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ABSTRACT

Despite the high number of cases reported, studies describing the pathogenesis of urothelial car-
cinoma (UC) remain limited. This is due to insufficient in vivo models that can accurately recapit-
ulate the pathogenesis of UC recurrence and elucidate the involvement of the tumour microen-
vironment (TME) during carcinogenesis. Models of cancer pathomechanism in monolayer culture
provide inaccurate resemblance due to biophysical and chemical changes. In simplified 2D cul-
ture conditions, factors such as tissue architecture, cell-to-cell and cell-to-matrix interaction, and
mechanical and biochemical networks, all of which are involved in drug response, are lost. Three-
dimensional (3D) culture of clinical biopsy is considered an ideal model to understand UC patho-
genesis, the role of the microenvironment, and mechanical adaptations due to improved trans-
lational capacity. However, limited biopsies and challenges in primary cell culturing have shifted
researchers towards developing cell line-based 3D culture in the pursuit of pathomechanism ex-
ploration. A comprehensive literature evaluation was carried out by searching the PubMed, Scopus,
and Web of Science databases from January 2000 to May 2022. The initial search yielded 525 articles,
and 195 studies were selected based on the inclusion and exclusion criteria. This review highlights
recent challenges, future strategies, and the clinical implications of developing high-throughput,
cell line-based 3D models for personalized UC treatment, a critical gap in the current literature.
Key words: 3D culture, urothelial carcinoma cell line, tumour microenvironment, model develop-

ment, microfluidic chip, machine learning

INTRODUCTION

Urothelial carcinoma (UC) is the second most fre-
quent urogenital cancer after prostate cancer, which
among all cancers, was ranked eleventh globally!.
Almost 30% of UC patients develop recurrence
within two years of treatment2. This high recur-
rence rate makes UC one of the most expensive
cancers to manage. The treatment costs reach up
to US$162,574 per patient annually in the US and
Canada, surpassing breast (US$85,772) and lung can-
cers (US$135,567) 5.

Understanding UC recurrence is hindered by inade-
quate in vivo models and the inability to effectively
study the tumor microenvironment. Traditional 2D
monolayer culture fails to accurately model cancer
etiology, as they lack cell-to-cell and cell-to-matrix
interactions, tissue architecture, metabolic networks,
and mechanical properties. A 3D model has proven
critical not only for UC but also for advancing un-
derstanding in various cancers such as prostate and

breast cancer®

. Moreover, it provides enhanced ac-
curacy in mimicking the TME, understanding metas-
tasis, and improving research outcomes in drug test-

ing. Cells can sense dimensionality and other physi-

cal and biological features of the ECM via integrins.
Cells react differently to 2D and 3D substrates, trig-
gering various signaling pathways in each”. Protease
activation which leads to extracellular matrix (ECM)
degradation is hindered in 2D models®. Conversely,
cells in 3D cultures can sense and respond to ECM
features, triggering distinct signaling pathways com-
pared to 2D cultures’. For instance, 3D cultures show
higher expression of integrins and MMP9, which are
crucial for cell spheroid formation®. Although animal
models offer advantages over 2D cultures, issues of re-
producibility, scalability, and cost limit their use 0.

3D culture models provide a more accurate represen-
tation for studying UC pathogenesis by maintaining
the tumor microenvironment (TME) and multicellu-
larity. They allow genetic and phenotypic analysis of
sequential events during pathogenesis, thus clarifying
the disease cascade. Moreover, 3D cultures could bet-
ter facilitate research on cancer cell proliferation, mi-
gration, invasion, and response to chemo- and radio-
therapy. Co-culturing spheroids with components of
the TME, such as stromal and immune cells, helps in
understanding how tumors adapt to their microen-
vironment. For example, Martinelli (2022) showed
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that SDHB and SDHD silenced pheochromocytoma
spheroids exhibit different behaviors when interact-
ing with the TME, with impaired stroma metabolism
inhibiting tumor aggressiveness!!. Spheroid models
allow researchers to explore tumor-TME interactions
and discover potential therapeutic targets, which are
crucial for developing effective cancer treatments.

