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Abstract

:

Cancer is a disease in which cells in the body grow out of control; breast cancer is the most common cancer in women in the United States. Due to early screening and advancements in therapeutic interventions, deaths from breast cancer have declined over time, although breast cancer remains the second leading cause of cancer death among women. Most deaths are due to metastasis, as cancer cells from the primary tumor in the breast form secondary tumors in remote sites in distant organs. Over many years, the basic biological mechanisms of breast cancer initiation and progression, as well as the subsequent metastatic cascade, have been studied using cell cultures and animal models. These models, although extremely useful for delineating cellular mechanisms, are poor predictors of physiological responses, primarily due to lack of proper microenvironments. In the last decade, microfluidics has emerged as a technology that could lead to a paradigm shift in breast cancer research. With the introduction of the organ-on-a-chip concept, microfluidic-based systems have been developed to reconstitute the dominant functions of several organs. These systems enable the construction of 3D cellular co-cultures mimicking in vivo tissue-level microenvironments, including that of breast cancer. Several reviews have been presented focusing on breast cancer formation, growth and metastasis, including invasion, intravasation, and extravasation. In this review, realizing that breast cancer can recur decades following post-treatment disease-free survival, we expand the discussion to account for microfluidic applications in the important areas of breast cancer detection, dormancy, and therapeutic development. It appears that, in the future, the role of microfluidics will only increase in the effort to eradicate breast cancer.
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1. Introduction


Cell cultures have been major tools used in cellular and molecular biology for generations, and although extremely useful for delineating cellular mechanisms, are poor predictors of physiological responses [1]. The lack of a proper micro-environment with critical communications between different cell types has been the major reason for this failure [2]. Cells reside in highly specialized extracellular matrices (ECMs) that provide mechanical support, determine mechanical properties, and importantly, impart extracellular signals to the cells. The ECM is the noncellular component present within all tissues and organs, providing not only the essential physical scaffolding for the cellular constituents, but also initiates crucial biochemical and biomechanical cues required for tissue morphogenesis and homeostasis [3]. Cell cultures also suffer from the absence of interstitial flow, which plays an important role in the morphogenesis, function, and pathogenesis of tissues. About 20% of the body’s mass is estimated to be made up of interstitial fluid, and much of this fluid is in constant slow motion. In living tissues, interstitial flow is linked most closely with lymphatic drainage, which returns plasma that has leaked out of the capillaries to the blood circulation [4]. Interstitial flow provides cells with fresh nutrients and removes waste products affecting cell–cell signaling steadily rather than periodically. Animal models, on the other hand, although presenting the same tissue microenvironment, physiology, and molecular interactions of humans, have dissimilar hormone and growth factor milieus, altered drug metabolism, and are difficult to finely tune at the cellular level [5]. These serious shortcomings emphasize the critical need to develop new in vitro biomimetic systems that better represent the in vivo human physiological conditions in effort to hasten biomedical innovation.



Microfluidic technology is emerging as a promising alternative utilized in a wide range of applications in basic and applied biomedical research. Microfluidic devices are useful tools in studying biological phenomena involving fluid flow, thin tissue culture, and cell mobility [6]; each of these aspects make microfluidic techniques attractive for studying human breast cancer, which is the most commonly occurring cancer in women and the second most common cancer overall worldwide [7,8]. Although cancer can arise from any tissue, the ductal epithelium of the breast is of prime interest, because it is the site of 20% of cancers, compared with 15% for the lung epithelium and 13% for the colon epithelium [9]. Identifying and exploiting the distinct properties of tumors is the primary focus of oncology, and microfluidic devices are innately well suited for this goal. In comparison with traditional 2D cell cultures or animal models, microfluidic devices provide smaller scales, greater reproducibility, reduced cost, a lower sample volume, and superior control over the cellular microenvironment [10]. Indeed, microfluidic devices are becoming more prevalent in academia and industry.



Although some cancers may recede into a dormant state of quiescence, many can progress towards metastatic invasion [11]. Metastatic invasion can include local invasion from the primary site, intravasation and extravasation through lymph or blood vessels, and the colonization of a secondary site within the body. Intravasation is the process where tumor cells enter the circulatory system, by invading the endothelial lining of blood or lymph vessels, to become circulating tumor cells (CTCs), enabling them to spread to remote sites in the body [12]. Extravasation is the process by which CTCs exit the circulatory system to settle in a new organ system; breast CTCs have been found to primarily extravasate into four organs, the bone, brain, liver, and lungs, where they then form secondary tumors that may be fatal [13,14]. Breast cancer metastasis is under intense investigation, and a comprehensive review of biomimetic microfluidic platforms developed for its assessment has recently been presented [15]. However, in addition to investigating the mechanisms of metastasis, microfluidic devices are also useful tools in exploring new breast cancer detection and treatment methods, with microfluidic devices having been used to test and troubleshoot various treatment modalities for development of new therapeutic strategies [16,17]. Hence, in this review, we will summarize the applications of microfluidic systems in numerous facets of breast cancer research including metastasis, detection, and treatment.



1.1. Breast Cancer Physiology


The ductal epithelium is composed of two epithelial subtypes, the basal or myoepithelium and the luminal epithelium, each of which have distinct markers [18]. The myoepithelium is in direct contact with the basement membrane, which is composed of type IV collagen and proteoglycans (Figure 1, purple cells). The luminal cells are exposed to the ductal lumen (Figure 1, yellow cells), and these cells can undergo hyperplasia and grow into the lumen to form ductal carcinoma in situ (DCIS), a non-invasive and benign, but pre-cancerous condition (Figure 1, red cells). Upon transformation, cells of either the basal or luminal epithelium can invade across the basement membrane and into the surrounding stroma or extracellular matrix, forming an invasive ductal carcinoma. Further alterations in gene expression can then lead to a metastatic cascade, whereupon cells can travel to distant organs and colonize new sites of growth and invasion.



Several microfluidic devices have been developed to study the origin of breast cancer. A microfluidic platform was designed for screening the blood plasma of patients for DNA bearing BRCA1/2 mutations to detect ovarian-cancer-related mutations, as ovarian cancer has a similar mutational origin as breast cancer [19]. Other devices have been developed to investigate early cancer conditions. Breast cancer tumor formation and progression was modeled in a microfluidic system, recreating the pathophysiologic vasculature observed in patients, where low-perfusion physiology was found to enhance tumor progression. The vascular channels, 100 μm in height and width, were separated from the primary and secondary tumor chambers via a 100 μm wide interstitial gap, while the gap was fitted with PDMS pillars of diameter 20 μm and pillar-to-pillar spacing of 20 μm to facilitate cellular interactions [20]. The metabolism of cancer cells during tumorigenesis was explored in a similar device, demonstrating that heterogeneous adaptations to metabolic stress in nascent tumors make anti-cancer drugs targeting cancer metabolism less effective [21]. A microfluidic device was utilized to elucidate the influence of HIF-2 on early cancer motility and signaling [22]. Furthermore, the enhanced permeation and retention (EPR) effect, a controversial concept suggesting that molecules of certain sizes accumulate in tumor much more than they do in normal tissue, has been investigated in breast cancer tumorigenesis using a physiologically relevant vasculature model [23]. Finally, breast cancer spheroids were formed in a generalized breast tumor analysis microfluidic platform for early tumor physiological research and drug discovery [24].




1.2. Breast Cancer Types


Types of breast cancer include ductal carcinoma in situ (DCIS), invasive ductal carcinoma (IDC), inflammatory breast cancer (IBC), and metastatic breast cancer (MBC). Once established, breast cancer cells can be distinguished from their surrounding tissue by their distinct surface receptor expression. Three canonical surface receptors have been identified as being critical biomarkers and significant in cancer signaling—the estrogen receptor (ER), the progesterone receptor (PR), and the receptor tyrosine protein kinase ErbB-2, commonly known as HER2. These are excellent biomarkers because of the contrast in their expression within invasive breast cancer compared with healthy tissue—ER is upregulated in ~75% of IBCs, with PR upregulated in ~70% and HER2 upregulated in 10–40% [25]. However, ~10% of breast cancers do not exhibit upregulation of the ER, PR, or HER2 receptors; therefore, they are designated as triple-negative breast cancers (TNBCs), which receive signaling through a combination of less common pathways [26,27]. The ER, PR, and HER2 receptors related to breast cancers are significant in that they are highly expressed in contrast to surrounding tissue and engage with well-studied signal cascades. This enables reliable prediction of the cancer behavior, and the use of pharmacological therapy to halt the cancer from aberrant signaling expression [28,29,30,31]. Receptor expression disparity is the basis of several microfluidic platforms developed for breast cancer research, including an inexpensive and disposable microfluidic system that was constructed to enable the probing of cancer cells based on these surface receptors. The fully disposable microfluidic electrochemical array device was constructed using low-cost materials, and an inexpensive home cutter printer enabled the manufacture of dozens of devices in less than 2 h, at a cost of less than USD 0.20 in material per device [32].





2. Breast Cancer Metastasis


Metastasis is one of the hallmarks of cancer, distinguishing it from benign tumors [33]; the term is used to describe the spread of cancer from its original/primary site to a different/secondary site within the body. Unlike normal cells, cancer cells possess the ability to grow outside of the tissue in the body where they originated. Nearly all cancer types can metastasize, but whether they do metastasize depends on many factors. Metastases can occur in three ways: (i) grow directly into the tissue surrounding the tumor, (ii) travel through the lymph system to nearby or distant lymph nodes, or (iii) travel through the blood stream to distant locations. Metastasis, in general, involves invasion, intravasation, and extravasation, which will be discussed together with the application of microfluidic technology to research in each of these phases.



2.1. Invasion Modeling


Invasion occurs as cancer cells begin to break off from the bulk of the tumor to invade its surrounding tissue as illustrated in Figure 2. As proliferation increases, cancer cells become confined, hypoxic, and metabolically starved [34,35]. These factors contribute to an epithelial-to-mesenchymal (EMT) transition within the cancer cells, changing their morphology and greatly increasing their motility [36]. Recently, E-cadherin was singled out as required for invasion in multiple models of breast cancer, which could still involve partial/hybrid EMT states [37]. Confinement has also been found to induce cancer cells to enter a highly motile amoeboid state that initiates the invasion of surrounding tissue, but invasion may also occur through slower collective and mesenchymal cell migration [38,39]. Aside from these primary stimuli, cancer cells have also been shown to become invasive or undergo EMT in response to acidity, stromal and endothelial cell crosstalk, and excess ECM density [40,41,42]. Invading breast cancer cells begin to degrade restrictive extracellular matrix components by expressing matrix metalloproteinases, such as MMP-2 and MMP-9, and similar matrix reconstruction enzymes that lead to widespread breast cancer invasion [43].



