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Abstract 

Metastatic breast cancer (MBC) remains a formidable clinical challenge due to its aggressive nature, 

genetic heterogeneity, and limited treatment success. Traditional pre-clinical models, including two-

dimensional (2D) cell cultures and animal models, often fall short in accurately replicating the 

complex human tumor microenvironment (TME) and predicting clinical outcomes. This inadequacy 

has driven the urgent development of advanced non-animal models. This report details the 

capabilities of three-dimensional (3D) cell cultures, patient-derived organoids (PDOs), and organ-on-

a-chip (OoC) systems as leading non-animal platforms. These innovative models offer enhanced 

physiological relevance, faithfully mimic tumor heterogeneity, and integrate critical TME 

components, providing a more reliable basis for studying the chemotherapeutic effects of drugs on 

breast cancer metastasis. Furthermore, the integration of emerging technologies like 3D bioprinting, 

CRISPR/Cas9 genome editing, advanced imaging, and artificial intelligence (AI), coupled with 

collaborative consortia, is poised to revolutionize personalized medicine and accelerate drug 

discovery, ultimately reducing reliance on animal testing and improving patient outcomes. 

Keywords: breast cancer; metastasis; chemotherapeutic drugs; non-animal models; spheroids and 

organotypic cultures; patient-derived organoids (PDOs); organ-on-a-chip (OoC) systems 

 

1. Introduction: The Imperative for Non-Animal Models in Breast Cancer 

Research 

1.1. The Challenge of Metastatic Breast Cancer (MBC) 

Metastatic breast cancer (MBC) represents an aggressive and complex clinical scenario, 

characterized by significant challenges and often limited success in treatment [1]. Globally, breast 

cancer is the most common malignancy among women and a leading cause of cancer-associated 

mortality [2]. The genetic heterogeneity of disease and variable clinical behavior further complicates 

the identification of effective treatments [1,3]. A particularly challenging aspect is the frequent 

metastasis of breast cancer to distant sites such as bones, lungs, liver, and brain, especially in 

advanced stages. These metastatic lesions often exhibit poor responsiveness to conventional 

chemotherapy, rendering standard treatments ineffective [4–7]. The inherent aggressiveness and 

complex heterogeneity of MBC, coupled with the poor response of metastatic sites to conventional 

chemotherapy, highlight a critical gap in the understanding and modeling of this disease. This 

situation underscores the urgent need for more accurate and predictive preclinical models that can 

better recapitulate the disease’s complexity, particularly its metastatic progression and response to 

therapeutic interventions. 
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1.2. Limitations of Conventional 2D Cell Cultures and Animal Models 

For decades, preclinical breast cancer research has largely relied on conventional two-

dimensional (2D) cell cultures and animal models. While 2D cell models have contributed to early-

stage drug discovery, they possess substantial limitations. These models fail to represent the crucial 

stromal cell population, lack a three-dimensional (3D) structure, and offer a poor representation of 

both inter-tumor and intra-tumor heterogeneity [4,7,8]. Cells cultured in 2D environments undergo 

morphological changes and cytoskeletal rearrangements, leading to artificial polarity and aberrant 

gene and protein expression, which severely limit their translational power to human disease [9]. 

Furthermore, they cannot mimic the physiological gradients of nutrients, oxygen, and drug 

penetration that are characteristic of in vivo tumors [10]. 

Animal models, predominantly murine models and xenografts have been widely used in basic 

research to understand tumor biology and evaluate therapies [1,11,12]. However, these models also 

present substantial drawbacks. Significant species differences in physiology, immune systems, and 

metabolic reactions to anti-cancer drugs often lead to discrepancies between animal model findings 

and human clinical outcomes [1,13,14]. For example, some murine models may not effectively 

metastasize or fully report experimental characteristics, limiting their utility for studying the full 

metastatic cascade [1,15]. Compounding these issues, surveys indicate a strikingly low concordance 

rate—barely 9%—between animal model findings and clinical trial success, with the majority of 

drugs failing in clinical stages despite demonstrating safety and efficacy in animal studies [16,17]. 

Patient-derived xenografts (PDXs), while offering some improvements, are expensive, time-

consuming, and raise ethical concerns [18–20]. The high failure rate of drugs in clinical trials, despite 

promising preclinical animal data, is a direct consequence of these fundamental biological and 

physiological disparities. This situation highlights a critical translational bottleneck, where preclinical 

efficacy does not reliably translate to clinical success, thereby emphasizing the urgent need for 

human-centric, in vitro models that more faithfully replicate the human tumor microenvironment 

and systemic interactions. 

