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Abstract

Digestive system cancers—including gastric, liver, colorectal, esophageal, and pancreatic malignancies—remain
leading causes of cancer death, with treatment resistance posing major challenges in advanced disease. Patient-
derived cancer organoids (PDCOs), 3D mini-tumors grown from patient biopsies, have revolutionized personalized
oncology by faithfully replicating tumor biology and enabling predictive drug testing for chemotherapy,
radiotherapy, targeted therapy, and immunotherapy. While demonstrating good predictive accuracy, current
limitations include incomplete tumor microenvironments, variable establishment rates, and lengthy processing
times. Emerging technologies like Al, organ-on-chip systems, and 3D bioprinting are addressing these challenges,
while clinical trials explore applications in neoadjuvant therapy and real-time treatment guidance. This Review
highlights key advances in PDCO technology and its transformative potential for treatment decision-making in
digestive system cancers, bridging laboratory research with clinical care to enable truly personalized therapeutic
strategies tailored to individual tumor biology.
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Introduction

Cancers of the digestive system—including gastric, liver,
colorectal, esophageal, and pancreatic cancers—repre-
sent a major global health challenge. According to Global
Cancer Statistics 2022, colorectal, liver, and stomach can-
cers are among the top five causes of cancer-related death
worldwide, collectively accounting for a significant por-
tion of the 9.7 million cancer deaths reported annually
[1]. These malignancies arise from a complex interplay
of factors, including inherited genetic mutations such as
APC and TP53, as well as modifiable environmental and
lifestyle influences like diet, alterations in the gut micro-
biome, chronic inflammation, and infections by viruses
or bacteria [2-9]. Despite advances in screening, diag-
nostics, and therapy, many patients with digestive system
cancers are still diagnosed at late stages, where curative
treatments are limited and outcomes remain poor [10].
Historically, treatment has been guided by histological
subtype and staging. However, it became evident that
patients with similar clinical features often respond dif-
ferently to the same treatment. This recognition has
propelled the shift toward personalized medicine—an
approach that tailors treatment based on the unique
molecular and functional characteristics of an individu-
al’s cancer.

One of the earliest breakthroughs in this field was the
identification of specific genetic mutations that predict
response or resistance to targeted therapy. For instance,
KRAS mutations in colorectal cancer serve as a nega-
tive predictor for response to anti-EGFR therapies [11],
while amplification of HER2 in gastric cancer led to the
approval of trastuzumab, one of the first targeted treat-
ments in gastrointestinal (GI) oncology [12, 13]. The
advent of next-generation sequencing (NGS) has further
accelerated biomarker discovery, uncovering a broad
spectrum of genetic and epigenetic alterations across
various types of digestive system cancers [14]. Alongside
genomic profiling, functional precision oncology tools
have emerged to better predict therapeutic responses.
Among these, patient-derived organoids (PDOs) stand
out as highly promising. These three-dimensional (3D)
cultures are grown from patient tumor biopsies and can
faithfully replicate the cellular structure, genetic muta-
tions, and drug sensitivity of the original tumor [15].
Unlike traditional two-dimensional (2D) cell lines, PDOs
can be generated in just a few weeks and used to test a
variety of treatment options ex vivo. They are particularly
valuable in cancers with limited standard treatments—
such as pancreatic and cholangiocarcinoma—where they
may help guide off-label therapy decisions or enrollment
into clinical trials.

Patient-derived cancer organoids (PDCOs) preserve
not only the genetic features of the tumor but also impor-
tant aspects of the tumor microenvironment, such as
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stromal architecture, immune cell infiltration, and extra-
cellular matrix interactions [16, 17]. This allows them
to more accurately model drug responses, resistance
mechanisms, and even predict efficacy of immunothera-
pies. For instance, PDCOs have been used to investi-
gate immune checkpoint pathways like programmed
death-1(PD-1)/programmed death-ligand 1(PD-L1) and
cytotoxic T-lymphocyte-associated protein 4(CTLA-4),
helping identify patients who are most likely to benefit
from immunomodulatory treatments [18, 19]. This level
of personalized ex vivo testing provides clinicians with
a valuable bridge between laboratory research and clini-
cal care—allowing for more precise, effective, and safer
treatment strategies.

In this review, we explore the progress and challenges
of using PDCOs in treatment decision-making for diges-
tive system cancers. We begin with a historical and tech-
nical overview of organoid development, then examine
how PDCOs are applied to study treatment efficacy,
resistance, and toxicity across various digestive system
cancers. We also assess their emerging clinical applica-
tions in precision oncology. Finally, we highlight current
limitations and suggest strategies to improve their clini-
cal translation in the future.

Origin and development of organoids

Organoid technology: definition and classification

The development of organoid technology marks a major
advancement in biomedical research, offering the abil-
ity to 3D in vitro tissue models that mimic the architec-
tural and functional characteristics of human organs [20].
Organoids can be derived from pluripotent stem cells,
adult stem or progenitor cells, or even differentiated cells
from both healthy and diseased tissues [21]. When gen-
erated from patient samples, these models are referred
to as PDOs. More specifically, when derived from tumor
tissues—such as those obtained through surgical resec-
tion or biopsy—they are termed PDCOs (or PDTOs) [22,
23]. PDCOs exhibit strong self-organizing properties
and accurately recapitulate the histological, genetic, and
molecular characteristics of their parent tumors. This
high fidelity makes them valuable tools for disease mod-
eling and personalized cancer therapy.

Historical evolution of organoid research

The concept of cellular self-organization, which under-
pins modern organoid research, can be traced back to
Wilson’s 1907 experiment with siliceous sponges. He
demonstrated that when dissociated into individual
cells, sponge tissues could re-aggregate and self-organize
under certain conditions, eventually regenerating into
functional sponge structures [24]. The term “organoid”
was later introduced in 1946 by Smith and Cochrane to
describe organ-like elements found in teratomas [25].
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Through the mid-20th century, developmental biologists
showed that dissociated embryonic cells in species like
amphibians and birds could reconstitute rudimentary
tissue structures [26]. However, it was the isolation and
characterization of pluripotent and adult tissue-specific
stem cells that truly catalyzed the emergence of modern
organoid systems [27-29].

Establishment and cultivation of PDCOs

PDCOs are typically established by enzymatically or
mechanically dissociating tumor tissues into single cells
or small clusters, which are then embedded in a support-
ive extracellular matrix such as Matrigel [30, 31]. These
are cultured in media containing specific growth factors
and signaling molecules, tailored to the tissue of origin.
Notably, the introduction of Matrigel into gastric cancer
organoid cultures increased the establishment rate from
~50% to nearly 78% [32, 33]. Alternative systems—such
as the air-liquid interface (ALI) [18] and microfluidic
chip platforms [34]—improve gas exchange and enable
co-culture with immune or stromal components, fur-
ther enhancing organoid viability and complexity. 3D

Table 1 Performance characteristics of tumor models: a
comparative analysis

Module 2D Cell GEMM PDX PDCO
Lines
Type Ex Vivo In Vivo In Vivo Ex Vivo or
In Vitro
Cell Structure 2D 3D 3D 3D
Cost Low Very high High Moderate
Culture Simple Complex Complex Standard
Conditions
Modeling cycle  1-3Days ~ 6-24 months 3-6 months 4-6
weeks
Genetic Stability May Stable Stable Stable
of Original Tis-  undergo
sue or Disease  passage-
related
variation
Tumor May lose Engineered  Preserved Preserved
Heterogeneity ~ some
tumor
features
Disease Diver- ~ NA YES YES YES
sity Simulation
Variability in NA NA YES NA
Implantation
Rates
Species NA YES YES NA
differences
TME Simulation  NA YES YES YES
Scalability High NA Low Moderate
Standardization  High Low Low Moderate

Note: GEMM: Genetically engineered mouse model. PDX: Patient-derived
xenograft model. PDCO: Patient-derived cancer organoid. TME: Tumor
microenvironment. 2D: Two-dimensional. 3D: Three-dimensional. NA: Not
Applicable
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bioprinting [35] now allows for precise spatial organiza-
tion, while genome-editing tools like CRISPR/Cas9 [36]
enable direct manipulation of oncogenic pathways in
organoids.

Advantages over traditional models

Compared to conventional 2D cell lines or in vivo mod-
els, PDCOs offer a balance of physiological relevance
and scalability. Established cell lines such as HCT116
or HepG2 are easily maintained but often poorly reflect
tumor heterogeneity and in vivo behavior [37-39].
Patient-derived xenografts (PDXs) and genetically engi-
neered mouse models (GEMMs) offer more physiological
insights but are limited by cost, long development times,
and species-specific differences [40-42]. PDCOs pre-
serve key characteristics of the original tumor—includ-
ing histology and mutational landscapes—and can be
expanded rapidly, often within 4—6 weeks [22, 43]. Their
compatibility with high-throughput drug screening fur-
ther supports their utility in translational research and
precision oncology. Table 1 provides a comparative sum-
mary of PDCOs and other commonly used tumor models
in cancer research.

Integration with Al and emerging technologies

Despite their promise, variability in PDCOs generation
and characterization remains a significant barrier. Arti-
ficial intelligence (AI)-based tools are increasingly being
employed to automate workflows and enhance reproduc-
ibility. As an important branch of Al, machine learning
can assist in real-time monitoring, image-based analy-
sis, and quality control by identifying features such as
necrosis, proliferation, and morphological irregularities
[44, 45]. For example, the SiQ-3D platform enables real-
time visualization of T-cell-mediated tumor cell killing
within PDCOs, helping predict responses to immune
checkpoint blockade [46]. The OrBITS platform allows
integrated imaging and analysis for medium-throughput
drug screening in pancreatic cancer organoids. These
innovations streamline organoid research and enhance
clinical translatability [47].

Milestones in digestive system cancer organoid
development

Although organoid technology has been explored for
several decades, its broad application in digestive sys-
tem cancer research gained momentum more recently.
A major breakthrough occurred when Hans Clevers and
colleagues established the first long-term culture sys-
tem for intestinal organoids [48]. In 2011, they further
advanced the field by generating tumor organoids from
patient-derived colorectal adenomas, colorectal adeno-
carcinomas, and Barrett’s esophagus tissues [49]. By
supplementing the culture media with growth factors like



Wang et al. Molecular Cancer (2025) 24:222

FGF10, they successfully maintained organoids for over
three months, marking a pivotal milestone in cancer-
focused organoid research.

