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Abstract 

Cancer is a highly heterogeneous and dynamic disease whose progression, 
metastasis, therapeutic resistance, and immune escape are strongly regulated by 
the tumor microenvironment (TME). However, conventional two-dimensional (2D) 
cell culture systems and animal models often fail to recapitulate the structural 
organization, multicellular interactions, biochemical gradients, and mechanical 
properties of native tumors, thereby limiting the translational effi ciency of preclinical 
cancer research and drug development. In recent years, in vitro three-dimensional 
(3D) biomimetic tumor models-including tumor spheroids, tumor organoids, and 
tumor-on-a-chip systems—have emerged as powerful platforms for reconstructing 
physiologically relevant tumor microenvironments and investigating complex tumor 
behaviors.

In this review, we systematically summarize the construction principles, biological 
characteristics, advantages, and limitations of major 3D biomimetic tumor models. 
We further discuss their recent applications in drug screening, precision medicine, 
tumor heterogeneity research, cancer stem cell investigation, metastasis, therapeutic 
resistance, and immunotherapy evaluation. Particular emphasis is placed on the 
comparative advantages of different 3D systems in modeling dynamic tumor–
microenvironment interactions and supporting translational oncology research. 
Additionally, we will discuss the current problems of vascularisation, extracellular 
matrix biomimetics, experimental reproducibility, standardisation, and large-scale 
clinical translation. Finally, we present some new directions for future work, including 
three-dimensional bioprinting, multi-omics technology, artifi cial intelligence, and 
multi-organ-on-a-chip platforms, which may further improve the physiological 
relevance and predictive power of next-generation tumor models.

In short, this review has listed the current progress of 3D biomimetic tumour 
modelling and discussed some prospects for its use in mechanistic studies of cancer, 
drug discovery, etc.
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Introduction
Cancer is still one of the top causes of death and illness in 

the world today, and many countries have not been able to 
solve this problem [1]. Although there has been some progress 
in molecular oncology, targeted therapy, and immunotherapy 
recently, the overall clinical success rates for anti-cancer 
drugs at present are still relatively low. One reason for the 
above deϐiciency is that there are currently no preclinical 
tumour models that can accurately reproduce the complexity 
and heterogeneity of the human TME. Conventional 2D 
monolayer cultures and animal models have served as the 
standard experimental platforms for cancer research for a 
long time; however, both systems are signiϐicantly lacking 
in reproducing the structural, biochemical, and mechanical 
features of human tumours in vivo [2-4].

Traditional 2D cell culture systems are simple, cost-
effective, and suitable for high-throughput screening, but they 
cannot replicate the three-dimensional spatial arrangement, 
extracellular matrix (ECM) interactions, oxygen and nutrient 
gradients, and multicellular communication of tumors in vivo 
[5]. Cancer cells in 2D culture often show changes in shape and 
polarity, metabolism, gene expression, and drug resistance 
compared with those in patient tumours. Therefore, many 
therapeutic agents with good efϐicacy in 2D systems fail to 
translate effectively into clinical practice. Animal models, such 
as genetically modiϐied mouse models and patient-derived 
xenografts (PDXs), are more physiologically relevant than 2D 
cultures and can retain some characteristics of systemic tumour 
growth. Inter-species differences in immune regulation, 
stromal composition and metabolism, and pharmacokinetics 
have also reduced the predictability of human therapeutic 
response. Animal models are also costly, time-consuming, 
ethically difϐicult, and not easy to standardize for large-scale 
drug screening applications[6].

Based on the above data, the progression of tumors is 
not only due to genetic mutations in the cancer cells but is 
also inϐluenced by other factors in the TME. TME is a very 
dynamic and heterogeneous ecosystem that includes cancer 
cells, cancer-associated ϐibroblasts (CAFs), endothelial cells, 
immune cells, mesenchymal stromal cells, components of 
the extracellular matrix, soluble cytokines, and biophysical 
cues [7,8]. The links between the above components are 
necessary for tumour initiation, angiogenesis, immune 
evasion, metastasis, and drug resistance[7,9,10]. There is 
also heterogeneity in tumours at multiple levels, such as 
intertumoural heterogeneity among different patients and 
intratumoural heterogeneity within the same tumour. The 
intricate cellular and molecular interactions are difϐicult to 
observe accurately with the current experimental model, so 
more biomimetic in vitro systems are needed urgently [6].

Recently, in vitro-reconstructed 3D biomimetic tumour 
models have appeared in cancer research and personalised 

medicine. Compared with the traditional model, a 3D system 
can better reϐlect the structural organisation of tumours in 
nature, as well as cell-cell and cell-matrix interactions and 
biochemical gradients, etc. Among these technologies, tumor 
spheroids, tumor organoids, and tumor-on-a-chip systems 
are three representative types of 3D biomimetic models with 
progressively higher degrees of structural and functional 
complexity. Tumor spheroids can form hypoxic gradients 
and multicellular interactions that resemble avascular tumor 
regions. Tumour organoids keep the histopathological and 
genomic traits of patient tumours and are being used to 
develop personalised medicine and drug-sensitivity prediction 
tools. Tumor-on-a-chip systems are now also equipped with 
microϐluidic perfusion and vascular interfaces to replicate the 
dynamic state and multicellular communication in the TME.