1.3. The “3Rs” Principle and the Shift Towards Human-Relevant Models 

The growing recognition of the limitations of conventional models, coupled with ethical 

considerations, has spurred a global shift towards the development and adoption of non-animal 

alternatives. This movement is underpinned by the ‘Three Rs’ principles—Replacement, Reduction, 

and Refinement—mandated by directives such as the European Commission’s Directive 2010/63/EU 

[7,21–23]. The goal of this directive is to phase out animal testing when scientifically valid non-animal 

alternatives become available [7,24]. The development of advanced non-animal models is driven by 

the imperative to more faithfully represent the characteristic heterogeneity of human breast cancer 

and to reduce the burden of animal use in research [7,25]. These innovative models aim to bridge the 

gap between simplistic 2D cell cultures and complex in vivo animal models, offering a more relevant 

and predictive platform for preclinical research [26]. The legislative push for the “3Rs” combined 

with the scientific recognition of animal model limitations creates a strong synergistic impetus for the 

rapid development and adoption of non-animal models. This transition is not merely an ethical 

consideration but also a strategic priority for improving scientific rigor and the efficiency of drug 

discovery, moving towards a more human-centric approach in preclinical research. 

2. Three-Dimensional (3D) Cell Culture Models: Foundations for Complex 

Mimicry 

2.1. Advantages of 3D Cell Cultures over 2D Monolayers 

Three-dimensional (3D) cell culture models represent a significant advancement in breast cancer 

research, primarily because they effectively mimic the complex 3D architecture of primary tumors 

[9,27,28]. Unlike traditional 2D monolayer cultures, 3D systems promote crucial cell-cell and cell-
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extracellular matrix (ECM) interactions, which are fundamental to tumor biology [9,29,30]. This 

architectural fidelity allows 3D models to better recapitulate key in vivo tumor characteristics, 

including cellular heterogeneity, hypoxic regions, realistic growth kinetics, intricate signaling 

pathway activity, and more accurate gene expression patterns [9,31]. Indeed, gene expression profiles 

observed in 3D cultures are notably closer to clinical expression profiles than those from 2D cultures 

[9,32]. Furthermore, 3D cultures maintain the natural morphology and polarity of tumor cells, which 

are often distorted in 2D systems. They also generate physiological concentration gradients of 

oxygen, nutrients, and metabolic waste, mirroring the conditions found in actual tumors in vivo [9]. 

The ability of 3D cultures to spontaneously form complex structures and gradients, mimicking in vivo 

conditions, fundamentally alters cellular behavior, leading to more physiologically relevant drug 

responses compared to 2D models. This suggests that drug efficacy and resistance mechanisms 

observed in 3D models are more likely to translate to clinical outcomes due to the improved biological 

fidelity. For instance, 3D breast cancer cell cultures have shown decreased proliferative rates and 

reduced drug sensitivity compared to 2D cultures, and cisplatin resistance has been observed to 

develop predominantly in 3D cultures, seemingly due to interactions within the tumor 

microenvironment [9]. 

2.2. Spheroids and Organotypic Cultures 

Within the realm of 3D cell cultures, various model types offer increasing levels of complexity 

and physiological relevance. 

Spheroids are among the simplest 3D in vitro cancer models, comprising spherical aggregates of 

tumor cells that can either self-assemble or be forced to aggregate [6,8,26]. These can be grown in 

suspension using methods such as low-adhesion plates, hanging drop techniques, or spinner flasks 

[9,33,34]. Spheroids exceeding 500 µm in diameter often exhibit properties akin to in vivo avascular 

tumors, including heterogeneous cell populations and pathophysiological gradients [26]. Their dense 

structure forms a physical barrier that can limit drug transport, thereby increasing observed drug 

resistance and enhancing the reliability of drug screening results [26]. Commonly used breast cancer 

cell lines like MDA-MB-231, 4T1, and MCF7 are frequently employed in spheroid formation [1,35]. 

Organotypic Cultures involve culturing cancer cell lines within a semi-solid extracellular matrix 

under defined conditions. These models effectively recapitulate in vivo characteristics such as growth 

kinetics, cellular heterogeneity, and signaling pathway activity [8,9,36,37]. Their structure makes 

them particularly suitable for high-throughput screening (HTS) assays, offering advantages over 2D 

conditions [9,38]. 

A crucial advancement in 3D modeling is the development of Heterotypic Models. These models 

incorporate multiple cell types to more accurately recapitulate the intricate cell-cell interactions found 

within the tumor microenvironment (TME) [9,39]. For example, breast cancer cells (such as MCF7, 

MDA-MB-231, and SK-BR-3) are co-cultured with cancer-associated fibroblasts (CAFs), normal 

fibroblasts, and immune components like Natural Killer (NK) cells [10,40]. The presence of CAFs, for 

instance, can induce alterations in tumor cell expression of molecules like MICA/B and PD-L1, and 

also promote tumor cell aggregation into spheroids [10,41,42]. The evolution from simple homotypic 

spheroids to complex heterotypic 3D models, incorporating stromal and immune components, 

signifies a strategic shift towards modeling the dynamic interplay within the TME. This is crucial 

because interactions with immune and stromal cells in the TME are known to enable breast cancer 

cells to escape immune surveillance, ultimately leading to therapeutic resistance, recurrence, and 

metastasis [10,43]. Therefore, drug efficacy studies in these more complex models are expected to 

yield more clinically relevant insights into overcoming resistance and predicting metastatic potential. 
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Table 1. Comparison of Non-Animal Breast Cancer Metastasis Models. 
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3. Patient-Derived Organoids (PDOs): Personalized Preclinical Avatars 