In 2015, Boj et al. [50] reported the development of
pancreatic organoids from both human and mouse
ductal cells. These models provided insight into the
progression from precancerous lesions to invasive pan-
creatic cancer and served as a valuable platform for
testing therapeutic agents. In 2017, Broutier et al. [51]
established patient-derived liver cancer organoids—also
known as “tumoroids”—that accurately mimic the his-
tological, genetic, and molecular characteristics of major
liver cancer types, including hepatocellular carcinoma
(HCC), cholangiocarcinoma (CCA), and mixed HCC/
CCA. These organoids retained key tumor-specific mark-
ers such as AFP and EpCAM, as well as common driver
mutations like CTNNB1 and KRASS'?P, As a result,
they serve as reliable models for studying disease mech-
anisms and evaluating drug responses. Notably, these
tumoroids also reproduced metastatic traits, making
them a promising, scalable tool for personalized drug
screening. This advancement represents a significant
step toward precision oncology by linking tumor biol-
ogy to clinical decision-making. Future improvements
may include incorporating immune and stromal ele-
ments to better replicate the tumor microenvironment

A
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(TME) and enhance predictive accuracy. By 2018, Nanki
et al. [52] demonstrated that specific genetic alterations
in patient-derived gastric cancer (GC) organoids directly
influence their dependence on niche growth factors. For
example, mutations in CDH1/TP53 and RNF43/ZNRF3
rendered the organoids independent of R-spondin and
Wnt signaling, respectively, while ERBB amplifications
allowed them to grow without EGF or FGF10. These
genotype-phenotype relationships also predicted drug
responses: tumors with RNF43 mutations showed sen-
sitivity to Wnt pathway inhibitors, while ERBB-ampli-
fied organoids responded to HER2-targeted therapies
(Fig. 1). These findings were validated in both organoid
and xenograft models. By linking tumor genetics to niche
factor requirements, this study supports the use of GC-
organoids as a powerful tool for guiding personalized
treatment decisions based on individual molecular pro-
files, advancing the field of functional precision oncology.
Around the same time, Li et al. [53] developed PDCOs
from esophageal adenocarcinoma tissues. Impressively,
approximately 90% of the organoids survived beyond six
months in culture. Medium-throughput drug sensitivity
assays conducted on these models demonstrated their
value in guiding personalized cancer therapy. Figure 2
provides a visual summary of these key milestones in the
evolution of digestive system cancer organoid models.
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Fig. 1 Genetic mutations mediating morphological transformation of GC organoids. A Representative bright-field (top) and confoal (bottom) images of
solid (left) and glandular organoid morphologies (right) with F-actin (green) and integrin-a6 (red) staining. B Pathological and morphological subtypes,
and Y-27,632 requirement status of GC organoids, associated with CDH1 and RHOA alterations. GS-GC organoids are highlighted in green characters. C
Sanger sequencing confirmation of CDH1 and RHOA KO in single KO organoids. Black frames show sgRNA targets. D CDH1 (red) and Ki67 (green) immu-
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Fig. 2 Milestones in Organoid Development and Digestive System Cancer Organoid Models. Note: PSCs: Pluripotent Stem Cells. 3D: Three-dimensions.
ESCs: Embryonic Stem Cells. IPSCs: Induced Pluripotent Stem Cells. This figure was created with Adobe llustrator

PDCO-Guided precision cancer therapy

Surgical removal remains the mainstay of treatment
for early-stage digestive system cancers. However, for
patients with more advanced disease, chemotherapy and
radiotherapy can significantly improve outcomes [54-56].
Although chemotherapy, radiotherapy, and their combi-
nation are commonly used, these treatments can dam-
age healthy tissues, cause significant side effects, and lack
personalization. Targeted therapies [57, 58] offer more
precise treatment by focusing on tumors with specific
mutations like EGFR or ALK. However, these mutations
are found in only a small group of patients, limiting the
broader use of targeted drugs. Immunotherapy has revo-
lutionized cancer treatment in recent years and improved
survival for many patients [59, 60], but challenges remain.
Only a minority of patients respond well, and treatment
can lead to immune-related side effects. Moreover, both
targeted and immune therapies are often expensive and
not affordable for many families. Given these limitations,
there is a growing need for better models to guide per-
sonalized treatment. PDCOs are small, lab-grown tumor
models that closely resemble a patient’s original cancer
in terms of genetics, structure, and behavior [43]. These
“mini-tumors” can be used to test how an individual’s
cancer is likely to respond to various treatments—such
as chemotherapy, radiotherapy, targeted therapy, immu-
notherapy, or their combinations—before those therapies
are actually given. Acting like “patient avatars,” PDCOs
can be combined with genetic testing, multi-omics

data, and Al to help guide treatment choices, fine-tune
drug dosages, and support more personalized and effec-
tive clinical decision-making [46, 47]. In this section, we
examine how PDCOs are advancing personalized treat-
ment strategies for digestive system cancers, including
standard approaches such as chemotherapy, radiother-
apy, targeted therapy, and immunotherapy, as well as
emerging modalities like microbiome-based interven-
tions and photodynamic therapy. Figure 3 summarizes
the use of PDCOs in different therapeutic approaches.
PDCOs serve as “patient avatars” to personalize treat-
ment by replicating tumor biology and microenviron-
ment. The figure highlights their role in bridging lab
research and clinical decision-making, enabling precision
oncology through functional drug testing and biomarker
discovery. Emerging technologies (e.g., Al, 3D bioprint-
ing) further enhance PDCO utility.

Chemotherapy

Chemotherapy continues to serve as a fundamental treat-
ment modality for most digestive system malignancies,
utilizing cytotoxic agents including DNA-damaging com-
pounds and antimetabolites to inhibit tumor prolifera-
tion or induce apoptotic cell death [61]. Commonly used
agents include fluoropyrimidines (e.g., 5-Fluorouracil
analogs), platinum compounds, irinotecan, and taxanes.
However, clinical experience has shown marked inter-
patient variability in response to standardized chemo-
therapy regimens. As a result, many patients suffer from
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Fig. 3 Therapeutic Applications of PDCOs in Digestive System Malignan-
cies. a Chemotherapy: PDCOs are used for drug screening and testing to
predict patient responses to cytotoxic agents like 5-FU and oxaliplatin.
b Radiotherapy: Organoids assess tumor radiosensitivity and optimize
radiation dosing. c Targeted Therapy: PDCOs identify effective targeted
drugs (e.g., KRAS inhibitors) and resistance mechanisms. d Immunother-
apy: Co-cultures with immune cells evaluate checkpoint inhibitors (e.g.,
anti-PD-1) and CAR-T/NK therapies. @ Microbial-Assisted Therapy: Probi-
otics and microbiota interactions are tested for anti-tumor effects. f Pho-
todynamic Therapy (PDT): Organoids model light-activated treatments
combined with drugs or immunotherapy. This figure was created with
Adobe lllustrator

treatment-related toxicities without deriving significant
therapeutic benefit [62]. PDCOs offer a promising solu-
tion by directly assessing the tumor’s sensitivity to spe-
cific chemotherapeutic agents. This functional approach
may help tailor individualized treatment plans and opti-
mize therapeutic outcomes.

For instance, Zhao et al. [33] developed a high-fidelity
biobank of 57 PDCOs from GC patients, achieving a 78%
success rate in organoid establishment. These PDCOs
closely retained the histological and molecular features
of the original tumors, allowing for individualized drug
testing. Importantly, the organoids accurately predicted
patient responses to common chemotherapy agents such
as 5-fluorouracil (5-FU) and oxaliplatin, with a clini-
cal concordance rate of 91.7%. RNA sequencing further
identified gene expression patterns associated with treat-
ment response—such as higher expression of tumor sup-
pressor genes in sensitive PDOs and proliferation-related
genes in resistant ones—providing potential biomarkers
for predicting drug efficacy (AUC>0.8). In addition, co-
culture experiments with cancer-associated fibroblasts
(CAFs) and T cells revealed that CAFs could induce drug
resistance, while microsatellite instability-high (MSI-H)
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tumors showed strong T cell-mediated cytotoxicity
[33]. These findings demonstrate the value of PDCOs
in modeling the TME. Notably, drug screening could
be completed in under two weeks and was validated in
both xenograft models and actual patient outcomes.
Overall, this work highlights the clinical potential of GC-
PDCOs to guide personalized therapy, predict treatment
response, and uncover mechanisms of resistance—bridg-
ing the gap between bench research and bedside deci-
sion-making in precision oncology.

In a separate clinical investigation, Cartry et al. dem-
onstrates the feasibility of using PDCOs from colorectal
cancer (CRC) patients, including core needle biopsies
(61.5% success). The PDCOs maintained a 94% genomic
similarity to the original tumor and generated chemo-
gram (always presented in the form of heatmaps and
dose-response curves) for 25 drug tests within 6 weeks.
Effective drugs were identified for 92% of cases, including
non-standard agents, and predictions matched clinical
responses with 75% accuracy [63]. Fewer drug “hits” cor-
related with greater tumor burden and prior treatments.
PDCOs show promise in guiding personalized treat-
ment, identifying off-label options, and informing trial
design—especially for refractory CRC patients without
actionable mutations. Larger studies are needed to vali-
date outcomes. A particularly illustrative case involved a
patient with metastatic CRC to the liver who had previ-
ously undergone 11 lines of unsuccessful therapy. In the
PDCO-based drug sensitivity screen, oxaliplatin emerged
as the most effective agent. Guided by this result, the
patient was re-challenged with an oxaliplatin-based regi-
men (capecitabine plus oxaliplatin, or CAPOX), which
led to marked clinical improvement. This included nor-
malization of liver enzyme levels, stabilization of tumor
markers, and resolution of malignant ascites. How-
ever, due to the highly refractory nature of the disease
and extensive metastatic burden, disease progression
occurred six months later [63].