In addition to radiotherapy, other drugs, such as
metformin, can significantly affect spheroid patterns
and interactions within the TME. Martinelli (2022)
demonstrated that metformin induces distinct re-
sponses in pheochromocytoma/paraganglioma tu-
The study
showed that metformin differentially impacted tumor
spheroids and fibroblasts within the TME, altering
their metabolic profiles and reducing tumor aggres-

mor cells and primary fibroblasts.

siveness. Specifically, metformin suppressed prolifer-
ation in tumor cells while inducing changes in fibrob-
last metabolism, demonstrating how drugs can mod-
ulate both tumor cells and TME components '2. This
demonstrated that drugs not only directly target can-
cer cells but also alter TME dynamics, which can in-
fluence overall tumor behavior. This highlights the
importance of considering drug effects on multiple
cell types within the TME when evaluating treatment
responses.

3D cell cultures are categorized into spheroid and
organoid models. Spheroids arise from either single-
cell proliferation by a monotype of cell or through
multi-cell aggregation by multiple types of cells, the
latter resulting from natural cell tendencies to ag-
glomerate in suspension cultures3-15. Self-renewal
in spheroids can be demonstrated by culturing cells
at very low densities in ultra-low attachment mi-
crowells, allowing the identification of cells with self-
renewal capabilities 16, Organoid culture is a cell cul-
ture method to recapitulate 3D architecture resem-
bling an organ. Unlike organotypic culture which in-
volves re-culturing a whole organ derived from an or-
ganism, organoid culture is grown from multicellu-
lar and conducive biochemical factors to develop an

organ-like structure 718,

An organoid may exhibit
three characteristics: self-organization, multicellular-
ity, and functionality °. Firstly, stem cells of the or-
gan of interest are cultured in culture media with op-
timal supplements to promote growth and differenti-
ation. Within 14-30 days, the culture will grow and
arrange itself in a 3D structure resembling an organ
which demonstrates partial or complete organ func-
tion!”,

Various methods have been developed to grow
organoids for research and therapeutic purposes.

Lung organoids from induced pluripotent stem cells

(iPSCs) are used to study COPD and lung trans-
plants2%21. Neurological disorders are studied using
brain organoids that are developed through the dif-
ferentiation of iPSCs into organoids. The organoid
demonstrates various brain cell types and specific
brain regions capable of replicating physiological and
pathological conditions of the blood-brain barrier 22
Small intestine organoids are used for disease model-
ing, regenerative medicine, drug screening, and gene
repair studies 2.

The human urinary bladder, lined by a specialized
stratified epithelium, comprises three layers: the lu-
minal layer with umbrella cells, the intermediate layer
with polygonal cells, and the basal layer with cuboidal
cells and bladder stem cells. This is followed by con-
nective tissues, muscle, and fat layers. This structure
reorganizes from 5-7 layers when relaxed to 2-3 layers
when the bladder is full without structural damage, il-
lustrating its transitional epithelium nature4.
Although organoid development of various human
organs has been recognized since early 2015, the
organoid culture of the urinary bladder is still lack-
ing. Bladder organoid cultures must replicate this
tissue organization, forming 4-6 closely packed cell
layers with distinct basal, intermediate, and lumi-
nal layers capable of retaining urine and preventing
its permeabilization into the underlying structure?>.
Self-renewal and differentiation are the primary char-
acteristics of human adult stem cells that underpin
organoid culture?®??, By seeding stem cells on ep-
ithelial stroma in ideal conditions, researchers can ex-
pand and differentiate these cells using genetic tools,
producing tissue-like structures for research and ther-
apeutic applications.

Spheroids are commonly derived from differentiated
tumor cell lines and do not require stem cells for their
formation. In contrast, organoids rely on stem cells
for their long-term maintenance in vitro, as they re-
tain high replicative potential. Stem cells and cancer
stem cells (CSCs) are subpopulations found in tissue
biopsies. Due to limited biopsy samples, researchers
often use cell lines for 3D culture development. Non-
cancerous cell lines lack or have limited stem cell pop-
ulations compared to cancerous cell lines, which pos-
sess CSC subpopulations capable of developing into
spheroids and organoids 8.