Microfluidic devices allow for improved characterization of the factors related to breast cancer invasion. The migratory potential of cancer subtypes was examined in a microfluidic device based on their distinct surface receptor combinations [44]. Microfluidics has also been used to identify alternative surface receptors for further investigation, and specific subtypes were identified by observing their migratory patterns [45]. A microfluidic 3D compartmentalized system was introduced to co-culture mammary epithelial cells (MCF-DCISs) with human mammary fibroblasts (HMFs), promoting a transition from DCIS to IDC in vitro [46]. The model enabled the control of both spatial and temporal features of the microenvironment, thereby, recapitulating the in vivo environment in ways not practical with existing experimental models. Analysis of intrinsic second harmonic generation signal of collagen allowed the label-free quantitative analysis of DCIS-associated collagen remodeling. Moreover, the arrayed microchannel-based model provided a cost-effective test bed for identifying inhibitors of pathways involved in DCIS progression to IDC and for screening potential therapeutic targets. Calcium carbonate nanoparticles were found to stimulate cancer cell reprogramming to suppress tumor growth and invasion in an organ-on-a-chip system, which was developed to create a tumor microenvironment for isolating the effect of pH on tumor viability [47]. The results suggested that treating breast cancer cells (MDA-MB-231) co-cultured with fibroblasts using CaCO3 nanoparticles can restrict the aggressiveness of tumor cells without affecting the growth and behavior of the surrounding stromal cells. Breast cancer cells were observed to penetrate the duct basement membrane at the origin of invasion in a 3D microfluidic model designed to recapitulate cancer cell migration and invasion [48]. Similarly, using a microfluidic assay for the quantification of the metastatic propensity of breast cancer specimens, high invasive potential was found to be correlated with the RAS/MAPK and PI3K pathways, as previously suggested [49]. Additionally, the in vivo cytokine gradients were recreated in a microfluidic tissue culture model that permitted the visualization of various breast cancer subtypes infiltrating the surrounding tissue [50], and cancer cells were observed to preferentially invade towards regions of higher oxygen concentrations in a paper-based microfluidic device [51]. Utilizing microfluidic devices, tumor-associated macrophages (TAMs) and U-937 cells were found to promote tumor invasion [52], and breast cancer stromal cells were reported to interact with migratory tumor cells to facilitate their motility by secreting MMPs at levels that overpower anti-MMP drugs [53]. Qualitative and quantitative mapping of a large population of cell–protein interactions were carried out in a microfluidic platform; the upregulated β1 integrin in invasive cancer cells enhanced cell–ECM interaction, promoting its remodeling, and cancer cells showed strong interaction with plasma fibrinogen that may support their arrest on blood vessels [54].




2.2. Intravasation Modeling


Once able of moving through the ECM, motile breast cells have been found to follow collagen fibers that lead from their primary site to nearby blood or lymph vessels [55]. However, breast cancer cells are often incapable of penetrating the basal lamina or the endothelial cell layer surrounding the lumen of these vessels due to cadherins forming tight intercellular junctions [56,57]. This seems to be overcome with the assistance of various signaling pathways and macrophage interactions forming a microenvironment that enables cancer cells to penetrate into the bloodstream, as shown in Figure 3 [56,57,58,59,60]. Macrophages in the tumor environment display a wide phenotypic spectrum, varying from anti-tumor M1 types to pro-invasion M2 types [61]. Pro-invasion M2-like tumors express factors that lower cadherin density in vascular endothelial cells, such as the angiogenic signals TNF1α, VEGF, and EGF, as well as immune-cell recruiting signals such as the CXCL family, all of which prime the vessel for penetration [60,61,62,63,64]. Tumor cells themselves actively participate in the intravasation process through a variety of means, e.g., via the NOTCH and TGFβ1 pathways, to induce cadherin degradation and endothelial contraction, permitting extravasation [65,66,67]. Breast cancer cells secreting micro-RNA (miRNA) signals, such as miR-939, have been under investigation due to their role in stimulating endothelial permeability [68,69].



Microfluidic devices are attractive for investigating intravasation in breast cancer because they allow precise spatial control of cell positioning. Using an engineered microfluidic migration chamber, MDA-MB-231 breast cancer cell invasion through confined microchannels was shown to induce a change in migratory phenotype [70]. To recreate the tumor–vascular interface in three dimensions, enabling precise quantification of the endothelial barrier function, a microfluidic-based assay was developed for studying the regulation of carcinoma cell intravasation by biochemical factors from the interacting cells and cellular interactions with macrophages; endothelial permeability measurements showed that signaling with macrophages via the secretion of tumor necrosis factor alpha results in endothelial barrier impairment [71]. In another co-culture study, employing a 3D cylindrical configuration coupled with confocal microscopy, tumor cells were found to significantly increase the expression of proangiogenic genes in response to co-culture with endothelial cells under low flow conditions. Using microparticle image velocimetry (μ-PIV), the flow rate was adjusted to be in the range of 260–2600 μL/min to generate a target wall shear stress of 1–10 dyn/cm2 [72]. Such a system provides a downstream molecular analysis capability which can serve as a versatile platform for elucidating the role of fluid forces on tumor–endothelial crosstalk. A biomimetic microengineering strategy was described to reconstitute 3D structural organization and the microenvironment of breast tumors in human-cell-based in vitro models. The microsystem enabled the co-culture of breast tumor spheroids with human mammary ductal epithelial cells on one side of an ECM membrane, and mammary fibroblasts on the other side of the ECM membrane, in a compartmentalized microfluidic device to replicate the microarchitecture of breast ductal carcinoma in situ (DCIS) [73]. A microfluidic co-culture system was presented for the establishment of mild, moderate, and severe cancer models to study cancer cell migration. The density of the cancer cells was reported to determine the probability of the occurrence of metastatic cells as well as their velocity, with the increase in the migration velocity of MDA-MB-231 cells co-cultured with HMEpiC cells found to be proportional to the increased secretion of IL-6 [74]. Trans-endothelial migration has also been explored using a high-throughput multi-channel microfluidic device [75]. A 3D microfluidic platform comprising concentric three-layer cell-laden hydrogels was developed for the simultaneous investigation of breast cancer cell invasion and intravasation as well as vasculature maturation influenced by tumor–vascular crosstalk. It was demonstrated that the presence of a spontaneously formed vasculature enhanced MDA-MB-231 invasion into the 3D stroma. The invading cancer cells significantly reduced vessel diameter while increasing permeability, and major signaling cytokines involved in tumor–vascular crosstalk governing cancer cell invasion and intravasation were identified [76]. To dynamically observe tumor progression, including cell migration, angiogenesis, and tumor cell intravasation, a microfluidic platform was realized for mimicking biological mass transport near the arterial end of a capillary in the tumor microenvironment [77]. However, most in vitro metastasis models favor investigating blood-vessel-based metastasis pathways; thus, the understanding of lymphatic metastasis is limited, which is also closely related to the inflammatory system. To understand the effects of inflammatory cytokines in lymphatic metastasis, a three-channel microfluidic system was constructed to mimic the lymph vessel–tissue–blood vessel (LTB) structure; each channel was about 100 μm in width. Matrigel was injected into the middle channel to mimic the tissue, while human umbilical vein endothelial and human lymphatic endothelial cell layers were formed in the side channels to reconstitute blood and lymph vessels, respectively. The exposure of different subtypes of breast cancer cells to an inflammatory cytokine, interleukin 6 (IL-6), induced epithelial–mesenchymal transition and enhanced tissue invasion. Similar LTB chips could be applied to analyze the intercellular communication in the tumor microenvironment under various extracellular stimuli such as inflammatory cytokines, stromal reactions, hypoxia, and nutrient deficiency [78].




2.3. Extravasation Modeling


Once within a lymph or blood vessel, tumor cells become circulating tumor cells (CTCs) that are targeted by different immune cells to varying extents [79]. Individual CTCs resist immune system attacks through a myriad of mechanisms, such as the degradation of apoptotic receptors such as TRAIL, and the expression of attack-arresting surface markers such as CD47 and PD-L1 [80,81,82]. However, individual CTCs may undergo apoptosis under the influence of immune cytokines and fluid shear forces, and undergo anoikis upon loss of attachment to the extracellular matrix (ECM) and neighboring cells due to a lack of fibronectin mediation [83,84]. CTCs that aggregate through CD-44 cohesion have been shown to be more resilient, particularly when the aggregates include platelets and neutrophils which disguise them [85,86]. Heterogenous cell aggregates also lead to CTC proliferation through IL-1β and IL-6 crosstalk [87]. CTCs spread with circulation to remote sites and, subsequently, they can extravasate from the vascular system through blood vessel walls into the surrounding tissue forming tumors at host organs, as shown in Figure 4. The site of CTC arrest is known as the secondary site and is found to occur primarily in selective organs. This targeted arrest is known as organotropism and is described in Figure 5, with breast cancer secondary sites appearing mainly in the bone, brain, liver, and lungs, in addition to the axillary lymph nodes, which are diagnostic for metastatic disease in ~97% of patients [13,14,88]. Organotropism is presumed to originate from the primary tumor secreting context-dependent signals to distal sites that sensitize them to receive CTCs which, in cooperation with neutrophils, seek the pre-conditioned sites [89,90,91]. Certain signals have been implicated with specific organotrophic targets, such as TGFβ and COX2 for the lungs, SRC-dependent pathways for bone, and IGF1 for the brain [92,93,94]. mi-RNAs have also been identified as significant in targeted organotropism, with miR-16/148a for the lungs and miR-127/197/222/223 for bone [89,90,91]. Tumor exosomes may be involved in organotropism; tumor-derived exosome uptake by organ-specific cells was observed to prepare the pre-metastatic niche, and treatment with exosomes from lung-tropic models redirected the metastasis of bone-tropic tumor cells. Moreover, exosome proteomics revealed distinct integrin expression patterns, in which the exosomal integrins α6β4 and α6β1 were associated with lung metastasis, whereas exosomal integrin αvβ5 was linked to liver metastasis. Thus, targeting integrins α6β4 and αvβ5 decreased exosome uptake as well as lung and liver metastasis, respectively. Exosome integrin uptake by resident cells was found to activate Src phosphorylation and pro-inflammatory S100 gene expression [95]. Outside of chaperoned extravasation, CTCs and CTC clusters may arrest along the vasculature through weak CD-44 and integrin αvβ3 binding, and are then reinforced with stronger fibronectin and integrin α5β1 bonds over time [96]. Once the CTCs affix to their target organ, a similar process to intravasation then occurs, where CTCs excrete signals with neutrophils to permeabilize endothelial cells for infiltration [97]. Trans-endothelial migration enables cancer cells to embed between endothelial cells, mesenchymal stem cells (MSCs), and vascular pericytes [98]. This perivascular niche produces supportive signals such as PI3K, and is a main focus of anti-cancer research [99,100]. Pericytes also play a significant role in breast cancer extravasation, and have been shown to respond to tumor-derived signals by performing an embryogenesis-derived program of angiotrophic migration and fibroblast differentiation, enhancing tumor extravasation and promoting pericyte mimicry (PM) in cancer cells [101,102,103]. Pericyte- and MSC-expressed MCAM/CD146 were reported to alter the expression of the estrogen receptors ErbB3 and ErbB4, resulting in an increase in chemoresistance, EMT, and a worse prognosis, in contrast to previous findings [104,105,106,107]. Confinement within the perivascular niche has been found to induce cancer cells to enter a motile amoeboid morphology that initiates the invasion of surrounding tissue, although invasion may also occur through slower collective and mesenchymal cell migration modes [38,39]. Signals such as EGF, BMP2/7, AKT, and WNT may then reverse EMT by producing a mesenchymal-to-epithelial transition (MET) or amoeboid-to-epithelial transition (AET), indicated by a FGFR2b/FGFR2 switch that leads to migratory arrest and tumorigenesis [108,109].



