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Abstract: Cancer nanomedicine holds transformative potential, but its clinical translation remains hindered by the lack of preclinical
models that accurately mimic human tumor complexity. Conventional approaches often overlook the dynamic tumor microenviron-
ment (TME) and interpatient variability, leading to unreliable predictions of nanodrug behavior. Here, we present tumor organoids as
a transformative solution. These three-dimensional cultures retain the original tumor’s architecture, molecular profiles, and TME
interactions. Through concrete examples spanning pancreatic, breast, and glioblastoma cancers, we showcase how organoids reliably
evaluate nanodrug delivery efficiency, therapeutic effects, and safety profiles. In addition, the establishment of large-scale organoid
biobanks further facilitates rapid drug screening and tailored treatment strategies, significantly improving preclinical success rates.
Therefore, the organoid-driven paradigm not only overcomes long-standing challenges in tumor modeling but also paves a faster, more
reliable path toward clinically effective nanotherapies.
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Introduction
The advent of nanotechnology has heralded a new era in the field of cancer treatment, with nanoparticles emerging as
promising candidates for improving efficacy and reducing side effects.' Despite the promise of nanoparticles in
preclinical studies, translating these nanoscale drug delivery systems into clinical practice has been slow. Accurately
evaluating the safety and efficacy of nanomedicine in preclinical studies is still a challenge. The complexity of the tumor
microenvironment (TME) can impede the penetration and uptake of nanomedicines and influence tumor progression and
metastasis. It also plays a crucial role in determining the therapeutic response.” Therefore, there is a critical need for more
representative and predictive models that can accurately mimic human tumor pathophysiology to predict drug responses.
Traditional two-dimensional (2D) monolayer cultures have served as the foundation of cancer research for decades,
with tumor cells typically grown as flat sheets on artificial surfaces. However, researchers now recognize that these
systems cannot reproduce the intricate three-dimensional structure and cellular diversity found in actual human tumors.’
Unlike living tumors, these simplified models lack essential biological features, including proper cell-to-cell commu-
nication, extracellular matrix networks, and the spatial organization that collectively determine how nanoparticles behave
in real tissue. In this context, spheroids emerge as a cost-effective option for preliminary screening, similar to 2D
models.* While both organoids and spheroids serve as 3D models for nanoparticle evaluation, they exhibit fundamental
differences in biological relevance and application scope. Spheroids, formed through self-aggregation of tumor cell lines,

provide a simplified 3D structure but lack heterogeneity.’
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Organoid technology has gained considerable attention as a powerful tool for cancer research and drug development.® By
providing a more accurate representation of human tumors, organoids offer a valuable tool for predicting how tumors respond
to nanoparticle-based treatments and identifying the factors that govern the success or failure of these therapies. This approach
may accelerate the translational application process of nanoparticle drugs from the laboratory to the clinic.” The volume of
scholarly articles related to organoids has significantly grown in the last decade (Figure 1). The Food and Drug Administration
announced that organoid technology can replace animal studies, which are no longer mandatory for product safety approval.®

Integrating organoid technology with nanoparticle drug development is a significant step in improving cancer
therapies.” The advent of organoid technology has provided new opportunities for the research and development of
nanomedicine (Figure 2).'°'* Organoid-nanoparticle systems represent an exciting breakthrough in cancer drug devel-
opment. By combining the biological complexity of organoids with the precision targeting of nanoparticles, researchers
can now tackle long-standing challenges across the entire drug development pipeline.'* These hybrid systems faithfully
recreate the tumor microenvironment’s key characteristics, giving us unprecedented ability to study how nanoparticles
actually behave in human-like conditions. This means we can better predict drug delivery effectiveness, tailor treatments
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Figure | The number of organoid-related publications published in the past ten years (data obtained from PubMed).
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to individual patients, and identify potential toxicity issues earlier than ever before. The unique synergy between
organoids and nanoparticles is revealing new insights into drug formulation and how nanotherapeutics work at
a fundamental level. As our understanding of organoids and nanoparticles continues to evolve, we anticipate that this
field will yield transformative advances in cancer treatment. Moreover, with the continuous progress and deepening of
technology applications, we expect organoid technology to play a more important role in future cancer treatment,
providing patients with more effective and personalized treatment options.

Recent advances in organoid technology have opened new possibilities for modeling human tumors.'> However, their
potential to transform cancer nanomedicine development remains largely untapped. This review synthesizes cutting-edge
research to demonstrate how organoids are redefining preclinical testing paradigms for nanoparticle therapeutics. The
protocols and validation frameworks presented here provide researchers with actionable strategies to harness organoids’
predictive power, addressing the urgent need to improve the dismal clinical translation rates of nanotherapeutics. By
bridging fundamental discoveries with translational applications, this work moves the field beyond proof-of-concept
studies toward clinically meaningful implementation.

Transforming Cancer Research with Organoids
Preclinical cancer research is challenging because of the restrictions of traditional in vitro and in vivo methods. Cancer cells
grown outside an organism, such as cell lines, cannot represent tumors in patients as accurately. A variety of organoid models
have been established (Figure 3) in response to the limitations of traditional methods in preclinical cancer research.

Patient-derived tumor organoids form through a remarkable recapitulation of self-renewal and spatial organization
processes observed in native tumors. This unique capability comes from cancer stem cells preserving their original epigenetic
blueprints. Researchers typically culture these cells in a life-like extracellular environment, most often using Matrigel™ or
specially formulated collagen hydrogels. In this setting, the cells reactivate crucial developmental pathways like Wnt/B-
catenin and BMP signaling, which guide them to form three-dimensional structures remarkably similar to real tumors.'®

For these organoids to thrive while maintaining their tumor-like properties, scientists have developed specific culture
protocols. These methods combine essential stem cell support factors with specialized growth additives tailored to
different cancer types. Maintaining proper oxygen levels is equally critical, with researchers carefully controlling
conditions to match the low-oxygen environment that tumors experience in the body."’