3.1. Characteristics and Fidelity to Original Tumors 

Patient-derived organoids (PDOs) represent a significant leap forward in preclinical modeling, 

serving as personalized in vitro avatars of human tumors. These 3D cultures are generated directly 

from surgically resected tissues or biopsies, and critically, they preserve the genetic, histological, and 

phenotypic features of the original tumor [18,44,45]. This remarkable fidelity means that PDOs are 

structurally and functionally similar to in vivo organs, retaining key biomarkers such as estrogen 

receptor (ER), progesterone receptor (PR), and HER2 status, which are vital for understanding disease 

progression and targeting therapies [2,14,46]. 

A paramount advantage of PDOs is their ability to capture the inherent heterogeneity of cancer, 

including the coexistence of stem-like cancer cells and differentiated cancer cells, as well as variations 

in HER2 expression levels across cell populations [18,44]. This aspect is particularly critical for 

studying therapeutic resistance and tumor evolution, as the presence of multiple subclones within a 

tumor mass can lead to the ineffectiveness of therapeutic strategies [47]. PDOs also possess self-

organization and self-renewal properties, allowing them to be maintained for extended periods in 

vitro [18,45]. The success rate of breast cancer organoid culture has notably reached up to 87.5%, 

indicating robust and reproducible experimental models for elucidating cellular interaction 

mechanisms and promoting the development of effective cancer therapies [10]. The ability of PDOs 

to faithfully recapitulate the complex molecular, genetic, and architectural heterogeneity of patient 

tumors directly addresses a major limitation of conventional models. This fidelity implies that drug 

responses observed in PDOs are more likely to reflect the patient’s actual response, making them 

invaluable for personalized medicine and overcoming the challenges posed by intra- and inter-

tumoral heterogeneity in drug resistance. 

3.2. Applications in Drug Screening and Personalized Medicine 

The unique characteristics of PDOs make them a reliable model for preclinical drug screening, 

facilitating the establishment of breast cancer organoid biobanks, advancing research into tumor 

development mechanisms, and aiding in the determination of cancer targets [48]. These models 

enable high-throughput analysis of compounds and allow for the determination of precise drug 

effects based on individual genetic variations, thereby fostering the development of personalized and 

combination therapies [14,18,46]. 

The successful establishment of biobanks containing “living” breast cancer organoid samples is 

a critical development. These biobanks permit the long-term preservation of patient samples, which 

is crucial for researchers and helps reduce ethical controversies associated with fresh tissue 

procurement [49]. Once fully characterized genetically and epigenetically, these organoids can be 

utilized for large-scale drug screening to identify compounds targeting specific breast cancer features, 

offering new hope for patients [18,50]. The establishment of patient-derived organoid biobanks 

represents a critical infrastructure development, enabling large-scale, systematic drug screening and 

the study of rare cancer subtypes [2]. This moves beyond individual patient testing to a population-

level resource that can accelerate drug discovery and validate targets across a diverse range of breast 

cancer phenotypes, ultimately fostering more targeted and effective therapeutic development. 

3.3. Clinical Correlation and Predictive Power 

A compelling aspect of PDOs is their demonstrated ability to predict clinical outcomes. Studies 

have shown that PDOs can be extensively used to predict chemotherapy responses, exhibiting high 

concordance rates between organoid reactions and patient clinical responses [2]. One notable study 

reported a 100% concordance (18 out of 18 cases) between a PDO-based “zAvatar-test” and the 

corresponding patient’s clinical response to treatment [51–53]. This strong correlation extends to 
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predicting patient-specific sensitivity to personalized treatments, offering valuable insights into 

expected drug reactions and the identification of drug-resistant populations within tumors [54,55]. 

The clinical relevance of PDOs is further underscored by ongoing prospective clinical trials. For 

instance, ClinicalTrials.gov ID NCT06468124 is actively assessing the capacity of PDOs derived from 

brain or extra-cranial metastases to predict patient treatment response, radio-sensitivity, and chemo-

sensitivity, correlating these in vitro findings with actual survival outcomes [56]. The demonstrated 

high concordance between PDO drug responses and patient clinical outcomes, coupled with ongoing 

prospective clinical trials, signifies a pivotal shift towards PDOs as validated in vitro substitutes for 

in vivo human responses. This suggests that PDOs are moving beyond a research tool to a clinically 

actionable platform, potentially reducing the need for extensive animal testing and accelerating 

personalized treatment recommendations for patients [57,58]. 

