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Cancer metastasis, driven by cell migration, remains the leading cause of cancer-related deaths. In breast cancer, its high metastatic potential underscores the need for better preclinical models to bridge the gap between laboratory findings and clinical outcomes. However, studying migration in vitro remains challenging due to the complexity of tumour invasion and the difficulty of replicating physiologically relevant conditions. Traditional two-dimensional (2D) models, such as the scratch assay and transwell migration assay, offer simplicity and reproducibility but fail to capture the tumour microenvironment and dynamic migration behaviours. Advanced three-dimensional (3D) models, including spheroids, organoids, microfluidic systems, and organ-on-a-chip platforms, provide more physiologically relevant conditions but are often limited by cost and technical complexity. This mini-review provides an overview of widely used in vitro models for studying breast cancer migration and evaluates their respective advantages, limitations, and future potential. While no single system currently achieves the ideal balance between physiological relevance and practical accessibility, combining complementary tools remains the most effective strategy for investigating the metastatic cascade. Continued innovation in in vitro platforms is essential for improving translational accuracy and supporting the development of more effective anti-metastatic therapies.

Keywords: breast cancer metastasis, in vitro models, microfluidics, organ-on-chip, cell migration
INTRODUCTION
Cell migration plays a crucial role in biological processes, such as immune responses, wound healing, morphogenesis, and inflammation [1]. In oncology, its significance becomes even more pronounced, as cell migration underpins metastasis the primary driver of cancer-related deaths worldwide. The prognosis for breast cancer patients remains poor, as metastatic disease is typically aggressive and highly infiltrative [2]. Despite its clinical significance, metastasis remains poorly understood and continues to be a major challenge in effective cancer treatment. While large numbers of cancer cells enter blood circulation, studies suggest that less than 0.1% successfully establish secondary tumours [3]. Although only a small fraction of circulating cancer cells successfully metastasize, metastatic disease is responsible for over 90% of cancer-related deaths, highlighting the urgent need to understand the mechanisms governing tumour migration and invasion [4, 5].
Among metastatic cancers, breast cancer has the highest incidences in women worldwide, accounting for 29.4% of cases and 16.7% of cancer-related deaths in Europe (European Commission, October 2023) [6]. Its high mortality rate is largely due to its ability to metastasize to distant organs such as the bone, liver, and lungs. Breast cancer is a heterogeneous disease, classified into molecular subtypes based on tumour receptor status: oestrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2 (HER2). Main molecular subtypes are luminal A (ER/PR-positive), luminal B (ER/PR-positive, higher histological grade), HER2-positive, and triple-negative (ER/PR/HER2-negative). Despite advances in treatment, targeted therapies remain limited for triple-negative breast cancer (TNBC), one of the most aggressive subtypes. While primary breast cancer is highly treatable, no cure exists for metastatic disease [6–10].