The physical properties of the growth environment, particularly matrix stiffness, are essential for tumor organoid cultures.
Matrix stiffness varies significantly across different tumor types. For instance, the optimal matrix stiffness for softer
malignancies like pancreatic carcinoma is around 4 kPa, while lung solid tumors require a stiffer microenvironment of
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approximately 20-30 kPa.'® The stiffness is mainly dictated by the quantity and cross-linking extent of stromal components,
which are crucial factors influencing tissue stiffness. Throughout tumor progression, heightened stiffness of the extracellular
matrix (ECM) not only hinders drug delivery but also promotes cancer advancement by activating mechanical stimuli that
influence cell membrane receptors and mechanosensitive pathways. These differences in stiffness significantly influence
tumor cell behavior, including proliferation, migration, and responses to therapeutic interventions.'’

Tumor organoids have proven effective in the determination of drug reactions and personalized therapy decisions.?*!
Recent validation demonstrates that well-established liver cancer organoid models preserve >90% of the original tumor’s
genetic alterations under 2 months in vitro culture. In a study focusing on pancreatic ductal adenocarcinoma patient-
derived organoid (PDO), 82.4% to 99.96% of the mutations identified in the primary tumor samples were successfully
identified in the organoid cultures. The application of organoid modeling in oncology, particularly PDO pharmacoge-
nomics, has significantly advanced by linking driver mutations to therapeutic responses. Research across cancers like
breast, head and neck squamous cell carcinomas, prostate, pancreatic ductal adenocarcinoma, and bladder found that
specific gene mutations in PDOs were associated with sensitivity to targeted drugs, offering potential guidance for patient
treatment selection.”? These results demonstrate the promise of organoid models as effective resources for forecasting
clinical outcomes and informing personalized cancer treatments.

Since organoids are highly stable in terms of genome and phenotype, they are also useful for evaluating nanomedicine
therapeutic efficacy and interactions within TMEs.?*>2° This can be achieved by establishing biobanks containing large
PDO collections. Therefore, conducting comprehensive research on different aspects, such as drug development,
tumorigenesis, and cancer pathobiology, is possible using established biobanks with high genetic stability over time.?
Additionally, because organoids reflect actual human cancer complexity while recapitulating it simultaneously, these
biobanks also offer an opportunity for testing nanoparticle-based drugs with a precision oncology approach toward
personalized treatment against diverse types of cancers. This means that one can use this method to personalize treatment
by testing various drugs on different types of tumors grown from PDOs.?’*® Therefore, they have contributed greatly to
advancing nanomedicine translational research.

Organoids follow intrinsic developmental procedures to replicate their counterparts’ critical structural and functional
properties.”’ Organoids from various tissues and cancers maintain their unique response profiles upon exposure to
external stimuli. They still manifest normal sensitivities to therapies such as different chemotherapeutic agents.*%'
Notably, organoid-on-a-chip (OOC) models have been developed with the help of technological advancements that
position these models as potential platforms for precision medicine.*?

OOC is a culture of organoid cells in a microengineered chip.®* It contains a microfluidic chip that enables fluid flow
control, nutrient exchange and other characteristics of the microenvironment to be precisely controlled.>* This overcomes
some of the main challenges associated with TME modeling, tissue-tissue interactions, and multiorgan communications
by reducing experimental variation compared with static cultures.>> OOC systems may benefit oncology drug
development.*® They are closely related to real tumor tissues, making them valuable during target evaluation at an
early stage because they can capture heterogeneity within tumors. Furthermore, reproducible high-throughput screening
for drug efficacy has become possible because of standardized microchip platforms.>’* Using a flexible in vitro model,
such as organoids, with the rigidity and repeatability of the microchip environment provides OOC potential as an all-
around preclinical platform. This combines organoid translational relevance with the need for standardization of
nanostructured medicines. Therefore, OOC-personalized organoid cultures could be used throughout the nanomedicine
development pipeline when placed in physiologically relevant contexts.*

Patient-derived xenograft organoids (PDXOs) can be derived from adult stem cells within established patient-derived
xenograft (PDX) models.*’ Like their in vitro counterparts, PDXOs maintain key attributes of the original tumors, such as
genomic profiles and histological features. On the other hand, they show excellent prediction ability for clinical response and
have advantages over PDX models regarding high throughput screening for compounds.*'*** Several studies have shown that
existing libraries of PDXs have been changed into biobanks comprising cancerous cell lines derived from carcinoma
organoids with parental organoids, confirming their similarity in terms of genomics, pathology, and pharmacology.*
PDXOs serve as physiologically relevant in vitro platforms for high-throughput drug screening, overcoming the scalability
limitations of in vivo models while preserving tumor microenvironment interactions. Establishing large collections of
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organoids will help facilitate the integration of PDXO-based approaches into early-stage drug discovery programs and the
creation of personalized treatment options guided by tumor profiling. Therefore, they are promising models for accelerating
precision oncology drug development since they retain clinical relevance and compatibility with high-throughput platforms.**

Current culture methods have been successful in creating biobanks that encompass a variety of cancer types through the
use of organoids. These organoids are derived from pancreatic,*® gastric,*® colon,*” prostate,*® kidney,* and breast** tumor
tissues as well as metastatic biopsies. Multiple studies have shown that compared with tumors, PDOs retain many important
morphological and genetic features of the original cancer throughout passages.’® They could be used to determine how drug
molecules can overcome barriers in the tumor microenvironment that prevent ordinary drugs from reaching their target, which
is a key problem for drug delivery in oncology. Compared with traditional models, organoid biobanks reduced preclinical
failure rates and research costs and timings.’® They could speed up the clinical translation of nanoparticles by testing them in
personalized laboratory dishes before they reach patients. In short, this remarkable technology has turned bottom-up
approaches into powerful tools for fighting cancer at every stage.