Microfluidic devices could provide a powerful tool for improving the scientific understanding of CTC behavior, organotropism, and extravasation. A microfluidic method was introduced for the integrated capture, isolation, and analysis of membrane markers, as well as the quantification of proteins secreted by single CTCs and CTC clusters. The proposed platform was tested with multiple breast cancer cell lines spiked into human blood and mouse-model-derived CTCs. The quantified secretion level of granulocyte growth-stimulating factor (G-CSF), which is involved in neutrophil recruitment, was found to be highly expressed across cancer cell lines. Incorporating barcoded magnetic beads, this platform can be adapted for multiplexed analysis enabling comprehensive functional CTC profiling [110]. A thorough investigation of CTC–neutrophil adhesion was conducted using droplet formation techniques, which showed that CTC–neutrophil aggregates upregulated the expression of VCAM-1, E-cadherin, and macrophage recruitment cytokines such as CCL4/24/22 and PPBP [111]. Utilizing a commercially available hepatic microphysiologic system (LiverChip, CN Bio Innovations Limited, Oxford, UK), the liver system was established as a relevant microfluidic model for the study of breast cancer metastasis [112]. A microfluidic system was developed and characterized for the in vitro systematic studies of organ-specific extravasation of CTCs. The system recapitulated the two major aspects of the in vivo extravasation microenvironment: local signaling chemokine gradients in a vessel lined up with an endothelial monolayer. The system was utilized to demonstrate the extravasation of CXCR4-expressing MDA-MB-231 cancer cells, across a confluent HUVEC monolayer, in the presence of CXCL12 chemokine gradients. Consistent with the hypothesis of organ-specific extravasation, control experiments were presented to substantiate the observation that the MDA-MB-231 cell migration was due to controlled chemotaxis rather than a random process [113]. A multi-site metastasis-on-a-chip microphysiological system was described for assessing the metastatic preference of cancer cells. The device housed multiple bioengineered 3D organoids established by a 3D photopatterning technique employing extracellular-matrix-derived hydrogel biomaterials. Under recirculating fluid flow, tumor cells grew in the primary site, entered circulation, and preferentially homed to specific organ constructs. The platform can be implemented to better understand the mechanisms underlying metastasis and, perhaps, leading to the identification of targets for intervention [114]. The impact of hypoxia, a common feature of the tumor microenvironment, on the extravasation potential of breast cell lines, was studied in a 3D microvascular network model. Using HIF-1α knock-down cell lines, the importance of HIF-1α in the transmigration ability of human breast cell lines was validated. Under hypoxic conditions, the HIF-1α protein level was increased, and coincided with changes in cell morphology, viability, and an elevated metastatic potential; these changes were accompanied with an increase in the rate of extravasation compared with normoxia (21% O2). Such a microfluidic model can be a reliable in vitro tool for systematically interrogating individual factors and their accompanying downstream effects, which may otherwise be difficult to study in complex tumor tissues [115]. A physiologically relevant vascularized bone matrix to model CTC extravasation into the perivascular niche was created in a similar device, which was then used to demonstrate the anti-metastatic role of interstitial flow [116]. Other projects on the perivascular niche added to the investigation of extravasation by providing alternative designs for imaging and quantifying CTC extravasation [116,117,118,119]. A dynamic in vivo-like 3D microfluidic system replicating key structural, functional, and mechanical properties of the blood–brain barrier (BBB) in vivo was constructed to probe metastatic brain tumors. Multiple factors in this organotypic BBB model work synergistically to accentuate BBB-specific attributes with the complex microenvironment reproduced via physical cell–cell interaction and vascular mechanical cues. The interactions between cancer cells and astrocytes in the BBB microenvironment seemed to affect the ability of malignant brain tumors to traverse between brain and vascular compartments. The model offers the capability of examining brain metastasis of human breast cancer cells and their therapeutic responses to chemotherapy. Furthermore, the quantification of spatially resolved barrier functions exists within a single assay, providing a versatile platform for pharmaceutical development, drug testing, and neuroscientific research [120].





3. Detection Techniques of Breast Cancer


Breast cancer is potentially deadly, but has a more positive prognosis if detected and treated early into the metastatic cascade [121,122]. Several techniques are currently available for breast cancer diagnosis, including non-invasive imaging: (i) sonography using sound waves, (ii) mammography using X-rays, and (iii) MRI using magnetic resonance for the detection of breast abnormalities, and invasive biopsy requiring the removal of tissue or fluid from the breast for microscopic testing. In nuclear medicine, using special cameras to inspect the path of injected radioactive substance, the scans depend on tissue-metabolism rather than structural changes due to tumors. Therefore, unlike other imaging modalities, this method provides information on the physiological function of the system. The common techniques are positron emission tomography (PET), single-photon emission computed tomography (SPECT), and scintimammography. Other scanning methods include electrical impedance scanning and thermal imaging. The issues and challenges associated with these techniques, as well as some emerging experimental tests, have been reviewed [123]. The best way to improve the prognosis of breast cancer is early detection; therefore, convenient and inexpensive detection through liquid biopsy has attracted major research and commercial interest to facilitate frequent screenings for breast cancer [124]. Although liquid biopsy is less frequently used than other techniques, it does offer many promising benefits, including reduced cost, greater convenience, and greater sensitivity [125]. The need for low-abundant blood and serum cancer diagnosis with microfluidic tools and the progress in developing integrated microfluidic platforms to meet this need has recently been summarized [126].



3.1. Detection of Breast Cancer CTCs


CTCs are found in blood as independent cells, CTC clusters, and diverse clusters composed of neutrophils, platelets, and CTCs [127]. Isolated CTCs are rapidly identified and destroyed by natural killer (NK) cells or phagocytized by macrophages [79]. However, isolated CTCs are formed at twice the rate of CTC clusters, and therefore are the primary target of liquid biopsy studies [97,128]. CTCs experience three major obstacles while suspended in blood, namely, anoikis, immune attack, and hydrodynamic shear stress [12]. CTCs may express certain cell surface receptors (RTKs), such as IGF1R and TRKB, which sensitizes them for the stimulation of survival-inducing pathways to counteract the loss of FAK signaling from anoikis [129,130]. CTCs may also express VCAM-1, which attaches to monocytes, and MICA/B, which promotes apoptosis in attacking NK neutrophils [131,132,133]. CTCs have been found to express LDH5 to communicate with nearby monocytes, stimulating the induction of NKG2D ligands to disrupt NK neutrophil activation [134]. The anchoring of monocyte α4 integrins through CTC-expressed VCAM-1 engages Ezrin/PI-3K signaling to promote survival [132]. Similarly, CTCs were reported to express proteins recruiting platelets, such as TF, ADAM9, and PDPN, which were proposed to form a physical shield around tumor cells protecting them from shear stress and cytotoxic effects of NK neutrophils [135,136,137]. CTCs can withstand fluid shear forces by expressing Pannexin-1 to stimulate autocrine P2Y signaling [138], and can aggregate to each other to form clusters through homophilic CD-44 anchoring to stimulate PAK2/FAK signaling [86], both promoting survival. Cytokine biomarkers of breast CTCs used in clinical detection include easily accessible membrane-localized biomarkers such as EpCAM/CD326 for epithelial CTCs in early metastasis, RGD-peptide-enriched vimentin and fibronectin for mesenchymal CTCs in advanced metastasis, CK-8/18/19 as general non-native blood cell marker, and CA15-3 as a breast-cancer-specific surface marker [139,140,141,142]. Blood cells negative for the leukocyte common antigen CD45 also indicate cancer origin [143].



In terms of physical properties, breast cancer CTCs have a diameter on the order of 7–9 µm and a cross-sectional area of 40–65 µm2, putting them at a scale similar to white blood cells (5 µm/20 µm2 for small leukocytes and 20 µm/315 µm2 for monocytes) [144]. A more recent investigation determined that, in breast cancer, the median computed diameter (CD) of patient-derived CTCs was 12.4 μm vs. 18.4 μm in cell line cultures, whereas leukocytes were 9.4 μm in diameter [145]. Breast cancer CTC clusters from human blood samples are much larger, and are frequently composed of 1–20 CTCs, 40% of which contain attendant platelets, neutrophils, and monocytes to reach aggregations at an average of 80–350 µm in diameter, permitting size exclusion for isolation [128,146]. Small clusters (2–5 cells) are likely to be elongated and asymmetrical due to the pseudospherical shape of cells and the improbability of symmetrical attachment, which alters flow behavior and permits isolation using vorticity [147]. CTCs are distinguished by their low mass density, lower than 1.08 g/mL, in comparison with denser white and red blood cells allowing enrichment in plasma through centrifugation [148]. The Young’s modulus values of CTCs are reportedly in the range of 6.2–23.0 kPa, with lower stiffness associated with higher metastatic potential [149]. This is substantially stiffer than the 0.00004–0.02 kPa of leukocytes, which can be used for deformability exclusion [150,151]. Another distinguishing physical biomarker of CTCs is their unique ion channel composition in comparison with native blood cells, conferring them with distinct electrical properties. Isolated metastatic human breast cancer cells have a conductance of 0.34 S/m and a capacitance of 14.83 mF/m2, compared with 0.31–0.53 S/m conductivity and 7.01–11.77 mF/m2 capacitance of leukocytes, enabling dielectric exclusion techniques [152].



The clinical significance of CTCs in metastatic breast cancer has been clearly established [153]. CTCs are rare, comprising as few as one cell per 109 hematologic cells in the blood of patients with metastatic cancer, which is equivalent to fewer than 100 cells per ml of blood. Hence, their isolation presents a tremendous technical challenge [154]. Although extremely rare, CTCs represent a potential alternative to invasive biopsies as a source of tumor tissue for the detection, characterization and monitoring of non-hematologic cancers [155]. Several technologies have been proposed for cell separation from whole blood in the last decade, and microfluidic technology has been extensively utilized to exploit each chemical or physical biomarker for isolating CTCs (Figure 6) [156]. Microfluidic devices exploiting size, asymmetry, and elasticity differentials to enrich and isolate CTCs, with a narrow gap as small as 5 µm, as well as CTC aggregates from whole blood, with openings as wide as 12 µm, have been demonstrated [147,157,158]. Furthermore, CTC clusters were reported to break apart under shear forces in microfluidic devices, reducing metastatic potential [159,160]. A microfluidic-elasto-filtration device based on the critical elasto-capillary number has been proposed to utilize the optimal multi-parameter conditions, including cell diameter, the diameter of cylindrical filter pores, nonlinear cell elasticity and hydrodynamic drag force, for selectively capturing CTCs and depleting white blood cells (WBCs) [161]. Dielectrophoresis (DEP) is emerging as an alternative method for isolating CTCs from blood. This electrokinetic method allows the intrinsic dielectric properties of suspended cells to be exploited for discrimination and separation. DEP-isolation of CTCs is independent of cell surface markers, and the isolated CTCs are viable and can be maintained in culture [162]. Low-cost and rapid-production microfluidic electrochemical double-layer capacitors have enabled fast and sensitive breast cancer diagnosis using the dielectric properties of CTCs [163]. Magnetic sorting using magnetic beads has become a routine methodology for the separation of key cell populations from biological suspensions. Due to the inherent ability of magnets to provide forces at a distance, magnetic cell manipulation is now a standardized process step in numerous processes in tissue engineering, medicine, and in fundamental biological research. The status of magnetic particles to enable the isolation and separation of cells, with a strong focus on the fundamental governing physical phenomena, properties, and syntheses of magnetic particles and on the current applications of magnet-based cell separation in laboratory and clinical settings, has been reviewed [164]. Applications of mechanical, electric, magnetic, and acoustics-based methods for sorting and manipulation of cells within the framework of a microfluidic devices are under continuous development, and have been reviewed in numerous articles [165]. Optics-based methods, in contrast, have not been explored to the same extent as other methods. They attracted insufficient attention due to the complicated, expensive, and bulky setup required for carrying out such experiments. However, some advances in contemporary techniques using light for cell sorting and manipulation have been outlined [166]. To avoid foreign material from causing damage while maintaining high efficiency, an innovative strategy has been proposed using tumor-cell-targeting molecules to bind homologous red blood cells (RBCs) with tumor cells. This has resulted in optical constant differences (both size and mean refractive index) between the RBC-conjugated CTCs and other blood cells. The modified CTCs were subsequently separated, under laser illumination in an optofluidic system, at high purity and recovery rates without compromising their membrane and function integrity [167].