Importantly, the new three-dimensional models of life are 
not just continuous extensions of the old culture system; they 
have also altered our understanding of cancer at the cellular 
level. Through the reconstruction of key features of the TME, 
3D biomimetic models have enabled mechanistic studies of 
cancer stem cell plasticity, epithelial-mesenchymal transition 
(EMT), metabolic reprogramming, immune evasion, and 
therapy resistance. In addition, the combination of patient-
derived models with single-cell sequencing, spatial omics, 
artiϐicial intelligence (AI) and 3D bioprinting technology is 
also progressing in the development of next-generation tumor 
platforms with stronger clinical predictive power.

Although many studies have summarised individual 3D 
culture technologies, most are still descriptive and do not 
focus on their complementary roles. The three main problems 
in the current research are as follows: (1) There is a lack of 
a systematic comparison study of different 3D platforms 
for reconstructing the TME; (2) Insufϐicient integration of 
model characteristics with speciϐic scientiϐic questions and 
clinical translation needs; and (3) Fragmented analysis of new 
interdisciplinary technologies and their synergistic effect.

To ϐill the above deϐiciencies, this review offers the 
following three particular contributions: First, we have 
organized a comprehensive comparison of tumour spheroids, 
organoids and tumour-on-a-chip systems based on their 
capacity to reconstruct essential TME components (such as 
hypoxia gradients, extracellular matrix, immune interactions), 
rather than focusing only on technical characteristics. 
Second, we build a “model characteristic-scientiϐic problem-
clinical application” matching framework to guide the 
selection of a suitable model. Thirdly, we will analyze the 
three main systemic bottlenecks in the clinical translation 
of this technology (physiological accuracy, standardisation, 
accessibility) and propose practical countermeasures by 
combining biomaterials, vascular engineering, and artiϐicial 
intelligence. This paper hopes to offer a critical and forward-
looking direction for the development of next-generation 
tumour models.
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In vitro reconstructed 3D biomimetic tumor 
microenvironment models

In recent years, three representative in vitro 3D biomimetic 
tumor models, including tumor spheroids, tumor organoids, 
and tumor-on-a-chip systems, have been widely developed 
and applied in cancer research (Table 1). These models exhibit 
progressively increasing levels of structural complexity 
and biomimetic ϐidelity, ranging from simple multicellular 
aggregates to highly integrated microphysiological platforms. 
Compared with conventional 2D culture systems, 3D 
biomimetic models more effectively reconstruct key features 
of the TME, including cell–cell and cell–matrix interactions, 
oxygen and nutrient gradients, biomechanical signaling, and 
multicellular heterogeneity [11].

Among the above systems, tumor spheroids are relatively 
simple and low-cost platforms for high-throughput drug 
screening and cancer stem cell studies. Tumor organoids 
better preserve patient-speciϐic histological and genetic 
characteristics, thereby supporting disease modeling and 
precision oncology applications. Tumor-on-a-chip platforms 
further integrate microϐluidic perfusion, vascular interfaces, 
and dynamic mechanical stimulation, enabling more 
physiologically relevant simulation of tumor progression 
and therapeutic response. Although each model possesses 
distinct advantages and limitations, together they compensate 
for many deϐiciencies of conventional 2D culture and 
animal models and provide increasingly powerful tools for 
mechanistic cancer research and translational oncology.

Tumor spheroids

Tumor-derived spheroids, also termed multicellular tumor 
spheroids (MCTS), are the earliest and most widely used 3D 
tumor model. Sutherland and others were the ϐirst to show 
in 1971 that spheroids spontaneously form hypoxic gradients 
and necrotic cores identical to those in avascular solid tumors 
[12]; thus, this system has been used as the gold standard for 
initial drug screening and research on tumor metabolism. 
When the diameter of MCTS exceeds about 100 μm, oxygen 
and nutrient diffusion become spatially limited, and a 
microenvironmental gradient similar to that in solid tumors 
develops. A typical necrotic centre has formed in the spheroid; 
the centre is quiescent, and the periphery is characterised 
by active division of malignant cells. Different places have 

supplied various materials for the study of hypoxia-induced 
cancer proliferation, angiogenesis, metabolic alteration, and 
drug resistance.

MCTS can be generated as either homotypic spheroids 
consisting solely of tumor cells or heterotypic spheroids by 
co-culturing with stromal cells such as ϐibroblasts, endothelial 
cells, or immune cells. Compared with traditional 2D monolayer 
cultures, tumor spheroids can reproduce the multicellular 
structure, cell-cell interactions, ECM deposition, and metabolic 
gradients in the TME of a tumor better [13,14]. In addition, 
the dense cellular organization and ECM accumulation within 
spheroids contribute to multicellular drug resistance (MCDR) 
by limiting the penetration of chemotherapeutic agents and 
immune cells [15].

Another important application of MCTS is the enrichment 
and investigation of cancer stem cells (CSCs). Studies have 
demonstrated that tumorsphere culture under non-adherent 
conditions signiϐicantly increases the proportion of cells 
exhibiting stem-like phenotypes, including CD44+/CD24− 
populations [16]. Therefore, tumor spheroids are widely 
used to evaluate CSC-associated characteristics such as self-
renewal capacity, differentiation potential, tumor initiation, 
and therapeutic resistance, thereby providing valuable tools 
for studying tumor heterogeneity and recurrence mechanisms.