Table 2. Clinical Predictive Value of Patient-Derived Organoids in Breast Cancer Chemotherapy. 
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3.4. Limitations of PDOs 

Despite their significant advantages, current PDO models face several limitations that impact 

their comprehensive utility. A notable challenge is the incomplete recapitulation of the full tumor 

microenvironment (TME). Present PDO models often lack a complete tumor matrix, functional blood 

vessels, and a full complement of immune cells, which can hinder their ability to comprehensively 

model in vivo drug responses [18,48,59]. This deficiency in TME components is a key reason why the 

full clinical translation of PDO models in cancer precision therapy remains challenging [51,59]. 

Furthermore, challenges exist in standardization and scalability. Inconsistent organoid sizes can 

impair high-throughput drug screening due to variable drug penetration and response [60]. The 

relatively long culture periods, often exceeding three weeks, can limit the timely provision of 

diagnostic and treatment suggestions for patients, particularly in urgent clinical scenarios [51]. Other 

practical challenges include optimizing complex culture conditions, limitations in the amount of 

tumor tissue obtainable from biopsies, uncertainty regarding optimal medium composition, and 

susceptibility to contamination [18,61]. While PDOs offer significant advantages, their current 

limitations, particularly the incomplete recapitulation of the full TME (e.g., vasculature, immune 

cells) and scalability issues, highlight the ongoing need for further technological refinement and 

integration with other advanced models. This suggests a future direction where PDOs may be 

combined with microfluidics or bioprinting to create even more comprehensive and clinically 

predictive systems. 

4. Organ-on-a-Chip (OoC) Systems: Dynamic Microphysiological Platforms 

4.1. Microfluidics and Tumor Microenvironment (TME) Recreation 

Organ-on-a-chip (OoC) technologies represent a new generation of physiological-like organ 

biomimetic systems built upon microfluidic chips. These platforms offer precise control over various 

physicochemical and biomechanical parameters, enabling the recreation of natural physiological 

conditions in an in vitro setting [62]. OoC systems provide a dynamic platform to simulate “cancer-

on-a-chip,” effectively emulating the complex biological context of tumors [56]. Crucially, OoC 

models can recreate essential in vivo features, including cell-cell or cell-extracellular matrix (ECM) 

interactions, tissue barriers, vascular perfusion, fluid shear forces, and spatiotemporal 

chemical/physical gradients [62–65]. 

These dynamic elements are vital for maintaining tissue-specific functions and accurately 

mimicking the TME. The dynamic control offered by microfluidics in OoC systems, particularly the 

ability to mimic fluid flow and mechanical cues, represents a significant advancement beyond static 

3D models. This dynamic environment is critical for accurately modeling drug pharmacokinetics, 

nutrient delivery, waste removal, and cell migration in a way that more closely mirrors in vivo 

conditions, leading to more realistic drug exposure and response profiles. The precise control over 

fluid flow, nutrient delivery, and waste removal in these systems directly addresses the limitations 

of non-perfusable 3D models, where drug pharmacokinetics cannot be properly recapitulated [7]. 

Simultaneously, microfluidics offers a disruptive platform for the isolation and analysis of 

extracellular vesicles (EVs), which are the prime messengers mediating intercellular communications 

in the TME. Owing to its inherent advantages, microfluidics promotes the development of new 

molecular and cellular sensing systems with: (a) improved sensitivity and specificity. The high 

surface-to-volume ratio enables efficient capture of low-abundance EV biomarkers [66], (b) enhanced 

spatial and temporal resolution which allows for dynamic observation and kinetic analysis of EV 

interactions, and (c) high throughput in which miniaturization facilitates automation and rapid 

sample processing [67]. The integration of these platforms is powerful microfluidic OoC models can 

generate physiologically relevant EVs, and the same microfluidic technology can then be used to 

isolate and analyze those EVs with high precision, providing a comprehensive system for studying 

TME-mediated communication and EV function in a dynamic in vitro context. 
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4.2. Modeling Metastasis Stages 

OoC technology is particularly adept at modeling the complex, multi-step process of cancer 

metastasis. Breast cancer-on-chip (BCoC), breast cancer liquid biopsy-on-chip (BCLBoC), and breast 

cancer metastasis-on-chip (BCMoC) models have successfully recapitulated and reproduced in vitro 

the principal mechanisms and events involved in breast cancer cell communication and 

dissemination [68,69]. These tumor-on-chip models can mimic the main mechanisms of tumor 

development and metastasis, including cellular proliferation, bidirectional interactions between 

tumor cells and the ECM within the TME, epithelial-mesenchymal transition (EMT), invasion, 

migration, intravasation (entry into blood/lymph vessels), survival in circulation, extravasation (exit 

from vessels), and the construction of distant metastatic niches [68–72]. 