Biochemical interactions have been the basis for the most widely researched CTC isolation techniques in microfluidic devices, relying on specific cell receptor–ligand binding and, often, antibodies have been employed as the counter-receptor ligands [155]. In the affinity-based processing of homogeneous CTC suspensions under flow in microchannels, the fraction of captured cells was reported to mainly depend on the flow shear rate with a characteristic shear rate depending on both cell–receptor and surface–ligand densities [168]. Furthermore, to enhance the efficiency of CTC isolation from heterogeneous suspensions, a two-step attachment/detachment flow field pattern was implemented, combining a slow flow field, for maximum target-cell attachment, followed by a faster flow field, for the maximum detachment of non-target cells [169]. The prognostic relevance of CTCs in metastatic breast cancer has been demonstrated using a flow-based microfluidic separation platform. CTC count before treatment was proposed as an independent predictor of progression-free survival in patients with HER2-negative MBC, supporting the clinical validity of CTC detection using the label-free microfluidic platform [170]. Microfluidics has proven to be a leading technology for the capture of CTCs and their downstream analysis, with the aim of shedding light on their clinical application in cancer metastasis. The key aspects of affinity and label-free microfluidic CTC technologies have been scrutinized in detail, suggesting that integrated techniques would be more beneficial [171].




3.2. Detection of Breast Cancer Biomarkers


In addition to breakaway tumor cells, breast cancer may also be identified through subcellular signals such as exosomes, DNA, RNA, and proteins [172]. Exosomes are nanometer-scale vesicles expressing surface markers such as integrins, tetraspanins, and immunoregulatory markers [173,174,175]. Breast-cancer-associated exosomes are often found to contain RNA (nc-RNA, mi-RNA, and m-RNA), DNA, signaling molecules such as B-catenin or EGF, enzymes such as GAPDH, and chaperones such as HSP60/70/90 or Cyclophilin A [176,177,178,179,180,181,182]. Exosomes influence virtually every aspect of cancer development, including immunosuppression, proliferation, and drug resistance [183,184,185]. Free-floating RNA and methylated DNA signals produced by cancer cells are also linked to cancer function and, sometimes, are used as prognostic biomarkers [172,186].



Exosomes are promising biomarkers for liquid biopsies, because these nano-sized extracellular vesicles enrich proteins, lipids, mRNAs, and miRNAs from cells of origin, including cancer cells. Although exosomes are abundantly present in various bodily fluids, conventional exosome isolation and detection methods that rely on benchtop equipment are time-consuming, expensive, and involve complicated non-portable procedures. Therefore, microfluidic devices designed for exosome and serum signal detection are of major interest in oncology, and a diverse array of isolation techniques including immunoaffinity, acoustic, size exclusion filtration, and electrokinetic capture have recently been explored [187]. For the specific detection of exosomes in blood, a multiplexed device based on electrohydrodynamic nanoshearing has been developed to greatly reduce nonspecific binding [188]. For the real-time and label-free profiling of clinically relevant exosomes, surface plasmon resonance was utilized in a microfluidic chip to quantify exosomes and enable proportional measurements of surface biomarker expression by immunofluorescence [189]. Clinical applications of a microfluidic chip have been proposed for the immunocapture and quantification of circulating exosomes to assist breast cancer diagnosis and molecular classification [190]. Efficient isolation and quantification of extracellular vesicles has been accomplished in an integrated ExoID-Chip using ultrasensitive photonic crystals [191], and a microfluidic chip has been applied for the multiple detection of miRNA biomarkers in breast cancer based on three-segment hybridization using fluorescent imaging [192]. These integrated platforms offer advantages of integrity, speed, cost-efficiency, and portability over conventional methods, which can only separate or detect exosomes separately. Hence, with further development for liquid biopsies, such microfluidic devices could be used for early cancer screening, prognostic monitoring, and other potential point-of-care applications in the future.





4. Breast Cancer Dormancy


Quiescence and senescence are both dormant cellular states and, although distinct, they are frequently used as interchangeable terms in literature unwittingly. Senescence is the gradual deterioration of functional characteristics in living organisms, a phenomenon characterized by the cessation of cell division, whereas quiescence is reversible to proliferation upon growth signals [193]. Cell quiescence, viewed as dormancy with minimal metabolic activity, occurs due to a lack of nutrition and growth factors, whereas senescence takes place due to aging and serious DNA damages. Hence, in contrast to quiescence, senescence is a degenerative process ensuing certain cell death. The reactivation of quiescent cells upon physiological growth signals and the reversal of quiescent cells to proliferation are fundamental to many physiological phenomena, such as tissue homeostasis and repair [194,195,196]. More recent studies have indicated that quiescence is not a passive existence, but rather an actively maintained and highly heterogeneous cell state [197,198]. It has been widely accepted that cell quiescence heterogeneity can be described as graded depth [199,200]. The dysregulation and loss of quiescence often results in an imbalance in progenitor cell population, ultimately leading to stem cell depletion, and the in vivo heterogeneous re-entry to cell cycle from quiescence is beneficial by avoiding complete deprivation of the quiescence pool [201].



4.1. Quiescence in Breast Cancer


Quiescence in cancer cells is considered a major therapeutic challenge because it confers dormancy in tumor, hence circumventing inherent anti-neoplastic surveillance system and standard-of-care cancer therapeutics including chemotherapy and radiotherapy. In the clinic, tumors are considered dormant if they recur after at least 5 years from surgical treatment and, in patients with breast cancer, recurrence can take place even after decades of apparent disease-free survival [202]. Whether tumor dormancy reflects the presence of quiescent cancer stem cells (CSCs) among the cells disseminated from the primary cancer is still not clear. However, because the quiescence phenomenon is actively regulated by various intrinsic mechanisms rather than a passive state; hence, it has been inferred that the quiescent or dormant CSCs are also able to perceive signal changes from its microenvironment and, thus, responding by activating its machineries to re-enter the cell cycle. In the cancer context, mTOR activation is a critical regulators to enhance the proliferation and colony formation capability of several CSC types, including breast. Hence, inhibition of the mTOR pathway could possibly attenuate the proliferative capacity of these CSCs, leading them to remain in their quiescent state [203]. MDA-MB-231 and T47D breast cancer cells have been shown to enter a quiescent state with reduced proliferative activity upon receiving exosomes released by bone marrow stromal cells that contain CXCL12-specific miRNAs [204]. Breast cancer cells were found to intercalate into the hepatic niche without interfering with hepatocyte function in a human ex vivo hepatic microphysiologic system. The microfluidic system was established with fresh human hepatocytes and non-parenchymal cells (NPCs), creating a microenvironment into which breast cancer cells (MCF7 and MDA-MB-231) were added. Examination of the cancer cells demonstrated that a significant subset enters a quiescent state of dormancy, shown by a lack of cell cycling. The presence of NPCs altered the cancer cell fraction entering quiescence, and led to differential cytokine profiles in the microenvironment effluent [112]. An in vitro model of tumor dormancy and recurrence has been established using the drug resistance mode, in which breast tumor cell lines were exposed to short-term chemotherapy drugs at clinically relevant doses. As a result, the dormant, chemoresistant, and slow cycling tumor cells—or presumably CSCs—were enriched [205]. It has also been revealed that dormancy characteristics, including reduced proliferation rates and stem-cell-like surface markers, can be induced in metastatic breast cancer cells by co-culturing them with exosome-containing miR-23b isolated from bone-marrow-derived mesenchymal stem cells (MSCs) [206]. Additionally, breast cancer cells were observed to activate MSCs for the release of exosomes containing miRNAs, which stimulate quiescence in a subpopulation of cancer cells that are heightened with drug resistance nature [207]. These studies, therefore, indicate an importance of extracellular stimuli for the cancer stem cells to achieve a quiescent state, and hence represent a potential cancer therapy approach to block this mode of communication. Most therapeutics target actively proliferating cancer cells; thus, these cells eventually develop a quiescent nature as a mechanism of survival and progression under both niche and therapeutic pressures. The quiescence state in cancer cells confers resistance to conventional cancer therapies, leading to disease progression and relapse. Therefore, targeting quiescent cancer cells or CSCs is a promising therapeutic approach; however, extensive research is still needed to devise an effective therapy [208].