Due to their low cost, ease of maintenance, and compatibility 
with high-throughput analysis, tumor spheroids have been 
extensively applied in drug screening and mechanistic cancer 
research [17]. Compared with more complex 3D systems such 
as tumor organoids and tumor-on-a-chip platforms, MCTS 
are relatively simple to establish and suitable for large-scale 
experimental studies (Figure 1).

Tumor organoids

Although tumor spheroids have been widely used for 
decades, their inability to preserve patient-speciϐic tumor 
heterogeneity limits their clinical translational value. The 
breakthrough came in 2009 when Sato et al. ϐirst established 
long-term cultured intestinal organoids from adult stem cells 
[18], followed by the ϐirst generation of patient-derived tumor 
organoids (PDOs) in 2011 [19]. These landmark studies 
laid the foundation for modern organoid technology and 
revolutionized personalized cancer research. Organoids are 

Table 1: Comparison of 3D tumor models.

Model Cell Source Typical Size ECM Dependency Physiological 
Fidelity Throughput Cost Strengths Limitations

Tumor 
Spheroids Cancer cell lines 100-500 μm Low Medium High Low

Easy fabrication, high 
reproducibility, suitable for 
high-throughput screening

Poor heterogeneity, limited 
TME complexity

Tumor 
Organoids

Patient tumor 
tissues/stem 

cells
100-500 μm High(Matrigel/ECM) High Medium Medium

Preserve genomic/phenotypic 
heterogeneity, predict clinical 

drug response

Long culture period, 
unstable passaging, matrix 

variation

Tumor-on-a-
Chip

Cell lines/ 
patient-derived 

cells
Customizable High(hydrogel/perfusion) Highest Medium-

High High
Recapitulate perfusion, shear 

stress, vascular invasion, 
multi-cellular crosstalk

Complex fabrication, low 
standardization, scaling 

challenges
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three-dimensional tissue constructs derived from stem cells, 
organ-speciϐic progenitor cells, or dissociated patient tumor 
tissues and are cultured within ECM-based systems under 
deϐined conditions (Figure 2). Co mpared with conventional 
spheroid models, tumor organoids exhibit higher physiological 
relevance and better preserve the histopathological 
architecture, genomic landscape, mutation proϐiles, and 
therapeutic responses of primary tumors [20,21].

To date, tumor organoids have been successfully 
established from a wide spectrum of human malignancies, 
including lung, breast, colorectal, ovarian, prostate, and gastric 
cancers [22-27]. Compared with PDX models, organoids 
require smaller tissue samples, shorter establishment time, 
and lower experimental costs while maintaining important 
tumor characteristics during in vitro expansion [22, 28]. In 
particular, PDOs provide valuable platforms for investigating 
tumor heterogeneity, therapeutic sensitivity, and mechanisms 
of drug resistance, thereby showing considerable promise in 
translational cancer research and personalized medicine [29, 
30].

In addition to preserving patient-speciϐic tumor features, 
organoid systems also facilitate mechanistic studies of 
tumor progression, cancer stem cell plasticity, and tumor–
microenvironment interactions. Additionally, organoid 
biobanks from various patients have enabled large-scale 
studies of intertumoral heterogeneity and supported 
personalised therapeutic assessments [31].

Tumor-on-a-chip

Organ-on-a-chip (OOC) platforms are microϐluidic 
culture systems that have been used to build organ-speciϐic 
physiological functions in vitro by adding living cells, 
extracellular matrix materials, and dynamic mechanical 
stimuli. With the development of the classic lung-on-a-chip 
model [32], Many OOC systems have been built to study 
diseases and drugs on a microscale, including liver-on-a-chip, 
heart-on-a-chip, kidney-on-a-chip, and intestine-on-a-chip 
models [33-39].

Based on the above progress, tumour-on-a-chip (TOC) 
systems have gradually developed and are now being 
used to study the dynamic tumour microenvironment and 
test anti-cancer drugs [40-42]. Compared with traditional 
static 3D cultures, TOC platforms are now capable of 
microϐluidic perfusion, vascular interfaces, biomechanical 
stimulation, and multicellular co-culture to present more 
physiologically relevant models of tumour growth and 
drug response. By incorporating tumor cells together with 
stromal cells, endothelial cells, or immune cells within ECM-
based microchannels, TOC systems can partially reproduce 
tumor angiogenesis, immune cell inϐiltration, metastatic 
dissemination, and drug transport processes observed in vivo 
[43-45].

Importantly, tumor-on-a-chip platforms provide 
unique advantages for investigating dynamic tumor–
microenvironment interactions. Continuous ϐluid perfusion 
and controlled shear stress allow these systems to mimic 
vascular circulation and biochemical gradients that are difϐicult 
to reconstruct in conventional spheroid or organoid cultures. 
In addition, multiple chip devices can be operated in parallel 
for multiplexed drug screening and personalized therapeutic 
evaluation using patient-derived tumor cells. These features 
have promoted the application of TOC platforms in precision 
oncology and the development of novel drug delivery systems 
(NDDS) [46-48] (Figure 3).

