Engineering Xxx (XXXX) XXX

journal homepage: www.elsevier.com/locate/eng

Contents lists available at ScienceDirect

Engineering

Research
Organoids and Organs-on-Chips—Feature Article

Construction of Multicellular Tumor-On-A-Chip Models for Ovarian

Cancer Research

Jiexian Ye *“*, Hao Lin ¥, Zilin Zhang?, Shihui Xu®“Y, Feili Yang, Xuemei Zhuansun ¢, Feng Ji",

Yusha Zhang ¢, Yuxin Zhu ¢, Jing Zhang “, Zaozao Chen*“*, Zhongze Gu*“*, Yang Shen

e,k

2 State Key Laboratory of Digital Medical Engineering, School of Biological Science and Medical Engineering, Southeast University, Nanjing 210096, China
b Department of Clinical Science and Research, Zhongda Hospital, School of Medicine, Southeast University, Nanjing 210009, China

¢ Jiangsu Avatarget Biotechnology Co., Ltd., Suzhou 215163, China
9 Institute of Medical Devices (Suzhou), Southeast University, Suzhou 215163, China

€ Department of Obstetrics and Gynaecology, Zhongda Hospital, School of Medicine, Southeast University, Nanjing 210009, China

ARTICLE INFO ABSTRACT

Article history:

Received 29 December 2024
Revised 14 August 2025
Accepted 18 August 2025

Keywords:

Ovarian cancer

Chimeric antigen receptor-mesothelin-T
Organoid

Tumor-on-a-chip

Tumor microenvironment

Ovarian cancer remains a highly lethal gynecologic malignancy. Early diagnosis poses significant chal-
lenges, and the five-year survival rate is consistently below 45 %. Current standard-of-care combines sur-
gical resection with platinum-based chemotherapy. Emerging therapeutic modalities like chimeric
antigen receptor-T (CAR-T) therapy show promise, though they face efficacy constraints due to tumor
heterogeneity and immunosuppressive microenvironments. Conventional models including two-
dimensional (2D) cultures and patient-derived xenografts are increasingly supplanted by organoid and
tumor-on-a-chip technologies due to intrinsic limitations and poor clinical translatability. This study
established multiple tumor-on-a-chip platforms derived from ovarian cancer organoids and conducted
systematic in vitro drug sensitivity screening. Furthermore, by utilizing patient-derived organoids to
engineer multicellular dynamic microenvironments, we achieved one of the extremely limited evalua-
tions of CAR-T efficacy against solid tumors within ovarian cancer microfluidic systems. This work estab-
lishes an enhanced preclinical platform to advance therapeutic screening and personalized treatment

development.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ovarian cancer constitutes a leading malignant tumor in the
female reproductive system, characterized by high incidence and
mortality rates [1]. Its subtle early symptoms mean approximately
75 % of patients are diagnosed at an advanced stage, resulting in a
five-year survival rate of merely 30 % [2]. Primary management
involves surgical resection and chemotherapy, though emerging
therapies like molecular-targeted agents and chimeric antigen
receptor-T (CAR-T) show promise [3]. Significant treatment
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hurdles include high tumor heterogeneity and complex microenvi-
ronmental dynamics.

Current preclinical ovarian cancer models encompass tumor
cell lines, animal models, spheroids, organoids, and tumor-on-
chips [4-9]. Cell lines are simple to culture but poorly to replicate
tumor heterogeneity. Animal models preserve key tumor charac-
teristics but are costly and time-intensive to establish. As newer
platforms, organoids and tumor-on-chips better retain tumor com-
plexity and mimic microenvironments, showing strong develop-
mental potential [10-15]. Nevertheless, research on ovarian
cancer organoids—particularly tumor-on-chip systems—remains
disproportionately scarce compared to other malignancies, neces-
sitating exploratory investigations in this domain.

Current research primarily focuses on organoid cultivation [16-
18] and cell line-based complex models, ignoring critical gaps in
sophisticated ovarian cancer organoids-derived in vitro systems
[19]. Joy et al. [20] developed a three-dimensional (3D) ovarian
cancer model incorporating spheroids, ovarian cancer-associated
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fibroblasts (CAFs), and vascular components, represents current
progress. However, this model relies on cell line-derived spheroids,
limiting its heterogeneity replication. Lal-Nag et al. [21] estab-
lished a 3D model combining human ovarian cancer cell with pri-
mary mesothelial cells and fibroblasts. Although using 3D
architecture, this system fails to replicate tumor properties and
lacks dynamic biophysical microenvironments. Ibrahim et al. [22]
created a dynamically cultured complex model using three ovarian
cancer cell lines with endothelial cells, adipocytes, and mesothelial
cells, yet omitted tumor-associated fibroblasts and exhibited com-
plex construction protocols limiting high-throughput applications.
Dadgar et al.’s microfluidic platform [23] facilitates efficient spher-
oid formation but prioritizes technical engineering over biological
relevance including cellular provenance, microenvironmental
composition, and vascular architecture. Collectively, existing
in vitro models demand critical improvements despite increasing
scientific interest.

In this study, we successfully constructed ovarian cancer orga-
noids and spheroids, validated their consistency with the original
tumors, and developed two types of ovarian cancer chips, offering
novel tools for drug screening and personalized therapy. These
models revealed the significant impact of tumor heterogeneity
and the microenvironment on therapeutic efficacy. We further
evaluated and analyzed the performance of chemotherapeutic
agents and CAR-T cell therapies using these platforms.