4.2. Microfluidics for Quiescence Research


Understanding the mechanisms governing the chemoresistance of individual stem cells may require analysis at the single cell level. This task is not trivial using current technologies, given that isolating stem cells is difficult, expensive, and inefficient, due to low cell yields from patients. Particularly, hematopoietic cells are largely non-adherent and thus difficult to study over time using conventional cell culture techniques. Hence, there is a need for new platforms that allow the functional interrogation of hundreds of single cells in parallel. Although there has been a growing interest in the research community, the full potential of microfluidics in studying cell dormancy and quiescence has yet to be realized. The ability to perform assays within a microfluidic platform has been demonstrated using minimal reagents and low numbers of primary cells. Investigating normal and chronic myeloid leukemia (CML) stem cell responses to the tyrosine kinase inhibitor, it was hypothesized that this disease persistence resulted from a population of quiescent CML stem cells which are resistant to therapy [209]. Heterogeneity in cell populations poses a major obstacle to understanding complex biological processes, and there is a pressing need for the scalable analysis of single cells. Analyses of clonal cultures established from single cells have previously provided many insights, including the observation that quiescence and delayed cell-cycle entry correlate with higher self-renewal potency. Thus, exploiting the high-throughput potential of microfluidic systems to investigate proliferation control at the single-cell level, a platform containing thousands of nanoliter-scale chambers has been proposed for the live-cell imaging interrogation of clonal cultures of nonadherent cells, with precise control of the conditions for the in situ immunostaining and recovery of viable cells [210]. A microfluidics method has been developed to enrich physically deformable cells by mechanical manipulation through artificial micro-barriers. Using breast cancer cell lines under mammosphere culture conditions, rare quiescent and slowly dividing cells were reported to retain PKH26 fluorescence, although rapidly growing cells lose fluorescence by dilution with each proliferative cycle [211]. The characterization of single-cell metabolism has been recognized as imperative for understanding subcellular functional and biochemical changes associated with healthy tissue development and the progression of numerous diseases, including cancer. A robust assay using droplet microfluidic technology, developed to study cell heterogeneity within and among cell lines, has been extended to characterize metabolic differences between proliferating and quiescent cells—a critical step toward label-free single cancer cell dormancy research. This noninvasive droplet-based and label-free method, using an expansion flow-focusing geometry to distinguish individual cells based on their metabolic states, could therefore be used as an upstream phenotypic platform to correlate with genomic statistics [212]. The non-proliferative cellular quiescence state is required for cell survival under stress and during development. In most quiescent cells, proliferation is stopped in a reversible state of low Cdk1 kinase activity; in many organisms, however, quiescent states with high Cdk1 activity can also be established through still uncharacterized stress or developmental mechanisms. A microfluidics approach has been utilized to identify stress pathways associated with starvation-triggered high-Cdk1 quiescent states in cells. The choice between low- or high-Cdk1 quiescence was found to be controlled by the cell-cycle-independent accumulation of Xbp1, which acted as a time-delayed integrator of the duration of stress stimuli. The results indicate how cell-cycle-independent stress-activated factors promote cellular quiescence outside G1/G0 [213]. Stem cell behavior is extremely sensitive to environmental stimuli, which are difficult to manipulate, demonstrate, and quantify with traditional methods. The stem cell niche is a reservoir of multipotent stem cells that can maintain normal, injured, or aged organs and tissues, in response to signals that regulate whether they should remain quiescent, undergo self-renewal, or differentiate. Researchers have recently created microfluidic microenvironments that can emulate several key properties of the stem cell niche in vitro to enable reductionist studies of their influences on stem cell behavior, including both biochemical and biophysical regulation [214]. The balance between cell quiescence and proliferation is fundamental to tissue physiology, and the activation of quiescent cells to proliferate is critical for tissue homeostasis and repair. Recognizing the role of interstitial fluid flow in the cellular microenvironment, a microfluidic platform was used to elucidate the effect of fluid flow on cellular quiescence depth. Indeed, the results indicate that extracellular fluid flow alters cellular quiescence depth through flow-induced physical and biochemical cues, which could help better understand the heterogeneous response of quiescent cells for tissue repair and regeneration in the physiological context of living tissues [215].





5. Breast Cancer Therapeutic Development


5.1. Drug Development and Delivery


Breast cancer has been treated with pharmacologic therapy for nearly a century, with biological therapies becoming more popular in recent decades [17]. Modern drug and biological anticancer falls into six categories: cytostatic drugs, small-molecule inhibitors, monoclonal antibodies (MAbs), chimeric antigen-specific receptor-transfected T cells (CAR-Ts), virotherapy, and vaccine therapy (Figure 7) [17]. Cytostatic drugs, such as cyclophosphamide, doxorubicin, and paclitaxel, are the most common chemotherapy drugs in breast cancer, and are often used in combinations [216,217]. A focal theme in cytostatic drugs is the CDK4/6 cell-cycle checkpoint proteins, which are inhibited by ribociclib, palbociclib, and abemaciclib [218,219,220]. The three compounds have already been approved by the U.S. FDA for use together with endocrine therapy. Small-molecule inhibitors are used in targeted therapy to interfere with specific mechanisms in cancer metastasis, such as sirolimus, which inhibits mTOR expression, and copanlisib, which inhibits PI3K [221]. Monoclonal antibody chemotherapy involves the injection of antibodies that locate and disrupt receptors associated with cancer, such as ErbB-2-targeting trastuzumab and EpCAM/CD326-targeting adecatumumab [222,223]. Some MAbs are conjugated with toxins to localize them in tumors, whereas others conjugate tumor cells to nearby immune cells [224]. CAR-T cells are personalized, genetically modified, anti-tumor T cells that have engineered pathways such as internalized T cell activating signaling proteins such as 4-1BB, OX40, and ICOS, and which may only activate through external anti-tumor antibody antigen attachment [225,226,227]. Viral therapy is classified into viroimmunotherapy or oncolytic virotherapy; viroimmunotherapy uses reverse transcription through lentivirus or adenovirus to transfect T neutrophils with anti-cancer antigens, whereas oncolytic virotherapy directly upregulates apoptotic pathways within tumors [228,229]. Finally, anti-cancer vaccines prime T neutrophils to attack breast cancers by antagonizing particular receptors, such as the HER2/ERbB [230].



Microfluidic technology is very useful for repeatably handling complex fluids, and as such, has been used to investigate and manufacture treatments for breast cancer. Microfluidic platforms for drug screening provide rapid and repeatable results, and have been applied to investigate treatment impacts at every stage of the breast cancer metastatic cascade [231,232]. The most significant advantage of microfluidic over traditional approaches is the ability to recapitulate the tumor microenvironment through the precise control of physiological cues such as hydrostatic pressure, shear stress, oxygen, and nutrient gradients. An HMEpiC/MDA-MB–231 co-culture system was established to model mild, moderate, and severe cancer for investigating cancer cell migration and anti-cancer drug screening [74]. The application of a microfluidic platform for drug discovery and personalized medicine has been demonstrated by analyzing the response to chemo- and anti-angiogenic therapy [77]. A 3D microfluidic breast cancer tissue model has been utilized for evaluating the photodynamic therapy of breast cancer, which produces reactive oxygen species near specific molecules when exposed to a particular wavelength of light [233]. Breast cancer spheroids formed in a microfluidic device were exposed to pH-sensitive nanoparticles, which encapsulated anti-cancer drugs with surface-bound folic acid, to induce TNBC-specific phagocytosis [234]. To investigate the EPR effect, a secluded breast cancer tumor tissue in a microfluidic device was exposed to dual antibody-treated liposomes as a drug delivery mechanism [23].



Several reviews have described different microfluidic diagnostic and drug delivery systems (DDSs) discussing tumor models proposed for the characterization of delivery, efficacy, and toxicity of cancer nanomedicine, as well as the impact of the microfluidic device design and parameters on the type and properties of DDS formulations [235,236,237]. In general, whereas some systems focus on the investigation of how drugs behave when introduced into microfluidic tumor models, other systems concentrate on the creation of encapsulated or drugs prepared otherwise using microfluidics [238]. Drug preparation techniques using microfluidic systems include vesicle, liposome, or micelle encapsulation, polymeric nanocrystaline or lipid nanoparticle dispersion, and multilayered microspherical encapsulation [239,240,241,242,243].



Biological therapeutics such as MAbs, CAR-T, vaccines, and virotherapy have also been investigated in microfluidic systems, where some devices were utilized to manufacture, harvest, and sequence MAbs [244,245,246,247]. The anti-ErbB-2 MAb trastuzumab has been prepared with radioactive 89Zr for PET scanning in a microfluidic device, and the localization of trastuzumab to distal tumors was modeled in a similar device [248,249]. Rapidly screening for MAbs of surface receptors on breast cancer has been carried out in a microfluidic platform for use in clinical analysis [250]. The microfluidic purification of T lymphocytes separated from blood for chimeric antigen receptor T cell manufacturing has been demonstrated for CAR-T cell therapy reinjection [251], and the gene editing required to manufacture CAR-T cells has also been mechanized by microfluidic devices incorporating electroporation for CRISPR/CAS-9 modification [252]. Profiling T cell interaction and activation through serial encounters with antigen-presenting cells (APCs) has been accomplished in a microfluidic device mimicking the microenvironment of a lymph node [253]. Anti-cancer vaccines have also been under investigation using microfluidic platforms, such as the CellSqueeze commercial system, incorporating microchannels to squeeze and stretch cells for permitting rapid vaccine delivery [254,255]. Finally, anti-cancer virotherapy investigations have utilized microfluidic devices to monitor oncolytic viruses in real time, study bystander infection, and localize viruses according to the pH level [256,257,258,259,260].




5.2. Cancer Resistance to Treatment


Resistance to targeted therapies is a major clinical challenge in cancer treatment. Despite technological advances, robust biomarkers or platforms predictive of treatment responses are lacking due to the inherent nature of complex genomic landscape of cancer. Exploring breast cancer chemotherapy resistance is very complicated due to the disparate mechanisms by which tumors engage with external signaling. For instance, breast cancer develops resistance to cytostatic doxorubicin through the modulation of matrix proteins, adaptive apoptosis suppression through p53, and EMT to increase motility and escape the environment [261,262,263,264]. Some of these adaptive resistances to doxorubicin can be tied to a small amount of shared signaling proteins such as the MAPK signaling pathway but, in general, resistance can only be investigated using next-generation sequencing techniques to identify transcriptomic signatures associated with chemotherapy-resistant breast cancer [265,266,267]. Biological chemotherapies are less susceptible to resistance, but CAR-T targets may downregulate antigens such as CD19/20, vaccines can lose ecto-CRT/CALR surface receptors, and viruses may lead to bottlenecks that enable non-vaccinated to replace the vaccinated tumors [268,269,270].



Recent efforts are centered on performing direct drug screening on patient-derived cells through their ex vivo expansion and maintenance to facilitate the personalized stratification of treatment modalities. Microfluidics is a technology well suited for chemotherapy resistance screening due to its high degree of control, enabling high-throughput drug screening through parallelization and automation using small-volume samples. Parallel microfluidic networks have been developed for studying the cellular response to chemical modulation by exposing cells to gradients of up to five separate therapies and capturing them for imaging to analyze their adaptive response [271]. A droplet microfluidics-based approach was presented to assess the dynamics of drug uptake, efflux and cytotoxicity in drug-sensitive and drug-resistant breast cancer cells [272]. Differential responses to doxorubicin in breast cancer subtypes were simulated by a microfluidic tumor model, and a method of overcoming doxorubicin resistance using a hyaluronic nanoparticle encapsulation was developed [273]. Anti-cancer drug efficacy was assessed in a tumor-mimetic platform designed to recreate the microvasculature of high- and low-perfusion breast cancer tumors, which were treated with small-molecule drugs, and low-perfusion tumors were found to be sheltered from anti-cancer drugs despite the EPR effect [20]. Starvation-induced spatial–temporal metabolic adaptations were explored in an organotypic microfluidic breast cancer model, revealing that heterogeneous adaptations to metabolic stress in nascent tumors make anti-cancer drugs targeting cancer metabolism less effective [21]. A microfluidic device, developed for the rapid isolation of exosomes produced by multiple drug-resistant cancer cells in response to various therapies, was used to identify the mechanisms of adaptive resistance [274]. Measurements of multidrug resistance in single breast cancer cells, captured in a microfluidic chip, allowed the automated isolation and purification of chemotherapy-resistant drugs [275,276], and crosstalk pathways between breast cancer cells and adipose-derived stem cells that lead to drug resistance were identified via passive diffusion in a two-layer microfluidic device [277]. Thus far, several microfluidic platforms have been successfully applied for the maintenance and expansion of patient-derived tumor cells, spanning diverse cancer types and sources, solid tumors or liquid biopsies (CTCs), for personalized drug screening applications [232].