An accurate and cost-effective model to study UC bi-
ology and chemotherapy resistance mechanisms is ur-
gently needed, as these are major causes of recur-
rence?’. The UC organoid culture model holds po-
tential for evaluating existing and novel therapeu-
tic targets, thus personalizing UC management and
enhancing convenience for patients and healthcare
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providers. This review reports current advances in the
3D culture of UC cell lines, highlighting its applica-
tions, limitations, challenges, and future perspectives.

METHODS

Article Search and Selection Strategies: The electronic
databases PubMed, Scopus, and Web of Science were

» «

searched using the keywords “3D culture,” “urothe-
lial carcinoma cell line,” and “spheroid” A complete
list of the search strings used is presented in the sup-
plementary file. The search was restricted to arti-
cles published from January 2000 to April 2022 and
in English. The articles were screened for inclusion
based on the following exclusion criteria: focus on 3D
brachytherapy, 3D ultrasound, 3D radiotherapy, 3D
PET and CT images, immunohistochemical 3D re-
construction, 3D modeling from anatomical images,
non-UC cell lines, non-original research or review ar-
ticles, non-English articles, and those without avail-
able full texts. Figure 1 depicts an outline of the liter-
ature search in a PRISMA flow diagram.

RESULTS

The search produced 525 hits, of which 473 arti-
cles were deemed eligible based on the abstract, and
195 were included after reference check and full-text
screening. The publication year ranged from January
2000 to April 2022. Based on the analysis of 195 stud-
ies, several key trends were observed regarding the ap-
proaches used to develop 3D UC culture models (sup-
plementary data). Early research mostly used sim-
pler approaches such as hanging drop (HD), methyl-
cellulose (MC), and collagen-based scaffolds. How-
ever, there has been a recent trend towards the use of
more advanced materials and techniques. Complex
platforms such as microfluidic chips and ultra-low at-
tachment dishes (ULA) are more favored because they
provide a more accurate simulation of the TME.
Besides, there has been a growing trend towards
multimodal approaches. Researchers are increas-
ingly combining various methods to enhance the
accuracy of 3D models. For instance, combining
ULA with Matrigel (ULA+M) or collagen with fi-
bronectin (ULA+coll+fibronectin) demonstrates an
effort to mimic both the physical and biochemical
properties of the TME more comprehensively. Addi-
tionally, there has been a clear shift towards scaffold-
free culturing techniques, particularly the use of ULA
and poly 2-hydroxyethyl methacrylate (Poly HEMA),
which minimize the potential interference with the
cellular behavior caused by scaffolds.

There is also advancement in integrating biomimetic
designs and microfluidic technology into 3D UC

models. This innovation improves the physiological
relevance of the models by demonstrating dynamic
conditions, such as nutrient flow and waste elimi-
nation, better mimicking the in vivo TME. Another
significant development has been the increasing use
of coculture systems, where UC cells are co-cultured
with other cell types, such as fibroblasts and human
umbilical vein endothelial cells (HUVECs). This ap-
proach helps replicate cellular interactions within the
TME and provides valuable insights into cancer pro-
gression and metastasis.

DISCUSSION

3D culture approaches in UC cell lines

To date, there are hundreds of approaches and meth-
ods to culture UC cell lines under 3D conditions for
various applications (Supplementary Tables 1 and
2). The earliest literature described the forced floating
method, where cells are cultured in suspensions, in-
dependent of surface attachments3C. There are three
ways to suspend cells: by culturing in ULA wells,
poly-hydroxyethyl methacrylate (poly-HEMA) pre-
coated dishes and the hanging drop (HD) method.
In the HD method, 10-20uL cell suspensions were
placed on a plate. The plate was then flipped up-
side down, which pulled down cells to spontaneously
form aggregates at the bottom of the drop >3, This
method is also used to generate embryoid bodies from
embryonic stem cells. Alternatively, the rotary cultur-
ing system enables spontaneous cell aggregation32.
Another approach, static liquid overlay, induces cells
to aggregate instead of sticking to a surface when sus-
pended cells are cultivated on a nonadherent sub-
strate33. Spheroids can also be formed by the air-
liquid interface (ALI) system, where the bottom and
upper parts are separately exposed to liquid and air,
respectively>*. Some researchers combined forced
floating and liquid overlay techniques to obtain the
desired outcome based on their research objectives.
More recently, spheroids and organoids have been
grown on nonadherent microfluidic chips3°.

