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Bone is one of the most common sites of cancer metastasis, as its fertile microenvironment attracts tumor cells. The unique mechanical properties of bone extracellular matrix (ECM), mainly composed of hydroxyapatite (HA) affect a number of cellular responses in the tumor microenvironment (TME) such as proliferation, migration, viability, and morphology, as well as angiogenic activity, which is related to bone metastasis. In this study, we engineered a bone-mimetic microenvironment to investigate the interactions between the TME and HA using a microfluidic platform designed for culturing tumor cells in 3D bone-mimetic composite of HA and fibrin. We developed a bone metastasis TME model from colorectal cancer (SW620) and gastric cancer (MKN74) cells, which has very poor prognosis but rarely been investigated. The microfluidic platform enabled straightforward formation of 3D TME composed the hydrogel and multiple cell types. This facilitated monitoring of the effect of HA concentration and culture time on the TME. In 3D bone mimicking culture, we found that HA rich microenvironment affects cell viability, proliferation and cancer cell cytoplasmic volume in a manner dependent on the different metastatic cancer cell types and culture duration indicating the spatial heterogeneity (different origin of metastatic cancer) and temporal heterogeneity (growth time of cancer) of TME. We also found that both SW620 and MKN72 cells exhibited significantly reduced migration at higher HA concentration in our platform indicating inhibitory effect of HA in both cancer cells migration. Next, we quantitatively analyzed angiogenic sprouts induced by paracrine factors that secreted by TME and showed paracrine signals from tumor and stromal cell with a high HA concentration resulted in the formation of fewer sprouts. Finally we reconstituted vascularized TME allowing direct interaction between angiogenic sprouts and tumor-stroma microspheroids in a bone-mimicking microenvironment composing a tunable HA/fibrin composite. Our multifarious approach could be applied to drug screening and mechanistic studies of the metastasis, growth, and progression of bone tumors.
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INTRODUCTION

Cancer metastasis, a complex phenomenon in which cancer cells spread to new organs, is one of the greatest challenges in cancer research. Metastasis is influenced by surrounding stromal cells and the extracellular matrix (ECM), as well as tumor cells (Coleman, 2001). Tumor angiogenesis also contributes to cancer metastasis (Weis and Cheresh, 2011; Bielenberg and Zetter, 2015). Therefore, tumor angiogenesis and the interactions between cancer cells and the ECM influence the invasion and metastasis of cancer cells (Ma et al., 2008; Gill and West, 2014). To investigate the complex interactions in the tumor microenvironment (TME), previous studies have constructed in vitro TME models (Wang et al., 2014; Ahn et al., 2017; Chung et al., 2017), which led to the development of a drug/nanoparticle delivery test system for cancer therapy (Ahn et al., 2018a; Du et al., 2018; Sei et al., 2018).

Bone is one of the most common locations of cancer cell metastasis. Aggressive tumor cells are prone to be extremely metastatic in the fertile bone environment (Coleman, 2001), becoming a frequent cause of morbidity and mortality in patients with advanced cancer (Coleman, 2001; Pathi et al., 2010). The prognosis of patients with bone metastasis is very poor, with a 5-year survival rate of <5%. Most patients at stage 3 or 4 have bone metastasis (>51% for colorectal cancer and >61% for gastric cancer) at the initial diagnosis of colorectal and gastric cancer (Ahn et al., 2011; Baek et al., 2016). To recapitulate bone metastasis from colorectal and gastric cancer, we used the highly metastatic colon cancer cell line SW620 (from a lymph node metastasis) and the gastric cancer cell line MKN74 (from a liver metastasis). The prognosis of patients with bone metastasis from colorectal and gastric cancer is poor because of the advanced stage of the disease and largely unknown metastatic behavior in the bone TME (Sundermeyer et al., 2005). The bone microenvironment consists of the inorganic mineral hydroxyapatite [Ca10(PO4)6(OH)2] (HA), with a thickness of 1.5–4.5 nm. HA is located within mineralized fibrils and has high stiffness, toughness, and biocompatibility (Lai et al., 2014). Thus, the addition of HA nanoparticles to the ECM enables recapitulation of the physiological environment in vitro (Pathi et al., 2010, 2011; Zhu et al., 2016b). Moreover, due to the unique properties of HA, synthetic HA nanoparticles have been used for biomedical applications (Hanawa, 2012) to promote cell growth and inhibit apoptosis (Shi et al., 2009).

The effects of bone mineral components on tumor cells have been investigated. In addition to enhancing normal bone formation, the HA-mineralized microenvironment mediates bone cancer metastasis and, consequently, secondary tumor formation due to increased cellular adhesion and proliferation, and anti-inflammatory activity (Pathi et al., 2010, 2011; Pilmane et al., 2011; Zhu et al., 2016b). Although HA nanoparticles exert minimal effects on normal cells, they inhibit the proliferation of tumor cells, such as breast cancer, colorectal cancer, gastric cancer, and hepatoma cells (Liu et al., 2003; Yin et al., 2006; Chen et al., 2007; Alépée et al., 2010; Meena et al., 2012; Dey et al., 2014; Han et al., 2014). Furthermore, the inhibitory effect of HA nanoparticles on cancer cells is dose-dependent (Han et al., 2014). However, the cause of metastasis in the bone microstructure is unclear.

The effects of the mechanical properties of the ECM on cells can be analyzed by observing cellular mobility in an HA/hydrogel composite. For example, the effect of an increased concentration of HA in the HA/collagen/fibrin composite on periosteal and endothelial cells (ECs) has been examined in vivo and in vitro (Zhang et al., 2006; Rao et al., 2014). Moreover, bone metastasis of breast and prostate cancer cells was recapitulated in vitro using an HA-containing scaffold (Lin et al., 2001; Meena et al., 2012). However, rheological analysis of HA-containing ECM, which affects cellular mobility, is lacking. Furthermore, an in vitro model of cancer metastasis in an osseous microenvironment focused on breast and prostate cancer (Lin et al., 2001; Pathi et al., 2011; Zhu et al., 2016a). Microfluidic devices have been developed to investigate breast cancer metastasis and cancer extravasation in an osteocell microenvironment (Bersini et al., 2014). Compared to breast and prostate cancer, bone metastasis of gastric cancer (Yoshikawa and Kitaoka, 1983; Kammori et al., 2001; Ahn et al., 2011) and colon cancer (Katoh et al., 1995; Sundermeyer et al., 2005) rarely delays diagnosis.

In this study, we analyzed the gel rheology of an HA/fibrin composite to assess the influence of the mechanical properties of the ECM on the TME (Figure 1). We incorporated colorectal cancer (SW620) and gastric cancer (MKN74) cells within a bone-mimicking microfluidic platform consisting of an HA/fibrin composite and investigated their viability, morphology, proliferation, and migration. Fibroblasts were co-cultured for the bone microenvironment instead of osteoblasts, as the fibroblasts within the bone matrix are genetically analogous to osteoblasts (Ducy et al., 2000). Furthermore, tumor angiogenesis, a key factor in cancer metastasis, was investigated using our platform by assessing sprouting characteristics and secreted factors. Moreover, the vascularized TME was reconstructed in the bone-mimicking matrix, which included three-dimensional (3D) tumor spheroids that resembled the TME in bone. By reconstituting bone microstructure with the TME in a microfluidic platform and analyzing its rheological properties of the microstructure, we evaluated the relationship between the properties of the ECM and tumor angiogenesis and metastasis.
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FIGURE 1. Scheme for reconstruction of tumor microenvironment (TME) in bone-mimicking extracellular matrix (ECM) composite in the microfluidic chip. (A) The composites include cells composing of tumor microenvironment such as cancer cells, endothelial cells and fibroblasts as well as hydroxyapatite (HA) mineral component consisting of bone matrix. Using this microfluidic platform, we analyzed cancer viability, proliferation, cytoplasmic volume, migration, cancer induced angiogenesis, and tumor spheroid induced angiogenesis. (B) Configuration of microchannels of the microfluidic platform indicating their dimensions and a photograph of a microfluidic chip for bone-mimicking TME.