6. Summary


Microfluidic technology has enabled the reconstitution of functional units of organs on chips, far superior to traditional cell culture or animal models, to investigate human diseases such as cancer, with breast cancer being the second leading cause of cancer death among women. Table 1 summarizes the key features of selected microfluidic platforms specifically developed for breast cancer research. Metastasis is a key event of cancer progression and the primary cause of mortality in breast cancer patients. Breast cancer cells may metastasize through axillary lymph nodes or systemic circulation, with the latter being the dominant route. Despite the clinical importance of breast cancer metastases, early research has largely focused on the oncogenic transformations leading to the development of primary tumors, and much remains to be learned about the metastatic process. Consequently, breast cancer metastasis is now a major field of research in oncology, and microfluidics has been making steady contributions to this field. Microfluidic-based models have shown great potential in investigations of the breast cancer metastasis cascade by providing 3D constructs mimicking the in vivo cellular microenvironment coupled with the ability to monitor cellular interactions in real time. In order to enhance the physiological and clinical relevance of microfluidic models, human primary cells are gradually replacing the immortalized cancer cell lines, incorporating different cell types to more faithfully recapitulate the complex in vivo paracrine signaling that regulates breast cancer metastasis and organotropism. Moreover, new projects are under way, integrating on-chip advanced proteomics and genomics analysis, which have the potential to accelerate research into other critical domains of breast cancer such as early detection, therapeutic development, treatment efficacy, disease monitoring, and recurrence. Microfluidics may prove to be a key technology not only for basic research, deciphering fundamental biochemical mechanisms involved in breast cancer, but also for clinical applications towards personalized medicine.
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Figure 1. Selected microfluidic platforms for studying breast cancer tumor formation in ducts; normal epithelia lined by a basement membrane can proliferate locally to give rise to a tumor. Further transformation by epigenetic changes and genetic alterations leads to a carcinoma in situ, still outlined by an intact basement membrane. Three canonical surface receptors upregulated in tumor cells have been identified as distinguished biomarkers significant in cancer signaling: the estrogen receptor (ER), the progesterone receptor (PR), and the receptor tyrosine protein kinase ErbB-2, commonly known as HER2. 
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Figure 2. Selected microfluidic platforms for studying breast cancer invasion, the first stage of metastasis, which occurs as cancer cells break off from the primary breast tumor to invade the surrounding tissue. As proliferation increases, cancer cells become confined, hypoxic, and metabolically starved. These factors contribute to an epithelial-to-mesenchymal (EMT) transition within the cancer cells, changing their morphology and greatly increasing their motility. Aside from the primary stimuli of invasion: (i) highly motile amoeboid, (ii) slow collective, and (iii) mesenchymal cell migration, cancer cells have also been shown to become invasive or undergo EMT in response to acidity, stromal and endothelial cell crosstalk, healthy immune cell signaling, excess ECM density, and some forms of chemo- or radiotherapy. 
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Figure 3. Selected microfluidic platforms for studying breast cancer intravasation, the process by which invading cancer cells enter a blood or lymphatic vessel allowing their passive transport to distant organs as CTCs. Once capable of moving through the ECM, motile breast cancer cells have been found to follow collagen fibers that lead from their primary site to nearby blood or lymph vessels. However, breast cancer cells are often incapable of penetrating the basal lamina or the endothelial cell layer surrounding the lumen of these vessels due to cadherins forming tight intercellular junctions. This seems to be overcome with the assistance of various signaling pathways and macrophage interactions forming a microenvironment that enables cancer cells to penetrate the vasculature. 
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Figure 4. Selected microfluidic platforms for studying breast cancer extravasation, the process by which CTCs exit the vasculature in remote host organs. Individual CTCs resist immune system attacks through a myriad of mechanisms, such as the degradation of apoptotic receptors and the expression of attack-arresting surface markers. However, individual CTCs may undergo apoptosis under the influence of immune cytokines and fluid shear forces, and undergo anoikis upon loss of attachment to the extracellular matrix (ECM) and neighboring cells due to a lack of fibronectin mediation. CTCs that aggregate have been shown to be more resilient, particularly when the aggregates include platelets and neutrophils which disguise them. At remote sites, solitary carcinoma cells can extravasate through either endothelial poration or pericyte-mediated recruitment; they then may remain solitary (micrometastasis) or form a new secondary tumor through EMT (macrometastasis). 
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Figure 5. Selected microfluidic platforms for studying breast cancer organotropism, which is the organ-specific extravasation of CTCs involving: (i) the release of pro-inflammatory cytokines into circulation by the primary tumor, (ii) the upregulation of endothelial adhesion molecules at secondary sites induced by the cytokines, (iii) CTCs adhering to and migrating through endothelial cells and proliferating. Breast CTCs have been found to primarily extravasate into the bone, liver, lungs, and brain, where they form secondary tumors that may be fatal. 
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Figure 6. Microfluidic platforms developed for CTC detection and isolation from whole blood samples are based on several techniques: bio-chemical (specific receptor–ligand interaction), mechanical, electrical, optical, and magnetic. Immunostaining assays or genetic analyses are then applied to identify, enumerate, and characterize the isolated CTCs. 
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Figure 7. Selected microfluidic platforms constructed to aid the development of modern drug and biological anticancer treatments of breast cancer, which are classified in six modalities: cytostatic drugs, small-molecule inhibitors, monoclonal antibodies (MAbs), chimeric antigen-specific receptor transfected T cells (CAR-Ts), virotherapy, and vaccine therapy. 
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Table 1. Summary of selected microfluidic systems used in breast cancer research.
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Reference

	
Cell Used

	
Culture Type

	
Field of

Investigation

	
Device Properties

	
Findings






	
Cheng

[19]

	
Acellular

	
2D

	
Cancer formation

	
Extract cell-free DNA from plasma to detect BRCA1 and BRCA2 mutations.

	
Successful detection of BRCA1/2 mutations with a minimum detectable number of copies of 20,000.




	
Uses four distinct primers in parallel to provide point of care risk assessment.




	
Dimensions not described, no ECM used, utilizes pressure differential pumping.




	
Pradhan

[20]

	
MCF7 and MDA-MB-231 cancer, hBTEC endothelial, BJ5ta fibroblast

	
3D

	
Cancer formation

	
Two distinct chips with normo- and pathophysiologic vascular layout, respectively, used to assess anti-cancer drug delivery and tumor reaction to treatment.

	
Cells found to elongate and align along flow, dependent on the cell line.




	
Model of cancer–stromal–endothelial interactions within a pillar-filled tumor region adjacent to vessels.

	
MCF7 found to have significant resistance to anti-cancer drug paclitaxel in low-perfusion chip design.




	
100 μm channel width, PEG–fibrinogen hydrogel matrix, high perfusion layout experiences 40–50 s−1 shear rate, low perfusion chip experiences 10–20 s−1 shear rate.

	
Both MCF7 and MDA-MB-231 found to have significant resistance to anti-cancer drug doxorubicin in low-perfusion chip design.




	
Ayuso

[21]

	
MCF10A cancer, HMF fibroblasts

	
3D

	
Cancer formation

	
Ductal carcinoma in situ in a central vessel surrounded by stroma-filled matrix between two empty channels for perfusion, metabolism, mobility, and gene expression investigation.

	
Hypoxia-activated Tirapazamine selectively destroys DCIS cells.




	
Breast cancer cells, fibroblasts, and hydrogel model of luminal mammary duct.

	
Hypoxia-activated glycolysis transcriptome upregulation.




	
Dimensions not described, collagen hydrogel, static conditions with daily media change.




	
Funamoto

[22]

	
MDA-MB-231 cancer

	
3D

	
Cancer formation

	
Five-channel chip with central tumor model, surrounded by two media perfusion channels, which are, in turn, surrounded by two gas perfusion channels.

	
Hypoxia found to significantly increase cancer mobility.




	
Breast cancer cells in 3D culture with controlled oxygen perfusion to investigate hypoxia effects.




	
1.3 mm tumor channel width, 0.5 mm media and gas channel widths, collagen I hydrogel, 30 μL/h flow.




	
Tang

[23]

	
MDA-MB-231 and MCF-7 cancer, primary human-breast-tumor-associated endothelial cells

	
3D

	
Cancer formation

	
Microfluidic chip modeled on 2D projection of tumor vasculature to investigate enhanced permeability and retention (EPR) found in tumors.

	
TNF-α found to significantly increase the permeability of endothelial cells.




	
Breast cancer and endothelial cell biomimetic tumor microenvironment.

	
Tumor cell co-culture significantly increases the permeability of endothelial cells.




	
100 μm channel width, fibronectin ECM, 60 uL/h or 0–90 s−1 shear rate.

	
Liposome extravasation through endothelial cells found to significantly increase during tumor co-culture.




	
Nashimoto

[24]

	
MCF-7 and GFP MDA-MB-231 cancer, RFP HUVECs, normal human lung fibroblasts, SW620 with luciferase, Hepg2

	
Spheroids

	
Cancer formation

	
2 or 3 cell type co-culture spheroids of various cancers in 96-well plate transferred into microfluidic chip for angiogenesis.

	
Fibroblast co-culture induced angiogenic sprouts.




	
1 mm width culture channel, fibrin-collagen matrix, 30 μL/h.

	
Flow reduces anti-cancer drug paclitaxel efficacy and leads to less necrotic tumors.




	
Uliana

[32]

	
Acellular

	
2D

	
Cancer formation

	
Disposable microfluidic electrochemical array device to detect estrogen receptor alpha (ERα).

	
USD 0.20 cost of manufacture.




	
Highly decorated magnetic particles and protein–DNA interaction detected using electrodes to quantify cancer signals.

	
Ultralow detection limit of 10.0 fg mL−1 for the determination of ERα in calf serum.




	
3 mm wide and 200 mm long, no ECM, 6000 μL/h.

	
Good recoveries for detection of the biomarker in MCF-7 cell lysate.




	
Moon

[44]

	
MCF-7, MDA-MB-231, and SUM-159PT cancer

	
3D

	
Cancer formation

	
Hydrogel tube seeded with breast cancers to quantify breast cancer subtype motility.

	
SUM-159PT found to be most invasive cell line.




	
500 μm diameter, collagen I hydrogel, static conditions.

	
CD24 expression was elevated in 3D compared with 2D cultures.




	
Yong

[45]

	
SUM149, HCC1937, MDA-MB-231, and BT549 cancer

	
3D

	
Cancer formation

	
A hydrogel channel with two perfused vessels, one seeded with breast cancer cells to quantify the directional migration of cancer cell lines.

	
MDA-MB-231 found to be most invasive.




	
200 μm diameter, collagen hydrogel, static conditions.

	
305 genes identified as altered during invasion.




	
Wang

[251]

	
SK-BR-3 cancer, HEK293FT cells, human T cells, Jurkat cells

	
Suspended cells

	
Cancer formation

	
A pair of chips, one that generates droplets containing cells and antibodies or lentivirus, another that electrically sorts droplets based on fluorescence.

	
CD40 antibody developed.




	
Continuous flow droplet-based lentivirus transduction and antibody screening.

	
Active anti-Her2 × anti-CD3 BiTE antibodies developed using antibody library.




	
40 μm deep channels, no ECM used, 600–1800 μL/h.




	
Sung

[46]

	
MCF-DCIS.com cancer cells, GFP Human mammary fibroblasts

	
3D

	
Invasion

	
Mammary endothelial and fibroblast cells co-cultured in Y-shaped compartmentalized model.

	
Co-culture promotes invasion, diminishing as distance between cell types increases




	
Second harmonic collagen imaging provides an index of transition to invasion.