Organoid Models in Nanomedicine Development

Nanoparticles serve as engineered carriers for various therapeutics, such as small molecule drugs, nucleic acids, proteins,
and chemotherapeutics.”’ Compared with traditional chemotherapy approaches, their utility in drug delivery offers
pharmacokinetic improvements and enables tumor-specific targeting, controlled drug release, and reduced off-target
toxicity through engineered design features.> Some of the main benefits of nanoparticles are that they use an active
targeting strategy to aid in delivery and make targeted ligand functionalization possible. This allows them to bypass
various biological obstacles, frequently preventing systemically given drugs from accumulating well in cancerous
tissues.>

Many advantages can be found with organoid models, as they serve as valuable tools for assessing nanoparticle-based
drug delivery systems. Organoids recreate the physical barriers that nanoparticles meet in living organisms. This allows
for investigating complicated cancer-stromal cell interactions that affect delivery.>* In addition, compared with in vivo
structures, one can easily image multiple scales of nanoparticle behavior using organoids as a model.”” During the early
stages of drug development, organoids could be used to test nanoparticle penetration ability as an avenue for accelerating
lead optimization. The assessment of nanomedicine efficacy and toxicity individually can also be performed via
personalized organoid platforms.’® At the subcellular and cellular levels, it is possible to study nanoparticle-tumor
interactions with the help of organoid systems.’’

Organoid models uniquely maintain functional stromal networks that replicate the critical triad of nanoparticle, ECM,
and cellular interactions governing therapeutic responses. These systems preserve native ECM components such as
collagen IV and fibronectin that actively guide nanoparticle behavior.”® Pancreatic cancer studies using fibrotic organoids
have demonstrated how ECM architecture dictates nanoparticle penetration patterns and subsequent drug delivery
efficiency.”® Another study highlighted the potential of organoid models to predict drug responses, emphasizing that
the preserved stromal networks within organoids can significantly influence nanoparticle uptake and distribution, thereby
affecting treatment outcomes.®® In addition, toxicity assessments confirm that organoid ECM integrity directly modulates
cellular nanoparticle processing, validating these models for preclinical safety evaluation.®’

Organoids represent a promising model for advancing personalized nanoparticle-based cancer therapies, offering
distinct advantages over traditional 2D and animal models (Figure 4). Using organoid systems in nanomedicine opens
new possibilities and challenges that must be continuously addressed. In this section, we review the applications of
organoid platforms and their potential as versatile tools to transform nanomedicine into clinics.

Pancreatic Organoids

The poor prognosis of patients with pancreatic ductal adenocarcinoma (PDAC) stems from the dense fibrous stroma and
intricate multicellular microenvironment, which are challenging to replicate using traditional cell lines.°® In contrast,
PDAC organoids better represent real in vivo conditions, such as histoarchitecture or the microenvironment, than typical
cell lines do.®® Pancreatic organoid models have been generated from cancerous mice and human pancreas. These models

can be used to understand the steps of pancreatic cancer progression at a molecular or cellular level. %
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Figure 4 Advantages of Organoids in Nanoparticle Development Compared to Traditional in Vitro and In Vivo Models.

Researchers have successfully utilized organoid cultures to assess the effectiveness of targeted therapies and
combination treatments, demonstrating a link between the responses of patient-derived PDAC organoids and patient
sensitivity to these therapies.®® Microfluidic organoid platforms, which utilize minimal tissue samples or PDOs obtained
from PDAC biopsies, were developed for therapeutic evaluation. This discovery has many benefits in customizing cancer
treatments and can be developed into a supplementary diagnostic method for chemotherapy or immunotherapy, thereby
improving personalized cancer treatment.®®

Building on this foundation, Julian Palzer et al investigated magnetic fluid hyperthermia (MFH) treatment of
magnetic nanoparticles (MNPs) in PDAC via PDOs. The authors utilized phospholipid bilayer-coated superparamagnetic
iron oxide nanoparticles (SPIONs) to form magnetoliposomes, which were then applied to human PDAC-derived
organoids. This study revealed that the MNPs exhibited only surface adherence rather than cellular internalization.
This finding provided valuable insights into the unique properties of PDAC organoids. Unlike traditional cell line
cultures, these organoid models faithfully replicate the penetration barriers encountered in living systems, while
simultaneously establishing an experimental platform for refining magnetic nanoparticle delivery strategies under
physiologically relevant conditions.®’

Extending the application of organoids in drug delivery optimization, Fan Lei et al developed polymeric micelles co-
encapsulating the active metabolites of two potent chemotherapy agents, 7-ethyl-10-hydroxycamptothecin and 1,2-dia-
minocyclohexane-platinum (II). The performance of these dual-drug-loaded micelles was examined via a sophisticated
PDAC model originating from mouse tumor organoids. The findings were encouraging since, when loaded with both
drugs at a synergistic ratio, these micelles showed significantly improved cytotoxicity against the tumor organoids
relative to either single drug-loaded micelles or conventional cocktails of free drugs. This study highlighted the potential
of organoid models for screening complex drug delivery systems while supporting the clinical translation of targeted
micellar formulations to reduce chemotherapy-induced systemic toxicity.®®

To address the penetration limitations observed in previous studies, Justin H. Lo et al designed PEGylated iRGD-
targeted tumor-penetrating nanocomplexes (TPNs). Using high-resolution optical imaging, the authors monitored the
distribution and extent of penetration of the nanoparticles throughout the PDAC organoids. The study revealed that TPNs
formulated with a scrambled iRGD peptide predominantly adhered to the outer edges of the organoids and lacked the
ability to penetrate deeper. In contrast, the siRNA enclosed within the TPNs could deeply infiltrate large primary human
organoids with a diameter greater than 200 um, achieving penetration depths of several hundred microns. Subsequent
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in vivo experiments involving human and mouse organoid cultures further confirmed the robust tumor penetration of
siRNA by TPNs. These findings showed that the tumor-penetrating dynamics observed in organoid models are similar to
those observed in living organisms, indicating that there could be a high potential for in vivo application.®”

Capitalizing on organoids’ ability to mimic tumor hypoxia, Vidhi M Shah et al explored liposomal vinblastine-
N-oxide (CPD100Li) in PDAC organoids. Hypoxia-inducible factor 1 alpha (HIF1A) expression-based criteria were used
to select PDOs. Free CPD100 and CPD100Li were used to treat these organoids and determine their cell inhibition
response. These results suggest that high expression of HIF1A in an organoid is most effective when it is treated with
CPDI100Li. The study was more comprehensive, including organoid models in addition to conventional cell lines and
PDX models, than previous assessments performed on CPD100Li.”