2. Materials and methods
2.1. Isolation of ovarian cancer organoids and CAFs

This study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of Zhongda Hospi-
tal Affiliated to Southeast University.

Fresh tissue samples were washed, minced into small frag-
ments, and digested using 3 mL collagenase (1 mgmL™';
C9407; Sigma-Aldrich, USA) at 37 °C for 30-60 min until dissoci-
ation into single cells. Digestion was terminated by adding 10 mL
phosphate-buffered saline (PBS). The cell suspension was filtered
through a 100 pum cell strainer (352360; Falcon, USA), and the fil-
trate centrifuged at 1000 r-min~' for 5 min at room temperature.
Pelleted cells were resuspended in Matrigel, mixed thoroughly,
and plated onto 24-well plates at approximately 30 pL per well.
After Matrigel solidification, 500 pL organoid medium was added
per well, followed by incubation at 37 °C with 5 % CO,. Medium
was replaced every 2-3 d, with growth changes documented
photographically.

The extraction protocol for ovarian CAFs is identical to the orga-
noid methodology, requiring only substitution of the culture med-
ium with fibroblast-specific medium.

2.2. Organoid and cell culture

Ovarian cancer organoids were grown in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (11320-033; Gibco, USA) containing
50 ng-mL~' Noggin (HY-P7051A; MCE, USA), 50 ng-mL~' RSPO1
(HY-P7114; MCE), 1.25 nmol-L™! N-acetylcysteine (HY-B0215;
MCE), 1 x B27 (17504-044; Gibco), 10 mmol-L™! nicotinamide
(N0636; Sigma-Aldrich), 500 nmol-L~! A83-01 (HY-10432; MCE),
10 ng-mL~' fibroblast growth factor 10 (FGF10; HY-P7342AF;
MCE), 5 ng-mL™! epidermal growth factor (EGF; AF-100-15-
500UG; PeproTech, USA), 37.5 ng-mL~' heregulin p-1 (100-03-
50UG; PeproTech), 5 pmolL™" Y27632 (HY-10071; MCE),
10 pmol-L™! forskolin (HY-15371; MCE), 500 ng-mL™! hydrocorti-
sone (HY-N0383; MCE), 100 ng-mL~! p-estradiol (HY-B0141;
MCE), 100 mg-mL~! primocin (ant-pm-1; Invivogen, France), 1 %
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penicillin/streptomycin (15140-122; Gibco). Ovarian CAFs were
grown in human fibroblast-serum-free medium (AC-1001015;
Applied Cell, China). Human umbilical vein endothelial cells
(HUVECs) were cultured in endothelial cell medium (ECM; 1001;
Sciencell, USA). T cells and chimeric antigen receptor (CAR)-
mesothelin (MSLN)-T cells were cultured in X-VIVO® 15 medium
(0001333753; Lonza, USA) containing 100 IU-mL™"! interleukin-2
(IL-2; 589104; Bioledend, USA).

All organoids and cells were cultured in a 5 % CO, atmosphere at
37 °C and both medium were changed every 2-3 d.

2.3. Ovarian cancer spheroids construction

Ovarian cancer organoids were dissociated into single cells
using trypsin (15050065; Gibco). CAFs were pretreated with
1 pg-mL~! mitomycin C for 6 h prior to TrypLE (12605028; Gibco)
mediated single-cell dissociation. HUVECs were digested to single-
cell suspension with TrypLE.

The single-cell suspensions of ovarian cancer organoids, CAFs,
and HUVECs were mixed at a 5:5:1 ratio [24], and 200 pL aliquots
were transferred to anti-adhesion-treated 96-well U-bottom
plates. Following centrifugation at 400g for 5 min at room temper-
ature, the plates were incubated at 37 °C with 5 % CO,.

Spheroid formation was observed after approximately 18 h of
culture. By 48 h, spheroids exhibited increased density and struc-
tural stability. Based on experimental requirements, spheroids
were subsequently transferred to culture plates/chips and embed-
ded in Matrigel for subsequent culture.

2.4. Cell tracker of ovarian cancer spheroids

Following single-cell dissociation of ovarian cancer organoids,
CAFs, and HUVECs, distinct cell tracker fluorescent probes were
applied: green for organoids (C2925; Thermo Fisher Scientific,
USA), blue for CAFs (C2110; Thermo Fisher Scientific), and red for
HUVECs (C34552; Thermo Fisher Scientific). After 30 min incuba-
tion at 37 °C, cells were washed twice with PBS. The three cell sus-
pensions were proportionally mixed, and 200 pL aliquots were
transferred to anti-adhesion-treated 96-well U-bottom plates. Fol-
lowing centrifugation at 400g for 5 min, cellular distribution was
examined using fluorescence microscopy.

2.5. Construction of ovarian cancer spheroid model using high-
throughput microfluidic chips

First, ovarian cancer spheroids were constructed. Once the
structure became dense and stabilized, the spheroids were aspi-
rated with a 10 pL pipette, transferred to the central well of the
small unit of the high-throughput microfluidic chips, and enough
Matrigel was added for 3D incubation. After the Matrigel solidified,
medium was added to each of the three wells in the small unit.
Next, the microfluidic chips were transferred to the swinging per-
fusion apparatus for dynamic incubation. The incubation was set to
a shaking angle of 7° and a shaking time of 8 min [25].