A significant leap in this area is the development of multi-organ-on-chip systems. These 

platforms couple various tissue niches, linked by simulated vascular flow, to reproduce the dynamic 

spread of circulating tumor cells (CTCs) to multiple organs [68,73]. This confirms their immense 

potential for investigating systemic, multi-organ metastasis. Examples include lymph vessel-tumor 

tissue-blood vessel chips (LTB) and lymph node-on-chip (LNoC) systems, which can model 

lymphatic metastasis and the complex immune and cancer cell interactions within lymph nodes 

[68,74]. The development of multi-organ-on-chip systems capable of simulating the entire metastatic 

cascade (from intravasation to distant colonization) represents a significant leap towards 

understanding systemic disease progression and drug effects. This integrated approach allows for 

the study of inter-organ communication and systemic drug toxicity, moving beyond single-organ 

tumor responses to a more holistic representation of cancer as a systemic disease [11,75,76]. 

4.3. Drug Efficacy and Toxicity Testing 

Tumor-on-chip platforms are increasingly utilized for studying the efficacy and toxicity of 

various therapeutic agents, including chemotherapeutic drugs, nanomedicines, and nutraceuticals 

[68,77,78]. A key advantage of OoC models is their ability to assess not only how cancer responds to 

therapy but also how the therapy might affect adjacent or distant organs. This comprehensive 

evaluation can include assessing drug effects on cells collected directly from a patient, facilitating 

personalized drug testing [79–81]. The technology enables the creation of personalized chips where 

different drugs can be tested in a high-throughput, automated manner using minimal patient tissue, 

optimizing the selection of effective treatments [79,80,82,83]. The capacity of OoC systems to evaluate 

both drug efficacy on tumors and potential non-organ-specific toxicity in a single, integrated platform 

addresses a critical gap in preclinical drug development. This dual capability allows for a more 

comprehensive risk-benefit assessment of novel chemotherapeutics earlier in the pipeline, potentially 

reducing late-stage drug failures due to unforeseen systemic side effects. 

4.4. Predictive Accuracy and Personalized Drug Testing 

OoC technology holds immense significance for advancing personalized treatment strategies 

and accelerating new drug development. Because the cells used in OoC platforms are directly derived 

from human tissues, these systems effectively avoid the species differences that plague animal 

models, allowing for a more accurate evaluation of drug toxicity and efficacy in humans [62,84]. They 

can simulate multiple organ-specific disease states in vitro, providing a dynamic representation of 

how drugs behave in the body and their influence on various organs [62]. 

Conventional preclinical animal models often fail to predict human responses due to 

fundamental physiological and immunological differences, with concordance rates between animal 

findings and clinical trials barely reaching 9% [85–87] 

(https://www.fda.gov/files/newsroom/published/roadmap_to_reducing_animal_testing_in_preclini

cal_safety_studies.pdf). OoC offers a compelling solution to these limitations, presenting a potential 

paradigm shift in preclinical testing [88,89]. The superior predictive accuracy of OoC systems, 

stemming from their human-centric design and ability to mimic complex physiological dynamics, 
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positions them as a powerful tool to complement and potentially reduce reliance on animal models. 

This shift promises to significantly improve the success rate of drug candidates in clinical trials, 

thereby accelerating the availability of effective and safe chemotherapies for breast cancer patients. 

5. Assessing Chemotherapeutic Effects and Metastatic Potential in Non-Animal 

Models 

5.1. Key Readouts for Drug Efficacy 

Evaluating the effects of chemotherapeutic drugs in non-animal models requires a range of 

precise readouts that capture various aspects of tumor response and metastatic potential. 

Tumor Volume and Weight are primary outcomes measured in some studies, with significant 

reductions indicating drug efficacy [1]. Beyond macroscopic changes, Cell Viability and Growth 

Inhibition are crucial indicators. These are often assessed through metabolic activity assays, such as 

the AlamarBlue assay, in 3D cultures. Studies have shown increased cell viability in perfused 3D 

cultures compared to static conditions, highlighting the importance of dynamic environments [90]. 

Decreased tumor sphere viability and growth are direct measures of drug effectiveness [26]. 

Monitoring Proliferation Markers like Ki67 and p21 positive cells provides a more granular 

understanding of reduced tumor growth and metastatic potential following drug treatment [91–93]. 

The induction of Apoptosis and Senescence (irreversible cell cycle arrest) by chemotherapeutics like 

Doxorubicin is also a critical readout. While senescence can lead to therapy resistance, targeting and 

removing senescent cells with senolytics can improve chemotherapeutic efficacy and prevent 

metastasis [9]. 3D cultures have demonstrated a superior ability to simulate trastuzumab-induced 

apoptosis and resistance mechanisms compared to 2D models. 

Furthermore, assessing changes in Gene and Protein Expression provides molecular insights 

into drug mechanisms. This includes monitoring microRNAs (miRNAs), which are known to 

regulate processes such as cell proliferation, apoptosis, invasion, metastasis, and drug resistance [9]. 