Beyond single-cell-type models, recent advances have leveraged organoids’ unique capacity to reconstruct tumor-
stroma crosstalk. A potential therapy for pancreatic cancer called CEACAMG6-EBET (carcinoembryonic antigen-related
cell adhesion molecule 6-bromodomain and extra-terminal protein degrader) was developed by Youya Nakazawa et al.
The authors used organoid models of PDAC and PDX stromal cell coculture systems in this study to determine the
efficiency of CEACAMG6-EBET. These systems are designed to mimic how complexly different types of cells within
a tumor interact with each other and the surrounding environment. In this study, the PDAC organoid model allows
researchers to understand what happens between cancer cells and stromal components within the tumor microenviron-
ment. This work also shows that cocultures consisting of organoids can be an important platform for testing new
anticancer drugs. These findings indicate that the organoid models can significantly improve PDAC treatment approaches
toward more effective approaches against such aggressive forms of cancer.”'

Breast Cancer Organoids

Among women, breast cancer is the most prevalent malignancy and the second most frequent cause of cancer-related
mortality.”* Traditional breast cancer treatments include surgical excision, radiation therapy, and chemotherapy. Several
nanomedicines have been approved and used in clinics, including Doxil™ (doxorubicin liposome), Myocet™ (doxor-
ubicin liposome), Lipusu™ (paclitaxel liposome), and Genexol-PM™ (paclitaxel polymeric micelle), demonstrating
reduced off-target effects through improved drug delivery mechanisms.”® Despite the evident clinical advantages of
nanomedicine, the current options are still very limited. As nanotechnology has advanced, researchers have developed
new classes of nanoscale treatment paradigms, such as dendritic polymers, nanocrystals, inorganic nanoparticles, and
nanocarriers that respond to the tumor microenvironment.”*’> However, the progress of nanomedicine development for
breast cancer treatment has been slow, with most anticancer nanomedicines failing to demonstrate enhanced clinical
outcomes.’® This translational gap principally originates from breast cancer being highly heterogeneous in terms of
genetic background, histology, degree of differentiation, and molecular subtypes.’” It is composed of heterogeneous cell
subsets within the same tumor, which leads to significant differences in clinical prognosis and patient response and is the
main reason for drug resistance or treatment failure.’”®”’

Breast cancer organoids represent a paradigm shift in tumor modeling by recapitulating critical pathophysiological
features of native malignancies.*>®' The development of comprehensive biobanks housing organoids derived from
diverse clinical stages, including primary and metastatic lesions, enables systematic investigation of intertumoral
heterogeneity while maintaining genetic fidelity through serial culture expansions.®* This platform successfully models
rare histological variants, such as giant papillary breast cancer, which have been reported. By embodying both molecular
complexity and phenotypic adaptability, organoid technology establishes a new standard for precision oncology research
that transcends conventional model limitations.

Breast cancer organoids have been used as in vitro models for assessing patient-specific drug sensitivity. Breast
cancer organoids have been used in the testing of chemotherapy drugs, inhibitors, and combination therapies and have
shown consistency in terms of clinical study outcomes, which proves their good application prospects.®* According to
genetic tests, organoids have been shown to simulate the effects of targeted drugs (eg, afatinib, gefitinib, everolimus, and
AZDB8055) and PARP inhibitors (eg, olaparib), along with other drugs, such as those that act through the HER signaling
pathway.*>%*#> The integration with tumor-on-chip technology enhances predictive capabilities by recapitulating critical
tumor microenvironment dynamics, enabling real-time analysis of drug permeation through vascularized tumor-stroma
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interfaces under pathologically relevant biomechanical conditions.®® This functional synergy between molecular char-
acterization and microenvironmental fidelity addresses fundamental challenges in therapeutic resistance prediction,
ultimately informing personalized treatment strategies through mechanistically grounded preclinical validation.®**’
These models further accelerate therapeutic innovation by serving as high-content screening platforms for novel drug
candidates, particularly enabling nanomedicine optimization through simultaneous evaluation of targeting efficiency,
biocompatibility, and tumor penetration kinetics.*®

Recent breakthroughs in organoid-enabled immunotherapy development demonstrate the platform’s translational
capacity. Huang et al pioneered an in situ dendritic cell (DC) vaccine (HELA-Exos) for breast cancer treatment. The
effects of the vaccine on restraining tumor growth and activating immune responses were studied in both immunocom-
petent mice and triple-negative breast cancer (TNBC) PDOs. Researchers have investigated the activation effects of
HELA-Exos on the activation of human T cells in PDOs cocultured with peripheral blood mononuclear cells (PBMCs).
The results indicated that HELA-Exos activated DCs effectively in situ and improved the antitumor CD8" T-cell response
within the organoid coculture system. Furthermore, HELA-Exo treatment resulted in a significant inhibition of organoid
growth, which is consistent with observations in immunocompetent mice. This study highlights the usefulness of
organoids for assessing the immune-activating effects of nanoparticles.®

Beyond predicting therapeutic responses, breast cancer organoids are now instrumental in validating nanomedicine
delivery mechanisms critical for metastasis suppression. This translational potential was exemplified in Zihao Liu’s
study, where a nanoparticle loaded with membrane-associated phosphatidylinositol-transfer protein three inhibitors (NP-
C8018-7840). After a 10-day incubation period, the presence of CD206-positive cells within the PDOs was observed.
The results revealed that NP-C8018-7840 significantly decreased vimentin expression and increased CDH1 expression,
which indicated similar trends in 2D cell line studies. The nanoparticles caused notable inhibition of breast cancer
metastasis in animal models in mice, such as xenografts or organoids, thus showing their possible use as therapies against
metastatic breast cancers.””