RESULTS AND DISCUSSION

Morphology of the HA/Fibrin Composite

To recapitulate the mineralized bone TME, which comprises mainly a stiff ECM and calcium phosphate (which provide hardness and rigidity), we incorporated HA into the fibrin ECM. We have reported previously on various structures consisting of pure fibrin (0% HA) and fibrin with 0.05, 0.10, 0.30, 0.40, and 0.50% HA (Jusoh et al., 2015). In our bone TME platform, HA particles are distributed homogenously within a fibrin gel and can be readily observed. We confirmed that at ≥0.5% HA, the fibrin-HA mixture does not polymerize in the microfluidic channel (Jusoh et al., 2015). Therefore, we used fibrin/HA concentrations of 0.0, 0.2, and 0.4%.

A scanning electron microscopy (SEM) image of the HA/fibrin composite containing 0.0, 0.2, and 0.4% HA is shown in Figure 2A. As the concentration of HA increased, the locations showing agglomeration thereof within the HA/fibrin composite also increased. Additionally, while the fibrin gel had a relatively uniform inter-fiber pore size, the pore size of the HA/fibrin composite was distributed non-homogeneously. Moreover, the composites with higher concentrations of HA were characterized by larger gaps between agglomerated HA nanocomposites. In contrast, as the concentration of HA increased, the number of gaps between agglomerated HA nanocomposites decreased, because the total amount of agglomerated HA nanoparticles increased to fill the gaps. Furthermore, when the HA/fibrin composite was prepared in six-well plates (Figure S1A), the time required for it to solidify increased with increasing HA concentration (Figure S1B).
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FIGURE 2. (A) SEM images of HA/fibrin composite with varying concentration of HA component (0.0, 0.2, and 0.4%). (Scale bar: 2 μm). Yellow arrows indicate agglomerated locations. (B) The storage and loss modulus as a function of strain at the same temperature and oscillation frequency in gel rheology analysis, indicating critical strain for each plot.



Mechanical Properties of the HA/Fibrin Composite

The mechanical properties (including the storage and loss moduli, as determined by gel rheology under strain sweep conditions) of the HA/fibrin composites with varying concentrations of HA are shown in Figure 2B, Figure S2. The critical strain (γc) was defined as the strain above which the storage modulus decreased by more than 10% of the maximum value of the storage modulus (Mancini et al., 2002). The critical strain value of the fibrin gel was significantly lower at 0.2% HA (γc = 1.94) compared to 0.0% HA (γc = 2.60). In contrast, the critical strain was lower at 0.4% HA (γc = 3.66) compared to 0.2% HA. In addition, under 5% oscillation strain, the storage modulus was lower at 0.2% HA (G' = 122 Pa) compared to 0.0% HA (G' = 166 Pa), but was higher at 0.4% HA (G' = 174 Pa) compared to 0.2% HA.

Previous studies have addressed the relationship between tissue morphology/response and the mechanical properties of the gel composite (Rao et al., 2012, 2014). As noted above, the HA/fibrin composite was subjected to varying strain waves in gel rheology testing to analyze the critical strain (γc), which represents the strain zone in which the modulus deviates from linear behavior. Both the critical strain and the storage/loss modulus at 5% oscillation strain were lower at 0.2% HA compared to the conditioned fibrin gel, but higher at 0.4% HA (Figure S3). Therefore, the mechanical properties of the HA/fibrin composite were affected by the quantity of HA, possibly due to effect on the morphology and architecture of the matrix.

An HA/Fibrin Composite for Recapitulation of the TME

The microfluidic device consisted of five parallel channels separated by 100-μm gaps. To prevent leakage and to capture the hydrogels, microposts were used in the microfluidic device (Figure 1). By keeping HA nanoparticles in the fibrin ECM, this platform allows detailed analysis of the HA-TME interaction, which modulates cellular activity (Figure 1). Note that an ideal platform for engineering bone-mimetic ECM should have suitable 3D structures with interconnected pores to facilitate cellular activities, while also supporting cell adhesion, proliferation, and differentiation (Shamloo and Heilshorn, 2010).

As a scaffolding biomaterial, collagen-hydroxyapatite composite scaffold was characterized for bone tissue engineering (Rodrigues et al., 2003). Fibrin also has been widely known as a biopolymer to emulate the natural nanostructured features of bone and be favorable to precisely control its nano/microstructure (Noori et al., 2017). Since collagen demonstrates similar characteristics to fibrin in terms of fiber thicknesses, the level of the total serum protein adsorption, and bone regenerative response, both biomaterials have been frequently used in bone tissue engineering (Oh et al., 2014). Thus, a plethora of studies in bone tissue engineering are conducted using both collagen and fibrin composites.

Tumor Cell Viability, Proliferation, and Morphology

SW620 and MKN74 cells were incubated in a HA/fibrin composite with 0.0, 0.2, or 0.4% HA for 1, 3, or 7 days (Figures S4–S9, Figure 3). Cell viability was quantified by live/dead assay, proliferation was assessed by Ki-67 staining, and cell morphology was analyzed by determining the cytoplasmic volume per cell by filamentous actin (F-actin) staining (Figures S4–S9). We patterned tumor cells with 0.0, 0.2, and 0.4% HA/fibrin composite into the middle channel, and injected fibroblasts into the two side channels to facilitate paracrine interactions between the tumor cells and stromal cells.
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FIGURE 3. Cancer cellular response assay in the HA/fibrin composite in the microfluidic platform (A) Schematic representation of assay to observe cellular responses of cancer cells cultured in the HA/fibrin composite in TME co-cultured with fibroblasts. Representative confocal images of viability, proliferation, and morphology of cancer cells. Quantification of assay for (C,D) viability, (D,E) proliferation, (F,G) morphology conducted in the microfluidic chip in different HA concentration and culture time points. (B,D,F: MKN 74, and C,E,G: SW620, n = 4–6 chips per condition) The representative confocal Images are demonstrated in Figures S4, S6, S8, respectively.



MKN74 cells exhibited consistent viability during culture in 0.0, 0.2, and 0.4% HA/fibrin composites (Figures 3B,C, Figures S4, S5). The viability of SW620 cells at days 1 and 3 did not differ significantly according to HA concentration (Figure 3C). However, at day 7, the viability of SW620 cells cultured in 0.2 and 0.4% HA was significantly decreased compared to those in 0.0% HA. In two-dimensional (2D) culture, the viability of SW620 cells was not significantly different, but that of MKN74 cells decreased with increasing HA concentration (Figure S5). The proliferation rate (number of Ki-67 positive cells) of both cell types decreased significantly over time (Figures 3D,E, Figures S6, S7). Interestingly, the number of Ki-67–positive MKN74 cells cultured in 0.4% HA at day 7 was significantly lower than in the control (Figure 3D). The proliferation rate of SW620 cells cultured in 0.4% HA was significantly lower than that of cells cultured in 0.0% HA at day 1, but the opposite trend was evident at day 7 (Figure 3E). In 2D culture, there was no significant difference in the proliferation rate of MKN74 cells, but the proliferation rate of SW620 cells cultured in 0.4% HA was markedly lower than that of the control (Figure S7). The cytoplasmic volume per cell of MKN74, but not SW620 cells, decreased over time (Figures 3F,G, Figures S8, S9). The cytoplasmic volume per cell of MKN74 cells decreased with increasing HA concentration at days 3 and 7, and did that of SW620 cells at day 3 (Figures 3F,G). Interestingly, SW620 cells with 0.4% HA showed a biphasic effect on cytoplasmic volume per cell with increasing culture time (Figure 3G). However, in 2D culture, the cytoplasmic volume per cell of both cell types was unaffected by the HA concentration (Figure S9). Thus, tumor cell proliferation and cytoplasmic volume per cell differed according to the HA concentration in the HA/fibrin composite, and by time, but the trends varied between the two cell lines.