The metastatic cascade involves cancer cell migration from the primary tumour, intravasation into the bloodstream or lymphatic system, circulation, extravasation, and the formation of metastatic colonies [10, 11]. Migration occurs through diverse strategies, including single-cell movement (mesenchymal or amoeboid) and collective migration, influenced by extracellular matrix (ECM) composition, biophysical forces, and tumour microenvironmental conditions like hypoxia and chemoattractants. Once in circulation, cancer cells can exist as individual circulating tumour cells (CTCs) or clusters (circulating tumour microemboli (CTM)), both contributing to metastasis [1, 11–13]. Understanding these mechanisms is essential for developing in vitro models that accurately replicate cancer migration dynamics (Figure 1).
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This review examines in vitro tools for studying breast cancer migration, focusing on models that replicate different steps of the metastatic cascade. Their limitations, missing aspects, and potential improvements will be discussed briefly. As preclinical models evolve, they hold promise for uncovering drug resistance mechanisms and contributing to the development of more effective treatment strategies.
OVERVIEW OF TOOLS FOR STUDYING METASTASIS
In vitro tools for studying invasion and migration
The first step in metastasis is cancer cell invasion and migration, initiated by penetration of the basement membrane and movement through the ECM, either individually or collectively. Malignant transformation facilitates ECM degradation, driven by collagen deposition, fibre thickening, and linearization, resulting in increased stiffness [17]. Accurate in vitro models must replicate ECM properties such as stiffness, pore size, and degradability [18]. Scratch and transwell assays are commonly used to study breast cancer migration and invasion, each offering specific strengths and limitations (Table 1).
TABLE 1 | Summary of commonly used in vitro assays for studying breast cancer cell migration and invasion. Each assay offers distinct advantages and limitations, particularly in terms of physiological relevance, imaging capability, and ability to replicate tumour microenvironmental conditions.	Assay	Description	Advantages	Limitations/research gap
	Scratch (Wound Healing) Assay [5, 19, 20]	Measures 2D cell migration by creating a “wound” in cell monolayers and observing gap closure time	Simple, cost effective and real time visualization possible	Lacks 3D ECM interactions; manual scratching introduces variability; cannot replicate in vivo conditions; impact of tumour microenvironment factors on migration dynamics
	Transwell Migration/Invasion Assay [18, 21]	Cells migrate through a porous membrane toward chemoattractant. Invasion: the membrane is coated with ECM (e.g., Matrigel). Intravasation: monolayer of endothelial cells (e.g., HUVECs) is cultured on a porous membrane, and breast cancer cells are seeded on top	Quantifies chemotaxis and invasion; allows comparison of migration rates between cell types	No real-time visualization; oversimplifies cell-ECM interactions; lacks dynamic microenvironmental conditions; influence of shear stress and flow dynamics on invasion; integration of immune or stromal cell interactions
	Spheroid Invasion Assay [16, 22, 23]	Tumours spheroids are embedded in ECM-like hydrogels to study radial outgrowth of invasive cells into the surrounding matrix	Mimics in vivo tumour invasion; reveals differences between aggressive and less invasive subtypes	Variability in spheroid size and matrix density effects reproducibility; requires advanced imaging quantification; mechanism driving CTC cluster formation during spheroid invasion; patient specific variability in response
	Microfluidic Models [24, 25]	Lab-on-a-chip devices simulate vascular structures, enabling real-time visualization of cancer cell intravasation or circulation under shear stress conditions	High physiological relevance; replicates flow dynamics and co-culture with stromal or immune cells	Expensive, technically complex, limited accessibility for many labs; standardization of protocols, scalability for high-throughput drug screening