Recent advances in organoid-based drug delivery validation have revealed critical limitations in conventional
nanoparticle tumor penetration. Addressing this challenge, Bozhao Li and colleagues conducted a study utilizing
organoids derived from primary estrogen receptor (ER)-positive breast cancer tissues to evaluate the effectiveness of
a nanoparticle system called PPFA-cRGD (poly(ethylene glycol) (PEG)-poly(B-amino ester)-arginylglycylaspartic acid
nanoparticle loaded with fulvestrant and abemaciclib) in vitro. These findings demonstrated that the drug sensitivity
detected in these organoids was similar to the responses seen in in vivo models. The authors characterized CK8, ER, and
Ki67 expression in organoids as indicators of breast cancer through confocal laser scanning microscopy and Western blot
analysis. Additionally, this research evaluated how these organoids take up PPFA-cRGD. The results showed that,
compared with chemotherapy alone, PPFA-cRGD caused more cells to die in the organoids, suggesting a personalized
approach in which this nanoparticle system kills breast cancer cells more effectively depending on individual needs.”!

The evolution of aptamer-based targeting has entered a new phase with multimodal recognition strategies. In proof-of
-concept research using pathologically validated organoids, Simona Camorani et al investigated the therapeutic potential
of Iren-AuSiO2-Aptamer nanoparticles. These organoids were generated from human surgical samples and fully
analyzed at the pathological and molecular levels. To increase the efficiency of photodynamic therapy and photothermal
therapy, the nanoparticles were formulated with two RNA aptamers that targeted different sites via a dual-aptamer
strategy. Research has shown that dual aptamer-modified particles were distributed more evenly than single-aptamer-
modified nanoparticles were. They were also found to have a greater ability to penetrate three-dimensional tissue models,
which is necessary for better cancer treatment methods.””

Breast cancer organoids are unlocking new dimensions in treatment evaluation by modelling tumor-
microenvironment interactions that 2D cultures fail to replicate. This unique capability was highlighted in nanoparticle
delivery studies, where a study led by Ting Jiang assessed the anticancer effects of PTX@MOF/siDDIT4-AS1 on breast
cancer PDOs. This study revealed that the application of PTX@MOF/siDDIT4-AS]1 significantly decreased the number
and size of breast cancer organoids. Furthermore, four different types of organoids lost their viability, suggesting that this
treatment could effectively target cancer cells.”
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Bridging the gap between diagnostic precision and therapeutic efficacy, organoid platforms enable real-time tracking
of drug delivery dynamics in patient-specific contexts. Scialabba’s team formulated carbon nanodots loaded with
irinotecan that binds to biotin (CDs-PEG-BT@IT), demonstrating 3-fold greater efficacy in select breast cancer
organoids compared to conventional therapies, while revealing patient-specific drug response variability undetectable
in 2D and xenograft models. These organoids successfully predicted the metastasis-inhibiting capacity of nanoformula-
tions, establishing a clinically actionable framework for personalized nanotherapy optimization.”

Advancing beyond conventional phototherapy evaluation models, tumor organoids are emerging as critical platforms
for assessing microenvironment-specific therapeutic interactions. Roscigno et al demonstrated this through sulfur-doped
carbon nanodots (CD). The efficacy and working mechanisms were studied in patient-derived tumor organoids. This
study revealed that the organoid model could enhance transformation and provide a clinically relevant platform for
evaluating therapeutic effects by reflecting the physiology of cancerous tissues.””

Colorectal Cancer Organoids
As the third most common cancer worldwide and the second cause of cancer death, colorectal cancer (CRC) presents
unique challenges in modeling its glandular architecture and stromal interactions.”® To bridge this gap, researchers have
developed CRC organoid biobanks that preserve individual patients’ tumor features.*””” By maintaining the intricate 3D
organization of native tumors, these organoids preserve both structural details and genetic diversity across cancer
subclones that effectively mirror how tumor cells interact with surrounding stromal cells to drive progression.”®"’
These biobanks can generate clinically actionable drug response profiles within several weeks after biopsy collection,
a rapid turnaround enabling real-time alignment with treatment planning cycles while supporting personalized therapeutic
strategies.'*°

The clinical predictive power of CRC organoids is particularly evident in therapeutic response modeling. These
models have strong potential to evaluate drug resistance in vitro drug screening studies with inhibitors,'”" drug

102103 and preclinical settings.'® Many studies confirm that the in vitro drug sensitivity and

combination therapy,
resistance profiles derived from CRC organoids align closely with the clinical responses observed in patients. The use
of organoids for locally advanced rectal cancer revealed that the response of patients and organoids to chemoradiotherapy
was well matched, exhibiting an accuracy of 84.43%, sensitivity of 78.01%, and specificity of 91.97%.*""'> These
organoid systems are revolutionizing drug discovery pipelines through high-throughput screening capabilities. Du et al
demonstrated a scalable organoid production platform and efficiently conducted high-throughput screening of thousands
of drugs, which significantly propelled organoid research and drug discovery processes.'®® Subsequently, Norkin et al
developed a high-content RNA sequencing method to guide drug candidate selection in CRC organoids.'®”

Building on the established utility of organoids in drug response assessment, Huang et al developed a delivery system
utilizing exosomes derived from primary patient cells to transport small interfering RNAs (siRNAs) targeting coiled-coil
domain-containing protein 80 (CCDC80). This platform successfully silenced CCDCS80 expression in chemoresistant
CRC organoids and patient-derived xenograft models, enhancing cancer cell sensitivity to chemotherapy. Their findings
validate organoids as robust models for evaluating nanotherapeutic delivery systems, demonstrating precise siRNA
targeting and restored chemotherapeutic efficacy.'®®