HA components do not significantly affect cell viability, enabling their clinical application; e.g., as doxorubicin-loaded HA-coated nanoparticles in drug delivery systems for targeted cancer therapy (Abbasi Aval et al., 2016). In this study, the viability of SW620 (days 1 and 3) and MKN74 (days 1, 3, and 7) cells remained high in the HA/fibrin bone-like matrix irrespective of the HA concentration, but the viability of SW620 cells at day 7 with a high HA concentration significantly decreased compared to the control, suggesting an anti-tumor effect of HA. Therefore, HA affects cell viability in a manner dependent on the cell type and culture duration. The cytoplasmic volume of both SW620 and MKN74 cells tended to decrease with increasing culture duration irrespective of the HA concentration (Figures 3F,G). The cytoplasmic volume of MKN74 tumor cells tended to decrease with increasing HA concentration at days 3 and 7, but not SW620 cells, likely due to the increased agglomerated locations, which might hinder the volumetric growth of the cytoplasm in tumor cells.

The cancer stroma plays roles in cancer at multiple stages. Indeed, tumor cells do not act in isolation, but rather subsist in an abundant microenvironment nourished by resident stromal cells (e.g., fibroblasts and ECs) and the ECM. The tumor stroma is essential for cancer initiation, growth, and progression (Pietras and Ostman, 2010). In a previous study, fibroblasts induced remarkable morphological changes in SW620 and MKN74 cells within 48 h. Both cell types exhibited a significant increase in cytoplasmic volume and clustered nuclei, possibly due to factors secreted by the fibroblasts. In addition, studies involving co-injection of tumor cells and mesenchymal cells from different sources have demonstrated the importance of stromal fibroblasts for tumor initiation, growth, and metastasis (Camps et al., 1990; Karnoub et al., 2007).

HA exerts an anti-proliferation effect, possibly by inducing apoptosis in certain types of cancer cells. HA nanoparticles inhibit proliferation and induce apoptosis by producing intracellular reactive oxygen species and activating p53, which is responsible for DNA damage and apoptosis (Liu et al., 2003; Chen et al., 2007; Alépée et al., 2010; Meena et al., 2012; Dey et al., 2014), and smaller nanoparticles have a stronger anti-cancer effect (Alépée et al., 2010; Meena et al., 2012; Dey et al., 2014). Interestingly, the inhibitory effects of HA nanoparticles may be cell type-specific, as the inhibitory effect of HA is greater for cancer cells than for normal cells (Han et al., 2014). Consistent with previous research, the proliferation rate of MKN74 cells tended to decrease with increasing HA concentration in this study. In contrast, at day 7, the number of Ki-67–expressing SW620 cells increased with increasing HA concentration; the opposite trend was detected at day 1. Therefore, some types of cancer cell might alter their proliferation in response to culture duration and HA concentration. Also, the correlations of the viability, morphology, and proliferation of tumor cells in the TME with HA concentration can be analyzed using our platform.

Tumor Cell Migration Within the HA/Fibrin Composite

To evaluate migration of tumor cells through a bone-mimicking matrix, we performed immunostaining for F-actin and confocal microscopy to assess cell morphology (Figure 4). We first attached two types of cancer cells to the side of the middle channel, which contained acellular fibrin gel, and stromal cells plus fibrin gel were patterned in other microchannels to enable paracrine interactions between cancer and stromal cells.
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FIGURE 4. Cancer cell migration in HA/fibrin composite in the microfluidic platform. (A) Schematic representation of assay to observe migration of cancer cells cultured in the HA/fibrin composite in TME co-cultured with fibroblasts. Confocal images and graphs for the number of invaded cancer cells and invasion area per ROI for (B–D) MKN74, and (E–G) SW620 respectively in HA/fibrin composite with varying HA concentration (0.0, 0.2, and 0.4%) (n = 5–9 chips per condition) (white arrows indicate nuclei of migrated tumor cell into tunable bone mimicking ECM). (Scale bar: 100 μm).



Figures 4C,D,F,G shows quantitative data on the cell invasion of composites consisting of 0.0, 0.2, and 0.4% HA. The HA/fibrin gel construct remained intact under various medium and culture duration conditions (Figure S10).

Generally, the number of invaded cells decreased with increasing HA concentration. In the HA/fibrin composites with 0.0% and 0.2% HA, 11 ± 2 and 6 ± 2 MKN74 cells, respectively, had migrated, fewer than 30 ± 4 and 8 ± 3 SW620 cells, respectively. However, at 0.4% HA, 4 ± 1 MKN74 cells had migrated, compared to 2 ± 1 SW620 cells (Figures 4D,G).

In addition, we quantified the invasion area based on the actin cytoskele-ton. In general, the invasion area of both types of cancer cell decreased with increasing HA concentration. MKN74 cells had a significantly larger invasion area compared to SW620 cells at all HA concentrations tested. For SW620 cells, the invasion area was 2,812 ± 171, 1,344 ± 188, and 244 ± 96 μm2 at 0.0, 0.2, and 0.4% HA, respectively. For MKN74 cells, the invasion area was 8,212 ± 403, 3,959 ± 792, and 3,305 ± 506 μm2, respectively. Therefore, MKN74 cells exhibited enhanced actin filament formation in the HA/fibrin matrix, despite their less marked migration than SW620 cells (Figures 4C,F).

Cancer progression is regulated by the interaction between tumor cells and the stromal compartment, which consists of stromal cells, ECM, chemokines, and blood vessels (Yamaguchi and Condeelis, 2007). Therefore, cells must degrade and remodel ECM structures to migrate through the ECM (Yamaguchi and Condeelis, 2007). Despite its fertile environment, only certain types of cancer cell preferentially spread to bone (Yoneda and Hiraga, 2005). Therefore, cancer cells with a high predilection for disseminating to bone may have biological properties different from those of cancer cells that rarely spread to bone (Ramaswamy et al., 2002).

It is important to note that both SW620 and MKN74 cells exhibited significantly reduced migration at higher HA concentrations. This was likely because of the increased quantity of agglomerated regions in the microstructure of the HA/fibrin composite, which inhibit cellular movement. These results are in agreement with those of the cytoplasmic volume per cell.

Angiogenesis Induced by Paracrine Signaling From TME in the HA/Fibrin Composite

To evaluate TME-induced angiogenesis in the microfluidic platform, cancer cells were incubated with fibroblasts to recapitulate the TME before introducing ECs. Cancer cells and fibroblasts were co-cultured within the HA/fibrin matrix and TME induced-angiogenesis was evaluated (Figure 5A). In our platform, the opening between the posts at the interface of the central channel facilitates paracrine interactions between ECs and cancer/stromal cells during vessel formation. To this end, an acellular fibrin gel was patterned into the middle channel and ECs were attached to the fibrin walls of the middle channel. In general, incubation of MKN74 and SW620 cells with fibroblasts in the HA/fibrin composite reduced angiogenesis, as the sprout length decreased with increasing HA concentration. For MKN74 cells, the sprout length was 445 ± 69, 337 ± 49, and 246 ± 56 μm at 0.0, 0.2, and 0.4% HA, respectively (Figures 5B,C). For SW620 cells, the sprout length was 393 ± 50, 300 ± 37, and 237 ± 40 μm at 0.0, 0.2, and 0.4% HA, respectively (Figures 5D,E). Thus, paracrine signals from tumor and stromal cells in the HA/fibrin composite with a high HA concentration resulted in the formation of fewer sprouts.
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FIGURE 5. Angiogenesis induced by paracrine signaling from TME co-cultured with cancer cells and fibroblasts in HA/fibrin composite in the microfluidic platform. (A) Schematic representation of angiogenesis in fibrin gel, which was induced TME consisting of cancer cells and fibroblasts in bone-mimicking matrix. Confocal image and graph for sprouting length of blood vessels for (B,C) MKN74 and (D,E) SW620 respectively in HA/fibrin composite with varying HA concentration (0.0, 0.2, and 0.4%). (n = 5–9 chips per condition). (Scale bar: 100 μm).



