mean + SEM (n=6, *P <0.05 vs. NP).
The effects of drug perfusion on expression levels of apoptosis-related genes. Expression levels of Bax, p53,
Caspase-9, and Caspase-8 in FMT organoids after toceranib (C), (n=6) or doxorubicin (D), (n=6) perfusion
were analyzed by quantitative real-time PCR and quantified based on the ratio of the expression level to
GAPDH. Data were expressed as mean+SEM (*P <0.05 vs. NP).
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Simulation of drug infiltration and fluid velocity by hydrodynamic simulation (COMSOL)

Because the rate of cell death by perfusion of anti-cancer drugs drastically differed before and after branching in
the device, we hypothesized that differences in flow velocity and drug infiltration would affect the survival rates
of FMT organoids. To verify this, we visualized flow velocity and drug infiltration in the device using COMSOL
fluid dynamics simulation. The simulation showed a decrease in the flow velocity after branching (Fig. 4A). The
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Fig. 4. Drug distribution and fluid velocity simulated by hydrodynamic simulation COMSOL. Perfusion
velocities in each position on the device are shown (A). Drug concentration and flow velocity in each
chamber are also shown (B). The organoids are modeled as 90 pum particles, and a fixed number of organoids
are randomly placed in the gel. Mortality was defined based on the drug concentration that permeated the
organoid mimetic particles. Comparison of chambers with and without perfusion (C). Perfusion allows the
drug to penetrate the gel, and the drug concentration in the organoids is higher.
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simulated flow velocity before branching (A-A) was 0.696 mm/s, whereas, the flow velocities after branching
were 0.299 mm/s (B-B) and 0.194 mm/s (C-C) (Fig. 4A). Simulations of flow velocity and organoid viability in
PB and PA showed that the flow velocity was higher in PB than in PA, resulting in more drug infiltration into the
gel and organoids, and thus lower organoid viability (Fig. 4B). In addition, simulations of the drug concentration
in the non-perfusion device (NP) and perfused device (P) showed that the drug concentrations in the chamber,
gel, and organoids were also higher owing to perfusion (Fig. 4C). These simulation results were consistent with
the increased cell death rates of FMT organoids due to perfusion of anti-cancer drugs and the decreased survival
of PB organoids compared to that of PA organoids in the same device.

Assessment of side effects of anti-cancer drug using the organoid-on-a-chip system

As side effects accompany anti-cancer drug therapy, it is necessary to simulate the side effects in the body
when anti-cancer drugs are administered. Therefore, we attempted to simultaneously evaluate the side effects
of anti-cancer drugs on normal tissues as well as the sensitivity of cancerous tissues to anti-cancer drugs on
a microfluidic device (Fig. 5A). After loading FMT and MI organoids in each chamber on the same device,
toceranib (10 pM) was perfused at the rate of 9.5 uL/min (Fig. 5A). After 48 h of perfusion, the viability of the
MI organoids was analyzed using live/dead staining (Fig. 5B). As expected, the cell death rate was significantly
higher in MI organoids perfused (P) with toceranib than in non-perfused (NP) ones, indicating that the cell
death rate of normal tissue-derived organoids also increased with drug perfusion. Interestingly, toceranib
perfusion did not increase the expression levels of apoptosis-related genes in MI organoids (Fig. 5C). However,
the expression levels of necrosis-related genes such as RIPK3 and MIkl were increased upon toceranib perfusion.
These data indicate that perfusion with toceranib reduces the viability of MI organoids by inducing necrosis
rather than apoptosis (Fig. 5D).

Effects of necrosis inhibition on toceranib perfusion-induced cell death in Ml organoids

To confirm that decreased viability in MI organoids caused by toceranib perfusion was related to necrosis, a
necrosis inhibitor, HS-1371 (10 nM) was simultaneously perfused with toceranib (10 uM) at 9.5 pL/min for 48 h
in the device mounted with FMT and MI organoids. The obtained data revealed that HS-1371 did not affect
the cell death rate of FMT organoids, whereas the cell death rate of MI organoids was decreased (Fig. 6A). In
addition, simultaneous perfusion with HS-137 and toceranib decreased the expression of RIPK3 and MIkI genes
in MI organoids (Fig. 6B). These results indicate that cell death induced by toceranib perfusion in MI organoids
primarily involves necrosis rather than apoptosis.