Limitations of 3D bladder organoid culture
methods

Although organoid culture of various organs was in-
troduced in 2000, there was limited research focused
on developing a complete structural organization and
functional urinary bladder organoid using cell lines.
Among the 195 selected articles, a majority discussed
the spheroid culture method, which we considered
a very well-established method. However, less than
10 papers discussed the organoid culture method.
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Figure 1: Search strategy and selection of the studies for the review (n = 195). The database search was
performed according to the PRISMA 2020 protocol.

They defined urinary bladder organoid as 4-6 layers  and tight junctions in the mature stratified urothe-

of stratified urothelium on the surface of 2-3 mm3 of  lium. The vesical equivalent was then transplanted

either collagen, de-epithelialized stroma, MatrigelTM
or reconstituted basement membrane, with the pres-
ence of tight and gap junctions on the surface of
the cells3136-38, The most sophisticated bladder
organoid was a 3D human vesical equivalent of the
bladder which was created from primary cells. His-
tological investigation revealed morphological simi-
larities to natural human mucosa with the presence of
ECM, a capillary-like network, basement membrane

with T24 and RT4 cell lines to study their invasive
potential3!. This review reported that there are lim-
ited studies performed to demonstrate organoid dif-
ferentiation into a stratified urothelium layer, which is
9/195 (4.6%) 23436:39-44 wyith no reports describing
methods to develop functional urinary bladder vesi-
cal structure. Novel analysis and validation methods
for assessing urine storage cavity during contraction
will facilitate its translational potential.
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Figure 2: Limitations and future perspective for bladder 3D culture system.

Future perspectives of 3D bladder organoid
culture

3D culture application in cancer chemoresis-
tance study

Due to the attribution of UC as a stem cell disease,
the primary clinical challenges in UC include iden-
tifying early diagnostic markers, prognostic indica-
tors, and novel therapeutic targets. Investigations into
the molecular signatures of UC stem cells have re-
vealed significant intrinsic plasticity and heterogene-
ity, which greatly affect individual responses to ther-
apy. Incorrect cytotoxic treatments can lead to the
enrichment of cancer stem cells (CSCs), contributing
to increased chemoresistance, a major obstacle in UC
treatment. Therefore, a thorough understanding of
the fundamental processes underlying UC stemness
and their link to drug resistance is essential. As treat-
ment approaches for UC evolve, there is a favorable
shift toward more personalized therapies. Identifying
unique early diagnostic and prognostic CSC markers
in UC may offer new methods for disease classifica-
tion or clinical staging, with the presence of CSCs po-
tentially indicating a more aggressive cancer pheno-
type. Patient-derived tissue, organoid, and xenograft
models of bladder cancer, representing various stages

and histological subtypes, have been developed >3,

These models provide insights into oncogene mu-
tations and expression patterns unique to each pa-
tient, facilitating personalized therapy. In 2018, 16
bladder cancer organoid lines were created from pa-
tients with a 70% success rate, accurately replicating
the genetic and histological properties of the origi-
nal tumors#°. Another study produced 133 organoids
from 53 bladder cancer patients with around 50% ef-
ficiency 4. These studies linked drug resistance to tu-
mor growth, observed varied drug responses among

organoid lines 46

, and noted increased drug resis-
tance in 3D compared to 2D cultures?®. Notably,
the mutational profiles of individual organoids helped
identify therapeutic vulnerabilities, predicting medi-

cation responses>16,

3D culture application in cancer im-

munotherapy

Co-culture of patient bladder cancer organoids with
chimeric antigen receptor T cells (CAR-T) is ef-
fective in immunotherapy evaluation®.
culture system, CAR-T cells designed to target MUC1

in organoids caused death in MUCI-expressing

In a co-

organoids®®. It is exciting that organoid models show
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Figure 3: Proposed urinary bladder organoid 3D culture model. A) The microfluidic chip comprises of four
individual inlets for cells and growth supplements, two reservoir outlets and three inlets for saline, urine, urea
and/or differentiation factors. B) Each inlet will direct multiple types of cells towards central core to form urinary
bladder organoids with integration of angiogenesis and tumour microenvironment. C) Other organoids can be
integrated into a separate chamber connected via microfluidic channels. Image was created using Biorender.