This case highlights the potential value of incorporat-
ing PDCO-guided drug sensitivity testing earlier in the
treatment journey. Had such testing been available at
diagnosis, it may have helped avoid ineffective therapies,
delayed disease progression, and improved the patient’s
quality of life. These findings strongly support the need to
accelerate the clinical translation of organoid-based tech-
nologies and underscore the importance of bridging the
gap between PDCO research and real-world oncology
practice.

Looking ahead, integrating polygenic risk modeling
with PDCO-guided drug testing represents a promising
“drug avatar” approach. This strategy enables clinicians
to prospectively evaluate the efficacy of multiple thera-
peutic options for each patient, facilitating personalized
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treatment selection while minimizing unnecessary toxic-
ity, treatment delays, and financial burden.

Radiotherapy

Radiotherapy, one of the major approaches in cancer
treatment, utilizes high-energy radiation—such as X-rays
or particle beams—to induce DNA damage in tumor
cells, leading to their elimination or the inhibition of their
proliferation [64, 65]. While radiotherapy can be used
alone, it is most often combined with chemotherapy to
enhance therapeutic outcomes. Hsu et al. [66] explored
the intrinsic radiosensitivity of CRC using PDCOs in
conjunction with the single-hit multi-target (SHMT)
algorithm. This model quantifies a tumor’s inherent sen-
sitivity to radiation by analyzing the DO value—defined as
the dose required to reduce the surviving fraction of cells
to 37%. The higher the DO value, the more radioresistant
the tumor cells are. Interestingly, their study revealed
that during the progression from colorectal adenoma to
carcinoma, tumor cells acquire features that paradoxi-
cally increase their susceptibility to radiation-induced
DNA damage. This counters the typical assumption that
advanced tumors are more resistant to treatment [67].
The integration of PDCOs with the SHMT model pro-
vides a standardized in vitro platform to estimate the
minimal effective radiation dose for individual patients.
If validated in larger cohorts and across other cancer
types, this approach could enable pre-treatment stratifi-
cation and guide more personalized radiotherapy proto-
cols, potentially improving outcomes while minimizing
unnecessary toxicity.

Beyond radiosensitivity assessment, PDCOs are also
proving useful in predicting responses to neoadjuvant
chemoradiotherapy (nCRT). In a study by Yao et al
[68], organoid responses to chemoradiation in locally
advanced rectal cancer (LARC) showed strong concor-
dance with clinical responses, achieving 84.43% accuracy,
78.01% sensitivity, and 91.97% specificity. These results
suggest that patients with PDCOs sensitive to nCRT
may proceed with standard treatment, while those with
resistant PDCOs could be spared ineffective therapy and
associated toxicity. Following nCRT, LARC patients usu-
ally undergo surgery and adjuvant chemotherapy (AC)
to reduce the risk of recurrence or metastasis [69]. For
patients who respond poorly to nCRT, selecting the most
effective AC regimen is critical. To address this, Xue et
al. [70] developed a PDCO platform using tumor tissues
from LARC patients who had poor responses to nCRT.
These PDCOs were used to test multiple AC agents,
enabling prediction of individual therapeutic benefits.
By combining PDCO drug sensitivity data with tumor
regression grade (TRG) and pathological nodal status, the
researchers created a model that predicted 2- and 3-year
disease-free survival (DFS) and overall survival (OS) with
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high accuracy (AUCs of 0.902 and 0.885, respectively).
Notably, the entire testing process was completed within
15-18 days—allowing timely post-surgical decision-mak-
ing. Together, these studies highlight the growing clini-
cal utility of organoid-based platforms in personalizing
chemoradiotherapy regimens, stratifying patients based
on expected response, and informing post-operative
treatment choices.

Targeted therapy

Targeted therapy functions by selectively inhibiting
molecular pathways that are abnormally activated in
cancer, such as dysregulated kinases, epigenetic modi-
fiers, and cell cycle regulators [57, 71]. Unlike conven-
tional chemotherapy, which non-selectively kills rapidly
dividing cells, targeted therapies aim to minimize harm
to normal tissues by focusing on tumor-specific molecu-
lar alterations (e.g., HER2 amplification, ALK rearrange-
ments). However, despite their precision, resistance to
targeted therapy remains a major clinical hurdle [72,
73]. Tumor heterogeneity and adaptive evolution under
therapeutic pressure can lead to resistance mechanisms,
including loss of the drug target or activation of compen-
satory pathways.

In this context, PDCOs offer a valuable tool for per-
sonalized and translational oncology. They can be used
for high-throughput drug screening, identification of
novel drug targets, and rapid preclinical testing of new
or repurposed compounds. For instance, Duan et al. [74]
used PDCOs from pancreatic ductal adenocarcinoma
(PDAC) to screen over 6,000 compounds, including
FDA-approved drugs. Their study identified Perhexiline
maleate as a selective inhibitor of KRAS-mutant PDAC
organoids, with minimal toxicity to normal tissue-
derived organoids. This is particularly significant given
the limited clinical progress in targeting KRASS!?P/Y
mutations—only MRTX1133 has entered clinical trials
to date. Mechanistically, Perhexiline maleate suppresses
SREBP2, a downstream effector in the PI3K/AKT/mTOR
pathway, and interferes with metabolic reprogramming
driven by mutant KRAS. For patients who develop resis-
tance to first-line KRAS inhibitors, this drug—especially
in combination with chemotherapy—offers a promis-
ing therapeutic alternative. Moreover, Yang et al. [75]
systematically investigated lenvatinib resistance mecha-
nisms using a multi-regional PDCO biobank derived
from HCC. Their study identified c-Jun as a key mediator
of resistance, operating through coordinated activation of
JNK and B-catenin signaling pathways. Building on this
mechanistic insight, the team developed a novel com-
binatorial therapeutic approach pairing lenvatinib with
Veratramine (a c-Jun inhibitor), formulated as PKUF-01.
This strategy demonstrated significant efficacy, increasing
sensitivity in resistant organoids by 20%. This illustrates
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a robust translational research model—from uncovering  (Fig. 4). PDCOs thus bridge the gap between lab research
resistance mechanisms to rational drug design—enabled  and clinical practice, maximizing therapeutic success.

by organoid technology. Moreover, Vlachogiannis et What’s more, PDCOs also provide a critical platform
al. [76] showed that PDCOs faithfully replicate patient for rare cancer types, where clinical trial data are often
tumors, enabling precise drug response predictions lacking due to low patient numbers. One such example
and advancing personalized medicine. For example, is fibrolamellar carcinoma (FLC), a rare and aggressive
PDCOs identified differential sensitivity to TAS-102 in  liver cancer affecting adolescents and young adults, for
metastatic CRC, linking efficacy to thymidine kinase 1 ~ which there are currently no approved therapies [77,
(TK1) expression—a potential predictive biomarker. By =~ 78]. A team led by Hans Clevers successfully generated
modeling intra-tumor heterogeneity, PDCOs help tai- FLC organoids and discovered that a fusion gene, BAP1-
lor treatments to specific tumor subclones while avoid- PRKAR2A, drives constitutive activation of PKA signal-
ing ineffective therapies. Unlike genomic profiling alone, ing and promotes tumor growth. They further showed
PDCOs functionally validate drug responses, improving  that combined loss of BAP1 and PRKAR2A exerts syn-
clinical decision-making. Sequential PDCOs also track ergistic oncogenic effects [79]. These findings highlight
resistance evolution, allowing real-time therapy adjust- PKA signaling and epigenetic pathways as potential
ments. Their integration into co-clinical trials accelerates  therapeutic targets in FLC. Although these strategies
precision oncology by matching treatments to individual  require further clinical validation, this work marks a crit-
patients, ensuring drugs like TAS-102 are used optimally ical step toward developing effective treatments for rare
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liver tumors. In summary, PDCO platforms bridge the
gap between laboratory research and clinical practice by
enabling drug screening, elucidating resistance mecha-
nisms, and supporting therapy development—especially
in cases where conventional approaches fall short.

Immunotherapy
Over the past decade, immunotherapy has emerged as
a cornerstone in cancer treatment, particularly with the
introduction of immune checkpoint inhibitors (ICIs),
adoptive cell therapies, and oncolytic viruses [59, 60, 80,
81]. These approaches either reactivate the host immune
system to recognize and destroy cancer cells or directly
lyse tumor cells using genetically engineered viruses.
While immunotherapy has yielded promising results in
some GI malignancies, a significant number of patients
fail to respond [82]. This variability in response is largely
due to tumor-intrinsic and microenvironmental fac-
tors that promote immune escape. Mechanisms such
as tumor hypoxia [83], defective antigen presentation
[84], abnormal angiogenesis [85], and metabolic repro-
gramming [86, 87] contribute to an immunosuppressive
TME, undermining immunotherapeutic efficacy. How-
ever, PDCOs offer a promising platform to address these
challenges. As ex vivo 3D cultures that retain the genetic
and phenotypic characteristics of the original tumor,
PDCOs can be co-cultured with autologous immune
cells to model individualized immune responses [18].
This enables clinicians to evaluate a patient’s likelihood
of benefiting from specific immunotherapies, optimize
treatment combinations, and avoid unnecessary toxici-
ties and costs associated with ineffective interventions.
In this way, PDCOs are accelerating the development of
precision immunotherapy in digestive system cancers.
Currently, the most widely used ICIs target PD-1,
PD-L1, and CTLA-4 [88]. Tumor cells can upregulate
these checkpoints to evade immune surveillance, and in
some cases, they also activate oncogenic signaling path-
ways. For example, in PDAC, PD-1 signaling has been
shown to enhance tumor progression via the MAPK
and PI3K/AKT pathways [89]. Gao et al. [89] found that
PD-L1 exposure increased proliferation and MAPK acti-
vation in PDAC-derived PDCOs. Importantly, the com-
bination of anti-PD-1 therapy with MEK1/2 inhibitors
significantly enhanced cytotoxicity, suggesting that PD-1/
PD-L1 expression may serve as a predictive biomarker
to guide combination immunotherapy in PDAC. More
advanced organoid models are also being developed to
better simulate tumor—immune interactions. Zou et al.
[90] created a microfluidic “organoid-on-a-chip” model
by co-culturing HCC-PDCOs with CAFs, mesenchymal
stromal cells (MSCs), and peripheral blood mononuclear
cells (PBMCs). This system more accurately mimicked
the TME and showed improved predictive sensitivity to
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chemotherapy, targeted therapies, and ICIs compared to
traditional PDCO cultures. Combination immunothera-
pies targeting multiple checkpoints are gaining momen-
tum. Dual inhibition of PD-1 and CTLA-4 has been
shown to improve response rates in metastatic melanoma
[91], and similar approaches are being explored in diges-
tive system cancers. Chalabi et al. [92] used a co-culture
of early-stage CRC-PDCOs with PBMCs to evaluate
neoadjuvant immunotherapy. The combination of PD-1
and CTLA-4 inhibitors yielded a robust pathological
response in mismatch repair-deficient tumors, whereas
only partial responses were observed in mismatch repair-
proficient cases. These findings underscore the impor-
tance of patient stratification in immunotherapy, as a
one-size-fits-all strategy remains inadequate.