Comparative advantages and limitations of 
different 3D models

Although tumor spheroids, tumor organoids, and 

Figure 1: Schematic illustration of tumor spheroid formation and 
multicellular organization. Homotypic spheroids are generated from 
tumor cells alone, whereas heterotypic spheroids incorporate stromal 
components to partially reconstruct tumor microenvironmental 
interactions.

Figure 2: Schematic illustration of the establishment and structural 
organization of tumor organoids. Patient-derived tumor tissues are 
dissociated and cultured in ECM-based systems to generate self-
organized organoids. Mature organoids partially reconstruct glandular 
architecture, stromal interactions, and multicellular heterogeneity 
observed in native tumors.
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tumor-on-a-chip systems all belong to the category of 
3D biomimetic tumor models, they differ substantially in 
structural complexity, biomimetic ϐidelity, experimental 
scalability, and translational applicability [11]. These models 
should therefore not be regarded as mutually substitutive 
systems, but rather as complementary platforms suitable for 
different stages of cancer research and drug development. 
Compare the strengths and weaknesses of the two, select an 
appropriate experimental model, and identify existing issues 
in translational oncology at this time.

Tumour spheroids are relatively simple and readily 
available 3D tumour models. They can be rapidly generated by 
the conventional cancer cell line system under low-adhesion or 
suspension culture conditions, have good reproducibility, are 
low-cost, and are suitable for high-throughput drug screening. 
Spheroids also have some attributes of solid tumors, such as 
hypoxia gradients, limited nutrient diffusion, necrotic cores, 
and multicellular drug resistance. The above features are 
suitable for research on tumor metabolism, enrichment of 
CSCs and therapeutic resistance, and nanoparticle penetration. 
In addition, heterotypic spheroids formed by co-culture with 
stromal cells can partially reproduce cell-cell interactions in 
the TME [49].

Tumor spheroids are also relatively limited in some 
respects. Most spheroids are derived from immortalised cell 
lines that lack the genetic diversity and histopathological 
heterogeneity of patient tumours. Spheroids generally fail 
to reproduce the original architecture of the ECM, vascular 
systems, and immune microenvironments. Their relatively 
simple organization limits their ability to model complex tumor 
evolution, immune escape, and organ-speciϐic metastasis. 
Therefore, while spheroids are highly suitable for preliminary 
mechanistic studies and high-throughput screening, their 
predictive value for clinical responses remains limited [5].

Compared with spheroids, tumor organoids exhibit 
substantially higher physiological relevance and patient 
speciϐicity. Organoids are commonly derived from patient 
tumor tissues, cancer stem cells, or pluripotent stem cells and 
can preserve important histological, genomic, and phenotypic 
characteristics of primary tumors. Therefore, organoids 
are suitable for studying inter-tumour heterogeneity and 
predicting individual responses to therapy. PDOs have shown 
good results in precision oncology to date and are being applied 
to drug sensitivity testing, companion diagnostics, and the 
construction of organoid biobanks. Organoids can replicate 
the structure, differentiation status, and lineage hierarchy 
of glandular tissue in original cultures more accurately than 
traditional spheroids [50].

Organoid systems still have the following problems, 
however. First, the establishment efϐiciency of organoids 
differs among different types of tumors, and some tumors are 
not conducive to long-term culture. Second, most organoid 
cultures are based on animal-derived matrices such as 
Matrigel, and they have batch-to-batch variability and limited 
biochemical control. Third, extended passage may result in 
clonal selection and genetic drift, thus changing the original 
tumour heterogeneity over time [51,52]. Conventional 
organoid systems are often deϐicient in vascular, neural, and 
immune components and are thus unable to accurately mimic 
the systemic tumor-host interaction and immunotherapy 
response [53].

Tumour-on-a-chip systems are currently one of the 
most advanced types of 3D biomimetic tumour models. 
Microϐluidics and tissue engineering/living cell culture have 
been combined to create dynamic platforms that can simulate 
many necessary conditions of the TME, such as continuous 
perfusion, shear stress, endothelial barriers, immune cell 
migration, and spatiotemporal signaling gradients. Tumour-
on-a-chip devices can simulate the progression of tumours, 
angiogenesis, and metastasis more realistically compared 
with static culture systems, as well as drug transport. Multi-
organ-on-a-chip systems can also be used to study organ-
speciϐic metastasis and systemic drug toxicity in a novel way 
[54].

Although they have the above advantages, tumor-on-a-chip 
technologies still have some practical problems. Microϐluidic 
platform construction and use require advanced engineering 
knowledge and specialized facilities; thus, they are relatively 
difϐicult to obtain and scale up. Chip design complexity may 
also reduce throughput and reproducibility. Many cells are 
present in different amounts and in different environments 
within the same well. Although tumour-on-a-chip devices 
are highly biomimetic, they are still relatively expensive to 
produce on a large scale and have not been widely used in 
clinical practice due to a lack of standardised manufacturing 
[55].