Discussion

In the present study, we demonstrated that an organ-on-chip system of cancer and normal organoids can be used
to simultaneously evaluate the sensitivity to and side effects of anti-cancer drugs. The main findings of the study
are as follows: (1) When the culture medium was perfused into FMT organoids, cell viability and expression of
genes related to apoptosis were not significantly affected (Fig. 2). (2) When FMT organoids were perfused with
anti-cancer drugs toceranib and doxorubicin, apoptosis was induced and cell viability was markedly reduced
(Fig. 3). (3) Perfusion of MI organoids with toceranib also reduced cell viability, as in FMT organoids, but
this was due to necrosis induction rather than apoptosis (Fig. 5). (4) Simultaneous perfusion of MI organoids
with toceranib and HS-1371, a necrosis inhibitor, suppressed cell death and expression of necrosis-related genes
compared with toceranib perfusion (Fig. 6). These results suggest that it is possible to evaluate the sensitivity and
side effects of anti-cancer drugs in vitro, and that perfusion with anti-cancer drugs promotes apoptosis in cancer
cells and induces necrosis in normal intestinal cells (Fig. 6C).

Organ-on-a-chip systems, which mimic blood circulation in the body, more accurately trace the movement
of cells exposed to anti-cancer drugs than conventional cell culture models. Therefore, various organ- and
disease-derived organ-on-a-chip systems have recently been developed and used for disease modeling and drug
discovery®. Organ-on-a-chip systems play a role in personalized medicine using patient-derived cells and have
the potential to discover new treatments by simplifying and reproducing certain biological mechanisms*®.

The model used in this experiment is a simple design with FMT and MI organoids, and the flow of the culture
medium containing the anti-cancer drug mimicked blood circulation in the body. Simultaneous exposure of
cancer and normal cells to anti-cancer drugs may be applied in clinical testing. Furthermore, the sensitivity
to and side effects of the anti-cancer drug on the individual can be evaluated simultaneously, elucidating the
impact of bioactive substances released by cancer cells exposed to the anti-cancer drug on downstream normal
cells. The device design may also allow the evaluation of the effects on cancer cells exposed to anti-cancer drugs.
Depending on the device design, it may be possible to use cells derived from multiple organs to mimic the in
vivo environment better. However, this type of device does not reproduce the feedback from downstream cells to
upstream cells that exist in native blood circulation. Therefore, they are inadequate for monitoring more precise
cell-cell interactions between different organs and between cancer and normal cells. Complex body-on-chip
systems are being developed to reproduce more complex cell-cell interactions in the body by circulating the
culture medium to cells derived from multiple organs*’.

Regarding the side effects of anti-cancer drugs on normal cells, not only the effects of the drugs themselves
but also their metabolites need to be considered. For example, cyclophosphamide, an alkylating agent, is
metabolized in the liver, and its metabolite acrolein is taken up by urothelial cells during renal excretion into
the urine, causing drug-induced hemorrhagic cystitis*®->!. Simplifying the complexity in vivo with an organ-
on-a-chip system may help to understand better the effects of bioactive substances and metabolites produced by
cancer cells on other cancer and normal cells.

In this study, the perfusion rate was determined based on previous studies. The simulation analysis revealed
that the perfusion rate may have changed after device branching (Fig. 4); hence, the survival rate decreased. These

Scientific Reports |

(2025) 15:39 | https://doi.org/10.1038/s41598-024-84297-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

([ 1]
u
!;t‘
J
H
-—

Gene expression analysis

X
-
3
et
Cell viability
B NP P
o J -
o 60 M| organoid
S g 50 "
2 o 40
5 B |
= 1
o 0
@
3 10 -
0 |

- Bax z p53 2 RIPK3 s Ulki
B E E fid
= 2 _ ¢ =
o sZ. s =
=l 2% cz 22
= @ .= c e e
82 835 29 . 29
e + @ Q= Q=
o= - = =5
NP P NP P w e NP P w e NP P
2 z
x Caspase-9 x Caspase-8 Mkl =4 Atg12
@ =] % 14 *
@ 2 o & £
@ @ [ o
- G i) &
o2 °Z 2z c<
Se Se S e S 2
> o D o > o 2o
8= 3= 8= g =
=3 =3 s . =2
4E NP P S NP P G5 NP P &= Np P
= Pik3c3
14
E
™
&
-
Q-
55
se
w Qo
8=
a3
4= NP P

Fig. 5. Assessment of side effects of anti-cancer drug using an organoid-on-a-chip system. Schematic
experimental design of perfusion experiments using FMT organoids and normal mouse intestinal (MI)
organoids. FMT organoids were mounted in the pre-branching chamber of the device whereas MI organoids
were mounted in the post-branching chamber for toceranib perfusion (A). Effects of drug perfusion on cell
viability of MI organoids. Representative live/dead staining images of MI organoids after perfusion with
toceranib for 48 h are shown (B). Cell death rate was determined by the ratio of the brightness of viable cells
to that of dead cells in live/dead staining. Data were expressed as mean +SEM (*P <0.05 vs. NP). Expression
levels of apoptosis-related genes Bax, p53, Caspase-9, and Caspase-8 (C), (n=6) and necrosis-related genes
RIPK3, Ulkl, Mik1, Atgl2, and Pik3c3 (D), (n=6) in MI organoids perfused with or without toceranib was
analyzed by quantitative real-time PCR and quantified based on the ratio of the expression level to GAPDH.
Data were expressed as mean + SEM (*P<0.05 vs. NP).
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Fig. 6. Effects of the necrosis inhibitor on toceranib perfusion-induced cell death in MI organoids. Live/dead
staining of FMT and MI organoids after perfusion with toceranib (10 uM) and a necrosis inhibitor, HS1371
(10 nM) (A). Cell death rate was determined from the ratio of the brightness of live cells to that of dead cells
in live/dead staining (n=6). Results were expressed as mean & SEM. Effects of HS1371 on the expression