The metabolic and nutritional needs for tumor growth and metastasis are met by the formation of a complex angiogenesis vascular network (Alépée et al., 2010; Weis and Cheresh, 2011). Therefore, controlling tumor-associated angiogenesis shows promise for limiting cancer progression (Weis and Cheresh, 2011). In vivo, the TME consists of a variety of cell types and numerous signaling molecules and pathways that influence angiogenesis. In addition, tumor cells in the TME activate the surrounding normal cells by releasing cytokines, growth factors, guidance molecules, and matrix metalloproteinases (Alépée et al., 2010; Weis and Cheresh, 2011).

Angiogenesis results from stimulatory signals within the TME that prompt changes in multiple cell types (Weis and Cheresh, 2011). Growth factors and cytokines secreted by tumor cells promote angiogenesis from a nearby vessel for invasion, before intravasating within the local vasculature and, prior to extravasating by adhering to the vessel wall, transmigrating across the endothelium and invading the ECM (Katt et al., 2016). For example, during angiogenesis, vascular endothelial growth factor (VEGF) stimulates the sprouting and proliferation of ECs to form blood vessels (Weis and Cheresh, 2011). By using our platform to enable intercellular communication via secreted factors, we determined that addition of HA to co-cultures of cancer cells and stromal fibroblasts induced secretion of factors that suppressed angiogenesis. Thus, we assayed the concentrations of VEGF, tumor necrosis factor-alpha (TNF-α), and transforming growth factor-beta (TGF-ß) using enzyme-linked immunosorbent assays (Figure S11). The concentrations of these factors differed slightly according to HA concentration. Elucidation of the angiogenic sprouting mechanism may lead to the development of effective therapeutics against angiogenesis in the bone microenvironment.

Reconstitution of Vascularized Tumor Spheroids in the HA/Fibrin Composite

To demonstrate crosstalk between the tumor and the TME, we patterned tumor-fibroblast microspheroids into the center channel using HA/fibrin composites comprising 0.0, 0.2, and 0.4% HA (Figure 6). Attached ECs exhibited angiogenic sprouting in response to the microenvironment generated by interactions between SW620- and MKN74-fibroblast microspheroids (Figures 6B,E). For both MKN74 and SW620 cells, the number of angiogenic sprouts decreased with increasing HA concentration (Figures 6C,F). In contrast, sprout length showed a biphasic response to an increasing HA concentration (Figures 6D,G). For MKN74 cells, the sprout length in the 0.2% HA/fibrin composite (656.3 ± 112.6 μm) was dramatically greater compared to the control (450.8 ± 122.4 μm), but did not differ significantly between 0.0% and 0.4% HA. For SW620 cells, the sprout length of the 0.4% HA/fibrin composite (363.9 ± 84.1 μm) was significantly smaller compared to the control (531.1 ± 115.6 μm), and there was no significant difference between 0.0 and 0.2% HA. The new blood vessels physically interacted with the tumor spheroids while migrating through ECM containing bone mineral components, indicating TME-induced angiogenesis (Figures S13, S14, Supplementary Video S1). Interestingly, at 0.4% HA, both MKN74-fibroblast and SW620-fibroblast microspheroid-induced angiogenesis was markedly reduced compared to 0.0% and 0.2% HA, suggesting an anti-angiogenic effect. Importantly, the angiogenesis induced by SW620-fibroblast microspheroids resulted in thinner blood vessels than that promoted by MKN74-fibroblast microspheroids, demonstrating the molecular and cellular heterogeneity of the TME induced angiogenesis.
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FIGURE 6. Reconstitution of vascularized three-dimensional tumor-stromal cell spheroid in HA/fibrin composite in the microfluidic platform. (A) Schematic representation of assay to observe angiogenesis with three-dimensional tumor spheroid in HA/fibrin composite. Confocal images and graph for the number of blood vessel sprouts and sprouting length of blood vessels for (B–D) MKN74 and (E–G) SW620 respectively in HA/fibrin composite with varying HA concentration (0.0, 0.2, and 0.4%) (n = 5–7 chips per condition). (Scale bar: 200 μm).



Within bone environment, cells are steadily encounter physical forces such as hydrostatic pressure, shear, compression and tension. Piezoelectric bone microenvironment can generate electrical signals in response to the mechanical stress (Ribeiro et al., 2015; Hytönen and Wehrle-Haller, 2016; Jacob et al., 2018). These cellular functions involving mechanical interaction are amenable to be modulated by mechanosensitive Piezo channels that transduce mechanical stimuli into intracellular signals (Coste et al., 2010). The balance between mechanical stress and cellular reaction is crucial to sustain tissue homeostasis and, in consequence of loss of the equilibrium leads to pathology including cancer (Michor et al., 2011). Indeed, functional expression of Piezo channels has been demonstrated in malignant breast cancer cell lines (Li et al., 2015). Piezo1 senses rigidity changes in the environment and optimizes confined cell migration (Hung et al., 2016). In addition, Piezo1 served as sensor of shear stress and determinants of vascular structure (Li et al., 2014). Piezo2 is essential to metastatic cancer cells to probe their physical environment as they anchor and pull on their surroundings (Pardo-Pastor et al., 2018). The Piezo2-induced Ca2+ signal activates downstream the RhoA-mDia pathway necessary for the regulation of cancer metastasis (Pardo-Pastor et al., 2018). Although in this study focused on the reconstituting of bone-mimicking TME in response to tunable HA concentration, the ability to robustly pattern with multifarious approach could be applied to broad bone TME application including mechanotransduction.

Our platform enables recapitulation of 3D vascularized tumor spheroids in a TME consisting of ECM and minerals. Three-dimensional spheroids comprising tumor fibroblasts formed by aggregation and exhibited protein and mRNA profiles that resembled those in vivo (Kloss et al., 2008; Friedrich et al., 2009; Katt et al., 2016). Additionally, the 3D spheroids recapitulated the cell-cell and cell-matrix interactions between tumor cells and the 3D TME (Mehta et al., 2012). Tumor spheroids induce vascularization, which requires a vascular network to deliver oxygen and nutrients (Mueller-Klieser, 1987; Friedrich et al., 2009). In particular, in a bone-like microstructure, the stiffness of the ECM modulates capillary formation and barrier integrity by altering the endothelial response to chemical factors (LaValley and Reinhart-King, 2014).

In TME, pericytes are also capable of tumor homing and crucial stromal cellular components of TME. However, our current system lacked pericytes (von Tell et al., 2006; Ahn et al., 2018b). Therefore, fully mimicking the tumor-stromal interactions in complex bone TMEs remains a challenge.

CONCLUSION

As a proof of concept study, we reconstructed the TME in a mineralized microstructure by incorporating highly metastatic SW620 and MKN74 cells within a microfluidic platform. We also investigated the relationship between the mechanical properties and cellular activities of the bone-mimicking ECM. The viability, morphology, and proliferation of both types of cancer cells in the HA/fibrin composite varied according to the HA concentration and culture duration. Moreover, both SW620 and MKN74 cells demonstrated significantly reduced migration at higher HA concentrations. Also, angiogenic sprouts induced by TME paracrine signaling tended to be shorter when ECs were cultured in an HA-rich TME embedded composite. Furthermore, during angiogenesis in tumor-stromal cell spheroids in the HA/fibrin composite, the number of blood vessel sprouts decreased as the HA concentration increased, while the sprout length exhibited a biphasic response to an increasing HA concentration. In conclusion, we established an in vitro bone-mimetic TME model within tunable mineralized microstructure, and used it to assess the influence of stromal cells on tumor angiogenesis, migration, and proliferation. The results will promote the development of microfluidic platforms containing physiologically bone-relevant mineralized structures, which will in turn facilitate drug screening and mechanistic studies of tumor metastasis, growth, and progression in an osseous ECM.