In addition, PDCOs are being used to test and refine
emerging immunotherapies such as chimeric antigen
receptor T-cell (CAR-T) and chimeric antigen recep-
tor natural killer cell (CAR-NK) therapies. Several stud-
ies have evaluated the cytotoxicity and safety of these
therapies using digestive tumor PDCOs [93-95]. While
CAR-T therapy alone shows limited efficacy, its combi-
nation with the apoptosis sensitizer birinapant signifi-
cantly enhances PDCO Kkilling through a tumor necrosis
factor (TNF)-mediated bystander effect [93]. Notably,
CAR-T cells can induce apoptosis in nearby tumor cells
even without direct contact, supporting the integration
of TNF-related biomarkers—such as serum TNF levels or
TNF receptor expression—for treatment monitoring and
adjustment. CAR-NK cell therapy has also demonstrated
promise. Schnalzger et al. [95] showed that CAR-NK-92
cells selectively eradicated CRC-PDCOs while sparing
normal tissue organoids, even in tumors with low antigen
expression. These studies indicate that the use of patient-
derived organoids allows for individualized evaluation of
CAR therapies, facilitating the identification of tumor-
specific antigens and predicting patient responses.

Oncolytic virotherapy is another novel immunotherapy
being evaluated using PDCOs. In PDAC models, onco-
lytic adenoviruses selectively infected and destroyed
tumor organoids without harming normal tissue [96].
These viruses also enhanced the efficacy of chemother-
apy and helped overcome drug resistance by modulating
the TME. Miao et al. [97] demonstrated that combin-
ing oncolytic viruses with bromodomain inhibitors (e.g.,
iBET-762, OTX-015) simultaneously eliminated tumor
and stromal cells, outperforming standard therapies.
Moreover, by engineering oncolytic viruses to express
immune-stimulating payloads—such as PD-L1-targeting
Fc fusion proteins—researchers have enhanced antitu-
mor immunity while minimizing immune-related adverse
events [98, 99]. Altogether, PDCO-based immunotherapy
platforms enable the identification of effective treatment
combinations and improve patient selection for tailored
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interventions. These systems offer a path toward making
neoadjuvant immunotherapy a standard of care in select
digestive system cancers. However, robust validation
through large-scale clinical trials remains essential.

Microbial-assisted therapy

The mammalian digestive tract plays a vital role in diges-
tion and nutrient absorption and serves as a habitat for
diverse microbial communities, including bacteria and
viruses. While much of the previous research has cen-
tered on the pathogenic mechanisms of these microor-
ganisms and their interactions with the host [100-102],
the beneficial roles of certain microbiota—such as probi-
otics—have often been overlooked. Probiotics like Lac-
tobacillus species and yeast have been widely reported
to support gastrointestinal function and exert protective
effects [103, 104]. However, their potential role in the
treatment of digestive system cancers remains relatively
underexplored.

Organoid technology offers a promising platform to
investigate the therapeutic application of probiotics
in cancer treatment [105-108]. Probiotics may inhibit
tumor growth and proliferation in the digestive system,
and their protective effects against tumorigenesis can be
effectively captured using organoid models. Targeting
these microorganisms may prove valuable in enhanc-
ing therapeutic efficacy. For instance, a study utilizing
intestinal organoids co-cultured with lamina propria
lymphocytes demonstrated that Lactobacillus reuteri D8
could protect organoids from treatment-induced toxic-
ity, mitigate TNF-a—induced inflammation, and pre-
serve organoid structure [105]. Another study identified
a novel strain of Lactococcus lactis, HkyuLL 10, isolated
from the feces of healthy individuals but depleted in CRC
patients. This strain significantly induced PDCO death
through two main mechanisms: restoration of intestinal
microbiota homeostasis and secretion of the functional
protein a-mannosidase. Since N-glycans promote tumor
growth, oncogenic signaling, and metastasis [106], the
a-mannosidase secreted by HkyuLL 10 exerts anti-tumor
effects by catalyzing their degradation. Moreover, Lacto-
bacillus acidophilus has demonstrated anticancer activity
through the production of pentanoic acid, which was val-
idated in HCC organoids associated with non-alcoholic
fatty liver disease [107]. Exogenous lactate, by altering
the NADH/NAD* redox balance in tumors, has shown
potential in inhibiting the growth and progression of Bar-
rett’s esophagus (BE) and esophageal adenocarcinoma
(EAC) PDCOs, while also modulating the inflammatory
TME [108]. This opens the door for combining lactate
with immunotherapy as a novel strategy for digestive sys-
tem cancer treatment.

Oxaliplatin, a standard chemotherapy for digestive sys-
tem cancers, exerts its antitumor activity partly through
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interactions with the gut microbiome. Certain prebiotic
microbiota can enhance myeloid cell infiltration and pro-
mote anti-tumor responses via reactive oxygen species
(ROS) production, indicating that they may serve as adju-
vants to improve therapeutic efficacy and mitigate resis-
tance [109]. Clinically, probiotic-based oral supplements
are sometimes used to prevent gastrointestinal side
effects and may also support anticancer therapies. Fuso-
bacterium nucleatum (Fn), known for its dual role, has
previously been associated with tumor progression and
chemoresistance [110]. However, in CRC-PDCO mod-
els, a high abundance of Fn was found to significantly
enhance tumor sensitivity to PD-L1 blockade by pro-
moting the infiltration of interferon-y—producing CD8*
tumor-infiltrating lymphocytes (TILs), thereby improv-
ing the efficacy of ICIs [111].

Currently, microbial-assisted therapies are only prac-
ticed in a limited number of clinical settings. Never-
theless, with further validation of existing studies, the
integration of microbiota-based strategies into main-
stream cancer treatment is likely to accelerate and
become an integral part of personalized oncology.

Photodynamic therapy

Photodynamic therapy (PDT) is a minimally invasive
cancer treatment that has gained increasing attention for
its therapeutic potential. PDT involves a two-step pro-
cess: first, a photosensitizing agent is administered and
accumulates in the tumor tissue; second, the tumor is
exposed to a specific wavelength of light, which activates
the photosensitizer in the presence of oxygen to generate
reactive ROS. These ROS then induce tumor cell death
or damage the tumor vasculature [112]. PDCOs, which
closely mimic the histological and functional features of
native human tissues, are emerging as a valuable tool to
study PDT efficacy. Because organoids preserve tissue
architecture and properties such as thickness and opti-
cal absorption, they allow for more accurate modeling of
light penetration and ROS generation—factors that are
critical for PDT success [113].

PDT can be used as a standalone treatment or in
combination with conventional therapies. Its clini-
cal relevance in digestive system cancers, such as CCA
and pancreatic cancer, is being increasingly recognized
[114-118]. Notably, PDT has already been incorpo-
rated into the National Comprehensive Cancer Network
(NCCN) guidelines for palliation in patients with unre-
sectable CCA [119], where it helps ablate tumors and
relieve biliary obstruction. For example, Fujiwara et al.
[114] demonstrated that CCA-derived PDCOs exhibited
significantly higher photodynamic activity than organ-
oids derived from non-cancerous bile ducts. This dis-
tinction suggests that PDCO-based PDT response could
serve as a biomarker to identify patients who may benefit
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from the therapy and potentially help classify indetermi-
nate lesions. Beyond monotherapy, combining PDT with
pharmacological agents shows strong therapeutic poten-
tial. Zheng et al. [115] found that combining PDT with
sulfasalazine significantly increased apoptosis in CCA-
PDCOs, achieving greater efficacy than either treatment
alone. PDT-generated ROS can also induce ferroptosis,
an iron-dependent form of programmed cell death [120].
In another study, Huang et al. [116] reported that com-
bining sorafenib with PDT led to rapid ROS accumula-
tion in CCA-PDCOs, allowing for dose reduction while
maintaining strong tumoricidal effects.

In pancreatic cancer, the dense fibrotic stroma—rich
in CAFs—presents a major barrier to effective treatment
and contributes to therapeutic resistance [121]. Broek-
gaarden et al. [117] used PDCOs derived from metastatic
pancreatic cancer to study the synergy between PDT and
the chemotherapy drug oxaliplatin. They found that PDT
enhanced both the immediate cytotoxic and long-term
effects of chemotherapy, offering a potential strategy to
overcome drug resistance. CAFs, which are particularly
sensitive to PDT, also represent a promising therapeu-
tic target. By disrupting these stromal cells, PDT may
help reverse immunosuppression and improve immu-
notherapy outcomes [122, 123]. A particularly innova-
tive approach was reported by Obaid et al. [118], who
developed photothermal immuno-nanocomplexes (PINs)
by combining photosensitizers with immune-targeting
agents such as anti-EGFR monoclonal antibodies. When
tested in co-cultures of pancreatic cancer PDCOs and
CAFs, PINs—activated by near-infrared light—simulta-
neously eliminated tumor cells and CAFs. This disrupted
the tumor-supportive microenvironment and signifi-
cantly reduced PDCO viability, highlighting the potential
of combining PDT with immunotherapy in stromal-rich
tumors. Although PDT is currently used mainly for treat-
ing superficial malignancies like skin cancer, these emerg-
ing studies suggest that it could also be effective in
deep-seated digestive system cancers, particularly when
combined with targeted or immune-based therapies. The
use of PDCOs has been instrumental in revealing these
therapeutic opportunities, reinforcing their value in pre-
clinical cancer research and personalized medicine.