Figure 3: Schematic illustration of the construction and application 
of tumor-on-a-chip systems. Microfl uidic chips are fabricated using 
biocompatible materials and integrated with extracellular matrix 
hydrogels, tumor cells, stromal cells, and vascular components to 
reconstruct dynamic tumor microenvironments under continuous 
perfusion conditions.
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The three general 3D biomimetic tumor models have 
their own strengths and weaknesses and thus are suitable for 
different research purposes. Tumor spheroids are suitable 
for rapid and cost-effective drug screening, tumor organoids 
can maintain the patient-speciϐic heterogeneity of tumors and 
support precision medicine, and tumor-on-a-chip systems 
are particularly good at reconstructing dynamic physiological 
microenvironments and multicellular interactions. Instead 
of being competing technologies, the models should be 
considered as supplementary means that together improve 
the accuracy and applicability of preclinical cancer research. 
Future improvements in biomaterials, vascular engineering, 
immune reconstruction and artiϐicial intelligence will be 
integrated with the strengths of the above systems to promote 
the development of next-generation tumour model platforms 
[56, 57].

Applications of in vitro reconstructed 3D biomimetic 
tumor microenvironment models in tumor research

Compared with the former two-dimensional system, the 
new three-dimensional tumor model can partially reconstruct 
the environment of hypoxia, nutrient diffusion gradients, 
ECM remodeling, biomechanical signals and multicellular 
heterogeneity to provide more physiologically realistic 
platforms for studying cancer biology and drug responses. 
The three-dimensional systems for cancer research are also 
different in strength. Tumor spheroids are generally simple 
and reproducible, so they have been widely employed for 
drug screening and studies of cancer stem cells. Tumour 
organoids can maintain the patient’s original histology and 
molecular characteristics better, so they are now frequently 
employed in precision oncology and therapeutic prediction. 
Now, microϐluidic perfusion and vascular interfaces have 
been added to the tumour-on-a-chip platform to construct 
dynamic models of tumour growth and metastasis, as well as 
drug delivery [58,59].

The following sections introduce some representative 
applications of 3D biomimetic tumour models in drug 
screening, tumour heterogeneity research, metastasis, 
therapeutic resistance and immunotherapy evaluation.

Drug screening and precision medicine

3D biomimetic tumour models have been applied widely in 
the screening of anticancer drugs and precision oncology due 
to their excellent representation of the architecture, cellular 
heterogeneity, and therapeutic response of tumours in vivo. 
High-end 3D systems have provided new platforms for the 
investigation of drug sensitivity and resistance in all types of 
cancer, and also advanced individualised treatment strategies; 
they are no longer limited to traditional 2D cultures [60].

Tumour spheroids have recently been employed in high-
throughput drug screening due to their ability to replicate 
diffusion gradients and multicellular drug resistance in solid 

tumours to some extent. Faezeh Ghasemi, et al. [61] Established 
colorectal cancer spheroids using HCT116 and SW620 
cells, and showed that a combined treatment of aspirin and 
LGK974 inhibited tumour invasion and promoted apoptosis 
by suppressing the Wnt and MAPK signalling pathways. Based 
on the above results, it can be seen that 3D spheroid systems 
are suitable for recreating microenvironments and studying 
how signaling-related drug resistance occurs mechanistically.

Compared with spheroid systems, PDOs have shown 
more physiological relevance and thus stronger predictive 
power for personalised medicine. Fuchou Tang, et al. [62] 
Established colorectal cancer organoids that have maintained 
the morphological and molecular heterogeneity of primary 
tumours. In combination with computational drug prediction 
and high-throughput screening of many compounds, 
organoids have also uncovered many new drug candidates for 
colorectal cancer. Importantly, the drug response proϐiles of 
the organoids were in line with those in paired patient-derived 
xenograft models; thus, PDOs platforms may be suitable 
tools for personalised treatment prediction and translational 
oncology research.

Tumor-on-a-chip systems can also be used to introduce 
dynamic perfusion, variable biochemical gradients and 
microϐluidic drug delivery for improved drug tests. Ji Lin, et al. 
[4]. Developed a microϐluidic chip with herringbone structures 
and a three-dimensional micropillar array to quickly form 
uniformly sized colon cancer spheroids. Concentration-
gradient generators were incorporated into the chip platform 
to perform dynamic and high-throughput drug sensitivity 
analysis, and interpatient differences in therapeutic response 
were successfully identiϐied. Therefore, it has been determined 
that the platform for tumor-on-a-chip could accurately screen 
drugs and assess patients.

Recently, some researchers have also been conducting 
organoid-based drug screening for other types of tumours. 
Patient-derived organoids for breast cancer have shown 
excellent predictive ability for chemotherapy sensitivity and 
therapeutic response [63]. Organoid-based drug sensitivity 
tests for lung cancer have also been used to predict the 
response of advanced lung cancer patients to chemotherapy 
and targeted therapy [64]. Organoid biobanks of gastric cancer 
research have been established to preserve histological and 
genetic heterogeneity for large-scale therapeutic screening 
and personalised treatment studies [65].

Tumor heterogeneity and cancer stem cell research

First of all, tumours are not the same, and therefore a single 
drug cannot treat all of them. Based on the above, multiple 
studies have shown that both intertumoral heterogeneity 
(variations among tumors from different patients) and 
intratumoral heterogeneity (different genetic and phenotypic 
subpopulations within a single tumor) are involved in the 
progression, spread, immune evasion and drug resistance 
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of cancer [66]. Traditional 2D culture systems are unable to 
maintain the complexity of these tumours, and prolonged 
monolayer culture often leads to clonal selection, phenotypic 
uniformity and the loss of the original tumour structure. 
At the same time, three-dimensional biomimetic tumor 
models are also available to provide more representative 
microenvironments for in vitro experiments and can maintain 
some of the cellular heterogeneity, spatial organisation and 
dynamic cell-to-cell interactions of live tumours.