2.6. Construction of multicellular ovarian cancer model using plug-in
microfluidic chips

Firstly, ovarian cancer spheroids were constructed, and ovarian
CAFs were pretreated for 6 h with mitomycin C (1 pg-mL™!, HY-
13316; MCE). HUVECs were digested into single cells using TrypLE,
adjusted to a cell density of 4 x 10° cells-mL~", and inoculated onto
the underside of a Transwell membrane. The endothelial cells were
allowed to adhere for 2 h. Subsequently, the Transwell was trans-
ferred to a plug-in chip, and endothelial cell culture medium
(500 pL) was added to the lower chamber.
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The pretreated ovarian CAFs were also digested into single cells
using TrypLE, adjusted to the same cell density (4 x 10° cells-mL™"),
and CAFs suspension (50 pL) was inoculated into each well. After
2 h, medium (500 pL) was added to the upper chamber. The med-
ium in the Transwell’s upper chamber was aspirated, and ovarian
cancer spheroids were transferred into the Transwell, supple-
mented with mixed medium (500 pL). The chip was then placed
in an incubator and cultured statically for 24 h, allowing the spher-
oids to adhere tightly to the CAF layer.

Prior to immune cell introduction, the vascular endothelial
layer was pre-stimulated with 2 ng-mL~! tumor necrosis factor-o.
(TNF-o; H8916; Sigma-Aldrich) for 2 h. All medium in the chip
was aspirated and discarded, and immune cell was added to the
lower chamber of the Transwell, with cell medium (300 pL) added
to the upper chamber. The chip was then placed on a shaking per-
fusion device for dynamic culture, set to a shaking angle of 7° and a
shaking duration of 8 min [25].

2.7. Assessment of CAR-MSLN-T therapy using ovarian cancer chips

Preliminary assessment experiment: 5000 T/CAR-MSLN-T cells
and 5 pL caspase3 apoptosis detection reagent (C10777S; Bey-
otime, China) were added to the lower chamber per chip unit. Flu-
orescence imaging was performed at 4, 24, and 48 h, followed by
statistical analysis of apoptotic signal intensity using Image].

Colocalization analysis experiment: 5000 Cell Tracker™ Red-
labeled T/CAR-MSLN-T cells (C34552; Thermo Fisher Scientific)
and 5 pL caspase3 (C10777S; Beyotime) apoptosis detection
reagent were added to the lower chamber per chip unit. Confocal
imaging was conducted after 24 h, succeeded by spots reconstruc-
tion and colocalization analysis.

Viability assay experiment: Each chip unit was added with
5000 T/CAR-MSLN-T cells. Following 48 h incubation, quantitative
analysis of cell viability was performed using the CellTiter-Glo® 3D
Assay Kit (Cat. G9683; Promega, USA).

2.8. Hematoxylin and eosin (H&E) staining

Ovarian cancer tissues, organoids, and spheroids samples were
stained using a H&E staining kit (C0105S; Beyotime). Following fix-
ation with 4 % paraformaldehyde (PFA; BL539A; Biosharp, China),
samples underwent dehydration, clearing, paraffin embedding,
and sectioning. Sections were baked at 60 °C for 30-60 min,
sequentially treated with xylene and absolute ethanol, then rehy-
drated through graded ethanol series, rinsed with water, and
washed with PBS.

Sections were stained with hematoxylin for 3-8 min, differenti-
ated in acid-alcohol, counterstained with eosin for 1 min, dehy-
drated through reverse-graded ethanol, cleared in xylene, and
mounted with neutral resin. Slides were air-dried and stored at
ambient temperature.

2.9. Immunohistochemistry (IHC)

Immunohistochemical staining was performed on ovarian can-
cer tissues, organoids, and spheroids samples. Paraffin-embedded
sections from 4 % PFA specimens underwent baking at 60 °C for
30 min, deparaffinization in xylene, and graded ethanol hydration.
Following microwave-mediated antigen retrieval using high power
until boiling then low power for 10 min with subsequent natural
cooling, sections were blocked with blocking buffer (P0260; Bey-
otime) for 30 min. Primary antibodies were incubated overnight.
After PBS washes, secondary antibody incubation proceeded at
room temperature for 30 min. A 3,3’-diaminobenzidine (DAB) kit
(P0202; Beyotime) was used for chromogenic development, which
was monitored microscopically. Hematoxylin counterstaining
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lasted 2 min followed by acid-alcohol differentiation. Sections
were dehydrated through increasing ethanol concentrations,
cleared in xylene, and permanently mounted with neutral balsam
under coverslips.

2.10. Immunofluorescence staining

Immunofluorescence was employed to detect a-smooth muscle
actin (a-SMA) expression in ovarian CAFs and MSLN expression in
ovarian cancer spheroids. Samples were fixed with 4 % PFA, perme-
abilized with 0.3 % Triton X-100 (PO096; Beyotime) at room tem-
perature for 10-30 min, and blocked with immunostaining
blocking buffer (P0260; Beyotime) for 30-60 min. Without wash-
ing, primary antibodies (a-SMA; ab7817, 1:200 diluted; Abcam,
UK; MSLN; ab309516, 1:100 diluted; Abcam) were directly applied
and incubated overnight. After PBS washes, secondary antibodies
(488-conjugated goat anti-mouse immunoglobulin G (IgG); A-
11029; Invitrogen, USA; 594-conjugated donkey anti-rabbit IgG;
711-585-152, 1:1000 diluted; Jackson, USA) were added for
light-protected incubation for 1 h. Following additional PBS
washes, nuclei were counterstained with 4’,6-diamidino-2-pheny
lindole (DAPI; R37606; Invitrogen) for 5 min under light protec-
tion. Imaging was performed using fluorescence microscopy after
final washing.