potential as a therapeutic decision-making tool, al-
beit further advancement will benefit patient out-
comes. Many factors influence organoid produc-
tion and long-term passaging success rates, includ-
ing organoid culture conditions (e.g., presence of
serum and growth hormones, medium composition,
kinds and sources of matrix proteins) 4546 tumor
grade/stage®®, and stem cell marker expression®!.
These variables can have a varied impact on the
growth and stability of each organoid model. Fur-
thermore, co-culture methods containing immune
cells and stromal compartments can more effectively
mimic a physiologically relevant tumor microenvi-
ronment>>%3, As a result, an ideal organoid model
with functional vesical structure may improve the
spatiotemporal study of intravesical-based therapeu-
tic modalities. Organoid model analyses show po-
tential as a guide for clinical decisions and improv-
ing patient outcomes. Novel CSC-targeted treatments
are still required to improve UC therapeutic efficacy.
The success of UC therapy and clinical care is mainly

reliant on disease models. The ideal platform for

developing and establishing an efficient and accu-
rate organoid model system is through utilization of
UC cell lines. Once the system is well-established,
patient-derived UC organoids could constitute a re-
liable model system for investigating tumor evolution
and treatment response in the context of personalized

cancer treatments.

3D culture feasibility in clinical settings

Ideally, an organoid system for studying UC should
be able to demonstrate metastatic cascade stages, an-
giogenesis, a fully operational immune system, mul-
ticellular cell-cell and cell-ECM interactions. For the
model to be cost-effective, user-friendly, and feasible
to be applicable in clinical settings, it should encom-
pass high throughput sampling with a high level of ex-
trinsic control and self-automation which allows for
conducive administration of cellular components, de-
livery of drugs, proteins, growth factors and differen-
tiation factors. Additionally, the model should feature
an accurate topology of the tumor components which
allows precise tracking of individual cells. Besides,
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Figure 4: The conduit on the organoid inlet can be accessed for insertion of saline, urine, urea, chemodrugs,
differentiation factors and novel therapy agents. Saline is added at increasing volume into elastomer to provide
space for urothelial expansion. The elastomer will be degraded, leaving multilayers of stratified urothelium that
form organised and functional urine cavity. Image was created using Biorender.

integration of high-resolution real-time imaging will
improve the quality and acquisition of data collection
(Figure 2). Interdisciplinary approaches have poten-
tial to advance the 3D culture models in UC. Com-
bining tissue engineering with computational model-
ing, particularly molecular docking, allows for predic-
tion of drug-ligand/ potential targeted protein inter-
actions and tumor behavior. This enables the identifi-
cation of promising therapeutic compounds in silico,
reducing the need for exhaustive laboratory testing.
Besides, the integration of machine learning provides
a powerful tool for predicting patient outcomes based
on vast datasets derived from 3D models. By train-
ing algorithms on patient-specific molecular profiles
and treatment responses, machine learning can offer
personalized therapeutic insights, therefore enhanc-
ing the clinical relevance of 3D models.