Among the current 3D systems, tumor organoids have 
shown good results in preserving the heterogeneity of patient-
speciϐic tumours. PDOs can retain some histopathological 
features, genomic mutations, transcriptional proϐiles and 
differentiation hierarchies of primary tumours for a relatively 
short time in culture. Some research has successfully built 
organoid biobanks to study interpatient heterogeneity across 
multiple malignancies, including colorectal, breast, prostate, 
gastric and ovarian cancers. Additionally, PDOs derived from 
different patients often exhibit distinct drug sensitivities, 
enabling more precise drug selection for personalised cancer 
treatment. Organoid-based platforms can also be used to 
study the development and drug response of tumours over an 
extended period [31].

Tumor spheroids have also been used extensively to study 
the heterogeneity of tumours and CSCs. CSCs are a small subset 
of tumour cells that possess self-renewal, differentiation, 
and tumour-initiating abilities, and are considered a main 
cause of relapse, spread and treatment failure. Compared 
with 2D monolayer culture, tumorsphere culture in a non-
adherent environment preferentially enriches stem-like 
cancer cell populations and promotes the expression of 
stemness-associated markers such as CD44, CD133, SOX2, 
NANOG and OCT4. Importantly, the hypoxic and nutrient-
deprived microenvironment that forms in spheroids is similar 
to the niche for CSCs in vivo; therefore, studies on stemness 
maintenance and therapy resistance mechanisms have been 
carried out [67].

New evidence has shown that three-dimensional tumour 
models are now used to investigate cellular plasticity and 
other dynamic phenotypic changes in tumours during their 
development. In recent years, EMT and mesenchymal-
epithelial transition (MET) have also been recognized as 
highly plastic and reversible phenomena that are regulated 
by microenvironmental cues rather than ϐixed cell states. 
By strengthening the stiffness of the extracellular matrix, 
rearranging the three-dimensional distribution of oxygen 
and altering stromal-cell interactions, and so on, novel 
approaches have been proposed to investigate the effects 
of biomechanical and metabolic signals on the plasticity, 
invasiveness and metastasis of cancer cells. Multicellular 3D 
models of ϐibroblasts, endothelial cells and immune cells can 
also be used to study paracrine signalling networks involved 
in the differential response to therapy[68].

In recent years, with the development of single-cell 
sequencing and spatial transcriptomics, 3D tumour models 
have also been applied more frequently in research on 
heterogeneity. The above technologies can perform high-
resolution characterisation of clonal evolution, lineage 
trajectories and cell-state transitions in reconstructed tumour 
ecosystems. In conjunction with patient-derived organoids 
and tumor-on-a-chip platforms, multiomics will be used to 
study the progression of tumors and advance the development 
of personalised treatments [69].

Tumor metastasis and therapeutic resistance

Metastasis and therapeutic resistance in cancer 
treatment remain serious issues; these problems are often 
associated with tumour heterogeneity, remodelling of the 
extracellular matrix, metabolic adaptation, dynamic tumour-
microenvironment interaction, etc [70]. Conventional 2D 
culture systems are unable to replicate the above complex 
biological processes, and 3D biomimetic tumor models 
provide more physiologically relevant platforms for studying 
metastatic dissemination, drug penetration, EMT and therapy 
resistance mechanisms.

Tumor spheroids have been used to study the role of 
microenvironmental stress and metabolic reprogramming in 
the progression of cancer invasion and metastasis. Hyonchol 
Jang, et al. [71] cultured breast cancer cells under spheroid 
and re-adherent conditions to simulate circulating tumor cells 
and metastatic tumor formation. Their study demonstrated 
that cholesterol biosynthesis pathways were signiϐicantly 
upregulated during spheroid formation and metastatic 
transition, and inhibition of cholesterol synthesis markedly 
reduced invasive capacity. Therefore, these studies have 
shown that 3D spheroid systems can be used to study the 
metabolic changes of metastasis and ϐind new anti-metastatic 
drugs.

Patient-derived organoids have also demonstrated the 
ability to study therapeutic resistance and personalised 
treatment responses. Chuxia Deng et al. [63]. Used breast 
cancer organoids as real-time platforms for the study of 
personalised therapeutic strategies in refractory breast 
cancer. The patterns of drug sensitivity in the organoids 
closely matched those of patients previously treated with 
drugs, and some clinical cases successfully predicted the 
effect of treatment. The above results provide further support 
for applying organoid systems in precision oncology and 
resistance-associated therapeutic stratiϐication.

Tumor-on-a-chip platforms have certain advantages 
over static culture systems in studying dynamic metastatic 
processes and vascular invasion. Chwee Teck Lim et al. [72] 
Combined a tumour trans-endothelial migration chip with 
machine learning algorithms to study exosome-mediated 
endothelial invasion in breast cancer. High-throughput 
microϐluidic analysis was carried out in this study, and it 
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was found that exosomes secreted by highly metastatic 
breast cancer cells can disrupt endothelial junctions and 
induce EMT to promote the spread and dissemination of 
tumours. Importantly, the integration of machine learning 
and microϐluidic tumor platforms has achieved high-
accuracy prediction of invasion potential based on biomarker 
combinations, and thus, artiϐicial intelligence-assisted tumor 
models for metastasis research are emerging.