2.11. Live/dead staining

Cellular viability within drug-exposed spheroids was assessed
using a live/dead assay. Culture medium was discarded from the
microplate wells and replaced with 200 pL of pre-formulated
live/dead staining reagent (R37601; Invitrogen). The plate was
incubated at 37 °C for 30 min, followed by fluorescence imaging
at 488 nm and 570 nm excitation wavelengths. Viable cells exhib-
ited green fluorescence whereas dead cells displayed red
fluorescence.

2.12. Cell viability assay

Cellular viability following drug sensitivity testing and CAR-T
therapy was assessed using the CellTiter-Glo® 3D Assay Kit. For
post-treatment, an equal volume of CellTiter-Glo® 3D reagent rel-
ative to culture medium was added to either multiwell plates or
chip chambers. The samples were vigorously mixed on an orbital
shaker for 5 min, incubated at room temperature under light pro-
tection for 25 min, transferred to opaque-walled microplates, and
luminescence signals quantified using a multifunctional micro-
plate reader.

2.13. Whole exome enqueueing data analysis

Agilent SureSelect Human Al ExonV6 Capture Kit (Agilent Tech-
nologies, USA) was used to capture the whole exome regions for
whole exome sequencing (WES). The DNA libraries were
sequenced on the NovaSeq 6000 platform (Illumina, USA) to gener-
ate 150 bp paired-end reads at Nanjing Jiangbei New Area Biophar-
maceutical Public Service Platform Co., Ltd. (China).

Sequence reads were subsequently aligned to the human refer-
ence genome GRCh37(hgl19) using Burrows-Wheeler Aligner
(v0.7.17). The mapped data were further processed for quality con-
trol and mutation calling using the Genome Analysis Toolkit
(GATK; v4.2.5.0) based on its best practices workflows. The final
somatic variants were annotated using the Annovar. Copy number
alterations (CNAs) was analyzed by copy number variation (CNV)
kit (v0.9.9). Mutational signatures were analyzed using the Muta-
tional Patterns R package (v3.4.1).
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2.14. RNA-sequencing (RNA-seq) data analysis

Total RNA was isolated from samples using the RNAiso Plus Kit
(Takara, China) following the manufacturer’s protocol. RNA con-
centration and integrity were assessed using a Qubit 4.0 Fluorom-
eter (Thermo Fisher Scientific) and an Agilent 2100 Bioanalyzer
(Agilent Technologies), respectively. RNA-seq libraries were con-
structed with the VAHTS Stranded messenger RNA sequencing
(mRNA-seq) Library Prep Kit for Illumina (Vazyme Biotech, China).
Sequencing was performed on an Illumina NovaSeq 6000 platform
with 150 bp paired-end reads. Raw sequencing reads were sub-
jected to quality control using Fastp (v0.23.2) to remove low-
quality sequences and adapter contamination. High-quality reads
were aligned to the GRCh38 human reference genome via HISAT2
(v2.2.1). Transcript assembly and quantification were conducted
using StringTie (v2.2.1), followed by normalization of expression
data with the DEGseq R package (v1.48.0) for differential expres-
sion analysis.

2.15. Statistical analysis

Statistical tests were performed and statistical plots were
drawn using GraphPad Prism version 6.0 software, and the results
are expressed as mean * standard error of mean (SEM), with no
statistically significant differences, p > 0.05, shown as ns; data for
indicators of statistical significance are: *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

3. Results
3.1. Ovarian cancer organoid construction and characterization

Primary ovarian cancer surgical specimens were processed to
generate organoids. A portion of primary ovarian cancer surgical
specimens was reserved for sequencing and characterization. The
remaining specimens were washed, mechanically dissociated,
enzymatically digested, and filtered to obtain single cells or small
cell clusters, followed by embedding in Matrigel for 3D culture
(Fig. 1(a)). We established ovarian cancer organoids encompassing
multiple subtypes, including high-grade serous carcinoma (HGSC),
borderline tumors (BTs), mucinous adenocarcinoma (MA), clear
cell carcinoma (CCC), endometrioid carcinoma (END), and invasive
transitional cell carcinoma (IT). Ovarian cancer organoids dis-
played broad morphological diversity as shown in Fig. 1(b) [26].
Most HGSC organoids were densely solid with size heterogeneity;
HGSC-1, -2, and -4 had diffuse boundaries whereas HGSC-5
showed unique thin-walled cystic architecture. The BT organoids
all displayed regular cystic morphology, with a larger size, faster
growth rate, and higher proliferation efficiency compared to other
pathological types. The morphology of MA organoids varied signif-
icantly, demonstrating superior size expansion kinetics and prolif-
erative capacity versus other subtypes. CCC-1 produced grapevine-
like clusters of thin-walled cell. END-1 and IT-1 displayed solid
irregular spheroids. Collectively, organoids recapitulated tumor
heterogeneity.

Immunohistochemical staining of two HGSC organoids, one BT
organoid, and one MA organoid confirmed phenotype retention
(Fig. 1(c)). HGSC-1 showed concordant high tumor proliferation
marker Ki67 in tumor/organoid, overexpressed p53, and estrogen
receptor (ER)" status. HGSC-4 maintained Ki67*/ER"/p53~ expres-
sion patterns in both. BT-1 preserved Ki67*/ER"/p53* profiles.
MA-1 retained primary tumor phenotypes, validating mutational
landscape conservation [27-29].