Complementing advances in targeted drug delivery, organoid models are proving equally vital for evaluating immune-
modulating therapies. Roberto Benelli et al conjugated zoledronic acid (ZA), an aminobisphosphonate, to the anti-EGFR
antibody cetuximab (Cet) to construct a Cet-ZA antibody conjugate (ADC). They investigated the efficacy of Cet-ZA
ADCs against primary CRC organoids derived from 13 patients. Cet-ZA ADC treatment triggered elevated isopentenyl
pyrophosphate and butyrophilin levels in organoids within 48 hours, activating V82 T lymphocytes. The conjugate also
enhanced Vo2 T-cell proliferation and tumor-killing capacity in T lymphocyte co-culture systems with CRC organoids.
These findings collectively demonstrate that the organoid coculture system conceivably offers a viable, cost-effective,
dependable, and replicable model for customized preclinical therapeutic assessment.'®”

Recent studies highlight the growing potential of targeting tumor metabolism as a therapeutic strategy. Liu Peng’s
team utilized patient-derived organoids to evaluate PL-DFX, which is composed of deferasirox and hyperbranched

polylysine. According to this study, organoid models outperform traditional cell lines in predicting clinical efficacy. The
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results obtained from the organoid experiments led to the conclusion that interfering with iron metabolism could serve as
a good treatment strategy for malignant neoplasms via PL-DFX.''°

Building on innovations in multifunctional nanoparticle design, researchers are now leveraging organoid precision to
optimize combination therapies. Shengyun Hu led a study that examined the therapeutic effectiveness of curcumin using
CaCO;@Cur@QTX125@HA nanoparticles in CRC PDO models. These nanoparticles are multifunctional, containing
curcumin, a polyphenol capable of fighting cancer naturally, and QTX125, a histone deacetylase inhibitor. The team then
modified them with hyaluronic acid (HA) to increase the capability of the particles to target cancer cells and enhance
their uptake. The results showed that the CaCO;@Cur@QTX125@HA particles were effectively taken into the PDO
models, thereby inducing apoptosis in tumor cells. The authors hypothesized that HA coats may interact with organoids,
leading to increased cellular absorption, hence enhancing their therapeutic outcome. This research showed that the
in vitro application of PDO models allowed us to closely mimic complex patient tumors while evaluating the efficacy of
nanoparticles in cancer treatment.''!

Recognizing the critical role of tumor microenvironment responsiveness in drug delivery optimization, recent
advancements have focused on developing stimulus-responsive nanocarriers. Huiling Song et al reported a novel pH-
sensitive cetuximab (Cet)-conjugated drug delivery system. DMAKO-20/PCL-PEOz-targeted nanoparticles
(DMAKO@PCL-PEOz-Cet) were constructed to enhance the efficacy of CRC treatment. The authors employed PDOs
to study the ability of DMAKO@PCL-PEOz-Cet to carry therapeutic agents. This study indicated that DMAKO@PCL-
PEOz-Cet had better inhibitory effects on CRC organoids than Cet alone. Cet combined with DMAKO-20 resulted in
significant disruption of CRC organoids. This drug delivery system may help overcome tumor heterogeneity and drug
resistance. In this study, the CRC organoid model provides valuable insights into the possibilities for nanodrug delivery

systems to overcome tumor heterogeneity and drug resistance challenges.''”

Brain Cancer Organoids
Glioblastoma (GBM) is one of the most common and aggressive adult brain cancers and has high rates of drug resistance
and recurrence. GBMs exhibit diverse morphological characteristics and are complex networks composed of multiple cell

113

types, including endothelial cells, astrocytes, and pericytes.” ~ Most GBMs have increased vascularity, promoting the

proliferation of endothelial cells. They are dense in cellular content and mixed with necrotic tissue, which has varying
degrees of atypicality.''

Despite advances in surgical resection, chemotherapy, and radiation, median survival has only increased by an
average of four months.''> A nanoparticle drug delivery system is an attractive solution for treating GBM.''® Owing
to their small size, shape, and surface properties, nanoparticles can facilitate targeted drug delivery to cancer cells by
overcoming the blood-brain barrier, escaping capture and clearance by the reticuloendothelial system, and actively
binding to receptors on the cell surface.''”''® A variety of nanodelivery therapies targeting brain tumors have been
developed, including liposomes,''? silica,'*® polymer micelles, dendrimers, and metal particles.'?':'?*

Numerous in vivo and in vitro studies have demonstrated the efficiency and therapeutic potential of nanocarrier-based
GBM therapies. However, these drug-delivery system therapies have had limited success in clinical trials and have not

yet been applied to treat patients.'?

We still lack a comprehensive and systematic understanding of the interactions
between nanocarriers and the blood-brain barrier (BBB), such as the potential toxicity to the BBB, the changes before
and after penetration, and drug delivery efficiency.'** Currently, the commonly used BBB models are animals. In situ
high-resolution imaging of the brain of an animal model is difficult, limiting the study of the interaction mechanism
between nanocarriers and the blood-brain barrier.'*’