Changes in the expression of specific molecules like MICA/B and PD-L1 by tumor cells in heterotypic 

3D models also offer valuable information on immune modulation by the tumor microenvironment 

[10]. The shift from simple viability readouts to a multi-faceted assessment including proliferation 

markers, senescence, and specific gene expression changes reflects a deeper understanding of drug 

mechanisms and resistance. This comprehensive evaluation in non-animal models allows for the 

identification of not just drug efficacy, but also the underlying cellular and molecular pathways of 

resistance and metastasis, guiding the development of more targeted and combination therapies. 

5.2. Assays for Metastasis-Related Processes 

To specifically study the effects of chemotherapeutic drugs on breast cancer metastasis, various 

in vitro assays are employed to dissect individual steps of the metastatic cascade. 

Cell Migration Assays are fundamental. The Wound Closure Assay (or Scratch Assay) is a simple 

and widely used method where a scratch is generated on a confluent cell monolayer, and the speed 

of wound closure and cell migration is quantified over time [68,94]. This assay is useful for 

determining the migration ability of whole cell masses and observing individual cell morphological 

characteristics during migration [95]. 

Transwell Migration and Invasion Assays (also known as Boyden Chamber assays) are utilized 

to analyze the ability of single cells to directionally respond to chemo-attractants and invade through 

a porous membrane, which is often coated with matrix proteins to simulate tissue barriers [68,96,97]. 

Another method, the Cell Exclusion Zone Assay, involves seeding cells around a barrier that is 

subsequently removed, creating a void for cell movement that is then imaged over time [98,99]. 

Microfluidic Assays offer a more controlled and dynamic environment for studying cell motility. 

These devices, with their intricate microchannels, enable researchers to precisely control gradients of 

test agents and mimic physiological conditions, making them particularly useful for investigating 

invasion, migration, and extravasation [68,74,100]. The array of in vitro assays specifically designed 
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to dissect individual steps of the metastatic cascade (adhesion, migration, invasion, intravasation, 

extravasation) highlights a sophisticated approach to studying metastasis [97,101,102]. This 

modularity allows researchers to isolate and investigate specific molecular events and drug targets 

at each stage, providing a detailed understanding of how chemotherapeutics might inhibit or 

promote different aspects of metastatic progression, which is crucial for developing anti-metastatic 

therapies. 

Table 3. Key Assays for Studying Breast Cancer Cell Migration and Invasion in vitro. 

Assay Type Principle/What 

it Measures 

Advantages for 

Drug Testing 

Limitations Ref. 

Wound 

Closure/Scratch 

Assay 

Measures 

collective cell 

migration into a 

“wound” 

created in a 

confluent 

monolayer. 

Simple, cost-

effective, 

allows 

observation of 

cell 

morphology 

during 

migration. 

Useful for high-

throughput 

screening. 

Primarily 

measures 2D 

migration; does 

not account for 

complex TME 

interactions or 

invasion 

through matrix. 

94 

Transwell 

Migration/Inva

sion Assay 

(Boyden 

Chamber) 

Measures 

single cell 

migration 

towards a 

chemo-

attractant 

through a 

porous 

membrane 

(invasion if 

membrane 

coated with 

ECM). 

Quantifies 

directional 

migration and 

invasion; 

allows for 

testing of 

various chemo-

attractants and 

ECM 

components. 

Static 

environment; 

does not fully 

replicate 

complex in vivo 

TME or fluid 

dynamics. 

97 

Cell Exclusion 

Zone Assay 

Measures cell 

migration into a 

defined cell-

Simple, label-

free, adaptable 

for HTS. 

Similar to 

scratch assay, 

primarily 2D 

99 
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free area 

created by 

removing a 

physical 

barrier. 

migration; 

limited TME 

complexity. 

Microfluidic 

Assays 

Cells cultured 

in 

microchannels 

with controlled 

fluid flow and 

gradients to 

study motility, 

invasion, and 

extravasation. 

Replicates 

dynamic 

physiological 

conditions 

(fluid shear, 

gradients); 

allows for 

precise control 

of 

microenvironm

ent; can model 

complex 

metastatic 

steps. 

More complex 

fabrication and 

operation; 

higher cost; 

sample 

collection can 

be difficult. 

97, 101 

6. Emerging Technologies and Future Directions 

The field of non-animal models for breast cancer research is continuously evolving, driven by 

the integration of cutting-edge technologies that promise to further enhance their physiological 

relevance and predictive power. 