The morphological structures of organoids from different
pathological types varied, as shown in Fig. 1(d). All organoids
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reproduced tumor hallmarks including hobnail cells, papillary
structures, and nuclear atypia observed in matched tissues, con-
firming intratumoral heterogeneity retention [26-29].

3.2. Gene sequencing analysis of ovarian cancer samples and their
derived organoids

Building on the histopathological concordance, we genomically
validated the genetic similarity between ovarian cancer organoids
and their corresponding primary tumor samples from a genomic
perspective. WES was performed on BT-1, MA-1, HGSC-7, HGSC-
8, and their parental tumors.

Ovarian cancer faithfully preserved CNV observed in the whole
exome of the primary tumor samples, although some exhibited
amplified CNVs (Fig. 2(a)). Concurrent concordance of multiple
mutation loci (Fig. 2(b)), similarity of single nucleotide polymor-
phisms (SNPs) (Fig. 2(c)), and high-level consistency of insertion—
deletion mutations (INDELs) (Fig. 2(d)) were observed. Fig. S1 in
Appendix A illustrates the somatic mutational concordance
between ovarian cancer organoids and the corresponding tumor
tissues. The characteristically observed B-Raf proto-oncogene
(BRAF) mutation in BT-1 modulates proliferation/differentiation
[30]. Tumor protein P53 gene (TP53) mutations, frequently
observed in 96 % of HGSC subtypes, were present in both HGSC-7
and HGSC-8 samples [31]. These mutations impair p53 protein
function, which is crucial for DNA damage response, repair, cell
cycle regulation, and apoptosis, are found in majority of cancers.
Additionally, HGSC-8 harbors a breast cancer 1 gene (BRCA1) muta-
tion, which disrupts DNA double-strand break repair and increases
genomic instability. MA-1 exhibits TP53/neurofibromatosis type 1
gene (NF1) mutations promoting tumorigenesis [32], though
unverifiable due to lacking primary tumor sequencing data.

Genetic similarity indices were 93 % (BT-1), 87 % (MA-1), 79 %
(HGSC-7), and 83 % (HGSC-8). Aggregate similarity reached 85.5 %,
confirming high genomic fidelity of organoids to original tumors.

3.3. Construction and characterization of drug-sensitive tumor chips
for ovarian cancer research

To investigate the growth rate of different organoid samples, we
longitudinally monitored and quantified ovarian cancer spheroid
development. The radius, area, perimeter, and other parameters
of the spheroids were measured using artificial intelligence (AI)-
based automatic analysis (Figs. 3(a) and (b)). On day 0, ovarian can-
cer organoids, vascular endothelial cells, and ovarian CAFs were
collected at the bottom of the U-plate via centrifugation. Spheroid
initiation commenced on day 1, with progressive densification
observed by day 2. By day 3, the spheroids were more compact
and their structure gradually stabilized. From day 4 to day 8, the
spheroids were transferred to Matrigel for further culture, during
which the spheroid structure underwent sustained densification
and stabilization. Initial structural maturation correlated with
transient radius/area reduction, whereas subsequent culture in
Matrigel induced steady dimensional expansion (radius/area
increase).

Cell tracker staining confirmed homogeneous cellular distribu-
tion (organoids-green, endothelial-red, CAFs-blue; Fig. 3(c)). H&E/
IHC demonstrated positive Pan cytokeratin (Pan-CK), a-SMA, and
CD31 expression, indicating robust viability. Spheroids exhibited
solid tumor morphology with endothelial-derived vasculature-
like structures (Fig. 3(d)).

For ovarian cancer drug sensitivity assessment, spheroids were
primarily assembled in 96-well U-plates followed by transfer to
microfluidic chips and dynamic perfusion culture on a shaking per-
fusion apparatus (Fig. 3(e)). The structure of the microfluidic chip
used in this model is shown in Fig. 3(f). High-throughput microflu-
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Fig. 1. Ovarian cancer organoid construction and characterization. (a) Primary ovarian cancer sample extraction process. (b) Brightfield image of ovarian cancer organoids.
Scale bar: 300 pm. (c) Immunohistochemical staining of ovarian cancer tumor tissues and organoids. Scale bars: 50 pm. (d) H&E staining of ovarian cancer tumor tissue and
organoids. Scale bar: 50 pm. ER: estrogen receptor.

idic chips consists of 128 units with tripartite microchambers Figs. 3(g)-(i) revealed time-dependent increases in both radius
interconnected via bottom microchannels, enabling high- and area, where microfluidic dynamic culture significantly
throughput screening. Comparative morphometric analysis in enhanced growth rates relative to static conditions.
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Fig. 2. Gene sequencing analysis of ovarian cancer sample BT -1 and its derived organoids. (a) CNV. (b) Expression of key gene loci. (c) SNP mutation characteristics. (d) INDEL

mutation characteristics.

3.4. High-content analysis of ovarian cancer models

We performed quantitative high-content analysis of ovarian
cancer organoid and spheroid growth dynamics in Fig. 4 using
semi-automated imaging (automated recognition with manual
correction), extracting multiparametric metrics including: growth
kinetics (area, diameter/radius, perimeter), morphology (round-
ness, aspect ratio, opacity), and invasion potential via the excess
perimeter index (EPI = actual perimeter/equivalent circular
perimeter) to quantify peripheral protrusion complexity [33].