Brain organoids are becoming cutting-edge tools in brain cancer research.'’® Several types of patient-derived
organoids have been successfully established and identified in brain tumors, such as glioblastoma organoids, meningioma
organoids, and neoplastic cerebral organoids.'?”"'?® Glioma organoids provide a powerful tool for understanding drug
nanocarrier-BBB interactions and are essential for developing nanomedicines with high BBB penetration and good
biocompatibility. They are potential in vitro blood-brain barrier models that can accurately replicate human pathophy-
siological behaviors and respond to potential drugs, improve the reliability of drug validation studies, and accelerate drug

screening and nanodrug development.
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Owing to the rapid establishment and precise generalization of parental tumors, many researchers are using brain cancer
organoids to test the efficacy of anticancer therapies.'*>"!** In an observational study, Jacob et al reported that glioblastoma
organoids matched the response of patients, with 83% sensitivity and 88% specificity."*' Glioma organoids are easy to
establish and relatively economical, and several techniques, such as 3D bioprinting and the establishment of microarray chips,
have been employed to speed up and scale up drug testing.'**'3?713> Claire Simonneau reported that the human BBB organoid
array is a powerful, high-throughput platform for discovering novel mechanisms of receptor-mediated antibody transfer. The
BBB organoid array allows each experiment to grow more than 3000 homologous organs simultaneously in a highly
repeatable manner. Implementing the platform during the initial phases of drug development, the process may speed up the
creation of innovative approaches for brain delivery technologies.'*> Bergmann et al outlined a novel protocol for developing
BBB organoids to assess brain-permeable compounds for potential therapeutic use.'*® This work also described the applica-
tion of confocal fluorescence microscopy and mass spectrometry imaging to analyze drug penetration into organoids.

Advancing beyond single-barrier models, cutting-edge organoid systems now enable precise evaluation of nanodrug
trafficking across complex biological interfaces. Kathrin Kostka et al investigated the absorption, distribution, and efficacy of
gold nanoparticles (AuTioDox-AF647) loaded with doxorubicin (Dox) and AlexaFluor-647-cadaverine (AF647). The authors
developed normal and glioblastoma organoids by culturing different human brain cells (pericytes, the outer layer of
endothelial cells, astrocytes, U87-MG cells, microglia, oligodendrocytes, and neurons). The normal and GBM organoids
successfully reproduced the three-dimensional structure and essential physiological functions of the blood-brain barrier and
had good BBB integrity. This pioneering organoid platform enables simultaneous tracking of nanoparticle penetration kinetics

and therapeutic payload release dynamics within glioblastoma microenvironments.'3”-'3%

Prostate Cancer Organoids

The primary cause of clinical treatment failure and progressive malignancy in prostate cancer (PCa) is its high degree of
heterogeneity. Therefore, further search for broad-spectrum drugs that can be used in different clinical stages of PCa is
urgently needed. However, only seven PCa cell lines are stored in the American Type Culture Collection, which is very
low in representation.

Various prostate cancer organoids have been successfully cultivated and are continually expanding. Prostate cancer
organoid models have been successfully established from tumor surgical excision samples and biopsy samples, circulat-
ing tumor cells, PCa cell lines, prostate cancer PDXs, and human embryonic stem cells.'** These models represent the
well-known phenotypic diversity of castrate-resistant prostate cancers. This includes AR-driven adenocarcinomas and
AR-independent neuroendocrine, positive or double-negative types. This fully reflects the heterogeneity of PCa.'*
Researchers established a prostate cancer organoid biobank using samples from 81 patients. These patient-derived
models now enable efficient testing of personalized treatment options across diverse cancer cases.'*'

Organoids used in prostate cancer research and treatment enable efficient, large-scale drug development and
testing.'*? They are also used for basic biological research to study early cancer, identify drug targets, and study drug
resistance. Several studies have shown that the response of prostate organoids to chemotherapy drugs, hormonal drugs,
and targeted drugs can predict clinical outcomes, and in vitro drug sensitivity is correlated with patient genotype and
treatment response.'**'*? Research demonstrated that LuCap-derived organoids with BRCA2 mutations exhibit heigh-
tened sensitivity to olaparib, aligning with clinical observations.'*?

In addition, several studies have described protocols for analyzing and optimizing drug responses in prostate cancer
organoids, providing methods for evaluating drugs that can be used to assess multiple parameters or biological endpoints
simultaneously. For example, bright field imaging'** and high-content live-cell imaging® have been used to study
a variety of morphological changes, such as changes in organoid size, shape, and structure, during or after exposure to
organoids. It is crucial to recognize that the architecture, spatial arrangement, and dimensions of organoids significantly

impact drug efficacy.'**

Bladder Cancer Organoids
Bladder cancer, one of the most common urinary system cancers, is classified into two types: nonmuscle invasive and
muscle invasive: nonmuscle invasive and muscle invasive. Among all bladder cancer cases, 75% are nonmuscle invasive
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bladder cancer.'*® Research has revealed that different kinds of nanoparticles can be used in bladder cancer therapy.
Physical excision and drug-assisted chemotherapy are common treatments for bladder cancer. Commonly used che-
motherapy nanomedicines include accelerated or dose-dense methotrexate, doxorubicin, vinblastine, cisplatin, or gemci-
tabine and cisplatin. In addition, chitosan nanoparticles, polymeric nanoparticles, lipid-based nanoparticles, and protein
nanoparticles have also been proven effective in the laboratory.'*®

Emerging bladder cancer organoid models demonstrate remarkable fidelity in recapitulating tumor biology, offering
a transformative platform for therapeutic development. These systems provide a clinically relevant alternative to high-
risk human trials for evaluating novel nanoparticle therapies. Organoid technology has significantly advanced drug
evaluation protocols, yet its implementation in bladder cancer studies still lags. This gap is most apparent in targeted drug
delivery optimization, where the intricate tumor microenvironment necessitates models that better replicate human
physiology.