Organoids in toxicity assessment

Conventional cancer treatments such as chemotherapy
and radiotherapy remain essential for managing gastro-
intestinal (GI) tumors that cannot be surgically removed.
However, these therapies often damage healthy tissues,
leading to significant side effects. This not only adds to
patients’ physical and emotional burden but can also
reduce their ability to tolerate and complete treatment.
Unfortunately, many toxic effects only become apparent
after drugs have entered clinical use. Therefore, thorough
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preclinical toxicity testing is critical to minimize side
effects, especially in the context of personalized oncol-
ogy. Currently, animal models are indispensable for
evaluating systemic toxicity, long-term safety, and fulfill-
ing regulatory requirements, as they capture whole-body
responses. At the same time, organoids—three-dimen-
sional, lab-grown models of human organs—provide a
valuable complementary platform. Organoids enable tox-
icity testing directly on human tissues and support faster,
higher-throughput screening. Because they more accu-
rately replicate human biology and help reduce reliance
on animal testing, organoids are playing an increasingly
important role in early drug development and personal-
ized treatment planning.

Organoids for predicting drug-induced toxicity
Drug-induced toxicity, particularly within the GI tract—
the primary site of drug absorption—is a common and
often dose-limiting adverse effect during cancer treat-
ment and other pharmacotherapies [124, 125]. While GI
symptoms such as nausea, vomiting, and diarrhea are
generally not life-threatening, they can severely com-
promise patient quality of life and treatment adherence.
However, traditional preclinical models, especially ani-
mal studies, frequently fall short in predicting these tox-
icities with sufficient accuracy. For example, GI toxicity
prediction rates remain suboptimal, reaching only 63% in
non-rodent models and 43% in rodents [126]. To address
these limitations, the U.S. FDA has endorsed the incor-
poration of advanced in vitro models, including human-
derived organoid systems, into preclinical toxicity testing
frameworks [127]. One particularly promising innovation
is the air-liquid interface (ALI) intestinal organoid model
developed by Peters et al. [128]. This system cultures
human intestinal epithelial cells at the interface between
air and culture medium, promoting differentiation and
organization into a physiologically relevant epithelial bar-
rier that closely mimics in vivo intestinal architecture.
This ALI-cultured organoid model was designed spe-
cifically to assess drug-induced diarrhea, a common but
difficult-to-predict GI side effect. By exposing the apical
surface of the organoid layer to test compounds while
maintaining basolateral support, this setup enables accu-
rate evaluation of epithelial integrity, fluid transport, and
secretory responses. In validation studies, this model
achieved 84% accuracy and 88% specificity in predicting
diarrhea-inducing compounds—substantially outper-
forming conventional rodent models [128]. This approach
not only enhances the physiological relevance of pre-
clinical GI toxicity assays but also aligns with regula-
tory efforts to promote non-animal alternatives in safety
assessment. As such, ALI intestinal organoids represent a
valuable tool for improving the predictability and transla-
tional value of toxicity testing in drug development.
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Beyond GI toxicity, organoids are now being used to
evaluate liver and kidney toxicity—two other major con-
cerns in systemic cancer therapy. Choi et al. [129] created
liver organoids to study drug-induced liver injury (DILI),
a leading cause of acute liver failure. This model success-
fully differentiated hepatotoxic drugs (e.g., ketoconazole,
troglitazone, tolcapone) from non-toxic compounds (e.g.,
sucrose, ascorbic acid, biotin) by assessing cell viability
and liver-specific functional markers like albumin secre-
tion. Similarly, Digby et al. [130] used human-induced
pluripotent stem cell (iPSC)-derived kidney organoids to
model cisplatin-induced acute kidney injury (AKI). The
organoids exhibited hallmark features of nephrotoxicity,
such as DNA damage and tubular injury, when exposed
to clinically relevant doses of cisplatin. These results
demonstrate that PDOs can help predict individual sus-
ceptibility to nephrotoxicity, paving the way for person-
alized chemotherapy dosing. Additionally, such models
offer valuable platforms for studying AKI mechanisms
and evaluating nephroprotective interventions—aligned
with the 3Rs principle (Replacement, Reduction, and
Refinement) in preclinical research.

Multi-organ platforms and systemic toxicity

As organs function in a coordinated manner, toxic-
ity assessment must extend beyond single-tissue mod-
els. Multi-organ organoid systems have emerged as
advanced platforms to evaluate inter-organ responses
to drug exposure. Skardal et al. [131] demonstrated that
liver—cardiac organoid co-cultures better recapitulated
toxicity profiles of FDA-recalled drugs, including trogli-
tazone and rofecoxib, than 2D cultures or animal models.
These organoids detected toxicities at clinically relevant
doses that had previously gone unnoticed in preclinical
testing. In addition, Skardal’s team also developed a 3D
organ-on-a-chip system that integrates liver, heart, and
lung organoids into a circulating medium loop to simu-
late physiological organ interactions [132]. This setup
enabled real-time monitoring of drug metabolism and
downstream effects. For example, liver organoids accu-
rately predicted acetaminophen toxicity and N-Acetyl-
cysteine-mediated rescue, mirroring clinical outcomes.
Moreover, this system uncovered previously unrecog-
nized multi-organ toxicity from bleomycin, underscoring
its ability to detect indirect or delayed toxic effects not
evident in single-organ assays [132]. In summary, organ-
oid-based toxicity platforms—ranging from single-tissue
to multi-organ systems—offer enhanced predictive value
and human relevance. Their adoption in preclinical drug
development can improve safety assessments, support
personalized medicine, and reduce reliance on animal
testing.
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Organoid models for radiation-related toxicity
Radiotherapy remains a cornerstone in the treatment of
many digestive system cancers. While it is effective in
killing tumor cells by inducing DNA damage, it inevita-
bly causes collateral damage to surrounding healthy tis-
sues. Escalating radiation doses to improve treatment
outcomes has shown limited success and often leads to
increased toxicity without substantial gains in efficacy
[65, 133]. Currently, no FDA-approved therapies exist
to prevent or treat radiation-induced injury. However,
recent studies have explored several promising strate-
gies to mitigate these adverse effects and improve tumor
radiosensitivity [134, 135].

Nutritional and microbiota-based radioprotectants

Natural compounds, particularly plant polyphenols
[136, 137], and dietary interventions—such as probi-
otics and prebiotics [138, 139]—have shown potential
in reducing radiation-related GI toxicity. For example,
studies using colon PDCOs revealed that microbiota-
derived tryptophan metabolites—especially indole-3-
carboxaldehyde(I3A)—could protect intestinal tissue
from radiation damage. I3A promotes the growth of ben-
eficial gut bacteria like Bifidobacterium and Lactoba-
cillus, while suppressing harmful species [134]. Since
tryptophan is commonly found in foods such as chicken,
soybeans, oats, and nuts, these findings suggest that
dietary modulation may serve as an adjunct to reduce
radiation-induced toxicity.

Gut-derived short-chain fatty acids as radiosensitizers
Improving tumor sensitivity to radiation may allow for
effective treatment with lower, safer radiation doses. In
a study using CRC-PDCOs, Park et al. [135] tested the
potential of short-chain fatty acids (SCFAs)—butyrate,
propionate, and acetate—as radiosensitizers. Notably,
butyrate significantly enhanced the effect of radiotherapy
by activating FOXO3A, a transcription factor involved
in stress response and cell cycle regulation. At the same
time, it triggered cytoprotective responses in normal
cells. SCFAs are natural products of fiber fermentation by
gut microbes, highlighting the potential role of fiber-rich
diets (e.g., grains, vegetables, fruits) in supporting treat-
ment efficacy and reducing toxicity [140].

Together, these studies underscore the value of organ-
oid-based systems in evaluating radiation toxicity and
identifying potential radioprotective or radiosensitizing
agents. Organoids offer a clinically relevant model for
testing nutritional, microbial, and pharmacologic inter-
ventions, and may ultimately help tailor radiotherapy
regimens that maximize efficacy while minimizing harm.
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Clinical applications of PDCOs in digestive system
malignancies

Organoid models, including PDCOs, have shown con-
siderable promise in preclinical studies for drug screen-
ing, target validation, and patient stratification. Despite
these encouraging findings, their direct clinical applica-
tion remains under development and requires further
validation. To assess the current landscape of PDCOs in
clinical oncology, especially for digestive system cancers,
we conducted a literature review through PubMed and
ClinicalTrials.gov. This search yielded 46 peer-reviewed
studies reporting PDCO establishment success rates, as
well as 60 registered clinical trials focused on their clini-
cal utility.

The success rate of establishing PDCOs varies sig-
nificantly across cancer types (Table 2). For example,
reported rates range from 26 to 91.3% for liver cancer,
57% for cholangiocarcinoma, 31-78% for esophageal
cancer, 50—100% for gastric cancer, 59-100% for colorec-
tal cancer, and 34.3-87.8% for pancreatic cancer. These
PDCO models have primarily been used to study tumor
heterogeneity, investigate drug resistance mechanisms,
conduct drug screening, and identify novel therapeu-
tic targets. Chemotherapy and targeted agents such as
5-FU, oxaliplatin, carboplatin, gemcitabine, paclitaxel,
sorafenib, and lenvatinib have been tested across stud-
ies. Among the digestive cancers, colorectal and pancre-
atic cancers were most frequently studied, reflecting the
clinical need for improved therapeutic strategies in these
often treatment-refractory diseases.