EXPERIMENTAL SECTION

Device Fabrication

Microfluidic device with the center channel of 800 μm wide was used in this study. The microfluidic chip were fabricated by polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) mold embedded with channel structures that was patterned by standard photolithography photoresist SU-8 (MicroChem). Demolded PDMS was punched out by using a biopsy punch (6 mm) and sharpened syringe needle (0.5 mm) to make reservoirs for the medium and hydrogel injection ports. A PDMS device and a glass coverslip was treated with oxygen plasma for 1 min before bringing them into contact. The devices were incubated in an 80°C dry oven for at least 48 h to restore hydrophobicity of PDMS. The devices were sterilized by UV irradiation before use.

HA/fibrin Composite Preparation

Hydroxyapatite nanocrystals with sizes <200 nm. Hydroxyapatite in EGM-2 media were sonicated for 40 min for particles dilution. The pure fibrin matrix (0.0% HA) was prepared by dissolving 2.5 mg/ml bovine fibrinogen (Sigma) in PBS (Gibco) and supplemented with aprotinin (0.15 U/ml, Sigma) prior mixing with thrombin (0.5 U/ml, Sigma), before left to clot at room temperature for 5 min (Kim et al., 2013). For HA/fibrin composite, the appropriate HA solution (0.0, 0.2, and 0.4% HA) is mixed with the fibrinogen and aprotinin before mixing with the thrombin.

Mechanical Properties Test

The mechanical properties of acellular HA/fibrin composite were measured by rotational rheometer (TA instrument Ltd., DHR-1, Delaware, USA) equipped with parallel plate (25 mm diameter) at a gap height of 1 mm. The composite with 0, 0.2 and 0.4% HA, respectively was placed on the plate of the rheometer. The storage modulus (G') and loss modulus (G”) were measured using strain sweeping mode with frequency fixed at 1rad/s at 25°C.

Scanning Electron Microscopy (SEM)

SEM was used as a tool for the observation of the microstructure of HA/fibrin composite. SEM examination of the structure was performed using critical point drying and platinum coating of samples. The composites were first washed in PBS, then fixed in a 2% glutaraldehyde solution for 1 h 30 min. And the composites were washed in 0.05 M sodium cacodylate buffer for 10 min and the washing step is repeated washing step is repeated twice. Fixation was followed by a dehydration series in 30, 50, 70, 80, 90, 100 (× 3) ethanol solutions for 20 min each. Dehydrated samples were placed in a critical point dryer (Leica EM CP300, Germany) and ethanol was replaced with CO2 and subsequently removed. The dried samples were mounted on aluminum stubs, sputter-coated with platinum, and examined by field emission scanning electron microscopy (FE-SEM; HITACHI S-5000).

Cell Cultures

Human umbilical vein endothelial cells (HUVECs, Lonza) and red fluorescent protein-expressing HUVECs (RFP-HUVECs) (Angio-Proteomie) were cultured in endothelial basal medium-2 (EBM-2, Lonza) supplemented with EGM-2 bullet kit and normal human lung fibroblasts (LFs, Lonza) were cultured in fibroblast basal medium (FBM-2, Lonza) supplemented with FGM-2 bullet kit. All cancer cells were from Korean cell line bank (KCLB, Korea). Human colon cancer (SW620) and human gastric cancer (MKN74) were cultured in Dulbescco's modified Eagle's mideiun (DMEM, Hyclone) supplemented with 10% fetal bovine serum (FBS, Gibco), penicillin, and streptomycin (100 U/mL) (Sigma Aldrich). All cells were incubated at 37°C in a humidified 5% CO2 atmosphere.

Tumor Cells Viability, Morphology and Proliferation Assay

Human umbilical vein endothelial cells (HUVECs, Lonza) and red fluorescent protein-expressing HUVECs (RFP-HUVECs) (Angio-Proteomie) were cultured in endothelial basal medium-2 (EBM-2, Lonza) supplemented with EGM-2 bullet kit and normal human lung fibroblasts (LFs, Lonza) were cultured in fibroblast basal medium (FBM-2, Lonza) supplemented with FGM-2 bullet kit. All cancer cells were from Korean cell line bank (KCLB, Korea). Human colon cancer (SW620) and human gastric cancer (MKN74) were cultured in Dulbescco's modified Eagle's mideiun (DMEM, Hyclone) supplemented with 10% fetal bovine serum (FBS, Gibco), penicillin, and streptomycin (100 U/mL) (Sigma Aldrich). All cells were incubated at 37°C in a humidified 5% CO2 atmosphere.

For 2D assay, PDMS block was punched using 6 mm biopsy punch and pre-treated with 10 μg/mL of fibronectin (Sigma) for 2 h and washed 3 times before cancer cell seeding. Cancer cells were seeded with 100 μL of the 1.5 × 104 cells/ml density into each well. After 2 days of DMEM media culture, culture media was changed into different contained media with different concentration (0.0%, 0.2%, and 0.4%) and analyzed after 3 days of culture.

Cancer Cells Migration Assay

Channels configuration is shown on Figure 4A. The upper channel was injected with dissociated LFs (8 × 106 cells/ml). The center channel was filled with acellular HA/fibrin composite of 0.0%, 0.2%, and 0.4% HA, in the different devices. SW620 or MKN74 cancer cells suspended in EGM-2 at a concentration of 10 × 106 cells/ml were introduced at the boundary of center channel. The microfluidic chip was tilted by 90 degrees for 30 min for adhering the tumor cells onto the HA/fibrin composite surface. The devices were filled with EGM-2 media and cells were incubated at 37°C in a humidified 5% CO2 atmosphere for 5 days. Number of migrated tumor cells and invasion area were evaluated using ImageJ with the Fiji plugin.

Angiogenesis Induced by Paracrine Signaling From TME Assay

Channels configuration is shown on Figure 5A. The upper channel were injected with the mixture of HA/fibrin composite (0.0, 0.2, and 0.4% HA), LFs (8 × 106 cells/ml) and SW620 or MKN74 (8 × 106 cells/ml). Briefly, dissociated LFs and SW620 or MKN74 cells in EGM-2 media were mixed at 1:1 volume ratio, before mixing with HA/fibrin. The device was incubated for 24 h at 37°C and 5% CO2 to dissipate the air bubbles and to establish the tumor microenvironment within the mineralized matrix by interaction between tumor cells with fibroblasts. Angiogenesis cell seeding was conducted based on the established procedure (Kim et al., 2013). HUVECs suspended in EGM-2 at a concentration of 8 × 106 cells/ml were introduced at the boundary of center channel. The microfluidic chip was tilted by 90 degrees for 30 min for adhering the HUVECs onto surface of the central fibrin gel. The devices were filled with EGM-2 media and cells were incubated at 37°C in a humidified 5% CO2 atmosphere. The tumor microenvironment induced angiogenesis assay was conducted for 5 days. Angiogenesis sprouting length was determined using ImageJ with the Fiji plugin.