Wound healing (scratch) and transwell assays allow for basic evaluation of cancer cell motility. The scratch assay involves creating a controlled gap or ‘wound’ in a confluent monolayer, typically using a pipette tip, and monitoring its closure over time to assess migration. While those assays are informative, its 2D nature and lack of correct ECM interaction limit physiological relevance.
As example, one study investigated the effects of lidocaine, a local anaesthetic, on breast cancer cell migration by examining its interaction with the TRPM7 ion channel which regulates ion flow and has been linked to cancer cell migration and mechanotransduction. Using six different breast cancer cell lines, including knockout models, the researchers evaluated viability and migration through 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT), wound healing, and electrophysiological assays. The findings revealed variable responses depending on cell type and dosage, contributing to a better understanding of lidocaine’s clinical effects Yet, the inability of the scratch assay to model tumour microenvironment dynamics, such as ECM stiffness and structural cues, leaves key mechanistic questions unresolved [26].
To enhance relevance, researchers may coat surfaces with ECM components or use the ring assay, which confines cells within a barrier on an ECM-coated surface. This format improves reproducibility by standardizing wound size and cell distribution. Yet, even these modified 2D methods lack the spatial complexity of 3D environments where cells interact with ECM in all dimensions [21].
The transwell assay assesses chemotaxis, invasion, and migration through porous membranes and can be ECM-coated (e.g., fibronectin) to mimic specific matrix components (Table 1). A recent study combined transwell and scratch assays to show that MitoQ, a mitochondria-targeted Reactive Oxygen Species (ROS) inhibitor in Phase I trials, effectively suppressed breast cancer cell migration, highlighting its potential as an early anti-metastatic agent [27].
However, these 2D models lack critical features of the 3D tumour microenvironment, such as complex cell–matrix interactions and diverse migration modes. The scratch assay misses dynamic and collective behaviours, while the transwell model, despite ECM coating, cannot replicate native ECM architecture, shear stress, or real-time dynamics. Key factors like ECM stiffness, structure, and immune–stromal interactions remain underrepresented [18, 27].
To address limitations of 2D models, 3D spheroid invasion assays have become widely used. Breast cancer cells (e.g., MDA-MB-231, SUM149, T47D) are cultured as spheroids and embedded in ECM-like hydrogels (e.g., collagen, Matrigel), enabling radial invasion (Table 1) [28]. This approach better mimics in vivo tumour invasion, particularly in highly invasive TNBC. Spheroid assays distinguish between invasive and less invasive subtypes, with mesenchymal-like TNBC cells showing greater invasiveness than luminal types [29]. They also allow investigation of tumour cell interactions. For example, one study showed that invasive 4T1 cells promoted the migration of non-invasive 67NR cells through matrix degradation and invadopodia formation. However, the study also highlighted model limitations such as the absence of mechanical cues, limited pathway analysis, and a lack of immune or fluidic components [30]. Additional challenges include variability in spheroid size and matrix density, as well as imaging difficulties that impact reproducibility. To address these, spheroid assays are being combined with microfluidic platforms, which offer controlled flow, co-culture options, and real-time imaging of invasion under dynamic conditions [31].
In summary, while 2D assays like scratch and transwell remain foundational tools for studying cancer cell migration, their inherent limitations underscore the need for more physiologically relevant models. 3D spheroid and microfluidic systems provide a closer approximation of the tumour microenvironment and enable more accurate investigation of invasion dynamics, offering a valuable path forward in metastasis research.
In vitro tools for studying intravasation
Intravasation, the second step of metastasis, involves cancer cells crossing endothelial barriers to enter the bloodstream or lymphatic system [32]. It is driven by molecular changes that enhance interactions with vascular structures, influenced by the tumour microenvironment. This environment includes endothelial cells, fibroblasts, lymphocytes, extracellular vesicles, and signalling molecules that collectively support angiogenesis, immune modulation, and ECM remodelling, all contributing to intravasation [33, 34].
To model this process, various in vitro and microphysiological systems assess proliferation, migration, vessel formation, and endothelial barrier function. A commonly used method is the modified transwell assay, which offers a simple and cost-effective platform for studying cancer cell movement across an endothelial layer [35]. However, it lacks key in vivo features such as flow dynamics, 3D architecture, and interactions with immune or stromal components. These limitations have prompted the development of microfluidic technologies, which offer more structurally and dynamically accurate models of intravasation. These advanced platforms incorporate spheroids, co-cultures, and organoids within endothelial-lined vessels, allowing real-time visualization of cancer cell entry under flow and shear stress [36]. They also enable co-culture with stromal or immune cells in defined ECM conditions. For instance, Cho et al. [37], developed a dual-channel microfluidic model mimicking blood and lymphatic vessels to study EMT-induced angiogenesis, revealing how inflammatory cytokines drive vascular remodelling and invasion [37].
Despite these advances, microfluidic systems remain limited by cost, technical demands, and challenges in modelling long-term interactions and immune responses. Future progress depends on developing standardized, accessible platforms that integrate patient-derived organoids and key tumour microenvironment components to enhance clinical relevance.
In vitro tools for studying circulation