6.1. 3D Bioprinting 

Novel developments in 3D bioprinting technology are enabling the precise recreation of 

bioengineered tumor organotypic structures that closely mimic human tissue and its 

microenvironment [103,104]. This technology allows for the precision fabrication of tumor models 

with multiple layers, incorporating different cell types and compatible biomaterials such as hydrogels 

and ECM proteins, to build highly specific configurations [103,105]. Patient-derived cancer cells, 

stromal cells, genetic material, and growth factors are utilized to create bioprinted cancer models, 

paving the way for the screening of new personalized therapies [103,106]. Researchers have 

successfully 3D bioprinted breast cancer tumors with multi-scale vascularization, demonstrating 

their responsiveness to both chemotherapy and cell-based immunotherapeutics [107,108]. This 

achievement lays a crucial foundation for studying human immune cell interactions with solid 

tumors and evaluating experimental therapies without the need for in vivo animal experimentation 

[79,107–109]. The ability of 3D bioprinting to precisely fabricate vascularized, multi-cellular tumor 

models with patient-derived components represents a convergence of advanced engineering and 

biology. This technology addresses the critical limitation of lacking perfusable blood vessels in many 

3D models, enabling more accurate studies of drug delivery, penetration, and the complex interplay 

between tumor, stroma, and immune cells in a highly controlled, human-relevant environment. 
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6.2. CRISPR/Cas9 Genome Editing 

CRISPR/Cas9 genome editing has revolutionized cancer research, including studies on breast 

cancer and its aggressive subtype, triple-negative breast cancer (TNBC) [110–112]. This powerful tool 

allows scientists to develop more accurate disease models, discover previously unknown genes 

involved in cancer progression, and investigate the sensitivity of tumors to various drugs and 

immunotherapies [110]. Specifically, CRISPR/Cas9-based strategies can target potentially altered 

resistance genes, transcription, and epigenetic regulation to inhibit tumor growth and development 

[110]. Furthermore, CRISPR facilitates the study of tumor fitness and contributes to the development 

of more sensitive and earlier diagnostic methods [111]. The integration of CRISPR/Cas9 with non-

animal models provides an unprecedented level of precision in dissecting the genetic drivers of breast 

cancer metastasis and drug resistance. This capability allows targeted gene manipulation to validate 

specific therapeutic targets, understand resistance mechanisms at a fundamental level, and 

potentially develop gene-edited models that are highly predictive of patient responses to novel 

therapies. 

6.3. Advanced Imaging Techniques 

The application of advanced imaging techniques is transforming the assessment of non-animal 

cancer models. In vivo, techniques like contrast-enhanced mammography , contrast-enhanced MRI, 

Diffusion-Weighted Imaging (DWI), and PET/CT scans are routinely used to detect and characterize 

tumors and metastasis [113–117]. In the context of 3D in vitro models, AI-powered 3D imaging tools 

can automatically identify tumor tissue, determine tumor volume, and assess distances to nearby 

anatomical features [118–120]. This automated analysis provides quantitative data that enhances the 

precision of model evaluation. Deep learning models, integrating voxel-level radiomics with CT 

images, have demonstrated high accuracy in predicting pathological response to neoadjuvant chemo-

immunotherapy, even outperforming unaided expert assessment [121]. Moreover, platforms like 

Incucyte enable real-time monitoring of organoid dynamics, including growth, apoptosis, and 

morphological changes in response to treatment [122]. The application of advanced imaging and AI 

to non-animal models enables non-invasive, real-time, and quantitative assessment of drug responses 

and metastatic processes within complex 3D structures. This capability provides dynamic data on 

tumor evolution and drug penetration that was previously difficult to obtain, significantly enhancing 

the analytical power and predictive capacity of these in vitro systems. 

6.4. Integration of AI and Machine Learning 

The synergistic integration of Artificial Intelligence (AI) and machine learning (ML) with non-

animal models is revolutionizing pre-clinical drug discovery. AI and ML models enhance organoid 

platforms by predicting drug responses and optimizing high-throughput screening, thereby 

accelerating the identification of promising drug candidates [51]. They can be integrated with 

CRISPR/Cas9 strategies to improve the effectiveness of TNBC therapy [110]. AI-powered tools are 

capable of analyzing complex 3D images of breast cancer subtypes, revealing unique vascular 

patterns and providing deeper insights into tumor characteristics [123]. Furthermore, deep learning 

models, such as 3D-ResNet and Vision Transformer, can predict pathological response to 

neoadjuvant therapy with high accuracy, surpassing the performance of unaided expert assessment 

in some cases [121]. The synergistic integration of AI and machine learning with non-animal models 

is transforming preclinical drug discovery from a labor-intensive, empirical process into a data-

driven, predictive science. AI’s capacity for high-throughput data analysis, pattern recognition, and 

predictive modeling accelerates the identification of effective drug candidates and personalized 

treatment strategies, significantly shortening drug development timelines and improving success 

rates. 
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6.5. Consortia and Collaborative Efforts 

The increasing formation of consortia and collaborative networks underscores the recognition 

that the complexity of breast cancer and the development of advanced non-animal models necessitate 

shared expertise, resources, and standardized protocols. Consortia, such as the NCI Cohort 

Consortium and the Breast Cancer Family Registry (B-CFR), foster communication, promote 

collaborative research projects, and address scientific questions that are beyond the scope of 

individual studies [124–126]. While the Mouse Models of Human Cancers Consortium initially 

focused on animal models, the underlying principle of collective effort applies equally to non-animal 

model development [127,128]. Initiatives like the European Commission’s Joint Research Centre 

(JRC) have undertaken extensive reviews, cataloging over 900 non-animal models for breast cancer 

research to improve their accessibility to the scientific community [129] 

(https://publications.jrc.ec.europa.eu/repository/handle/JRC122309). Collaborative efforts are 

particularly crucial for addressing challenges related to standardization and scalability in organoid 

culture, ensuring that these promising technologies can be widely adopted and translated into clinical 

practice [60]. The increasing formation of consortia and collaborative networks in non-animal model 

research signifies a recognition that the complexity of breast cancer and the development of advanced 

models require shared expertise, resources, and standardized protocols. This collaborative ecosystem 

is essential for overcoming individual lab limitations, accelerating validation, and ensuring the 

widespread adoption and clinical translation of these promising technologies. 