Analysis of ten organoid trajectories (Figs. 4(a)-(c)) revealed
nine day expansion from 56 203.11 to 227 331.11 pm? (304.48 %
area increase) and 2835.58 to 5135.92 um perimeter (81.12 %
growth), confirming robust proliferation. High-content analysis
derived multiple parameters: radius, area, and perimeter measure-

ments confirmed rapid organoid proliferation, while aspect ratio
and roundness analyses indicated sustained near-circular mor-
phology throughout culture. EPI assessment further revealed pro-
gressive invasiveness reduction (Fig. 4(c)).

Similarly, on-chip analysis of ovarian cancer spheroids captured
seven key parameters—area, perimeter, radius, roundness, width
height ratio, opacity, and EPI. Comparative analysis (Figs. 4(d)
and (e)) demonstrated that dynamic perfusion significantly accel-
erated time-dependent expansion versus static environments.
Analysis revealed no significant variations in spheroid roundness,
width height ratio, or opacity across diverse culture conditions or
growth durations. However, spheroid EPI—an invasiveness indica-
tor [33]—exhibited distinct patterns: under static conditions,
redundant perimeter gradually increased (suggesting escalating
invasiveness), whereas dynamic conditions showed initial redun-
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Fig. 3. Construction and characterization of ovarian cancer spheroid model. (a) Formation of ovarian cancer spheroids. Scale bars: 100 pm. (b) Growth curve of ovarian cancer
spheroids. (c) Cell tracker of ovarian cancer spheroid. Scale bar: 200 pm. (d) H&E staining and immunohistochemical staining of ovarian cancer spheroid. Scale bar: 50 pum. (e)
Construction method of ovarian cancer spheroid model. (f) Structure diagram and physical diagram of high-throughput microfluidic chips. (g) Static and dynamic culture of
ovarian cancer spheroids in the chip. Scale bar: 50 um. (h) Growth of ovarian spheroids in dynamic and static culture in the chip. (i) Growth rates of spheroid radius and
surface area after 5 d under static versus dynamic culture conditions. Differences were analyzed using t tests to detect differences between groups of samples, n = 3. *p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001, ns: no statistically significant differences. Pan-CK: Pan cytokeratin.

dant perimeter elevation (indicating early-stage invasiveness) fol-
lowed by sharp decline and stabilization (implying late-stage
reduction).

3.5. Drug sensitivity testing in multiple in vitro models of ovarian
cancer

We established multiple in vitro ovarian cancer models for drug
sensitivity assessment. Preliminary evaluation of eight chemother-
apeutic agents on organoids of two pathological types revealed

pathological type-dependent sensitivity variations at identical
drug concentrations via drug response curves (Fig. 5(a)). Substan-
tial inter-patient half-maximal inhibitory concentration (IC50)
variability (spanning several orders of magnitude) was observed
for paclitaxel, carboplatin, cisplatin, gemcitabine, and docetaxel
(Fig. 5(b)).

Additionally, we evaluated the therapeutic effects of four clini-
cally common drug regimens on ovarian cancer spheroids. As illus-
trated in Fig. 5(c), the red fluorescence intensity in drug-treated
groups was markedly higher than in the neutral control, indicating
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Fig. 4. High-content analysis of ovarian cancer organoids and spheroids. (a) High-content analysis of organoids. Scale bar: 100 pm. (b) Organoid’s growth rate. (c) High-
content analysis parameters of organoids. (d) High-content analysis of intra-chip spheroids. Scale bar: 50 um. (e) High-content analysis parameters of intra-chip spheroids.

BF: bright field.

substantial spheroid killing efficacy. Notably, despite potent cyto-
toxicity across all regimens, paclitaxel and carboplatin combina-
tion therapy failed to yield significantly enhanced efficacy over
monotherapies.

Evaluation across three models (organoid, spheroid-static, and
spheroid-dynamic; Fig. 5(d)) showed robust growth in control
organoids versus minimal size increase with darkening/disintegra-
tion in drug-treated organoids (indicating severely compromised

viability). Analogous spheroid trends were observed: stable control
growth versus near-complete growth arrest accompanied by cellu-
lar escape and diffuse distribution (Fig. S2 in Appendix A).

Fig. 5(e) highlights model-dependent divergence in drug treat-
ment efficacy. Among spheroid models, drug efficacy was signifi-
cantly higher in the dynamic versus static configuration. This
discrepancy may reflect culture method-induced alterations in cel-
lular growth dynamics and drug responsiveness.
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Fig. 5. Antimicrobial susceptibility testing of multiple ovarian cancer models. (a) Eight drug response curves of two organoids. (b) IC50 of eight drugs for two organoids. (c)
Live/dead staining of spheroids after different drug effects. Scale bar: 200 pum. (d) Brightfield plots of single-concentration antimicrobial susceptibility tests of three ovarian
cancer models. Scale bar: 100 um. (e) Cell survival rate after single concentration drug action in three ovarian cancer models. Differences were analyzed using two-way
analysis of variance (ANOVA) to detect differences between groups of samples, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: no statistically significant differences.

3.6. Evaluation of CAR-MSLN-T therapy in ovarian cancer models

We constructed a multicellular in vitro ovarian cancer model
using a plug-in membrane microfluidic chip to evaluate the effi-
cacy of CAR-T therapy.