Complementing existing drug delivery strategies with biological vectors, recent work has leveraged exosomes’
natural trafficking capabilities to enhance therapeutic precision. In a paper published by Wenqing Li et al, human bladder
cancer organoids were used to investigate the molecular mechanisms underlying bladder cancer progression and the
potential therapeutic effects of miR-3960. miR-3960 was encapsulated in exosomes generated from HEK293T cells. This
study revealed that exosome-loaded miR-3960 significantly decreased dexamethasone-induced protein expression and
reduced organoid growth.'*’

Challenges in Organoid Model Applications

Organoid models have transformed preclinical cancer research, yet several limitations must be overcome to maximize
their utility for nanoparticle drug development. A primary challenge lies in their incomplete replication of tumor
ecosystems, particularly regarding immune cell populations and vascular networks. The concept of assembloids, inspired
by the co-culture technique, shows promise by combining organoids with stromal/immune cells to address these
issues.'*® A study indicated that long-term cultured bladder organoids lack the key components of the normal bladder.
They subsequently modified the model by creating assembloids and confirmed that they successfully restored the missing
microenvironmental.'*’

While organoid models offer valuable insights into nanoparticle accumulation and penetration within tumor micro-
environments, they cannot fully capture systemic pharmacokinetic processes such as hepatic metabolism or renal
clearance. This inherent limitation creates important discrepancies between in vitro observations and in vivo drug
behavior, underscoring the continued need for complementary animal studies to validate active targeting strategies.

Reproducing organoid models consistently across laboratories remains challenging due to significant variations in
culture protocols.'>® One major obstacle is the choice of extracellular matrix. Matrigel offers biological relevance but
lacks consistency, whereas synthetic hydrogels provide uniformity but may not fully support organoid growth. The
mechanical properties of the growth matrix also require careful tuning, with stiffness parameters ranging dramatically
from soft to rigid. Oxygen tension control further complicates culture conditions, as maintaining physiologically relevant
hypoxia levels proves technically demanding. Meanwhile, cost considerations also emerge, as organoid cultures remain
more expensive than cell lines, despite being cheaper than PDX models.

Therefore, further research is needed to fully explore the capabilities of tumor organoids in the context of nanoparticle
drug development and to assess their impact on the overall effectiveness of nanomedicine-based cancer treatments.
Additionally, the repeatability and reliability of some organoid research results merit further scrutiny, and the long-term
stability and sustainability of organoid models require more in-depth investigation.

Discussion and Future Perspectives

Organoid models are reshaping how nanoparticle therapeutics move from bench to bedside.'>" These models capture
critical aspects of human tissue complexity that traditional cell cultures miss, providing more clinically relevant data on
drug delivery and response. Their ability to maintain patient-specific characteristics while allowing controlled experi-
mentation makes them particularly valuable for optimizing nanocarrier design and dosing strategies. The integration of
organoid models represents more than just another experimental tool. It reflects an important shift toward more human-
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relevant preclinical testing.'>?

While not replacing all animal studies, these systems are becoming an essential bridge
between traditional cell culture and clinical trials, particularly for targeted nanotherapies where species differences often
complicate translation. Their continued refinement and standardization will play a key role in accelerating the develop-
ment of safer, more effective nanomedicines. As the technology matures, it could substantially reduce late-stage clinical
attrition by identifying promising candidates and eliminating poor performers earlier in development.

In the future, as technological advancements persist, the development and cultivation of organoid models are expected to
improve, enabling them to simulate tumor characteristics more accurately. More comprehensive studies across cancer types
may be needed to find more universally applicable treatment strategies. The fusion of organoid research with artificial
intelligence and big data analysis will usher in a new era of in-depth data mining and analysis. These findings will help to
provide more accurate guidance for cancer treatment and further reveal the complex interactions among nanoparticles, tumor
microenvironment, and organoid models to promote the wide application of nanomedicine in cancer treatment. Organoid
models are expected to play a significant role in tailoring cancer treatments to the unique needs of individual patients.

The advent of organoid technology has heralded a new era in cancer research, particularly in nanoparticle drug
development. Organoids offer a more accurate and biologically relevant model than traditional cell lines or animal
models, as they retain the histopathological, genomic, and molecular features of the original tumors. Organoids can help
overcome the challenges of developing cancer nanomedicines by providing a more precise representation of the tumor
microenvironment. The ability to simulate key genetic, physical, and mechanical cues of the tumor microenvironment
allows for a more accurate prediction of drug responses, which is crucial for the success of nanoparticle-based treatments.

Integrating organoid technology with nanoparticle drug development is a significant step in cancer therapy. Organoids
not only serve as models for drug screening but also offer insights into the complex interactions between nanoparticles
and the tumor microenvironment. This approach has the potential to accelerate the translational application process of
nanoparticle drugs from the laboratory to the clinic. Establishing biobanks containing large collections of patient-derived
organoids (PDOs) enables high-throughput preclinical optimization and evaluation of novel nanoparticle drug delivery
systems, which is a major advantage over traditional models.

Meanwhile, organoid intelligence represents a paradigm shift in in vitro modeling, offering transformative potential
for biomedical research and therapeutic discovery.'>*'>* Advanced image analysis techniques have allowed automated,
high-throughput assessment of nanoparticle behavior in organoid models, including distribution patterns, penetration
efficiency, and stromal barrier interactions. Machine learning approaches have been applied to electron microscopy data
to enable quantitative morphological characterization of nanoparticles, facilitating large-scale statistical analysis in
nanomedicine research.'”” The integration of organoid intelligence with multi-omics profiling and microphysiological
systems promises to generate clinically actionable insights that could fundamentally bridge the gap between benchtop
discoveries and patient outcomes in the future.

Conclusion

The tumor organoid model has advantages in simulating the tumor microenvironment, reflecting tumor characteristics,
predicting drug response, etc, and is of great value in drug development and evaluation. Organoid models have
revolutionized preclinical cancer research. This method overcomes the main limitations of traditional in vitro and
in vivo methods. Compared with cell lines, they can more accurately represent the tumor status of patients, mimic the
cell diversity of tumors, the relationships between cells and the matrix of cells, etc. However, current organoid models
still face limitations in replicating complete organ architecture and immune microenvironment components. As the
technology continues to evolve, the integration of organoids and nanomedicine is paving the way for transformative
cancer treatments. By refining culture protocols, incorporating immune components, and standardizing methodologies,
this approach holds tremendous potential to bridge the gap between preclinical research and clinical translation,
ultimately enabling truly personalized cancer therapy.
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