The third step of metastasis is circulation. Only a small fraction of cancer cells enters the bloodstream, and even fewer survive the hemodynamic shear forces, immune defences, and interactions with red blood cells. CTCs, which can be single cells or clusters, exhibit higher metastatic potential when in clusters. Microfluidic technologies have advanced the study of CTCs by isolating them from patient blood samples using functionalized surfaces coated with adhesion proteins or antibodies, improving our understanding of metastatic potential and disease progression [38].
These platforms also enable the study of mechanical forces affecting CTC behaviour, such as fluid shear stress, which influences survival, deformation, and motility, key factors in secondary tumour formation. It’s important to also consider the lymphatic system, where lower shear stress may promote different migratory behaviours and survival strategies. Simulating both blood and lymphatic circulation conditions in microfluidic models enhances physiological relevance [39, 40].
One study developed a microfluidic platform to explore interactions between circulating immune cells and micro metastases, with potential applications in immunotherapy [41]. Despite their promise, microfluidic systems face challenges like technical complexity, high costs, lack of standardization, and low throughput, limiting their adoption and large-scale screening use.
In summary, microfluidic platforms have advanced CTC research, but improving model accessibility, throughput, and physiological relevance is necessary to fully capture the complexity of circulation in metastasis.
In vitro tools for extravasation and colonization
The final step of the metastatic cascade is extravasation and colonization. After surviving in circulation, cancer cells must establish themselves at new sites. Unlike intravasation, where cells migrate toward leaky, tumour-modified vasculature under chemotactic and durotactic gradients, extravasation occurs through healthier blood vessels. Here, cancer cells experience fluid shear stresses due to blood flow as they breach the vasculature and invade surrounding tissues [33].
Transwell-based systems have been used to study extravasation by assessing cancer cell migration toward chemoattractants like fetal bovine serum (FBS) [35]. While useful for basic motility studies, they lack plasma proteins, blood cells, and flow dynamics, limiting physiological relevance. FBS does not mimic the rheological properties of blood, and static systems cannot replicate in vivo vascular cues. Therefore, in vivo tail-vein injection models are often used for their physiological relevance, introducing cancer cells into circulation via the lateral tail vein [5, 42, 43]. However, these models cannot capture early metastatic steps like invasion or intravasation and pose challenges for real-time imaging. The portal vein-liver injection model was established to study breast metastatic colonization. In this approach, tumour cells are injected into the portal vein, from where they inoculate the liver and can further enter the circulation [44, 45]. While this method achieves efficient colonization and allows controlled tumour cell delivery, it does not capture the full metastatic cascade, particularly the early steps from a primary tumour, and instead models only the later stages of colonization and outgrowth.
To bridge these gaps, advanced in vitro systems have been developed. Specially microfluidic platforms address these issue by enabling co-culture of endothelial, stromal, and cancer cells, incorporation of flow, and real-time imaging under dynamic conditions, making them state-of-the-art for physiologically relevant modelling [46]. For instance, Jeon et al. [46] developed a microfluidic model with breast cancer and endothelial cells in a collagen matrix for high-resolution imaging of extravasation [46]. To model bone metastasis, another study used a decellularized bone matrix instead of soft hydrogels and incorporated interstitial flow and co-culture with bone marrow-derived mesenchymal stem cells, better mimicking breast cancer colonization in bone [8].
To better model breast cancer extravasation into common metastatic sites such as the lung and bone, Kwak and Lee [47] developed a vascularized tumour-on-a-chip system [47]. They engineered blood vessels by culturing human microvascular endothelial cells and embedded parenchymal organ cells in a surrounding gel to mimic the ECM of target organs. Breast cancer cells with specific metastatic properties were then introduced into the engineered vessels to investigate their extravasation into distant organs, particularly bone. Their findings revealed that osteoblasts play a crucial role in the selective extravasation of bone-seeking cancer cells. This study underscores the potential of vascularized tumour-on-a-chip models for replicating metastasis and extravasation in distinct organ microenvironments.
In a separate study, the role of monocytes in tumour cell extravasation and the metastatic cascade was investigated using a vascularized microfluidic platform. Human fibroblasts and endothelial cells were cultured to form microvascular structures within a fibrin hydrogel, alongside breast cancer cells. The findings demonstrated that monocytes could reduce cancer cell extravasation in a non-contact-dependent manner. However, once monocytes transmigrated through the vasculature and differentiated into macrophage-like cells, their effect on cancer cell extravasation was minimal [48].
While 3D models and microfluidic platforms have enabled the in vitro replication of key components of the tumour microenvironment, most still lack a fully perfusable vascular network, a critical feature for accurately modelling both intravasation and extravasation [49]. Looking ahead, integrating immune components, patient-derived matrices, and dynamic vasculature into in vitro systems will be essential to more faithfully capture the complexity of breast cancer extravasation and colonization.
ADVANCED MODELS AND FUTURE DIRECTIONS