Many other kinds of cancer have been studied, and all of 
them have shown that three-dimensional biomimetic systems 
are effective in investigating drug resistance. Tumor spheroid 
models have been widely used in glioblastoma to study 
cancer stem cell-associated radioresistance and recurrence 
mechanisms [73]. Prostate cancer single-cell organoids 
have shown the heterogeneity of tumours and enabled 
personalised treatment studies to date [74]. Organoid-based 
drug sensitivity tests for lung cancer have also shown good 
predictive ability of clinical response to chemotherapy and 
targeted therapy [64]. Biorepository for organoid biobanks 
of gastric cancer that preserve regional heterogeneity and 
subclonal architecture have enabled mechanistic studies of 
tumour evolution and therapeutic resistance [65].

In short, all of the above studies have shown that 3D 
biomimetic tumour models are more physiologically relevant 
platforms for research on tumour progression, metastatic 
dissemination, therapeutic resistance and personalised 
drug responses. By partially reconstructing the structural, 
biochemical and mechanical characteristics of the native 
tumour microenvironment in 3D systems, many new paths 
for the mechanistic study of cancer have been opened, and 
the development of precision medicine in oncology has also 
advanced rapidly.

Immune microenvironment modeling and 
immunotherapy evaluation

The immune microenvironment in tumours promotes 
the development of tumours, spread of metastasis and 
resistance to therapy. More and more studies have shown 
that interaction among tumor cells, immune cells, stroma and 
extracellular matrix components all work together to promote 
immune evasion and therapy resistance. Therefore, one of 
the purposes of creating an artiϐicial immune-related tumour 
microenvironment in a three-dimensional biomimetic tumour 
model has been to build an advanced one [11].

Compared with the old way of 2D culture, a new 3D 
tumour model can be used to study how the immune system 
works in tumours. Traditional monolayer cultures lack spatial 
organisation, an extracellular matrix and cytokine gradients, 
so they are not conducive to studying immune cell inϐiltration 
and activation. Multicellular tumor spheroids and organoids, 
on the other hand, can partially reproduce the structure and 
biochemistry of actual tumors to study immune suppression, 
macrophage polarisation and T-cell dysfunction in a hypoxic 
tumour microenvironment [75].

Recently, in the ϐield of immune co-culture systems 
for tumor organoids and tumor-inϐiltrating lymphocytes 
(TILs), peripheral blood lymphocytes, and macrophages, 
researchers have been conducting immunotherapeutic 
response studies. The above systems have shown good results 
in studies of immune checkpoint blockade and personalised 
immunotherapy [76,77]. Tumor-on-a-chip platforms have 
also improved the model of the immune system by introducing 
microϐluidic perfusion, vascular barriers and dynamic immune 
cell trafϐicking to achieve real-time observation of immune 
cell migration and tumour inϐiltration [78].

3D immune-related tumour models have also provided 
new ways to investigate the reasons for immunotherapy 
resistance. Hypoxia, extracellular matrix stiffness and 
immunosuppressive stromal signals can all reduce the strength 
of the T-cell response to treatment. Based on the above 
reconstruction of microenvironmental conditions, advanced 
3D systems can be employed to study tumor immune escape 
and identify predictive biomarkers for immunotherapy.

Emerging technologies and future perspectives
3D bioprinting and vascularized tumor models

Although current 3D tumour models have improved 
in reconstruction of the tumour microenvironment, lack 
of vascularisation and poor spatial organisation are still 
prominent problems. Recently, 3D bioprinting technology 
has begun to be used to build high-regulation and biomimetic 
tumour structures. Precise placement of tumor cells, stromal 
cells, ECM components and bioactive materials in speciϐic 
regions is achieved by 3D bioprinting, and a complex 
multicellular tumor ecosystem with good structural accuracy 
can be constructed.

Importantly, vascularized tumor models generated 
through bioprinting and microengineering approaches can 
partially reproduce nutrient transport, oxygen gradients, and 
drug diffusion processes observed in vivo. The incorporation 
of perfusable vascular networks further improves the 
physiological relevance of tumor models and facilitates 
investigation of tumor angiogenesis, metastatic dissemination, 
and nanomedicine delivery. In addition, bioprinted tumor 
systems provide highly customizable platforms for patient-
speciϐic disease modeling and therapeutic evaluation [79,80].

Multiomics-integrated tumor modeling

Recently, many omics technologies have strengthened 
the analysis power of three-dimensional biomimetic tumour 
models. Single-cell RNA sequencing (scRNA-seq), spatial 
transcriptomics, proteomics, metabolomics and epigenomic 
proϐiling can now be used to investigate the high-resolution 
features of the tumor ecosystem at the cellular and molecular 
levels [81]. All three ways above are more extensive than 
traditional bulk analysis in providing data on clonal evolution, 
cellular plasticity, metabolic adaptation and the tumour 
microenvironment.
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Recently, together with the construction of multi-omics 
data, patient-derived organoids and tumor-on-a-chip systems 
have also been used to study tumour heterogeneity and drug 
resistance [82]. Spatial transcriptomics can also be applied to 
study changes in gene expression in different areas of intact 
tumours to uncover the spatial organisation of signalling 
pathways and cell-state transitions. Lineage tracing and 
organoid platforms can be used to study how tumours change 
after treatment dynamically.