One particularly impactful study by Boileve et al. [176]
demonstrated the clinical relevance of PDCOs in guid-
ing treatment for patients with advanced PDAC. The
authors successfully generated organoids from 62% of 87
PDAC patients and found a high molecular concordance
(91%) between the organoids and the original tumors.
Drug testing performed on these organoids predicted
treatment responses with a sensitivity of 83.3% and a
specificity of 92.9%. Notably, patients treated with organ-
oid-predicted drugs had significantly improved progres-
sion-free survival (PFS) (3.0 vs. 1.8 months) and OS (6.0
vs. 3.1 months). This study underscores the potential of
PDCOs in guiding personalized treatment decisions and
avoiding ineffective therapies. Furthermore, the study
revealed a synergistic effect between anti-KRASS12P
inhibitors (MRTX1133) and EGER inhibitors, suggesting
a novel combination strategy for KRAS-mutant PDAC.
The result of this study showed that organoid-predicted
therapies improved PFS and OS in advanced PDAC
patients-yet this remains investigational. Leading in this
approach enables personalized therapy and accelerates
drug discovery. However, clinical implementation still
faces challenges, as the median turnaround time varies
across different cancer types, which also depends on the
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source of samples and the type and scope of drug screen-
ing [75, 148, 151, 157, 174]. Moreover, most PDCO sys-
tems lack components of the immune microenvironment.

As of now (July 2025), no organoid-based personalized
cancer medicine has received formal regulatory approval
(e.g., by the FDA, EMA, or other major agencies) for rou-
tine clinical use. However, organoids are actively being
used in translational and clinical research, especially
in early-phase trials and precision oncology pilot pro-
grams. Clinical research involving PDCOs in digestive
system cancers is rapidly advancing. We identified 60
clinical trials registered on ClinicalTrials.gov that incor-
porate PDCOs into digestive cancer research. Of these,
five studies have been completed—though only one has
published results—while 35 are ongoing and 20 remain in
unknown status (Table 3). Notably, more than one-third
of these trials aim to evaluate how well PDCO-based drug
response predictions align with actual clinical outcomes
in patients. This growing body of research highlights the
increasing recognition of PDCOs as a promising tool in
precision oncology. With continued optimization—par-
ticularly through the integration of TME components—
PDCOs may soon offer a practical and reliable platform
for guiding real-time, patient-tailored treatment deci-
sions in clinical practice. Figure 5 illustrates the workflow
of using PDCOs to assist in patient care. This workflow
supports precision oncology by predicting therapeutic
efficacy, minimizing ineffective treatments, and acceler-
ating personalized therapy design. Future enhancements
include integrating TME co-cultures and Al-driven
automation.

Challenges and future perspectives

PDCOs hold great promise for transforming personal-
ized treatment strategies in digestive system cancers.
However, their clinical translation is currently limited
by a range of biological, technical, and operational chal-
lenges that must be systematically addressed to realize
their full potential. First, a major biological hurdle lies
in the variability of PDCO establishment across tumor
types. Success rates are inconsistent, largely influenced
by tumor cellularity, stromal content, and biopsy quality
[180, 181]. Mucinous, necrotic, or poorly cellular tumors
often yield low organoid generation efficiency, hinder-
ing consistent model development [156, 182]. Second,
conventional PDCOs do not fully recapitulate the TME,
which is critical for evaluating therapies—particularly
immunotherapies—that depend on TME interactions
[183]. To overcome this, recent advances have introduced
co-culture systems incorporating autologous immune
and stromal components, including TILs, CAFs, den-
dritic cells, and peripheral immune cells [18, 184]. For
instance, co-culturing PDCO with matched CD8* T cells
has enabled functional assessment of immune checkpoint
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Table 2 Clinical application of patient-derived cancer organoids from pubmed database

Cancer Type Patient PDCOs PDCOs Application Drugs used Year Ref-
Sample  culture successrate er-
Size time ences
Liver cancer 8 / 26% Biobank Sorafenib 2018  [141]
Drug testing
Liver cancer 66 2-3 40.9% Drug screening Sorafenib, Regorafenib, 2024 [142]
weeks Coherence assessment Donafenib, Lenvatinib, Cabo-
Personalized treatment zantinib, Oxaliplatin, FOLFOX,
XELOX ...
Liver cancer 144 / 75.6% Resistance prediction Sorafenib, Lenvatinib, Rego- 2024 [75]
Biomarker development rafenib, Apatinib, Bevacizumab
Liver cancer 77 >8 91.3% Mutation identification Sorafenib, Lenvatinib, Rego- 2025  [143]
weeks Drug screening rafenib ...
Clinical relevance
Intrahepatic 6 >1year 50% Mutation identification EGFR inhibitors, Kinase inhibi- 2019 [144]
Cholangiocarcinoma Drug screening tors, mTOR inhibitors, Protea-
Biomarker development some inhibitors ...
Cholangiocarcinoma 8 1-3 57% Target testing Gemcitabine, Gem- 2025  [145]
weeks Drug testing citabine + Cisplatin, Cisplatin,
Cabozantinib, JAK inhibitor ...
Hepatobiliary cancer ~ / / >60% Gene-drug associations KEAP1-beta-Lapachone, NF1- 2024 [146]
Drug screening afatinib ...
Esophageal cancer 32 >6 31% Clonal dynamics ERK inhibitor/EGFR inhibitor ... 2018  [53]
months Drug testing
Esophageal cancer 28 1 year 57.2% Coherence assessment Cisplatin, Paclitaxel, 5-FU ... 2020  [147]
Drug testing
Esophageal cancer 9 / 78% Drug testing Cisplatin, Paclitaxel, y-irradiation, 2021 [148]
FOLFOX
Esophageal cancer 55 / 61.8% Drug testing Cisplatin, Paclitaxel + Cis- 2024 [149]
Coherence assessment platin, Vinorelbine + Cisplatin,
5-FU +Cisplatin
Gastric Cancer 34 / >50% Heterogeneity Exploration 5-FU, Cisplatin, Oxaliplatin, 2018  [32]
Drug screening Napabucasin, Abemaciclib ...
Gastric Cancer 3 5-8days 100% Drug Validation Paclitaxel 2020  [150]
Gastric Cancer 10 / 80% Drug testing Albu-PTX, Lipo-PTX 2022 [151]
Gastric Cancer 24 / 54% Resistance prediction FLOT, FOLFOX 2023 [152]
Drug testing
Gastric Cancer 11 / 100% Drug Validation Luteolin 2023 [153]
Gastric Cancer 50 / 56% Drug testing 5-FU, Oxaliplatin, Docetaxel, 2024 [154]
Combination therapy 5-FU +Veliparib
Target testing
Gastric Cancer 18 2 weeks  >60% Drug testing 5-FU, Paclitaxel, Oxaliplatin, Iri- 2024 [155]
Drug screening notecan, Epirubicin, Afatinib ...
Gastric Cancer 73 / 78% Drug screening/TME 5-FU, Oxaliplatin, Cisplatin, 2024 [33]
Coherence assessment Paclitaxel, Doxorubicin, SN-38
Colorectal Cancer 20 / ~90% Biobank Cetuximab, Oxaliplatin, 5-FU ... 2015  [156]
Drug screening
Colorectal Cancer 61 / 63% Drug testing Irinotecan, 5-FU +Irinotecan, 2019 [157]
Coherence assessment 5-FU + Oxaliplatin
Colorectal Cancer 28 / 68% Drug testing FOLFOX, FOLFIRI 2020 [158]
Colorectal Cancer 22 / 76% Drug testing Ipatasertib, Linsitinib, 2020  [159]
Resistance prediction Targeting EGFR drugs. ..
Colorectal Cancer 54 / 75% Drug testing 5- FU, oxaliplatin, Cetuximab, 2022 [160]
Drug repurposing screening SN38
Colorectal Cancer 50 / 82% Drug testing 5-FU 2022 [161]

Biomarker development
Resistance prediction
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Table 2 (continued)

Cancer Type Patient PDCOs PDCOs Application Drugs used Year Ref-
Sample  culture successrate er-
Size time ences
Colorectal Cancer 36 / 80.6% Drug testing FOLFOX, FOLFIRI 2022 [162]
Coherence assessment
Colorectal Cancer 52 / 80.8% Drug screening 5-FU, Oxaliplatin, Irinotecan 2023 [163]
Coherence assessment
Colorectal Cancer 34 / 59% Drug screening SN-38, Palbociclib, Trametinib, 2023 [164]
Coherence assessment Alpelisib ...
Colorectal Cancer 31/9 3weeks  80%/60% ' Drug testing 5-FU, Irinotecan, Oxaliplatin, 2023 [165]
Cetuximab, Cetuximab + En-
corafenib ...
Colorectal Cancer 12/5 / 83.3%/80% 2 Drug testing 5-FU, Oxaliplatin, Leucovorin, 2024 [166]
Coherence assessment Resis- SN-38, Regorafenib
tance prediction
Colorectal Cancer 8 >3 100% Drug repurposing Romidepsin, Trametinib, Bort- 2024 [167]
months Drug screening ezomib, 5-FU, Regorafenib ...
Colorectal Cancer 16 / 93.7% Target testing FOLFOX, FOLFIRI, Carboplatin, 2025  [168]
Drug testing 5-FU ...
Rectal Cancer 58 / 77% Drug testing 5-FU, FOLFOX, Cetuximab 2019  [169]
Rradiation response
Target validation
Rectal Cancer 112 / 85.7% Drug testing NCRT 2020 [68]
Coherence assessment
Rectal Cancer 138 / 62.3% Drug testing 5-FU, Oxaliplatin 2023 [70]
Pancreatic cancer 20 3-7 85% Drug testing Gemcitabine, G9a (A366), EZH2 2015  [170]
weeks
Pancreatic cancer 138 / 75% Drug screening Gemcitabine, Nab-Paclitaxel, 2018 [171]
Coherence assessment Irinotecan 5-FU, Oxaliplatin
Pancreatic cancer 15 / 81% Heterogeneity Exploration / 2021 [172]
Pancreatic cancer 8 / 42% Drug Discovery Gemcitabine, Paclitaxel, Kinase 2022 [173]
Drug screening inhibitor
Coherence assessment
Pancreatic cancer 31 3 weeks 87.8% CTCs-PDCOs 5-FU, Oxaliplatin, Paclitaxel, 2022 [174]
Drug testing Irinotecan
Pancreatic cancer 48 / 71% Drug testing ERK inhibitor+Chloroquine 2024 [175]
Coherence assessment
Pancreatic cancer 87 / 62% Coherence assessment Oxaliplatin, Carboplatin, kinase 2024 [176]
inhibitors, Epigenetic drugs ...
Pancreatic cancer 16 / 52.2% Heterogeneity Exploration / 2025 1771
Pancreatic cancer 67 / 34.3% Drug screening FOLFIRINOX, Gemcitabine+Pa- 2025  [178]
Coherence assessment clitaxel, Cisplatin+Olaparib ...
Gastrointestinal 71 / 70% Drug testing Paclitaxel, Cetuximab, 2018 [76]
cancers Biomarker development Regorafenib, TAS-102
Esophago-gastric 120 / 61% Drug testing 5-FU, Oxaliplatin, Docetaxel, 2024 [179]

cancer

Patient stratification

5-FU + Calcium folinate ...