of necrosis-related genes in MI organoids (B). The expression level of RIPK3 and Mikl in each condition of
MI organoids was analyzed by quantitative real-time PCR (n=6) and quantified based on the ratio of the

expression level to GAPDH. Data were expressed as mean + SEM (*P<0.05 vs. T). Summary of the present
study (C).
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results suggested that a faster perfusion rate facilitates the penetration of the anti-cancer drugs into organoids and
may enhance the efficacy of the drugs. However, the decrease in organoid viability could not be solely attributed
to an increased rate of perfusion. When MI organoids were perfused with a culture medium containing no
anti-cancer drug, there was no change in cell viability, suggesting that direct stimulation of perfusion alone
was not injurious to the organoids themselves. However, real-time PCR results indicated that the expression of
necrosis-related genes was increased (data not shown). This suggests that the stress caused by perfusion may
cause stress to the organoids in some way. Previous studies have shown that when intestinal cells are cultured
under perfusion conditions, a decrease in the perfusion rate promotes intestinal cell differentiation®?. Based on
these results, device design and perfusion rate should be further considered in future experiments.

Toceranib is an animal anti-cancer drug used in dogs and cats and is a class of molecularly targeted drugs
based on small-molecule compounds®. It is a potent inhibitor of cell surface-expressed tyrosine kinases
such as vascular endothelial growth factor receptor 2 (VEGFR-2), fms-like tyrosine kinase receptor 3 (Flt-3),
platelet-derived growth factor receptor (PDGFR), stem cell growth factor receptor (c-Kit), neurotrophic factor
receptor (RET), colony-stimulating factor receptor (CSF-1R), and others®*. The fractional inhibition of tyrosine
kinases expressed on the cell surface inhibits multiple important signaling pathways involved in the growth and
division of tumors and endothelial cells. It has previously shown efficacy primarily in mast cell tumors, anal
sac adenocarcinoma, nasal tumors, metastatic lymphomas, and osteosarcoma; however, because it is a multi-
targeted inhibitor, it has a broad range of action and is used against a wide variety of tumors>>*%,

Although it is unlikely to cause severe myelosuppression similar to conventional anti-cancer agents, there
have been reports of gastrointestinal toxicity, such as diarrhea and vomiting, as well as skin and skeletal muscle
damage®. In the present study, perfusion of FMT organoids with toceranib reduced cell viability by inducing
apoptosis. Furthermore, perfusion of normal intestinal organoids with toceranib induced necrosis, suggesting
that these results were due to a cancer-specific molecular target. These results may be due to the cancer-specific
properties of the molecularly targeted drugs. Further clarification of the mechanism of action of toceranib in
normal tissues may help to reduce its side effects.

When MI organoids were perfused with culture medium only, there was no difference in viability between
perfused and non-perfused organoids. However, the expression of RIPK3 and Mikl, necrosis-related genes,
in the perfused organoids increased (data not shown). HS-1371 is an ATP-competitive receptor interaction
protein kinase 3 (RIP3) inhibitor and suppresses necrosis by inhibiting RIP3°°. When HS-1371 was perfused
simultaneously with toceranib, there was no change in cell viability in FMT organoids compared with toceranib
alone. However, in MI organoids, cell viability was higher when HS-1371 was perfused, indicating that necrosis
was suppressed (Fig. 6A, B). Although the pathway of necrosis is not fully understood, it is known that RIPK3 is
activated in the early stages of necrosis and forms a complex with RIPK1 and other proteins to activate M1kl*’.

The expression of apoptosis-related genes such as p53, Bax, and Caspase-8 was similarly elevated. Caspase-8
promotes apoptosis and emerged as a host defense mechanism against RIPK3-RIPK1 kinase complex-dependent
necrosis and murine cytomegalovirus®®-!. However, the interrelationships between these genes remain unknown
and require further validation.

In conclusion, we developed a system for anti-cancer drug sensitivity testing using a microfluidic device. This
system uses patient-derived organoids and perfuses them with anti-cancer drugs in an environment similar to
that of in vivo conditions, thereby enabling a more accurate assay of anti-cancer drug sensitivity and side effects.
This study also demonstrated the usefulness of organ-on-a-chip systems in the analysis of cell-to-cell and tissue-
to-tissue interactions and provided valuable insights into the influence of mechanical forces on cell viability
using an organoid-on-chip model.
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