Vascularized Three-Dimensional Tumor Spheroid in the HA/Fibrin Composite

Channels configuration is shown on Figure 6A. The upper channel injected with LFs (4 × 106 cells/ml) and fibrin matrix. Three-dimensional SW620 and MKN74 spheroids with LF were prepared using SpheroFilm (INCYTO) (Figure S12). In detail, each SW620 and MKN74 suspension cells (5 × 105 cells/ml; 3.5 ml per 60 mm2 dish) were mixed with trypsinized LF (5 × 105 cells/ml; 3.5 ml per 60 mm2 dish) at 1:1 ratio and cultured in EGM-2 medium. After 2 days, the media in the dish changed and the spheroids were cultured for 4 days. After 4 days, the spheroids were collected using cell strainer and were mixed with HA/fibrin composite (0.0, 0.2, and 0.4% HA). Angiogenesis cell seeding was conducted based on the established procedure (Kim et al., 2013). HUVECs suspended in EGM-2 at a concentration of 8 × 106 cells/ml were introduced at the boundary of center channel. The microfluidic chip was tilted by 90 degrees for 30 min for adhering the HUVECs onto the HA/fibrin composite surface. The devices were filled with EGM-2 media and cells were incubated at 37°C in a humidified 5% CO2 atmosphere. 3D tumor microspheroid with angiogenesis was conducted for 5 days. Number of sprouts and sprouting length were determined using ImageJ with the Fiji plugin.

Enzyme-Linked Immunosorbent Assay (ELISA)

Twenty-foury transwells were used for medium for further ELISA analysis. The transwell were loaded with the mixture of HA/fibrin composite (0.0, 0.2, and 0.4% HA), LFs (8 × 106 cells/ml) and SW620 or MKN74 (8 × 106 cells/ml). Briefly, dissociated LFs and SW620 or MKN74 in DMEM media were mixed at 1:1 volume ratio, before mixing with HA/fibrin composite prior to loading into the transwell. The transwells were filled with EGM-2 media and were incubated at 37°C in a humidified 5% CO2 atmosphere. After 3 days, the medium from each device was collected for ELISA analysis base on standard procedure (Chung et al., 2017).

Immunostaining and Imaging

For immunostaining, cell samples were prepared followed the standard procedure. The samples were fixed with 4% (v/v) paraformaldehyde in PBS for 10 min, followed by permeabilization for 15 min with a 0.2% Triton X-100 (Sigma) solution and 1htreatment of 3% bovine serum albumin (BSA, Sigma). The samples were stained and incubated at least overnight at 4°C with respective primary antibody as required before stained with Hoechst 33342 (1:1,000) for 1 h of incubation at room temperature on the next day. F-actin, Phalloidin (Alexa Fluor 488) with dilution 1:150 was used. The samples were washed three times and stored in PBS before imaging. For cross-section and whole-construct imaging of 3D blood vessels, stained samples were examined using a FluoView FV1000 confocal laser scanning unit with the IX81 inverted microscope (Olympus). Confocal images were processed by IMARIS software (Bitplane).

Statistical Analysis

Prism (GraphPad, USA) was used for one-way ANOVA analysis with Tukey's post-test. *** denotes p < 0.001, ** denotes 0.001 < p < 0.01, * denotes 0.01 < p < 0.05. For significant testing between two conditions non-paired student's t-test as used. All data were expressed as the mean ± standard deviation (SD).

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

JA, NJ, and JK conceived and initiated the entire study. JA, NJ, JLim, and JLee conducted microfluidic experiments. T-EP, YK, JK, and NLJ advised the whole microfluidic experiments. JK and NLJ supervised all aspect of this study.

FUNDING

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (NRF-2018R1A2A1A05019550, NRF-2019R1A4A2001651) (NLJ) (NRF-2016M3A9B4919374) (JK). This work was also supported by the Korea Institute of Planning and Evaluation for Technology in Food, Agriculture and Forestry (IPET) through the Agriculture, Food and Rural Affairs Research Center Support Program, funded by the ministry of Agriculture, Food and Rural Affairs (MAFRA) (Project No. 714002) (JK). This work was supported by UNIST (1.180063.01) (T-EP).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2019.00168/full#supplementary-material

REFERENCES

 Abbasi Aval, N., Pirayesh Islamian, J., Hatamian, M., Arabfirouzjaei, M., Javadpour, J., and Rashidi, M. R. (2016). Doxorubicin loaded large-pore mesoporous hydroxyapatite coated superparamagnetic Fe3O4 nanoparticles for cancer treatment. Int. J. Pharmaceutics 509, 159–167. doi: 10.1016/j.ijpharm.2016.05.046

 Ahn, J., Cho, C. S., Cho, S. W., Kang, J. H., Kim, S. Y., Min, D. H., et al. (2018b). Investigation on vascular cytotoxicity and extravascular transport of cationic polymer nanoparticles using perfusable 3D microvessel model. Acta Biomaterial. 76, 154–163. doi: 10.1016/j.actbio.2018.05.041

 Ahn, J., Ko, J., Lee, S., Yu, J., Kim, Y., and Jeon, N. L. (2018a). Microfluidics in nanoparticle drug delivery; From synthesis to pre-clinical screening. Adv.Drug Deliv. Rev. 128, 29–53. doi: 10.1016/j.addr.2018.04.001

 Ahn, J., Sei, Y. J., Jeon, N. L., and Kim, Y. (2017). Tumor microenvironment on a chip: the progress and future perspective. Bioengineering 4:64. doi: 10.3390/bioengineering4030064

 Ahn, J. B., Ha, T. K., and Kwon, S. J. (2011). Bone metastasis in gastric cancer patients. J. Gastr. Cancer 11, 38–45. doi: 10.5230/jgc.2011.11.1.38

 Alépée, N., Tornier, C., Robert, C., Amsellem, C., Roux, M. H., Doucet, O., et al. (2010). A catch-up validation study on reconstructed human epidermis (SkinEthic™ RHE) for full replacement of the Draize skin irritation test. Toxicol. Vitro 24, 257–266. doi: 10.1016/j.tiv.2009.08.024

 Baek, S. J., Hur, H., Min, B. S., Baik, S. H., Lee, K. Y., and Kim, N. K. (2016). The characteristics of bone metastasis in patients with colorectal cancer: a long-term report from a single institution. World J. Surg. 40, 982–986. doi: 10.1007/s00268-015-3296-x

 Bersini, S., Jeon, J. S., Dubini, G., Arrigoni, C., Chung, S., Charest, J. L., et al. (2014). A microfluidic 3D in vitro model for specificity of breast cancer metastasis to bone. Biomaterials 35, 2454–2461. doi: 10.1016/j.biomaterials.2013.11.050

 Bielenberg, D. R., and Zetter, B. R. (2015). The contribution of angiogenesis to the process of metastasis. Cancer J. 21, 267–273. doi: 10.1097/PPO.0000000000000138

 Camps, J. L., Chang, S. M., Hsu, T. C., Freeman, M. R., Hong, S. J., Zhau, H. E., et al. (1990). Fibroblast-mediated acceleration of human epithelial tumor growth in vivo. Proc. Natl. Acad. Sci. U.S.A. 87, 75–79. doi: 10.1073/pnas.87.1.75

 Chen, X., Deng, C., Tang, S., and Zhang, M. (2007). Mitochondria-dependent apoptosis induced by nanoscale hydroxyapatite in human gastric cancer SGC-7901 cells. Biol. Pharmaceut. Bull. 30, 128–132. doi: 10.1248/bpb.30.128

 Chung, M., Ahn, J., Son, K., Kim, S., and Jeon, N. L. (2017). Biomimetic model of tumor microenvironment on microfluidic platform. Adv. Healthcare Mater. 6:1700196. doi: 10.1002/adhm.201700196

 Coleman, R. E. (2001). Metastatic bone disease: clinical features, pathophysiology and treatment strategies. Cancer Treat. Rev. 27, 165–176. doi: 10.1053/ctrv.2000.0210

 Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, M. J., et al. (2010). Piezo1 and Piezo2 are essential components of distinct mechanically activated cation channels. Science 330, 55–60. doi: 10.1126/science.1193270

 Dey, S., Das, M., and Balla, V. K. (2014). Effect of hydroxyapatite particle size, morphology and crystallinity on proliferation of colon cancer HCT116 cells. Mater. Sci. Eng. C 39, 336–339. doi: 10.1016/j.msec.2014.03.022