	
Soluble factors shown to begin migration, while cell–cell contact between cancer and stromal cells completed the transition to invasion.




	
1.5 mm width, Matrigel and collagen I matrix, static culture.




	
Lam

[47]

	
RFP MDA-MB-231, skin fibroblasts

	
3D

	
Invasion

	
Two parallel 3D models with breast cancer and fibroblast co-cultures to study the role of acidity in the transition to invasion.

	
Calcium bicarbonate buffer nanoparticles inhibit acid-induced invasion.




	
Channels between 200–1000 μm wide, fibrin hydrogel, 36 μL/h

	
Buffering selectively inhibited the growth of the MDA-MB-231.




	
Toh

[48]

	
MX-1, MCF7 cancer

	
3D

	
Invasion

	
Tumor cells encased in collagen exposed to flowing chemoattractant signals on either side.

	
Cells found to exhibit collective, amoeboid, and mesenchymal-like motility.




	
Real-time monitoring of cell extravasation

	
Distinct populations of collagen-penetrating invasive cancer cells and collagen-avoidant migratory cancer cells identified.




	
1 cm long, 600 μm wide, and 100 μm tall, positively charged collagen and a negatively charged HEMA-MMA-MAA terpolymer matrix, 30 μL/h.




	
Yankaskas

[49]

	
ZR75-1, MDA-MB-468, MDA-MB-436, Hs578t, BT-549, and MDA-MB-231 cancer cells, MCF-10A, T47, and human mammary epithelial cells, and HCC1428

	
3D

	
Invasion

	
Continuous flow of breast cancer cells near parallel apertures through which chemoattractants diffuse to induce migration.

	
Identified motility- and survival-related genes.




	
Quantifies extravasation potential, abundance, and proliferative index of breast cancer cell subtypes.

	
MDA-MB-231 found to be most migratory.




	
Width of 20 µm and a height of 10 µm, collagen matrix, flow not specified.

	
Self-sorted migratory cells found to be significantly more proliferative and preferentially localize to bone in comparison with non-sorted cells.




	
Gioiella

[50]

	
MCF7 cancer cells, normal and cancer activated fibroblasts

	
3D

	
Invasion

	
Breast cancer tumor model using epithelial and stromal cell co-culture.

	
Hyaluronic acid and fibronectin overexpression are associated with invasion




	
Macromolecule and collagen production quantified.

	
Fibroblasts significantly lose diffusivity when activated by nearby tumor cells.




	
370 μm long, 780 μm wide, 300 μm deep, other channel is 1200 μm long, 1370 μm wide, 300 μm deep, crosslinked type A porcine-derived gelatin matrix, 180 µL/h.




	
Mosadegh

[51]

	
A549

	
3D

	
Invasion

	
Stacked paper seeded with hydrogel and cancer cells, used to examine hypoxia-induced migration.

	
Oxygen acts as a chemoattractant for cancer cells.




	
No channels, Matrigel matrix, no perfusion.

	
Distinct rates of oxygen chemotaxis between cell lines.




	
Lugo-Cintron

[53]

	
MDA-MB-231 cancer cells, normal and cancer activated fibroblasts

	
3D

	
Invasion

	
Large channel containing fibroblasts in microenvironment with a central channel seeded with breast cancer cells.

	
Fibronectin-rich matrix associated with increased migration.




	
3D breast cancer and fibroblast tumor model to visualize invasion.

	
MMP secretion associated with increased migration.




	
400 μm wide central channel, rat-tail collagen type I, fibronectin, and fibrin matrix, static culture.




	
Buchanan

[72]

	
MDA-MB-231 cancer cells, telomerase immortalized microvascular endothelial (TIME) cells

	
3D

	
Intravasation

	
Microchannel embedded within a collagen hydrogel as a vessel model with shear quantified using microparticle image velocimetry.

	
Tumor cells significantly increase the expression of proangiogenic genes in response to co-culture with endothelial cells under low flow conditions.




	
Microfluidic tumor vascular model for co-culture of tumor and endothelial cells under varying flow shear stress conditions

	
Endothelial cells develop a confluent endothelium on the microchannel lumen that maintains integrity under physiological flow shear stresses.




	
850 μm diameter, Collagen 1 matrix, 180 μL/h.




	
Choi

[73]

	
Human primary mammary fibroblasts, HMT-3522 cells

	
Spheroids, 3D

	
Intravasation

	
Intravasation model using a two-channel stroma and endothelial co-culture device later seeded with human mammary ductal epithelial cells and mammary fibroblasts co-culture breast tumor spheroids.

	
Paclitaxel anti-cancer drug shown to inhibit progression through cytotoxicity.




	
Visualization of attachment and intravasation.




	
1 mm wide, 3 mm long, and 200 μm tall, collagen hydrogel, 60 μL/h.




	
Nagaraju

[76]

	
MDA-MB-231 and MCF7 cancer cells, HUVECs

	
3D

	
Intravasation

	
Chip with distinct tumor, stroma, and vascular channels to model invasion and intravasation into media-filled vascular channel.

	
Endothelial cells significantly increase the migration of tumor cells.




	
200 μm wide channel, collagen matrix, flow rate not specified.

	
Tumor signaling significantly reduces vessel diameter and increases endothelial permeability.




	
Absence of endothelial cells significantly alters the secretion of ANG-2 and angiogenin.




	
Zervantonakis

[71]

	
MDA231 cancer cells, HT1080 fibroblasts

	
3D

	
Intravasation

	
Three-channel tumor model with an endothelial channel and a tumor channel separated by a cell-free 3D ECM channel to model intravasation towards endothelial cells.

	
Macrophage-secreted tumor necrosis factor alpha significantly increases intravasation rate.




	
500 μm wide, 20 mm in length, and 120 μm in height, collagen matrix, flow not specified.

	
Endothelium provides a barrier to intravasation, regulated by tumor microenvironment factors.




	
Cui

[75]

	
MDA-MB-231 cancer cells, primary human vascular endothelial cells

	
3D

	
Intravasation

	
32 independent cell collection microchambers with endothelial layer for characterization of trans-endothelial migration.

	
Migratory cancer cells significantly alter Palladin expression, F-actin orientation, and cell aspect ratio.




	
4 mm by 4 mm chip, poly-D-lysine and fibronectin matrix, 1200 µL/h.

	
Different cancer lines show significantly distinct sensitivity to shear stress impact on trans-endothelial migration




	
Shirure

[77]

	
MDA-MB-231 and MCF-7 cancer cells, Endothelial colony forming cell-derived endothelial cells, normal human lung fibroblasts, colorectal cancer cell line Caco-2

	
3D and Spheroid

	
Intravasation

	
Two tumor model chambers separated by one fibroblast and endothelial cell vascular model chamber to model arterial capillary intravasation.

	
VEGF and TGFβ significantly elevated during intravasation and migration.




	
355 μm wide, fibrin matrix, 10 mm H2O pressure head.

	
Tumor cells expressing mesenchymal-like transcriptome invade into vascular chamber significantly more efficiently.




	
Jiang

[146]

	
Lung, breast, and melanoma cancer blood samples

	
Suspended cells

	
Circulating signals and cells

	
Chip using deterministic lateral displacement to enrich platelet-CTC aggregates in conjugation with platelet antibodies for isolation.

	
60% reliable isolation of breast cancer CTC clusters.




	
24 parallel channels that are 150 μm in depth, no ECM, 1000 μL/h.




	
Au

[147]

	
Primary breast cancer CTCs and CTC clusters

	
Suspended cells

	
Circulating signals and cells

	
Two-stage continuous isolation of CTC clusters using asymmetry induced rotation.

	
2–100+ cells recovered from whole blood.




	
99% recovery of large clusters, cell viability over 87%.




	
Deliorman

[149]

	
PC3 human prostate cancer cell line

	
Suspended cells

	
Circulating signals and cells

	
Surface-bound antibodies for EpCAM, PSA, and PSMA to isolate CTCs for AFM measurements.

	
CTCs from metastatic cancer have decreased elasticity and increased deformability compared with tumor cells.




	
900 μm wide, 85 μm deep, and 48 mm long, no ECM, 1200 μL/h.

	
Fewer multiple adhesion events in CTCs compared with tumor cells.




	
Sarioglu

[158]

	
MDA-MB-231

	
Suspended cells

	
Circulating signals and cells

	
Detection of CTCs independent of tumor-specific markers using bifurcating traps under low-shear conditions.

	
30–40% successful detection of CTC clusters.




	
4096 parallel 60 μm wide traps, no ECM, 2.5 mL/h.

	
RNA sequencing identifies macrophages within CTC clusters are tissue-derived from the primary site.




	
de Oliveira

[163]

	
Acellular

	
Suspended cells

	
Circulating signals and cells

	
CTC detection using double-layer capillary capacitors to quantify CA 15-3.

	
5µL sample volume and 92.0 μU mL−1 detection limit.




	
Antibody-anchored magnetic bead capture of CTCs for analysis.

	
USD 0.97 cost of manufacture.




	
800 μm outer diameter, 545 μm inner diameter, 200 μm electrode gap, no ECM, no flow.




	
Marrella

[159]

	
MDA-MB-231

	
Suspended cells

	
Circulating signals and cells

	
Multi-channel device simultaneously analyze correlation between shear stress and CTC cluster behavior.

	
Higher values of wall shear stress significantly correlated with decreased CTC viability to metastasize.




	
1 mm wide and 120 mm long, no ECM, 0–20 dyne/cm2.

	
High shear stress significantly disaggregates CTC clusters within 6 h.




	
Regmi

[160]

	
MDA-MB-231 and UACC-893 cancer cells, lung cancer A549, ovarian cancer 2008, leukemia K562 cells

	
Suspended cells

	
Circulating signals and cells

	
Microfluidic circulatory system to produce relevant shear stress levels on CTCs and CTC clusters to investigate disaggregation under shear.

	
60 dynes/cm2 during exercise leads to necrosis or apoptosis in 90% of CTCs after 4 h of circulation, significantly more than 15 dynes/cm2.




	
1mm diameter tube, no ECM, 15–60 dyne/cm2.

	
High shear significantly reduces metastatic potential and drug resistance of breast cancer cells.




	
Uliana

[32]

	
MCF-7 cells, a human breast cancer cell line

	
Suspended cells

	
Circulating signals and cells

	
Disposable microfluidic electrochemical arrays using electrode-bound DNA and antibody-conjugated magnetic beads to detect estrogen receptor alpha in plasma.

	
10.0 fg mL−1 detection limit.




	
1.5 mm diameter electrode, no ECM, 6000 μL/h.

	
94.7–108% recovery of estrogen receptor alpha.




	
USD 0.20 cost of manufacture.




	
Vaidyanathan

[187]

	
BT-474 and MDA-MB-231 cancer cells, PC3 prostate cancer cells

	
Suspended cells

	
Circulating signals and cells

	
Multiplexed electrohydrodynamic detection of exosome targets in a chip.

	
Isolation of exosomal samples from HER2 and prostate-specific antigen.




	
400 μm wide, 300 μm tall, 25 mm length, no ECM, 420 μL/h.

	
8300 exosomes/µL detection sensitivity.