Artifi cial intelligence-assisted tumor modeling

Artiϐicial intelligence (AI) and machine learning technology 
are being applied increasingly widely to all aspects of 
three-dimensional tumour research in recent years, such as 
data analysis and drug discovery in precision oncology. In 
conjunction with AI algorithms, organoid biobanks, tumor-on-
a-chip systems and high-content imaging platforms are now 
used to identify differences in response and drug sensitivity 
among various types of tumours more efϐiciently.

Many problems in the research of disease phenotype and 
biomarkers have been addressed by machine learning. Employ 
AI-aided computational models for virtual experiments to 
accelerate the speed of drug discovery and reduce the number 
of experiments by simulating tumour growth and drug 
response. AI can also be used to analyze various ‘-omics’ data 
to improve the prediction accuracy of personalised medicine 
and advance the development of personalised medicine [56].

Current challenges and clinical translation

Although 3D biomimetic models of tumours have 
progressed to some extent, many serious problems still 
need to be solved before they can be used broadly in clinical 
practice. First, the current 3D systems are still unable to fully 
reconstruct the complexity of the native tumor ecosystem, 
such as vascularisation, systemic immunity, neural regulation 
and long-term changes in the tumour [83]. Most in vitro models 
do not show the same changes in the dynamic interactions 
among cancer cells, the stroma, immune cells, microbiota, etc 
[84].

Second, the experiment is not uniform or reproducible. 
Changes in the materials of the extracellular matrix, culture 
environments, cell origin and production methods may lead 
to variations in model performance and treatment effects. 
Matrigel and other animal-derived matrices commonly used 
in organoid systems have batch-to-batch variations and are 
difϐicult to modify biochemically. In addition, tumor-on-a-chip 
platforms generally have complex fabrication procedures and 
specialized equipment, so they are not conducive to large-
scale applications and interlaboratory reproducibility [84].

Third, the high cost and technical difϐiculty of advanced 
3D systems continue to restrict their clinical application [85]. 
The construction of patient-derived organoids and integrated 

microphysiological systems generally requires high-level 
technical skills, prolonged culture periods and special analysis 
platforms. The norms for regulatory assessment of clinical 
translation are also not fully formed.

Despite these limitations, with the increasing application 
of vascular engineering, immune system reconstruction, 
bioprinting technology, multi-omics analysis and artiϐicial 
intelligence in recent years, the biological authenticity and 
prognostic value of next-generation three-dimensional tumour 
models are expected to be substantially improved. With the 
continuous development of technology and standards, the 
next generation of 3D biomimetic tumour systems will be 
good platforms for mechanistic research on cancer, drug 
discovery and personalised medicine.

Conclusion
As shown in the previous descriptive report, only an 

individual 3D tumour model was described; this time, 
however, three typical biomimetic tumour systems are 
systematically compared based on their ability to reconstruct 
the TME, show the different functions of these systems 
at various stages of cancer research, and put forward an 
interdisciplinary strategy to address problems in clinical 
translation. Partial reconstruction of tumor architecture, 
extracellular matrix interactions, biochemical gradients and 
multicellular communication are also utilized in the above 
models to conduct in-depth studies on tumor development, 
spread, treatment resistance and immune evasion. Tumor 
spheroids, organoids and tumor-on-a-chip systems are all 
more representative of various aspects of tumour biology 
compared with traditional monolayer cultures; together 
they offer complementary tools for mechanistic studies and 
translational oncology research.

Tumor spheroids are relatively simple and inexpensive, so 
they have been applied widely to drug screening and studies 
of cancer stem cells in 3D systems recently. Tumour organoids 
are better at preserving patient-speciϐic histopathological and 
molecular characteristics, and thus show promise for precision 
medicine and personalised therapeutic prediction. Tumor-
on-a-chip platforms have added microϐluidic perfusion, 
vascular interfaces and dynamic mechanical stimulation to 
construct an artiϐicial tumour microenvironment more closely 
mimicking that in vivo for real-time monitoring of tumour-
microenvironment interactions.

Recently, with the development of bioprinting technology, 
multi-omics analysis and artiϐicial intelligence, etc., many 
functions have been added to 3D tumour models. The 
combination of the above new technologies is accelerating 
the construction of more physiologically realistic, immune-
competent and patient-speciϐic tumour systems [85]. 
However, the following problems have not been solved: lack 
of standardisation, incomplete reconstruction of the systemic 
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tumour ecosystem, high technical complexity, and limited 
clinical scalability.

Overall, 3D biomimetic tumor models are gradually 
evolving from simpliϐied experimental tools into 
comprehensive platforms for mechanistic cancer research, 
drug development, and precision oncology. With continued 
interdisciplinary advances in biomaterials, bioengineering, 
computational biology, and translational medicine, next-
generation 3D tumor models are expected to further improve 
the prediction of therapeutic responses and facilitate the 
clinical implementation of personalized cancer treatment 
strategies.
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