3D culture in tumor-on-a-chip devices

3D bioprinting allows for the precise deposition of
cells, bioactive compounds, biomaterials, and other
cellular components to create tissue-like structures
that mimic in vivo. It is capable of recreating the
intrinsic architecture of tissues, improving the accu-
racy of models used in drug testing, disease mod-
eling, and tissue engineering. In cancer research,
3D bioprinting can produce complex TME for study-
ing tumor behavior, drug resistance, and potential
therapies that support personalized medicine>*. Mi-
crofluidic advances have enabled the isolation and
culture of thousands of single cells on a chip. How-
ever, the tumorsphere assay is time-consuming, lim-
iting its throughput. Chen et al. utilized machine
learning with single-cell analysis to expedite the tu-
morsphere assay, demonstrating potential applica-
tions in various biomedical fields >*. Microfluidic sys-
tems enhance readouts by allowing high-throughput
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screening of therapeutic modalities in patient-derived
organoids. Co-culturing with microvasculature in
tumor-on-a-chip devices for in vitro chemosensitiv-
ity assays can comprehensively evaluate anticancer
drug absorption, distribution, metabolism, excre-
tion, and toxicity, closely mimicking the in vivo tu-
mor microenvironment. Evaluating drug efficacy
and safety is crucial for assessing cellular toxicities,
facilitating drug screening and delivery. An ideal
system should measure cellular toxicity in the liver,
kidney, and blood vessels during or after drug ad-
ministration in the bladder organoid. Organ-on-a-
chip models emphasize hepatocyte contribution to
drug metabolism by assessing adverse effects pro-
duced by drug metabolites rather than the drug it-
self. A prodrug is an inactive substance converted
into an active form through metabolic or physico-
chemical transformation to perform therapeutic ac-
tions 3. For example, thymosin fraction 5 (TF5) con-
verts to fluorouracil (5-FU), causing hepatotoxicity,
while doxorubicin converts to doxorubicinol, caus-
ing hematological toxicity. Therefore, liver, kidney,
and other related organs should be cultured in sep-
arate channels to examine safety and toxicity follow-
ing drug administration in the bladder organoid. Co-
organ systems such as liver-uterine-bone marrow>’,
liver-heart-vascular 38, liver-intestine-breast>?, liver-
prostate-kidney 60 liver-breast-cervical®!, and liver-
lung-kidney-fat®? have been utilized in organ-on-a-
chip systems. These systems use homotypic hepato-
carcinoma cells to study liver interactions with other
organs cultured in separate chambers connected via
microfluidic channels %3, Tissue engineering scaffolds
provide 3D environments for cell propagation and
specialized signaling molecules that mimic real tis-
sue surroundings. These scaffolds can be natural, syn-
thetic, or a combination of both. Signaling molecules
significantly enhance scaffold efficacy by controlling
the phenotypes of enclosed and surrounding cells.
In cellular strategies, cells are cultured in vitro and
allowed to connect with scaffolds before implanta-
tion. In acellular strategies, living host cells migrate
and infiltrate the implanted scaffold. These cells can
then be extracted as tissues for wound healing, sec-
ondary site explants, or newly differentiated tissues
from stem cell sources®. Once the scaffold is com-
pletely reabsorbed, only the newly regenerated tissue
remains. The regenerated tissue allows the infiltration
of angiogenesis and nerve fibers and the deposition
of extracellular matrix (ECM) components. Signal-
ing molecules within the scaffolds support and reg-
ulate innate cells such as CSCs, endothelial progeni-
tors, and macrophages from the bloodstream and sur-

rounding tissue 4.

Elasticity is described as the capacity of a material
to rebound from distortion when exposed to a force.
The mechanical work required to distort the object is
stored as strain energy, which can be recovered once
the force is released. Resilience is the ability of a ma-
terial to absorb energy after elastic deformation, with
energy recovery upon unloading®. The level of re-
silience of a material must be measured before be-
ing used as a scaffold. This will ensure that it has
adequate resilience proficiency to support the tissue
as it grows into an expanding structure. Elastomers
are rubber-like compounds that demonstrate elastic-
ity. Polymer chains in these materials are linked by
relatively weak intermolecular interactions thereby al-
lowing the polymers to stretch in response to micro-
scopic forces %, Polyglycerol sebacate (PGS) is an ex-
ample of an elastomer that has been used as a scaf-
fold for tissue engineering of cardiac tissue. They pos-
sess excellent elasticity, biocompatibility, biodegrad-
ability, and mild cytotoxicity 7. Chen and colleagues
have designed a heart patch from a biocompatible and
biodegradable PGS. Plastering the heart patch to a
damaged left ventricular wall influenced cardiac me-
chanics by lowering myofibril stresses and confound-
ing changes in clinical left ventricular metrics. The
reduction in wall stress was calculated to be propor-
tional to the fractional volume added, with firmer ma-
terials improving this reduction better 678,