The multicellular model was established through sequential
seeding of vascular endothelial cells, ovarian CAFs, and tumor
spheroids (Fig. 6(a)) to create a biomimetic microenvironment.
Fig. 6(b) displays the structural and physical diagrams of plug-in

microfluidic chips, featuring a six-unit tripartite interconnected
structure with a central chamber equipped with Transwell inserts
for modular assembly. Following 24 h static and 48 h dynamic per-
fusion culture, progressive fusion between tumor spheroids and
the CAFs layer was observed (Fig. 6(c)).

MSLN immunofluorescence staining confirmed high MSLN
expression in multicellular spheroids (Fig. 6(d)). Figs. 6(e) and (f)
evaluate CAR-MSLN-T cells in this model, showing time-
dependent intensification of apoptotic fluorescence signals. While
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no significant efficacy difference was observed at 4 h, CAR-MSLN-T
cells exhibited markedly enhanced tumor-killing capacity from 24
to 48 h. Fig. 6(g) schematically illustrates CAR-T cells penetrating
multicellular barriers to eliminate tumor spheroids, elucidating
the mechanistic basis for therapeutic superiority.

Further analysis utilizing 3D imaging and spots reconstruction
demonstrated significantly increased apoptotic cell counts and
enhanced immune infiltration in CAR-T groups compared to T cell
controls (Figs. 6(h)-(j)). Quantitative analysis of post-
colocalization fluorescence images was performed to measure
colocalization areas between T/CAR-T signals and apoptotic sig-
nals, along with calculating Mander’s coefficients (M1 for T/CAR-
T and M2 for apoptotic signals) to quantify signal overlap efficiency
(Figs. 6(k)-(m)).

4. Discussion

Patient-derived organoids (PDOs) constitute 3D models gener-
ated from fresh tumor specimens using in vitro 3D culture sys-
tems [10]. These models faithfully replicate patient-specific
tumor characteristics and serve as pivotal tools in precision med-
icine and drug screening due to their physiological relevance,
cost-effectiveness, and rapid establishment [16,17]. This study
utilized 23 ovarian cancer surgical samples from 19 patients to
establish 15 organoid lines 65.2 % success rate (Table S2 in
Appendix A). Five organoids were maintained in short-term cul-
ture (2-4 weeks), while ten organoids underwent long-term cul-
ture (more than one month, maximum six months). H&E,
immunohistochemical, and genomic analyses confirmed that
organoids retain core parental tumor features, including histoar-
chitecture, biomarker expression, genomic profiles, and hetero-
geneity [11-15,27]. These organoids accurately recapitulate
patient-specific pathophysiology, offering robust tools for ovarian
cancer investigation [16,17].

To better mimic tumor microenvironments, we developed mul-
ticellular ovarian cancer spheroids incorporating vascular compo-
nents. All cells were human-derived: organoids and CAFs (Fig. S3
in Appendix A) originated directly from tumor specimens. CAFs
drive tumor invasion, chemoresistance, and immunosuppression
via secretion of extracellular matrix (ECM), growth factors, and
pro-inflammatory mediators [34]. HUVECs formed endothelial net-
works simulating tumor angiogenesis, facilitating nutrient/oxygen
transport and metastasis [35]. This strategy eliminates interspecies
disparities, while enabling cells to actively construct 3D architec-
tures via ECM secretion during self-assembly processes, thereby
enhancing physiological relevance [36]. Prior studies demonstrate
spheroids replicate hallmark features of solid tumors, including
cell-cell/[ECM interactions [37], enhanced drug resistance [38,39],
cellular polarity [40], and nutrient gradients [41].

Matrigel supplementation enhanced ECM simulation [42],
improving bioactive signaling and spheroid integrity via adhesion
molecule-mediated interactions while extending culture longevity
[42]. Days 0-2 featured cellular self-aggregation with reduced
spheroid radius, circumference, and area, indicating
microenvironment-driven reorganization (Figs. 3(a) and (b)). Upon
reaching stable density, spheroids exhibited significant expansion
and pseudopod-like projections, potentially associated with intra
vascularization (Fig. 3(a)). Volume dynamics of tumor spheroids
(Figs. 3(a) and (b)) suggest association with CAF-mediated ECM
remodeling or secreted factors modulating cellular interactions/
proliferation. This manifested initially as either volume reduction
or density increase, while subsequent cellular proliferation and
microenvironmental adaptation collectively promoted volumetric
expansion [43,44]. Concurrently, early angiogenesis deficiency
may induce cellular malnutrition, with later HUVEC proliferation

11

Engineering xxx (XXxX) XXx

enabling gradual formation of vascular-like structures. This transi-
tion reversed initial volume contraction to progressive expansion
[45-47].

During drug testing across diverse models, we unexpectedly
observed accelerated spheroid growth under dynamic versus static
culture conditions, highlighting biophysical influences (Figs. 3(g)-
(i)). High-content analysis quantified spheroid growth parameters,
revealing 15.16 % and 10.91 % increases in mean radius and surface
area respectively in dynamic cultures compared to static controls
after 5 d. This analysis indicated early-high-then-decreasing inva-
siveness in dynamic cultures versus progressive invasiveness
enhancement in static systems (Figs. 4(d) and (e)), potentially
attributable to size-dependent nutrient/oxygen limitations [41].
Prolonged culture may further elucidate this phenomenon. Collec-
tively, organoid-CAF-HUVEC spheroids histologically and histo-
chemically resemble ovarian carcinoma tissues, serving as
valuable in vitro models (Fig. 3(d)). These spheroids exhibit supe-
rior cellular provenance and diversity compared to prior models
by Joy et al. [20] and Dadgar et al. [23].