7. Conclusion: The Evolving Landscape of Non-Animal Models 

Significant progress has been made in developing non-animal models for studying the effects of 

chemotherapeutic drugs on breast cancer metastasis. These advanced models are effectively 

overcoming the inherent limitations of traditional 2D cell cultures and animal models, which often 

fail to accurately replicate the complex human tumor microenvironment and predict clinical 

outcomes. 

 

Figure 1. The schematic illustrates the progressive transition from traditional two-dimensional (2D) monolayer 

cultures to advanced human-relevant models, including three-dimensional (3D) spheroids, patient-derived 

organoids (PDOs), and organ-on-a-chip (OoC) systems. Each model demonstrates increasing levels of structural 

complexity, tumor microenvironment (TME) mimicry, and physiological relevance. Arrows indicate the 

evolution toward greater predictive power and translational accuracy. These models collectively aim to replace 
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or reduce the need for animal testing while improving the reliability of preclinical drug screening and 

personalized treatment prediction. 

Three-dimensional cell cultures, particularly patient-derived organoids (PDOs) and organ-on-a-

chip (OoC) systems, stand out for their ability to faithfully mimic human physiology, tumor 

heterogeneity, and the intricate tumor microenvironment. PDOs offer unparalleled fidelity to the 

original patient tumor, preserving its genetic and histological characteristics, and are proving 

invaluable for personalized drug screening and identifying drug resistance mechanisms. Their 

demonstrated high concordance with patient clinical outcomes positions them as powerful tools for 

guiding individualized treatment strategies. OoC systems, with their microfluidic capabilities, 

provide dynamic control over the cellular environment, enabling the simulation of complex 

metastatic processes, including intravasation, circulation, and extravasation, as well as the 

assessment of systemic drug efficacy and toxicity. This human-centric design of OoC platforms is 

poised to significantly improve the predictive accuracy of preclinical drug testing, addressing the low 

translational success rates observed with animal models. Figure. 1 summarizes non–human–relevant 

models used to study the chemotherapeutic effects and metastasis in breast cancer. 

The future of breast cancer drug discovery is further shaped by the continuous integration of 

emerging technologies. 3D bioprinting offers the ability to fabricate vascularized, multi-cellular 

tumor models with unprecedented precision, enhancing the study of drug delivery and immune 

interactions. CRISPR/Cas9 genome editing provides a powerful means to dissect the genetic drivers 

of metastasis and resistance, facilitating the identification of novel therapeutic targets. Advanced 

imaging techniques, coupled with the analytical power of artificial intelligence and machine learning, 

enable non-invasive, real-time, and quantitative assessment of drug responses and metastatic 

processes within these complex 3D structures. Finally, the growing emphasis on collaborative 

consortia ensures that shared expertise, resources, and standardized protocols accelerate the 

validation and widespread adoption of these innovative models. This concerted effort promises to 

revolutionize personalized medicine, lead to the development of more effective and safer 

chemotherapies, and ultimately reduce the reliance on animal testing, thereby improving the lives of 

breast cancer patients worldwide. 
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Abbreviations 

AI  = Artificial intelligence 

BCMoC = Breast cancer metastasis-on-chip 

BCoC  = Breast cancer-on-chip 

BCLBoC = Breast cancer liquid biopsy-on-chip 

CAF  = Cancer-associated fibroblast 

Cas9  = CRISPR-associated protein 9 

CRISPR = Clustered Regularly Interspaced Short Palindromic Repeats 

CTC  = Circulating tumor cell 

ECM  = Extracellular matrix 
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EMT  = Epithelial-mesenchymal transition 

ER  = Estrogen receptor 

EV  = Extracellular vesicles 

HER2  = Epidermal growth factor receptor 2 

HTS  = High-throughput screening 

LNoC  = Lymph node-on-chip 

LTB  = Lymph vessel-tumor tissue-blood vessel chips 

MBC  = Metastatic breast cancer 

MDA-MB = MD Anderson-Metastatic Breast 

NK  = Natural Killer 

OoC  = Organ-on-a-chip 

PDO  = Patient-derived organoid 

PDX  = Patient-derived xenograft 

PR  = Progesterone receptor 

TME  = Tumor microenvironment 
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