Elastomer use in bladder organoid culture was never
reported. In terms of validation of an organoid model,
accurate structure and function are crucial. The blad-
der vesical should function as a urine storage cavity
that is able to expand when it is in full volume and
contract when vacant. Therefore, we proposed elas-
tomer to be used as a scaffold to support the devel-
opment of bladder organoid. As the urothelial lay-
ers are growing, saline is added in increasing volume,
day by day, in order to give more space for urothe-
lial expansion. Once the organoid is fully developed
surrounding the elastomer, the elastomer should be
able to be naturally degraded, leaving multilayers of
stratified urothelium to form a structured, organized
and functional urine-filled cavity (Figures 3 and 4).
The tight junction of umbrella cells and GAG layer
account for the luminal impermeability capability of
bladder organoid. To test luminal impermeability
function, bladder organoid can be cultured in a fil-
ter insert as an air-liquid interface setting. The vesical
can be filled up with a solution with a predetermined
urea concentration and left for a few days to allow for
urea to permeabilize the luminal layer, breaching the
filter insert and ending up at the bottom of the cul-
ture vessel. A spectrophotometer can then be used to
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measure the concentration of urea at the bottom. For
negative control, the luminal layer will be pretreated
with acetone or SDS to disrupt tight junctions in um-
brella cells. If the organoid has an intact luminal im-
permeability function, urea should not breach the lu-
minal layer, thus no urea should be found at the bot-
tom of the vessel. The Technology Readiness Levels
(TRL) of the 3D culture model for urothelial carci-
noma currently stand at the early to mid-range level,
approximately TRL 4 to 5. Despite the promise of the
proposed model in replicating tumor architecture and
cell interactions in vitro, they remain in the preclini-
cal research phase. Significant efforts are required to
enhance the model’s reproducibility, scalability, and
ability to mimic in vivo conditions accurately. To
progress towards clinical application (TRL 6-7), fur-
ther validation through large-scale testing and regu-
latory evaluation is necessary. This will include prov-
ing the model’s robustness and reproducibility in dif-
ferent laboratories, as well as demonstrating its util-
ity in predicting patient-specific treatment outcomes.
These need to be analyzed before it can be integrated
into routine cancer treatment and management.

CONCLUSIONS

Development of an ideal organoid model will aid
in closing the gap between simplistic 2D mono-
layer culture and complicated transgenic animal host.
Biomimetic design inspires researchers to keep inno-
vating and improving the design of current 3D culture
models. Once the system is well-established, patient-
derived UC organoids will constitute a sophisticated
and accurate model system for investigating tumor
evolution and treatment response in the context of
personalized cancer treatments. Besides, the platform
has the potential to be developed for the regeneration
of bladder organs, which will greatly benefit patients
with radical cystectomy.

Future research should focus on integrating interdis-
ciplinary approaches, such as tissue engineering with
computational tools. Molecular docking can be ap-
plied to study interactions of drugs and therapeu-
tic targets, while machine learning algorithms can
predict patient-specific outcomes. The incorpora-
tion of microfluidic chips will enable high-throughput
screening, offering a high degree of external control
and self-automation, which are keys for clinical trans-
lation. Furthermore, future research could also ex-
plore the interaction between the urothelium and en-
dogenous microbiota. Given the potential oncogenic
role of microbiota, organoid models offer a promis-
ing platform to study these interactions. Incorporat-
ing such studies may provide additional insights into

tumor biology and open new avenues for therapeutic
interventions.

These advancements in 3D UC models could reduce
dependency on animal models, improve drug testing
accuracy, and lead to more personalized and effective
treatments. Robust UC 3D models promise to revo-
lutionize therapeutic approaches and provide tangi-
ble clinical benefits for patients. The combination of
emerging technologies, such as machine learning and
microfluidic platforms, further enhances the poten-
tial for these models to be implemented in healthcare,
pushing the boundaries of precision medicine.
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