	
Gao

[191]

	
Acellular

	
Suspended cells

	
Circulating signals and cells

	
Multiple detections of miRNAs from multiple samples using three-segment hybridization detection in a microfluidic chip.

	
Successful detection of four breast cancer biomarker miRNAs.




	
50 independent channels on a 25 by 75 mm2 chip, no ECM, flow not described.

	
Detection limit of 1 pM in 30 min.




	
Armbrecht

[110]

	
MCF-7, SK-BR-3, and BR16 cancer cells, LM2 variant cell line

	
Suspended cells

	
Organotropism and extravasation

	
Integrated capture, isolation, and membrane analysis of CTCs in a chip.

	
95% isolation efficiency, granulocyte growth-stimulating factor detection efficiency at 1.5 ng/mL−1.




	
30 independent 75 μm width chambers, no ECM, 12 μL/h.




	
Park

[111]

	
MCF-7 and MDA-MB-231 cancer cells, HL-60 promyelocytic leukemia cell line

	
Suspended cells

	
Organotropism and extravasation

	
Inertial-force-assisted droplet generation using spirals to generate CTC clusters with known cell type ratios.

	
E-cadherin, VCAM-1, and mRNA expression characterized between cluster compositions.




	
140 μm width and five-loop structure, no ECM, 1200 μL/h.




	
Riahi

[113]

	
MDA-MB-231 cancer cells, HUVECs, human mammary epithelial cells, MCF7

	
Suspended cells, 3D

	
Organotropism and extravasation

	
Organ-specific extravasation of CTCs through an endothelial layer using localized chemokine gradients in a chip.

	
CXCL12 found to significantly increase extravasation.




	
150 μm by 500 μm by 3 cm, Matrigel matrix, 50 μL/h.




	
Aleman Sarkal

[114]

	
HUVECs, HCT-116 colorectal cancer, HEPG2, A549

	
Suspended cells, 3D

	
Organotropism and extravasation

	
Organ-specific extravasation of CTCs modeled using bioengineered 3D organoids of five different tissues.

	
HCT115 CRC cells preferentially extravasate into liver and lung cells, as seen in vivo.




	
200 μm width, HA/gelatin matrix, 600 μL/h.




	
Song

[115]

	
MDA-MB-231, MCF-10A, and MCF-7 cancer cells, HUVECs, normal human lung fibroblasts

	
Suspended cells, 3D

	
Organotropism and extravasation

	
Microvascular network model to quantify the extravasation of breast cell lines in distinct oxygen conditions.

	
HIF-1a confirmed through knockout and siRNA to significantly increase the transmigration capacity in breast cell lines and regulate apoptotic-related cellular processes.




	
1 mm wide and 150 µm deep, fibrin matrix, static conditions.

	
In hypoxia, HIF-1a levels increased alongside changes in morphology and an increase in cancer viability and metastatic potential.




	
Marturano-Kruik

[116]

	
GFP MDA-MB-231, Firefly MDA-MB-231, HUVECs, human bone marrow mesenchymal stem cells

	
3D

	
Organotropism and extravasation

	
Perfused bone perivascular niche on a chip to measure progression and drug resistance during metastasis.

	
Bone-marrow-derived mesenchymal stem cells shown to transition towards perivascular cell lineages and support capillary formation.




	
Dimensions not shown, decellularized bone ECM matrix, 15 μL/h.

	
Interstitial flow within bone perivascular niche persists with low proliferation and high drug resistance.




	
Jeon

[117]

	
MDA-MB-231 cancer, GFP HUVECs, human bone marrow mesenchymal stem cells

	
3D

	
Organotropism and extravasation.

	
Microfluidic bone, vascular, and myoblast model to analyze breast cancer organotropism.

	
Extravasation rate and permeability found to be significantly distinct between bone, myoblast, and unconditioned matrix models.




	
1.3 mm wide and 200 μm deep, fibrin ECM, 120 μm/h.

	
A3 adenosine receptor disruption resulted in significantly higher extravasation rates to myoblast-containing matrix




	
Bersini

[118]

	
GFP MDA-MB-231 cancer, RFP HUVECs, human bone marrow mesenchymal stem cells

	
3D

	
Organotropism and extravasation

	
Osteo-differentiated bone marrow-derived mesenchymal stem cells and endothelial cell bone microenvironment model of organotropism of breast cancer CTCs in a chip.

	
CTCs extravasated into the bone model 77.5% of the time at a distance of 50.8 µm, compared with 37.6% of the time at a distance of 31.8 µm into collagen control.




	
Eight parallel 225 µm by 150 µm gel regions, collagen hydrogel ECM, static conditions.

	
Bone secreted signals CXCR2 and CXCL5 found to influence extravasation rate and travel distance.




	
Mei

[119]

	
MDA-MB-231 cancer cells, HUVECs, MLO-Y4 osteocytes, RAW264.7 osteoclasts

	
3D

	
Organotropism and extravasation

	
Breast cancer, endothelial cell, and osteocyte-like cell model of bone extravasation using oscillatory shear in a chip.

	
3.71-fold increase in calcium response in 82.3% of osteocytes compared to continuous flow.




	
1 mm by 200 μm static channel in addition to a 500 μm by 500 μm vascular model. Channel, collagen, and Matrigel matrix, 1.5 Pa wall shear stress.

	
Mechanical stimulation reduced extravasation distance 32.4% and frequency by 53.5%.




	
Xu

[120]

	
MDA-MB-231 and M624 cells cancer, primary rat brain microvascular endothelial cells (BMECs), primary rat cerebral astrocytes

	
3D

	
Circulating signals and cells

	
Blood–brain barrier model in a chip.

	
Cancer cell and astrocyte interactions increase brain tumor migration between brain and vascular compartments.




	
200 μm by 400 μm, collagen matrix, 0.1 dyne/cm2 and 60 μL/h.




	
Liu

[270]

	
MCF-7 and MCF-7adm cancer

	
3D

	
Treatment

	
Five parallel gradient-generating networks on a chip using dam and weir structures for cell positioning and seeding to investigate anti-cancer drugs.

	
GSH levels of two breast cancer cell lines were reduced during arsenic trioxide treatment, resulting in increased chemotherapy sensitivity, and vice versa was found with N-acetyl cystine.




	
2 mm by 1 mm by 30 μm, no ECM, 20 μL/h.




	
Parekh

[275]

	
MDA-MB-231

	
Suspended particles

	
Treatment

	
Single breast cancer cell selection, drug loading, and fluorescence measurement on a chip.

	
Cyclosporine A found to greatly increase the cellular uptake of anti-cancer drugs by reducing drug efflux.




	
30 mm by 30 mm chip, no ECM, no flow.




	
Sarkar

[271]

	
MCF-7

	
Suspended particles

	
Treatment

	
Droplet docking microfluidic microarray to encapsulate single cells to investigate anti-cancer drug influx, efflux, and cytotoxicity.

	
Confirmation of previous findings and further classification of drug resistance between breast cancer cell lines.




	
No dimensions given, no ECM, no flow.

	
Observed increased drug resistance during the homotypic fusion of cell-sensitive and resistant cell types within droplets.




	
Zhang

[244]

	
2A4 hybridoma cells

	
Suspended particles

	
Treatment

	
Integrating chip for screening heavy and light chain combinations in antibodies using single-cell trapping, qPCR, and fluorescence to quantify specificity.

	
Anti-CD45 monoclonal antibodies identified using hybridoma cells.




	
50 μm width, no ECM, 180 μL/h.




	
Cheng

[233]

	
T47D and BT549 cancer, primary HUVECs

	
Spheroids

	
Treatment

	
Isolated tumor spheroids trapped next to endothelial cell vascular tissue model to analyze nanoparticle drug delivery systems.

	
The nanoparticle drug Ds-PEG-FA/DOX found to penetrate spheroids of BT549 cancer but not T47D.




	
300 μm long, 200 μm wide, 100 μm deep, basement membrane extract matrix, flow rate not specified.




	
Qi

[273]

	
MDA-MB-231 and MDA-MB-231/MDR

	
Subcellular and 2D

	
Treatment

	
Antibody-laden pillars for the specific capture of exosomes for isolation.

	
CD63-laden exosomes isolated at 70% efficiency.




	
4 mm channel length, no ECM, 600 μL/h.

	
Drug content of isolated exosomes found to be significantly different between cell lines and between treatments.




	
Qiao

[257]

	
A549 Human lung adeno-carcinoma, HEK293T human kidney cell line

	
Suspended particles

	
Treatment

	
Microfluidic encapsulation of oncolytic adenovirus and the BET bromodomain inhibitor JQ1 within PVA microgels for injection into tumors.

	
Found to extend persistence and accumulation of oncolytic adenovirus within tumors.




	
Device dimensions not specified, no ECM, flow rate not specified.

	
PVA microgels inhibited PD-L1 expression to overcome immune suppression.




	
Ide

[252]

	
BW5147 (H2k), JCRB9002, and BW5147

	
Suspended cells

	
Treatment

	
Lymph node and T cell–APC interaction model for cell collection and analysis.

	
Calcium ion flux fluorescent dye in T cells used as metric of activation during serial contact with APCs.




	
20 μm well diameter, no ECM, 4200 μL/h.

	
T cell activation during contact with OVA 257–264 peptide presenting quantified APCs.




	
Lou

[239]

	
Bone marrow cells

	
Suspended particles

	
Treatment

	
Tunable liposome formation in a microfluidic channel.

	
Cationic liposomes of 50–750 nm composed of combinations of tailored phospholipid ratios.




	
Hydrodynamic focusing cartridges of 10 and 65 µm width, no ECM, 900 mL/h.

	
Macrophage liposome uptake is modulated by area and volume, and biodistribution in mice showed that <50 nm particles increase clearance rate.




	
Liu

[240]

	
HeLa

	
3D

	
Treatment

	
Continuous flow co-precipitation of polymers to produce injectable “nanosystems”.

	
Nanosystem loaded with photosensitive zinc successfully localized to cancer cells to enable photodynamic therapy.




	
200 μm wide and 45 μm deep, no ECM, 7200 μL/h.




	
Lee

[259]

	
MRC5 fibroblasts, human lung cancer A549 cells

	
Spheroid

	
Treatment

	
Cancer, fibroblast, and endothelial spheroid model for oncolytic virus infection on a chip.

	
Cancer cells transfected substantially more than bystander cells, which is not observed in 2D cell culture




	
500 μm spheroid chambers, collagen I matrix,

0.3 dyne/cm2.

	
HUVEC IFN-B secretion is delayed in 2D compared to the microfluidic model.




	
Terrell

[248]

	
MDA-MB-231-HER2+ cancer, CTX-TNA2 rat astrocytes

	
3D

	
Treatment

	
Blood–brain barrier model in a chip to investigate monoclonal antibody localization.

	
Tailored antibody trastuzumab found to localize 3% to healthy brain and 5% to tumor model brain.




	
200 μm width, fibronectin matrix, 60 μL/h.

	
Rate of uptake quantified as 2.7 × 103 to healthy brain and 1.28 × 104 to cancerous brain.




	
He

[238]

	
Acellular

	
Suspended particles

	
Treatment

	
Hydrodynamic flow for self-assembly of amphiphilic nanoparticles capable of forming a “micelle”.

	
500 nm to 2 μm giant vesicles formed.




	
Channel size not described, no ECM, 5400 μL/h.
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