Note: Search strategy: The following keywords were searched in the PubMed database: (patient-derived cancer organoids[Title]) AND (digestive cancer([Title/
Abstract]); (patient-derived tumor organoids([Title]) AND (digestive cancer[Title/Abstract]); (patient-derived organoids[Title]) AND (digestive cancer[Title/Abstract]).
“Digestive cancer” can be replaced with liver cancer, cholangiocarcinoma, gastric cancer, colorectal cancer, intestinal cancer, esophageal cancer, and pancreatic
cancer for comprehensive retrieval. After inclusion and exclusion based on relevance to this article, 46 experiments were included for analysis

FOL: Folinic acid. 5-FU: 5-Fluorouracil. SN38: An active metabolite of Irinotecan. FOLFOX: 5-FU+Oxaliplatin. XELOX: Oxaliplatin+Capecitabine. FLOT:
Docetaxel + Oxaliplatin. FOLFIRI: FOL+5-FU +Irinotecan. FOLFIRINOX: 5-FU + Leucovorin +Irinotecan + Oxaliplatin. mTOR inhibitor: Mechanistic target of rapamycin
inhibitor. JAK inhibitor: Janus Kinase inhibitor. ERK inhibitor: Extracellular Signal-Regulated Kinase inhibitor. Albu-PTX: Albumin-bound Paclitaxel. Lipo-PTX: Paclitaxel
Liposome. EGFR inhibitor: Epidermal growth factor receptor inhibitor. KEAPT: Kelch-like ECH-associated protein 1. NF1: Neurofibromin 1. NCRT: Neoadjuvant
chemoradiotherapy. PDCOs: Patient-derived cancer organoids. CTCs: Circulating tumor cells. +1: The PDCOs success rates were derived from two cohorts. t2: The two
PDCO success rates were derived from the primary site (left) and liver metastasis (right), respectively
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NCT Number Status Cancer Type Stage of Cancer Phase Application Outcome Sam- Start date
Measurement  ple
Size
NCT06196554 Recruiting  Gastric Cancer All stage NA Drug screening  Sensitiv- 40 2023-05-01
ity, Specificity,
Consistency
NCT06100003  Recruiting ~ Gastric Cancer All stage Phase  Drug testing DFS, Sensitivity, 104 2023-10-18
1 Specificity
NCT05442138 Unknown  Gastric Cancer Early NA Drug testing ORR, TRG 54 2022-06-28
NCT05351398 Unknown Gastric Cancer Advanced NA Treatment ORR, TRG, RR 54 2022-04-28
comparison
NCT05203549 Unknown  Gastric Cancer All stage NA Treatment PDCOs success 250  2021-05-01
consistency rate, Correlation
observations
NCT06907342 Recruiting  Colorectal Cancer Metastasis Phase  Drug testing PDCOs success 148 2025-05-23
2 rate, ORR, DCR,
PFS, OS, DOR
NCT06787625 Recruiting  Colorectal Cancer Primary/ NA PDCOs PDCOs success 10 2024-05-25
Metastasis Establishment rate
NCT06136949 Recruiting  Colorectal Cancer All stage NA Drug testing PFS, Correlation 150 2023-05-22
NCT06100016 Recruiting  Colorectal Cancer All stage Phase  Drug testing PFS, Sensitivity, 105 2023-10-18
1 Specificity
NCT05955196  Recruiting  Colorectal Cancer All stage NA Drug testing PDCOs success 115 2023-01-09
rate
NCT05883683 Not yet Colorectal Cancer Advanced/ NA Drug testing/ Viability of 100 2024-10-01
recruiting Recurrent Target PDCOs,
prediction Correlation,
Sensitivity
NCT05832398 Recruiting  Colorectal Cancer All stage NA Drug testing Correlation, PFS, 186 2023-05-01
oS
NCT05725200 Recruiting  Colorectal Cancer Metastasis Phase  Treatment ORR, PFS, DOR, 40 2022-09-27
2 consistency QS,
observations Safety and
tolerability
NCT05401318 Recruiting  Colorectal Cancer All stage NA Drug testing PDCOs success 40 2022-03-28
rate, Sensitivity
NCT05352165  Not yet Rectal Cancer Advanced NA Treatment PCR, Complica- 192 2023-01-01
recruiting comparison tion, Recurrence,
Metastasis
NCT05304741  Recruiting ~ Colorectal Cancer Advanced/ NA PDCOs PFS, OS, Sensitiv- 30 2020-01-01
Recurrent/ Establishment/  ity, Specificity
Metastasis Drug screening
NCT05183425 Unknown  Colorectal Cancer Metastasis NA Drug testing Correlation, 60 2022-01-01
PDCOs success
rate
NCT05038358 Recruiting  Colorectal Cancer Primary NA Drug Resistance PDCOs success 60 2022-12-12
rate
NCT04996355 Unknown  Colorectal Cancer All stage NA Drug screening  Accuracy, Speci- 52 2021-05-31
ficity, Sensitivity
NCT04906733 Unknown  Colon Cancer All stage NA Treatment Sensitivity, 80 2021-04-15
consistency Correlation
observations
NCT04755907 Unknown  Colorectal Cancer All stage NA Model PDCOs 120 2021-03-01
comparison sensitivity,
Correlation, DFS
NCT04371198 Completed Rectal Cancer All stage NA PDCOs PDCOs success 20 2020-09-18
Establishment  rate
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NCT Number Status Cancer Type Stage of Cancer Phase Application Outcome Sam- Start date
Measurement  ple
Size
NCT03577808 Unknown  Rectal Cancer All stage NA Drug/Irradiation  Correlation, 80 2018-08-17
testing PDCOs success
rate
NCT07054086 Recruiting  Esophageal Cancer All stage NA Drug testing PDCOs success 30 2025-03-01
rate, Correlation
NCT03283527 Recruiting  Esophageal Cancer All stage NA Drug/Irradiation  PDCOs success 100 2017-12-01
testing rate,
Sensitivity, PFS,
oS
NCT06929845 Recruiting  Liver Cancer All stage NA PDCOs PDCOs success 150 2024-10-01
Establishment rate, Correlation
NCT06699524  Active Liver Cancer All stage NA Drug testing PFS 122 2022-09-20
NCT06355700 Recruiting  Liver Cancer All stage NA PDCOs co-culture 10 2023-06-15
Establishment PDCOs success
rate, Correlation
NCT05932836 Active Liver Cancer All stage NA Drug testing PDCOs success 165 2023-03-01
rate, Accuracy
NCT05913141  Recruiting  Liver Cancer All stage NA Drug testing PDCOs/co- 30 2023-06-22
culture PDCOs
success rate,
ORR, PFS, RFS...
NCT05644743  Not yet Intrahepatic All stage NA Treatment Correlation, 40 2022-12-09
recruiting Cholangiocarcinoma consistency Drug resistance
observations model
NCT05634694 Unknown  Cholangiocarcinoma  All stage NA Treatment PFS, Sensitivity 40 2022-11-30
consistency
observations
NCT04561453 Completed Cholangiocarcinoma  All stage NA Drug testing PDCOs success 14 2020-07-08
rate, Correlation
NCT04072445 Completed Cholangiocarcinoma  Advanced Phase  Drug resistance  Correlation, Clini- 28 2019-10-18
2 cal Benefit
NCT06813079 Not yet Pancreatic Ductal Advanced Phase  Drug testing ORR, DCR,DOR, 25 2025-02-17
recruiting Carcinoma 2 PFS,
OS, Side effects
NCT06666803 Not yet Pancreatic Ductal All stage NA PDCOs PDCOs success 60 2024-10-31
recruiting Adenocarcinoma Establishment rate, Correlation
NCT06615830 Not yet Pancreatic Cancer Metastasis Phase  Drug testing PDCOs sen- 185 2024-09-27
recruiting 2 sitivity, PFS,
Correlation
NCT05927298 Recruiting ~ Pancreatic Cancer All stage NA PDCOs PDCOs success 200 2023-03-06
Establishment rate, Correla-
tion, Al platform
establishment
NCT05351983  Unknown  Pancreatic Cancer All stage NA Drug screening  PDCOs success 50 2022-09-22
rate, Safety,
Contamination
rates
NCT05196334 Recruiting  Pancreatic Cancer All stage NA Drug testing PDCOs response 88 2021-07-01
to therapy
NCT04931394 Unknown  Pancreatic Cancer All stage Phase  Drug testing DFT, OS, DFS 200  2021-06-01
3 PDCOs success
rate, Correlation
NCT04931381 Unknown  Pancreatic Cancer Advanced Phase  Drug testing DCR, PFS, OS, 100 2021-06-01
3 PDCOs success
rate, Correlation
NCT04777604 Not yet Pancreatic Cancer All stage NA Drug testing/ [N 300 2021-03-01
recruiting Prognosis
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NCT Number Status Cancer Type Stage of Cancer Phase Application Outcome Sam- Start date
Measurement  ple
Size
NCT04736043 Recruiting  Pancreatic Cancer All stage NA Drug testing/ (&) 300  2021-01-31
Prognosis
NCT04469556  Active Pancreatic Cancer Advanced/ Phase  Treatment PFS, ORR, OS, 150 2020-10-14
Metastasis 2 comparison Correlation
NCT03990675 Unknown  Pancreatic Cancer All stage NA PDCOs PDCOs success 50 2018-12-01
Establishment rate
NCT03544255 Unknown  Pancreatic Cancer All stage NA Drug screening  PDCOs success 50 2018-05-01
rate, Correlation
NCT03500068 Unknown Pancreatic Cancer Metastasis NA PDCOs PDCOs success 30 2017-09-04
Establishment rate, Biomarkers
NCT03140592 Unknown  Pancreatic Cancer All stage NA PDCOs PDCOs success 300  2015-01-14
Establishment rate
NCT06519500 Recruiting  Gastroenteropancre-  All stage NA PDCOs PDCOs success 40 2023-03-03
atic Neuroendocrine Establishment rate
Tumor
NCT06246630 Recruiting ~ Pancreatic Neuroen-  Advanced NA Drug testing PDCOs success 20 2024-04-03
docrine Tumor rate, ORR, PFS,
OS, Correlation
NCT04927611 Unknown  Gastroenteropancre-  All stage NA PDCOs PDCOs success 200  2021-06-06
atic Neuroendocrine Establishment rate, TME
Tumor
NCT06332716 Recruiting ~ Gastrointestinal All stage Phase  Drug testing PFS, OS 68 2022-08-26
Tumors 3
NCT06077591  Recruiting  Liver Cancer/ Advanced/Inoperable Phase  Drug testing Tumor response, 40 2024-10-18
Colorectal Cancer 3 ORR, PFS, OS,
PDCOs success
rate
NCT05842187  Unknown Pancreatic Cancer/ Metastasis NA Treatment PFS, DCR 20 2023-03-03
Gastric Cancer consistency
observations
NCT05652348 Recruiting  Gastric Cancer/ All stage NA Drug testing Sensitivity, 48 2022-12-08
Colorectal Cancer DNA/RNA
sequence
NCT05384184 Completed Liver Cancer/ Metastasis NA PDCOs PDCOs success 48 2019-06-06
Colorectal Cancer Establishment rate, Correlation
NCT04611035 Unknown  Gastrointestinal All stage NA Drug screening  PDCOs success 100 2020-01-20
Cancers rate, ORR
NCT03429816 Completed  Gastric Cancer/ All stage NA Drug testing Correlation, His- 120 2018-04-15
Esophageal Cancer tological regres-
sion, PFS, OS
NCT02436564 Unknown  Cholangiocarcinoma/  All stage NA PDCOs PDCOs success 75 2015-05-07
Liver Cancer/ Establishment rate