 Du, Z., Mi, S., Yi, X., Xu, Y., and Sun, W. (2018). Microfluidic system for modelling 3D tumour invasion into surrounding stroma and drug screening. Biofabrication 10:034102. doi: 10.1088/1758-5090/aac70c

 Ducy, P., Schinke, T., and Karsenty, G. (2000). The osteoblast: a sophisticated fibroblast under central surveillance. Science 289, 1501–1504. doi: 10.1126/science.289.5484.1501

 Friedrich, J., Seidel, C., Ebner, R., and Kunz-Schughart, L. A. (2009). Spheroid-based drug screen: considerations and practical approach. Nat. Protoc. 4:309. doi: 10.1038/nprot.2008.226

 Gill, B. J., and West, J. L. (2014). Modeling the tumor extracellular matrix: tissue engineering tools repurposed towards new frontiers in cancer biology. J. Biomechanics 47, 1969–1978. doi: 10.1016/j.jbiomech.2013.09.029

 Han, Y., Li, S., Cao, X., Yuan, L., Wang, Y., Yin, Y., et al. (2014). Different inhibitory effect and mechanism of hydroxyapatite nanoparticles on normal cells and cancer cells in vitro and in vivo. Sci. Rep. 4:7134. doi: 10.1038/srep07134

 Hanawa, T. (2012). Research and development of metals for medical devices based on clinical needs. Sci. Technol. Adv. Mater. 13:064102. doi: 10.1088/1468-6996/13/6/064102

 Hung, W. C., Yang, J. R., Yankaskas, C. L., Wong, B. S., Wu, P. H., Pardo-Pastor, C., et al. (2016). Confinement sensing and signal optimization via Piezo1/PKA and myosin II pathways. Cell Rep. 15, 1430–1441. doi: 10.1016/j.celrep.2016.04.035

 Hytönen, V. P., and Wehrle-Haller, B. (2016). Mechanosensing in cell–matrix adhesions–Converting tension into chemical signals. Exp. Cell Res. 343, 35–41. doi: 10.1016/j.yexcr.2015.10.027

 Jacob, J., More, N., Kalia, K., and Kapusetti, G. (2018). Piezoelectric smart biomaterials for bone and cartilage tissue engineering. Inflammation Regener. 38:2. doi: 10.1186/s41232-018-0059-8

 Jusoh, N., Oh, S., Kim, S., Kim, J., and Jeon, N. L. (2015). Microfluidic vascularized bone tissue model with hydroxyapatite-incorporated extracellular matrix. Lab. Chip 15, 3984–3988. doi: 10.1039/C5LC00698H

 Kammori, M., Seto, Y., Haniuda, N., Kawahara, M., Takubo, K., Endo, H., et al. (2001). A case of bone metastasis from gastric carcinoma after a nine-year disease-free interval. Japan. J. Clin. Oncol. 31, 407–409. doi: 10.1093/jjco/hye074

 Karnoub, A. E., Dash, A. B., Vo, A. P., Sullivan, A., Brooks, M. W., Bell, G. W., et al. (2007). Mesenchymal stem cells within tumour stroma promote breast cancer metastasis. Nature 449:557. doi: 10.1038/nature06188

 Katoh, M., Unakami, M., Hara, M., and Fukuchi, S. (1995). Bone metastasis from colorectal cancer in autopsy cases. J. Gastroenterol. 30, 615–618. doi: 10.1007/BF02367787

 Katt, M. E., Placone, A. L., Wong, A. D., Xu, Z. S., and Searson, P. C. (2016). In vitro tumor models: advantages, disadvantages, variables, and selecting the right platform. Front. Bioeng. Biotechnol. 4:12. doi: 10.3389/fbioe.2016.00012

 Kim, S., Lee, H., Chung, M., and Jeon, N. L. (2013). Engineering of functional, perfusable 3D microvascular networks on a chip. Lab Chip 13, 1489–1500. doi: 10.1039/c3lc41320a

 Kloss, D., Fischer, M., Rothermel, A., Simon, J. C., and Robitzki, A. A. (2008). Drug testing on 3D in vitro tissues trapped on a microcavity chip. Lab Chip 8, 879–884. doi: 10.1039/b800394g

 Lai, Z. B., Wang, M., Yan, C., and Oloyede, A. (2014). Molecular dynamics simulation of mechanical behavior of osteopontin-hydroxyapatite interfaces. J. Mech. Behav. Biomed. Mater. 36, 12–20. doi: 10.1016/j.jmbbm.2014.04.002

 LaValley, D. J., and Reinhart-King, C. A. (2014). Matrix stiffening in the formation of blood vessels. Adv. Regener. Biol. 1:25247. doi: 10.3402/arb.v1.25247

 Li, C., Rezania, S., Kammerer, S., Sokolowski, A., Devaney, T., Gorischek, A., et al. (2015). Piezo1 forms mechanosensitive ion channels in the human MCF-7 breast cancer cell line. Sci. Rep. 5:8364. doi: 10.1038/srep08364

 Li, J., Hou, B., Tumova, S., Muraki, K., Bruns, A., Ludlow, M. J., et al. (2014). Piezo1 integration of vascular architecture with physiological force. Nature 515:279. doi: 10.1038/nature13701

 Lin, D. L., Tarnowski, C. P., Zhang, J., Dai, J., Rohn, E., Patel, A. H., et al. (2001). Bone metastatic LNCaP-derivative C4-2B prostate cancer cell line mineralizes in vitro. Prostate 47, 212–221. doi: 10.1002/pros.1065

 Liu, Z. S., Tang, S. L., and Ai, Z. L. (2003). Effects of hydroxyapatite nanoparticles on proliferation and apoptosis of human hepatoma BEL-7402 cells. World J. Gastroenterol. 9, 1968–1971. doi: 10.3748/wjg.v9.i9.1968

 Ma, C., Rong, Y., Radiloff, D. R., Datto, M. B., Centeno, B., Bao, S., et al. (2008). Extracellular matrix protein βig-h3/TGFBI promotes metastasis of colon cancer by enhancing cell extravasation. Genes Dev. 22, 308–321. doi: 10.1101/gad.1632008

 Mancini, F., Montanari, L., Peressini, D., and Fantozzi, P. (2002). Influence of alginate concentration and molecular weight on functional properties of mayonnaise. LWT Food Sci. Technol. 35, 517–525. doi: 10.1006/fstl.2002.0899

 Meena, R., Kesari, K. K., Rani, M., and Paulraj, R. (2012). Effects of hydroxyapatite nanoparticles on proliferation and apoptosis of human breast cancer cells (MCF-7). J. Nanopart. Res. 14:712. doi: 10.1007/s11051-011-0712-5

 Mehta, G., Hsiao, A. Y., Ingram, M., Luker, G. D., and Takayama, S. (2012). Opportunities and challenges for use of tumor spheroids as models to test drug delivery and efficacy. J. Control. Release 164, 192–204. doi: 10.1016/j.jconrel.2012.04.045

 Michor, F., Liphardt, J., Ferrari, M., and Widom, J. (2011). What does physics have to do with cancer? Nat. Rev. Cancer 11:657. doi: 10.1038/nrc3092

 Mueller-Klieser, W. (1987). Multicellular spheroids. J. Cancer Res. Clin. Oncol. 113, 101–122. doi: 10.1007/BF00391431

 Noori, A., Ashrafi, S. J., Vaez-Ghaemi, R., Hatamian-Zaremi, A., and Webster, T. J. (2017). A review of fibrin and fibrin composites for bone tissue engineering. Int. J. Nanomed. 12:4937. doi: 10.2147/IJN.S124671

 Oh, J. H., Kim, H. J., Kim, T. I., and Woo, K. M. (2014). Comparative evaluation of the biological properties of fibrin for bone regeneration. BMB Rep. 47:110. doi: 10.5483/BMBRep.2014.47.2.156