Drug sensitivity testing revealed organoid-specific chemothera-
peutic responses across pathological subtypes, reflecting tumor
heterogeneity. Therapeutic efficacy varied significantly among
models (Fig. 5) [27,48,49]. Dynamic systems outperformed static
models in drug responsiveness, where absent fluid shear stress
may cause inadequate drug penetration and necrotic cores.
Microfluidic perfusion sustains drug gradients, activates mechan-
otransduction pathways, and enhances tumor cell clearance, better
simulating clinical responses [50].

This study presents rare chip-based evaluation of CAR-T poten-
tial against ovarian carcinoma [50,51], and constitutes the first
tumor-on-chip assessment of MSLN-targeted CAR-T efficacy.
CAR-T therapy, primarily used in hematologic malignancies, shows
promise for ovarian carcinoma. MSLN—overexpressed in malignan-
cies (e.g., ovarian/pancreatic cancers) but minimally in normal tis-
sues [52,53]—represents a validated therapeutic target [54], with
preclinical studies confirming CAR-MSLN-T safety/efficacy [55-
57]. CAR-T evaluation experiments utilized organoids exhibiting
significantly elevated MSLN expression (transcripts per million
(TPM): 417.34) compared to normal ovarian tissue (median TPM:
0.43), while closely approximating ovarian tumor MSLN levels
(median TPM: 428.73) (mRNA-seq data not depicted graphically)
[58].

CAR-MSLN-T evaluation via image-based spots reconstruction,
viability assays, and apoptotic fluorescence intensity confirmed
superior tumoricidal activity versus T-cell controls (Figs. 6(e), (f),
and (h)-(m)). Co-localization analysis revealed a spatial correlation
exceeding 80 % between apoptotic regions and CAR-T cells, with
this value being significantly higher than control levels (Fig.
6(k)). Furthermore, Mander’s coefficients confirmed CAR-MSLN-
T-dependent specific cytotoxicity (Fig. 6(1)), though notably only
approximately 50 % of infused CAR-T cells participated in direct
tumor killing, suggesting substantial potential for therapeutic opti-
mization. Critically aberrant endothelial barriers and stromal
microenvironments in solid tumors constitute primary obstacles
for both immune effector cells and CAR-T therapy [59]. Specifically,
TNF-oo enhances T-cell tumor infiltration through multifaceted
mechanisms: endothelial cell activation, vascular barrier integrity
disruption, and intercellular gap expansion [60,61]. Consequently,
numerous studies combine TNF-o with targeted therapeutic agents
aiming to synergistically enhance CAR-T efficacy [62]. In contrast
to Joy et al.’'s CAR-T assessment model employing immortalized
cell lines [20], our study innovatively utilizes PDOs for model con-
struction. Importantly, the cellular composition proportions
strictly reflect ovarian carcinoma single-cell sequencing data char-
acteristics [24], thereby demonstrating inherent advantages in cel-
lular provenance.
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Future research must prioritize establishing integrated
microvascular networks while concurrently developing physiolog-
ically relevant hypoxic gradients spanning tumor-stroma inter-
faces to recapitulate authentic immunosuppressive tumor
microenvironments [63]. This foundational approach should be
extended by implementing a multiplexed evaluation system that
comprehensively integrates spatial transcriptomics,
microfluidics-based drug screening, and Al-enabled resistance pre-
diction [64]. Such integration will facilitate the development of
anatomically faithful in vitro models and robust evaluative plat-
forms, culminating in precision-driven therapeutic evolution.

5. Conclusions

In this study, we successfully generated 15 PDOs representing
diverse histological subtypes from 23 surgical specimens of 19
patients, 15 PDOs representing diverse histological subtypes were
generated. Morphological, immunohistochemical, and genomic
analyses confirmed high concordance between organoids and par-
ental tumors.

We further developed innovative vascularized multicellular
spheroids by incorporating ovarian cancer organoids. Building on
the successful construction of organoids and spheroids, both ovar-
ian cancer spheroid models and multicellular models were estab-
lished within microfluidic platforms, thereby extending the scope
of this research. These models faithfully recapitulated tumor
heterogeneity and microenvironmental complexity while provid-
ing dynamic flow-responsive culture conditions. Using these
multi-model platforms, conventional chemotherapeutics and
emerging CAR-MSLN-T immunotherapies were comparatively
assessed, yielding novel therapeutic strategies and translational
tools.

Future optimization strategies should surpass conventional
in vitro model requirements—including integration of additional
cellular components, hypoxic gradient simulation, and tumor
microvasculature reconstruction—while prioritizing the reconsti-
tution of ovarian cancer-specific pathological features. These criti-
cal features encompass the ascites-derived microenvironment and
distinct metastasis patterns deviating from hematogenous/lym-
phatic dissemination observed in other malignancies. Such tar-
geted reconstruction will maximize in vitro recapitulation of
ovarian cancer microenvironments, thereby substantially enhanc-
ing biomimetic fidelity. We envision these optimized bioengi-
neered platforms will advance precision oncology and accelerate
therapeutic discovery for ovarian cancer, ultimately enabling per-
sonalized drug screening platforms and mechanistic immunother-
apy studies.
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