Pancreatic Cancer

Note: Search strategy: A combined search was performed on the ClinicalTrials.gov platform by selecting the disease: Digestive cancer/tumor; and the term:
organoids. “Digestive cancer” can be replaced with liver cancer, cholangiocarcinoma, gastric cancer, colorectal cancer, intestinal cancer, esophageal cancer, and
pancreatic cancer for comprehensive retrieval. After inclusion and exclusion based on relevance to this article, 60 clinical trials were included for analysis

PDCOs: Patient-derived cancer organoids. DFS: Disease-free survival. ORR: Objective response rate. TRG: Tumor regression grading. RR: Recurrence rate. DCR: Disease
control rate. OS: Overall survival. DOR: Duration of Response. PFS: Progression-free survival. RFS: Recurrence-free survival. DFT: Disease free time. PCR: Pathologic
complete response. TME: Tumor microenvironment

inhibitor responses, offering individualized insights into
immune competence and therapeutic sensitivity [185,
186]. Third, the absence of vascularization and perfusion
in static PDCO cultures restricts nutrient diffusion and
compromises physiological relevance. Organ-on-a-chip
technologies offer a promising solution by integrating

PDCOs into microfluidic systems that mimic mechani-
cal forces, real-time drug exposure, and immune cell
trafficking [187, 188]. These platforms allow for dynamic
modeling of drug pharmacokinetics and anti-angiogenic
responses in a patient-specific manner [189]. Nota-
bly, vascularized digestive tract tumor-on-chip systems
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Fig.5 The workflow of PDCOs-guided patient treatment. a Tumor Sample Collection: Biopsies or surgical samples are obtained from the patient. b PDCO
Generation & Characterization: Tissue dissociation and culture in extracellular matrix (e.g., Matrigel) with tailored growth factors. Validation via omics (e.g,,
NGS) and histopathology (e.g., H&E staining). ¢ Functional Testing: High-throughput drug screening (e.g., chemotherapy, targeted therapy). Al-driven
prediction of drug response based on viability assays. d Data Integration & Al Analysis: Prioritize sensitive regimens and avoid resistant therapies. e Clinical
Decision: Treatment selection informed by PDCO results (e.g., 91.7% concordance in gastric cancer). This figure was created with Biorender

have demonstrated superior predictive accuracy com-
pared to conventional cultures and represent a scalable
approach for functional precision oncology [157, 190].
Lastly, a significant clinical barrier is the long turnaround
time—often several weeks—required to establish and
test PDCOs. This delay can be critical for patients with
advanced-stage disease who have a narrow therapeutic
window [191, 192]. Addressing this issue requires a mul-
tifaceted approach, including biological optimization
to accelerate organoid growth, engineering advances to
enable high-throughput screening, and integration into
clinical workflows such as the neoadjuvant setting, where
treatment decisions may accommodate longer timelines
[193]. For aggressive cancers, adaptive trial arms can use
PDCO data to guide second-line therapy.

To fully unlock the translational potential of PDCOs, it
is essential to overcome current technological and stan-
dardization challenges that limit their reproducibility,
scalability, and predictive accuracy. A major hurdle is
the continued reliance on undefined extracellular matri-
ces such as Matrigel, which introduce batch-to-batch
variability and compromise cross-laboratory reproduc-
ibility [194]. Recent advances in 3D bioprinting offer a

promising solution by enabling the creation of organoid
models with defined architecture, spatial control, and
consistent integration of tumor and stromal compo-
nents. These engineered constructs better mimic the
TME, including vascularization, thus improving the
physiological relevance of drug screening [195, 196].
Moreover, bioprinting supports scalable, automated pro-
duction, facilitating broader clinical and pharmaceutical
application.

Al and machine learning are also reshaping organoid-
based phenotyping and drug response prediction [197—
199]. Deep learning algorithms—such as convolutional
neural networks and variational autoencoders—can ana-
lyze high-content imaging data to classify organoid mor-
phologies and quantify drug-induced changes with high
sensitivity [199]. Multi-omic PDCO models that inte-
grate genomic, transcriptomic, and pharmacologic data
are being developed to forecast patient-specific therapeu-
tic responses. Notably, Al-based stratification of colorec-
tal PDCOs has already demonstrated predictive utility
for response to FOLFOX and EGFR-targeted therapies
[199]. Beyond prediction, Al-driven automation reduces
inter-observer variability and enhances consistency in
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therapeutic assessments, streamlining the integration of
PDCOs into clinical workflows [197].

Gene editing technologies, particularly CRISPR/Cas9,
add another dimension by enabling the functional inter-
rogation of drug resistance mechanisms and therapeutic
vulnerabilities [200, 201]. Although their direct clinical
application remains limited, CRISPR can generate iso-
genic PDCO models for biomarker discovery, synthetic
lethality screening, and elucidation of genotype-pheno-
type relationships—thereby enhancing the mechanistic
depth of PDCO-based research.

Looking ahead, rigorous clinical validation remains
paramount. While early studies have reported strong
concordance between PDCO-based drug responses and
patient outcomes, widespread adoption will require pro-
spective, multi-institutional trials with harmonized pro-
tocols, clearly defined clinical endpoints, and regulatory
oversight. The successful implementation of large-scale,
multi-center trials—such as the Dutch TUMOROID
study (Tumor Organoids: Feasibility to Predict Sensitivity
to Treatment in Cancer Patients)—will be critical to dem-
onstrating the clinical utility of PDCO-guided therapy.
Positive outcomes from these studies could pave the way
for formal endorsement by regulatory authorities such
as the FDA and EMA. In parallel, robust frameworks for
patient consent, ethical data governance, and secure bio-
banking must be established to ensure responsible and
scalable integration into precision oncology pipelines.

In conclusion, the convergence of 3D bioprinting, Al,
and gene editing—together with standardized workflows
and large-scale clinical validation—offers a clear path
toward making PDCOs a clinically actionable platform
for personalized cancer therapy and drug development in
digestive system oncology.

Abbreviations

PDCOs Patient-derived cancer organoids

Gl Gastrointestinal

NGS Next-generation sequencing

PDOs Patient-derived organoids

3D Three-dimensional

2D Two-dimensional

PD-1 Programmed death-1

PD-L1 Programmed death-ligand 1

CTLA-4  Cytotoxic T-lymphocyte-associated protein 4

ALl Air-liquid interface

PDXs Patient-derived xenografts

GEMMs  Genetically engineered mouse models
Al Artificial intelligence

HCC Hepatocellular carcinoma

CCA Cholangiocarcinoma

TME Tumor microenvironment

GC Gastric cancer

5-FU 5-Fluorouracil

CAFs Cancer-associated fibroblasts

MSI-H Microsatellite instability-high

CRC Colorectal cancer

SHMT Single-hit multi-target
nCRT Neoadjuvant chemoradiotherapy
LARC Locally advanced rectal cancer
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AC Adjuvant chemotherapy

TRG Tumor regression grade

DFS Disease-free survival

PFS Progression-free survival

[oN) Overall survival

PDAC Pancreatic ductal adenocarcinoma
TK1 Thymidine kinase 1

FLC Fibrolamellar carcinoma

ICls Immune checkpoint inhibitors
MSCs Mesenchymal stromal cells

PBMCs Peripheral blood mononuclear cells
CAR-T Chimeric antigen receptor T-cell

CAR-NK  Chimeric antigen receptor natural killer cell
TNF Tumor necrosis factor

BE Barrett's esophagus

EAC Esophageal adenocarcinoma

ROS Reactive oxygen species

Fn Fusobacterium nucleatum

TILs Tumor-infiltrating lymphocytes

PDT Photodynamic therapy

NCCN National Comprehensive Cancer Network
PINs Photothermal immuno-nanocomplexes
DLl Drug-induced liver injury

iPSC Induced pluripotent stem cell

AKI Acute kidney injury

13A Indole-3-carboxaldehyde

SCFAs Short-chain fatty acids
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