Various in vitro models have been developed to mimic different stages of the metastatic cascade, each with its own strengths and limitations. This mini-review summarizes the most commonly used methods, highlights recent advancements, and discusses their challenges. Cancer cell migration can be likened to an obstacle race, where each step presents unique biological and biochemical challenges. Researchers aim to replicate these complexities in vitro, integrating as many relevant factors as possible to develop more physiologically relevant platforms.
A comprehensive understanding of the metastatic cascade is crucial for designing effective antimigratory strategies. However, addressing metastasis alone is not enough, cancer progression is further complicated by challenges that arise during and after treatment. Advanced methods combine different organ models on one chip, to address these complications. One notable example addressing such complexities is the heart–breast cancer-on-chip model developed by Lee et al. [50] to monitor chemotherapy-induced cardiotoxicity [50]. This platform, utilizing induced pluripotent stem cells, represents a significant advancement in personalized treatment approaches. However, its major drawback is accessibility.
The MIRO (Micro Immune Response On-chip) platform is a promising model that mimics the spatial organization of HER2+ breast cancer cells, stromal barriers, and immune cells in a 2.5D humanized co-culture system [51]. It enables real-time tracking of immune cell motility and highlights the role of stromal barriers in immune exclusion, a key resistance mechanism. MIRO improves on traditional models by eliminating non-human components (e.g., rat collagen) and being compatible with multiwell plates for parallel drug testing. However, its complex microfluidic design limits scalability, and it cannot fully replicate tumour features such as vascularization and neuro-immune interactions. Despite these challenges, MIRO contributes to personalized medicine by offering insights into metastasis and treatment resistance.
Two in vivo models, the tail vein or portal vein injection models, are described in literature for breast cancer. The former is more broadly applied potentially due its simplicity compared to the portal vein injection [42–45].
Another recent advancement is the integration of AI and machine learning into cancer model systems. The Prediction Wound Progression Framework (PWPF), a deep learning (DL) approach, enhances wound healing assay analysis by predicting breast cancer cell migration dynamics [52]. By combining synthetic and experimental data, PWPF improves the scalability and precision of 2D migration studies, bridging traditional assays and computational modelling. It shows that DL models, trained on artificial data and fine-tuned with real images, can effectively predict migration patterns. Technical barriers remain, including variability in experimental conditions and the high computational demand of training DL models like Convolutional Long Short-Term Memory (ConvLSTM). In another study, Yadav et al. [53] developed machine learning tools to convert single-cell behavioural data into population-level survival predictions [53].
Looking forward, AI tools could also be used to segment and quantify cell migration in high-content imaging workflows, analyse cytoskeletal dynamics at single-cell resolution, or even guide adaptive experimentation in real time. As in vitro models become increasingly complex, integrating machine learning will be essential for efficiently extracting actionable data from large-scale experiments.
CONCLUSION
Traditional in vitro assays like the scratch and 3D invasion assays remain widely used due to their simplicity, affordability, and ease of use, despite limited physiological relevance. In contrast, microfluidic and organ-on-a-chip systems offer more complex, realistic models but are costlier and technically demanding.
Effective cancer migration research requires balancing accessibility with model complexity. Simpler assays are valuable for rapid, reproducible insights, while advanced platforms enable detailed mechanistic studies. Model selection should align with the specific research question, integrating both basic and sophisticated systems to enhance understanding and therapeutic development.
Looking ahead, in vitro models will continue to evolve, better mimicking key steps of metastasis and reducing reliance on animal testing. Strategic model selection is essential for translational relevance. Importantly, the literature often emphasizes successful results, overlooking the time, resources, and animal use behind failed experiments. This highlights the need for a deliberate, critical approach to selecting and refining in vitro systems, ensuring they bridge the gap between lab findings and clinical outcomes and drive both fundamental and translational cancer research.
AUTHOR CONTRIBUTIONS
ID wrote the manuscript, VP reviewed, revised and rewrote the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that Generative AI was used in the creation of this manuscript. The authors affirm that Artificial Intelligence (AI) tools were used solely for the purpose of improving wording and grammar during manuscript preparation. No AI was employed for generation of original content. All intellectual and scientific contributions remain the work of the authors.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
ABBREVIATIONS
2D, Two dimensional; 3D, Three dimensional; 4T1, Mouse triple negative breast cancer cell line; 67NR, Mouse breast cancer cell line; ConvLSTM, Convolutional Long Short-Term Memory; CTC, Circulating tumour cells; CTM, Circulating tumour microemboli; DL, Deep learning; ECM, Extracellular matrix; ER, Oestrogen receptor; FBS, Fetal bovine serum; HER2, Human epidermal growth factor receptor-2; MDA-MB-231, Human triple negative breast cancer cell line; MIRO, Micro Immune Response On-chip; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; PR, Progesterone receptor; PWPF, Prediction wound progression Framework; ROS, Reactive Oxygen Species; SUM149, Human triple negative breast cancer cell line; T47D, Human luminal A subtype breast cancer cell line; TNBC, Triple-negative breast cancer.
REFERENCES
	Graziani, V, Rodriguez-Hernandez, I, Maiques, O, and Sanz-Moreno, V. The amoeboid state as part of the epithelial-to-mesenchymal transition programme. Trends Cell Biol (2022) 32(3):228–42. doi:10.1016/j.tcb.2021.10.004