 Pardo-Pastor, C., Rubio-Moscardo, F., Vogel-González, M., Serra, S. A., Afthinos, A., Mrkonjic, S., et al. (2018). Piezo2 channel regulates RhoA and actin cytoskeleton to promote cell mechanobiological responses. Proc. Natl. Acad. Sci. U.S.A. 115, 1925–1930. doi: 10.1073/pnas.1718177115

 Pathi, S. P., Kowalczewski, C., Tadipatri, R., and Fischbach, C. (2010). A novel 3-D mineralized tumor model to study breast cancer bone metastasis. PLoS ONE. 5:e8849. doi: 10.1371/journal.pone.0008849

 Pathi, S. P., Lin, D. D., Dorvee, J. R., Estroff, L. A., and Fischbach, C. (2011). Hydroxyapatite nanoparticle-containing scaffolds for the study of breast cancer bone metastasis. Biomaterials 32, 5112–5122. doi: 10.1016/j.biomaterials.2011.03.055

 Pietras, K., and Ostman, A. (2010). Hallmarks of cancer: interactions with the tumor stroma. Exp. Cell Res. 316, 1324–1331. doi: 10.1016/j.yexcr.2010.02.045

 Pilmane, M., Salms, G., Salma, I., Skagers, A., Locs, J., Loca, D., et al. (2011). Time-dependent cytokine expression in bone of experimental animals after hydroxyapatite (Hap) implantation. IOP Conf. Series Mater. Sci. Eng. 23:012022. doi: 10.1088/1757-899X/23/1/012022

 Ramaswamy, S., Ross, K. N., Lander, E. S., and Golub, T. R. (2002). A molecular signature of metastasis in primary solid tumors. Nat. Genetics 33:49. doi: 10.1038/ng1060

 Rao, R. R., Ceccarelli, J., Vigen, M. L., Gudur, M., Singh, R., Deng, C. X., et al. (2014). Effects of hydroxyapatite on endothelial network formation in collagen/fibrin composite hydrogels in vitro and in vivo. Acta Biomater. 10, 3091–3097. doi: 10.1016/j.actbio.2014.03.010

 Rao, R. R., Peterson, A. W., Ceccarelli, J., Putnam, A. J., and Stegemann, J. P. (2012). Matrix composition regulates three-dimensional network formation by endothelial cells and mesenchymal stem cells in collagen/fibrin materials. Angiogenesis 15, 253–264. doi: 10.1007/s10456-012-9257-1

 Ribeiro, C., Pärssinen, J., Sencadas, V., Correia, V., Miettinen, S., Hytönen, V. P., et al. (2015). Dynamic piezoelectric stimulation enhances osteogenic differentiation of human adipose stem cells. J. Biomed. Mater. Res. Part A 103, 2172–2175. doi: 10.1002/jbm.a.35368

 Rodrigues, C. V., Serricella, P., Linhares, A. B., Guerdes, R. M., Borojevic, R., Rossi, M. A., et al. (2003). Characterization of a bovine collagen–hydroxyapatite composite scaffold for bone tissue engineering. Biomaterials 24, 4987–4997. doi: 10.1016/S0142-9612(03)00410-1

 Sei, Y. J., Ahn, J., Kim, T., Shin, E., Santiago-Lopez, A. J., Jang, S. S., et al. (2018). Detecting the functional complexities between high-density lipoprotein mimetics. Biomaterials 170, 58–69. doi: 10.1016/j.biomaterials.2018.04.011

 Shamloo, A., and Heilshorn, S. C. (2010). Matrix density mediates polarization and lumen formation of endothelial sprouts in VEGF gradients. Lab Chip 10, 3061–3068. doi: 10.1039/c005069e

 Shi, Z., Huang, X., Cai, Y., Tang, R., and Yang, D. (2009). Size effect of hydroxyapatite nanoparticles on proliferation and apoptosis of osteoblast-like cells. Acta Biomaterialia 5, 338–345. doi: 10.1016/j.actbio.2008.07.023

 Sundermeyer, M. L., Meropol, N. J., Rogatko, A., Wang, H., and Cohen, S. J. (2005). Changing patterns of bone and brain metastases in patients with colorectal cancer. Clin. Colorectal Cancer 5, 108–113. doi: 10.3816/CCC.2005.n.022

 von Tell, D., Armulik, A., and Betsholtz, C. (2006). Pericytes and vascular stability. Exp. Cell Res. 312, 623–629. doi: 10.1016/j.yexcr.2005.10.019

 Wang, C., Tang, Z., Zhao, Y., Yao, R., Li, L., and Sun, W. (2014). Three-dimensional in vitro cancer models: a short review. Biofabrication 6:022001. doi: 10.1088/1758-5082/6/2/022001

 Weis, S. M., and Cheresh, D. A. (2011). Tumor angiogenesis: molecular pathways and therapeutic targets. Nat. Med. 17:1359. doi: 10.1038/nm.2537

 Yamaguchi, H., and Condeelis, J. (2007). Regulation of the actin cytoskeleton in cancer cell migration and invasion. Biochim. Biophys. Acta Mol. Cell Res. 1773, 642–652. doi: 10.1016/j.bbamcr.2006.07.001

 Yin, M. Z., Han, Y. C., Bauer, I. W., Chen, P., and Li, S. P. (2006). Effect of hydroxyapatite nanoparticles on the ultrastructure and function of hepatocellular carcinoma cells in vitro. Biomed. Mater. 1:38. doi: 10.1088/1748-6041/1/1/006

 Yoneda, T., and Hiraga, T. (2005). Crosstalk between cancer cells and bone microenvironment in bone metastasis. Biochem. Biophys. Res. Commun. 328, 679–687. doi: 10.1016/j.bbrc.2004.11.070

 Yoshikawa, K., and Kitaoka, H. (1983). Bone metastasis of gastric cancer. Japan. J. Surg. 13, 173–176. doi: 10.1007/BF02469472

 Zhang, C., Hu, Y. Y., Cui, F. Z., Zhang, S. M., and Ruan, D. K. (2006). A study on a tissue-engineered bone using rhBMP-2 induced periosteal cells with a porous nano-hydroxyapatite/collagen/poly(L-lactic acid) scaffold. Biomed. Mater. 1:56. doi: 10.1088/1748-6041/1/2/002

 Zhu, W., Castro, N. J., Cui, H., Zhou, X., Boualam, B., McGrane, R., et al. (2016a). A 3D printed nano bone matrix for characterization of breast cancer cell and osteoblast interactions. Nanotechnology 27:315103. doi: 10.1088/0957-4484/27/31/315103

 Zhu, W., Holmes, B., Glazer, R. I., and Zhang, L. G. (2016b). 3D printed nanocomposite matrix for the study of breast cancer bone metastasis. Nanomed. Nanotechnol. Biol. Med. 12, 69–79. doi: 10.1016/j.nano.2015.09.010

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Ahn, Lim, Jusoh, Lee, Park, Kim, Kim and Jeon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fbioe-07-00168-g005.gif
® waoon HAO2% HADA% ©_





OPS/images/fbioe-07-00168-g006.gif
wtn
.
P

© toonsic

HA0.%

3

i

Spsmen
[





OPS/images/fbioe-07-00168-g003.gif
Fibingol

s

i

 Gomcorcet

-

Viabiity —Provferation Mophology






OPS/images/fbioe-07-00168-g004.gif





OPS/images/fbioe-07-00168-g001.gif
e Reconstiuting Tumor Microenvironment

o Tonoie A composte
Cancer Cells Fibroblast

) o © N

; gl VIV

3 1{: AR o

. Endothelial cells " Hydroxyapatite
cpepmmrms — ooagapsgeess
el e NS Micotuidic piator

Bone s Sreture

Rp———





OPS/images/fbioe-07-00168-g002.gif
a  Fiban only Fibrin - HAO.2% Fionn - FAOA4%

Fibrin only.






OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

3D Microfluidic Bone Tumor
Microenvironment Comprised of
Hydroxyapatite/Fibrin Composite









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