	Park, M, Kim, D, Ko, S, Kim, A, Mo, K, and Yoon, H. Breast cancer metastasis: mechanisms and therapeutic implications. Int J Mol Sci (2022) 23(12):6806. doi:10.3390/ijms23126806

	Fares, J, Fares, MY, Khachfe, HH, Salhab, HA, and Fares, Y. Molecular principles of metastasis: a hallmark of cancer revisited. Signal Transduction Targeted Ther (2020) 5(1):28. doi:10.1038/s41392-020-0134-x

	Follain, G, Herrmann, D, Harlepp, S, Hyenne, V, Osmani, N, Warren, SC, et al. Fluids and their mechanics in tumour transit: shaping metastasis. Nat Rev Cancer (2020) 20(2):107–124. doi:10.1038/s41568-019-0221-x

	Bouchalova, P, and Bouchal, P. Current methods for studying metastatic potential of tumor cells. Cancer Cell Int (2022) 22(1):394. doi:10.1186/s12935-022-02801-w

	Giaquinto, AN, Sung, H, Miller, KD, Kramer, JL, Newman, LA, Minihan, A, et al. Breast cancer statistics, 2022. CA Cancer J Clin (2022) 72:524–41. doi:10.3322/caac.21754

	Harbeck, N, Penault-Llorca, F, Cortes, J, Gnant, M, Houssami, N, Poortmans, P, et al. Breast cancer. Nat Rev Dis Primers (2019) 5:66. doi:10.1038/s41572-019-0111-2

	Marturano-Kruik, A, Nava, MM, Yeager, K, Chramiec, A, Hao, L, Robinson, S, et al. Human bone perivascular niche-on-a-chip for studying metastatic colonization. Proc Natl Acad Sci U S A (2018) 115(6):1256–61. doi:10.1073/pnas.1714282115

	Redig, AJ, and Mcallister, SS. Breast cancer as a systemic disease: a view of metastasis. J Intern Med (2013) 274(2):113–26. doi:10.1111/joim.12084

	Jin, X, and Mu, P. Targeting breast cancer metastasis. Breast Cancer Basic Clin Res (2015) 9:23–34. doi:10.4137/BCBCR.S25460

	Chaffer, CL, and Weinberg, RA. A perspective on cancer cell metastasis. Science (2011) 331(6024):1559–64. doi:10.1126/science.1203543

	Mego, M, Mani, SA, and Cristofanilli, M. Molecular mechanisms of metastasis in breast cancer-clinical applications. Nat Rev Clin Oncol (2010) 7(12):693–701. doi:10.1038/nrclinonc.2010.171

	Wang, L, Zhang, S, and Wang, X. The metabolic mechanisms of breast cancer metastasis. Front Oncol (2021) 10:602416. doi:10.3389/fonc.2020.602416

	Mehta, P, Rahman, Z, ten Dijke, P, and Boukany, PE. Microfluidics meets 3D cancer cell migration. Trends Cancer (2022) 8(8):683–97. doi:10.1016/j.trecan.2022.03.006

	Azimian Zavareh, V, Rafiee, L, Sheikholeslam, M, Shariati, L, Vaseghi, G, Savoji, H, et al. Three-dimensional in vitro models: a promising tool to Scale-Up breast cancer research. ACS Biomater Sci Eng (2022) 8(11):4648–72. doi:10.1021/acsbiomaterials.2c00277

	Bahcecioglu, G, Basara, G, Ellis, BW, Ren, X, and Zorlutuna, P. Breast cancer models: engineering the tumor microenvironment. Acta Biomater (2020) 106:1–21. doi:10.1016/j.actbio.2020.02.006

	Pourjafar, M, and Tiwari, VK. Plasticity in cell migration modes across development, physiology, and disease. Front Cell Developmental Biol (2024) 12:1363361. doi:10.3389/fcell.2024.1363361

	Kramer, N, Walzl, A, Unger, C, Rosner, M, Krupitza, G, Hengstschläger, M, et al. In vitro cell migration and invasion assays. Mutat Res - Rev Mutat Res (2013) 752(1):10–24. doi:10.1016/j.mrrev.2012.08.001

	Liang, CC, Park, AY, and Guan, JL. In vitro scratch assay: a convenient and inexpensive method for analysis of cell migration in vitro. Nat Protoc (2007) 2(2):329–33. doi:10.1038/nprot.2007.30

	Hulkower, KI, and Herber, RL. Cell migration and invasion assays as tools for drug discovery. Pharmaceutics (2011) 3(1):107–24. doi:10.3390/pharmaceutics3010107

	Das, AM, Eggermont, AMM, and Ten Hagen, TLM. A ring barrier-based migration assay to assess cell migration in vitro. Nat Protoc (2015) 10(6):904–15. doi:10.1038/nprot.2015.056

	Vinci, M, Box, C, and Eccles, SA. Three-dimensional (3D) tumor spheroid invasion assay. J Vis Exp (2015) 2015(99):e52686–9. doi:10.3791/52686

	Justus, CR, Leffler, N, Ruiz-Echevarria, M, and Yang, LV. In vitro cell migration and invasion assays. J Vis Exp (2014)(88) 51046–8. doi:10.3791/51046

	Xu, H, Liu, X, and Le, W. Recent advances in microfluidic models for cancer metastasis research. Trac - Trends Anal Chem (2018) 105:1–6. doi:10.1016/j.trac.2018.04.007

	Shang, M, Soon, RH, Lim, CT, Khoo, BL, and Han, J. Microfluidic modelling of the tumor microenvironment for anti-cancer drug development. Lab A Chip (2019) 19(3):369–86. doi:10.1039/c8lc00970h

	Liu, H, Dilger, JP, and Lin, J. Lidocaine suppresses viability and migration of human breast cancer cells: trpm7 as a target for some breast cancer cell lines. Cancers (Basel) (2021) 13(2):234–12. doi:10.3390/cancers13020234

	Capeloa, T, Krzystyniak, J, d'Hose, D, Canas Rodriguez, A, Payen, VL, Zampieri, LX, et al. MitoQ inhibits human breast cancer cell migration, invasion and clonogenicity. Cancers (Basel) (2022) 14(6):1516. doi:10.3390/cancers14061516

	Berens, EB, Holy, JM, Riegel, AT, and Wellstein, A. A cancer cell spheroid assay to assess invasion in a 3D setting. J Vis Exp (2015) 2015(105):53409. doi:10.3791/53409

	Holen, I, Speirs, V, Morrissey, B, and Blyth, K. In vivo models in breast cancer research: progress, challenges and future directions. DMM Dis Models Mech (2017) 10(4):359–71. doi:10.1242/dmm.028274

	Perrin, L, Belova, E, Bayarmagnai, B, Tüzel, E, and Gligorijevic, B. Invadopodia enable cooperative invasion and metastasis of breast cancer cells. Commun Biol (2022) 5(1):758. doi:10.1038/s42003-022-03642-z

	Huang, YL, Ma, Y, Wu, C, Shiau, C, Segall, JE, and Wu, M. Tumor spheroids under perfusion within a 3D microfluidic platform reveal critical roles of cell-cell adhesion in tumor invasion. Sci Rep (2020) 10(1):9648. doi:10.1038/s41598-020-66528-2

	Würth, R, Donato, E, Michel, LL, Saini, M, Becker, L, Cheytan, T, et al. Circulating tumor cell plasticity determines breast cancer therapy resistance via neuregulin 1–HER3 signaling. Nat Cancer (2025) 6(1):67–85. doi:10.1038/s43018-024-00882-2

	Hapach, LA, Mosier, JA, Wang, W, and Reinhart-King, CA. Engineered models to parse apart the metastatic Cascade. npj Precision Oncol (2019) 3(1):20. doi:10.1038/s41698-019-0092-3

	Lee, H, Park, W, Ryu, H, and Jeon, NL. A microfluidic platform for quantitative analysis of cancer angiogenesis and intravasation. Biomicrofluidics (2014) 8(5):054102–12. doi:10.1063/1.4894595

	Katt, ME, Placone, AL, Wong, AD, Xu, ZS, and Searson, PC. In vitro tumor models: advantages, disadvantages, variables, and selecting the right platform. Front Bioeng Biotechnol (2016) 4:12. doi:10.3389/fbioe.2016.00012

	Zervantonakis, IK, Hughes-Alford, SK, Charest, JL, Condeelis, JS, Gertler, FB, and Kamm, RD. Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function. Proc Natl Acad Sci U S A (2012) 109(34):13515–20. doi:10.1073/pnas.1210182109

	Cho, HY, Choi, JH, Kim, KJ, Shin, M, and Choi, JW. Microfluidic system to analyze the effects of interleukin 6 on lymphatic breast cancer metastasis. Front Bioeng Biotechnol (2021) 8:611802–9. doi:10.3389/fbioe.2020.611802

	Sarioglu, AF, Aceto, N, Kojic, N, Donaldson, MC, Zeinali, M, Hamza, B, et al. A microfluidic device for label-free, physical capture of circulating tumor cell clusters. Nat Methods (2015) 12(7):685–91. doi:10.1038/nmeth.3404

	Lee, HJ, Diaz, MF, Price, KM, Ozuna, JA, Zhang, S, Sevick-Muraca, EM, et al. Fluid shear stress activates YAP1 to promote cancer cell motility. Nat Commun (2017) 8:14122. doi:10.1038/ncomms14122

	Regmi, S, Fu, A, and Luo, KQ. High shear stresses under exercise condition destroy circulating tumor cells in a microfluidic system. Sci Rep (2017) 7:39975–12. doi:10.1038/srep39975

	Crippa, M, Talò, G, Lamouline, A, Bolis, S, Arrigoni, C, Bersini, S, et al. A microfluidic model of human vascularized breast cancer metastasis to bone for the study of neutrophil-cancer cell interactions. Mater Today Bio (2022) 17:100460. doi:10.1016/j.mtbio.2022.100460

	Pedroza, DA, Gao, Y, Zhang, XHF, and Rosen, JM. Leveraging preclinical models of metastatic breast cancer. Biochim Biophys Acta - Rev Cancer (2024) 1879(5):189163. doi:10.1016/j.bbcan.2024.189163

	Hu, X, Villodre, ES, Woodward, WA, and Debeb, BG. Modeling brain metastasis via tail-vein injection of inflammatory breast cancer cells. J Vis Exp (2021) 2021(168):1–12. doi:10.3791/62249

	Goddard, ET, Fischer, J, and Schedin, P. A portal vein injection model to study liver metastasis of breast cancer. J Vis Exp (2016) 2016(118):54903–10. doi:10.3791/54903

	Alzubi, MA, Boyd, DC, and Harrell, JC. The utility of the ‘Glowing Head’ mouse for breast cancer metastasis research. Clin Exp Metastasis (2020) 37(2):241–6. doi:10.1007/s10585-020-10020-8

	Jeon, JS, Zervantonakis, IK, Chung, S, Kamm, RD, and Charest, JL. In vitro model of tumor cell extravasation. PLoS One (2013) 8(2):e56910. doi:10.1371/journal.pone.0056910

	Kwak, TJ, and Lee, E. Rapid multilayer microfabrication for modeling organotropic metastasis in breast cancer. Biofabrication (2020) 13(1):015002. doi:10.1088/1758-5090/abbd28

	Boussommier-Calleja, A, Atiyas, Y, Haase, K, Headley, M, Lewis, C, and Kamm, RD. The effects of monocytes on tumor cell extravasation in a 3D vascularized microfluidic model. Biomaterials (2019) 198:180–93. doi:10.1016/j.biomaterials.2018.03.005

	Wang, R, Zhang, C, Li, D, and Yao, Y. Tumor-on-a-chip: perfusable vascular incorporation brings new approach to tumor metastasis research and drug development. Front Bioeng Biotechnol (2022) 10:1057913. doi:10.3389/fbioe.2022.1057913

	Lee, J, Mehrotra, S, Zare-Eelanjegh, E, Rodrigues, RO, Akbarinejad, A, Ge, D, et al. A heart-breast Cancer-on-a-Chip platform for disease modeling and monitoring of cardiotoxicity induced by cancer chemotherapy. Small (2021) 17(15):e2004258. doi:10.1002/smll.202004258

	Perucca, A, Llonín, AG, Benach, OM, Hallopeau, C, Rivas, EI, Linares, J, et al. Micro immune response On-chip (MIRO) models the tumour-stroma interface for immunotherapy testing. Nat Commun (2025) 16(1):1279. doi:10.1038/s41467-025-56275-1

	Garcia-Moreno, FM, Ruiz-Espigares, J, Gutiérrez-Naranjo, MA, and Marchal, JA. Using deep learning for predicting the dynamic evolution of breast cancer migration. Comput Biol Med (2024) 180:108890. doi:10.1016/j.compbiomed.2024.108890

	Yadav, S, Zhou, S, He, B, Du, Y, and Garmire, LX. Deep learning and transfer learning identify breast cancer survival subtypes from single-cell imaging data. Commun Med (2023) 3(1):187. doi:10.1038/s43856-023-00414-6


Copyright © 2025 Duman and Pichler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Modelling metastasis in a dish: in vitro approaches for studying breast cancer progression		INTRODUCTION

		OVERVIEW OF TOOLS FOR STUDYING METASTASIS		In vitro tools for studying invasion and migration

		In vitro tools for studying intravasation		In vitro tools for studying circulation

		In vitro tools for extravasation and colonization









		ADVANCED MODELS AND FUTURE DIRECTIONS

		CONCLUSION

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		ABBREVIATIONS

		REFERENCES









OPS/images/cover.jpg
Pathology &

Oncology Research }frontiers Publishing Partnerships

Modelling metastasis in a dish: in
vitro approaches for studying
breast cancer progression





OPS/images/pore-31-1612179-g001.jpg
A) Metastatic cascade

Female breast

Metastasis to bone

. /Metastasis to liver
’
\Metastasis to lungs

Cancer cell ’ Mesenchymal stem cell o

Natural killer cell ‘ Luminal epithelial cell .

Fibroblast <@

Dendritic cell *

Activated fibroblast ’ Activated macrophage *

Extracellular matrix (ECM) compounds Wr|

B) Traditional assays

A\

Single cell motility assay

Wound healing assay

Boyden chamber assay

Spheroid gel invasion assay

C) Microfluidic approaches

Flow driven migration

ECM embedded cells

Interstitial flow

Multi channel system










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
Pathology & R
Oncology Research frontiers





