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Abstract

:

Solid tumors in advanced cancer often feature a structurally and functionally abnormal vasculature through tumor angiogenesis, which contributes to cancer progression, metastasis, and therapeutic resistances. Hypoxia is considered a major driver of angiogenesis in tumor microenvironments. However, there remains a lack of in vitro models that recapitulate both the vasculature and hypoxia in the same model with physiological resemblance to the tumor microenvironment, while allowing for high-content spatiotemporal analyses for mechanistic studies and therapeutic evaluations. We have previously constructed a hypoxia microdevice that utilizes the metabolism of cancer cells to generate an oxygen gradient in the cancer cell layer as seen in solid tumor sections. Here, we have engineered a new composite microdevice-microfluidics platform that recapitulates a vascularized hypoxic tumor. Endothelial cells were seeded in a collagen channel formed by viscous fingering, to generate a rounded vascular lumen surrounding a hypoxic tumor section composed of cancer cells embedded in a 3-D hydrogel extracellular matrix. We demonstrated that the new device can be used with microscopy-based high-content analyses to track the vascular phenotypes, morphology, and sprouting into the hypoxic tumor section over a 7-day culture, as well as the response to different cancer/stromal cells. We further evaluated the integrity/leakiness of the vascular lumen in molecular delivery, and the potential of the platform to study the movement/trafficking of therapeutic immune cells. Therefore, our new platform can be used as a model for understanding tumor angiogenesis and therapeutic delivery/efficacy in vascularized hypoxic tumors.
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1. Introduction


A characteristic feature of solid tumors in advanced cancers is the complex yet functionally abnormal network of blood vessels formed through tumor angiogenesis, which is considered one of the hallmarks of cancer [1]. In healthy tissues, angiogenesis is delicately balanced by pro- and anti-angiogenic factors [2]. In tumors, the balance is shifted toward a chronic pro-angiogenic state, largely driven by the state of oxygen deficiency or hypoxia in cancer cells [3,4]. Hypoxia modulates vascular endothelial growth factor (VEGF) to promote angiogenesis [5] while inducing vascular permeability [6,7], resulting in leaky blood vessels that support tumor growth and facilitate metastatic dissemination [8]. The vascular defects also impede the delivery of cancer therapeutics in the tumor microenvironment (TME), such as small molecule inhibitors, antibodies, and therapeutic immune cells [9]. For cell-based immunotherapies, the endothelium further forms a physical barrier through downregulation of molecules crucial for immune cell adhesion [10,11] or upregulation of proteins that suppress trans-endothelial migration [12]. Endothelial cells may also directly regulate the anti-tumor immune responses [13]. However, despite these advances, it remains difficult to study the cellular mechanisms of tumor-vasculature interplay or to evaluate the therapeutic efficacies of drugs and cell-based immunotherapies in such complex microenvironments in vivo.



Microengineered in vitro models, also known as the microphysiological models, have emerged as powerful tools to assess the biological states and therapeutic responses in various tissues and organs [14,15]. Recently, vascularized 3-D microengineered in vitro tumor models have been developed to recapitulate the TME [16,17,18], investigate intravasation [19,20], and predict therapeutic outcomes in vivo [21]. The 3-D architecture of such tumor models captures the branching morphogenesis [22] and transitional phenotypes which are distinct from traditional 2-D cultures [23]. On the other hand, unlike the conventional spheroids, bulk hydrogel, or scaffold-based 3-D culture models [24,25], these microengineered platforms allow for precise spatial control of stromal components and physiological mimicry of tumor vasculature while maintaining the compatibility with high-content imaging modalities. However, existing bioengineered tumor models often fail to recapitulate a key feature of the TME, i.e., a hypoxic gradient in the tumor bulk interacting with a 3-D vasculature. Efforts have been made by exposing the vascularized microtumor models in uniform hypoxic incubators [26], which misses the gradient of oxygen and the resultant metabolic heterogeneity in cancer cells in vivo. This is mainly due to the materials and fabrication approaches used in the existing microfluidic vascular models, which remain largely restricted to the highly oxygen-permeable silicone materials and soft lithography/replica molding processes.



In this study, we built a bioengineered vascularized tumor model which interfaces a microfluidic 3-D microvasculature with a 3-D hypoxic tumor model [27]. We demonstrated the capacity of the platform to capture the progression of angiogenesis at a micron-scale spatial resolution over a week. Furthermore, the vasculature allows investigation of the delivery of chemicals and cell-based therapy. Our composite microdevice-microfluidics platform is a versatile tool for gaining rapid insights into the interactions of multiple cell types in the TME, and for assessing the efficacy and safety of therapeutics.




2. Materials and Methods


2.1. Cell Culture


SKOV3 human ovarian cancer cells were obtained from ATCC and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and 100 U/mL penicillin and 100 µg/mL streptomycin (P/S, Thermo Fisher, Waltham, MA, USA). Panc1 human pancreatic cancer cells and MDA-MB-231 human breast cancer cells were also obtained from ATCC and maintained in Rosewell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS and P/S. Primary human bone marrow stromal cells (BMSCs) derived from whole human bone marrow aspirates (Lonza, Basel, Switzerland) were cultured in the MesenCult Proliferation Kit (Stem Cell Technologies, Vancouver, Canada). Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza and maintained in the endothelial cell growth medium-2 (EGM-2) BulletKit (Lonza, Basel, Switzerland). HUVECs expressing a red fluorescence protein (RFP) reporter gene were obtained from Angio-Proteomie. Cells from 75–90% confluent monolayers were passaged using 1% trypsin in phosphate-buffered saline (PBS, Thermo Fisher, Waltham, MA, USA).




2.2. 3-D Micropatterning and Hypoxic Tumor Model and Oxygen Level Measurement


The design and toolpaths for the hypoxia microdevice were created in Autodesk Fusion360 (Autodesk, Inc., San Rafael, CA, USA). The oxygen diffusion barrier cap consists of an oxygen barrier pillar (6 mm diameter) 100 µm shorter than the three reference pillars, which determine the gap size for oxygen diffusion and hydrogel height [28]. A master mold was milled to produce a PDMS fluidic chamber and channel through replica molding, which fit with the hypoxia cap (Figure 1B). The PDMS chamber and channel device is plasma-bonded onto a clean glass slide, which is then assembled with the hypoxia cap (Figure 1D). Both the hypoxia cap and the master mold for the PDMS device were milled in polycarbonate (PC). Immediately before 3-D micropatterning, the PDMS channel was coated with polydopamine (PDA), as previously described [29]. Briefly, 2 mg/mL dopamine hydrochloride solution (w/v in 10 mM Tris HCl buffer, pH 8.5) was introduced to the PDMS channels and incubated for 2 h at room temperature, followed by extensive rinsing with H2O and drying. Cancer cells were resuspended in gelatin methacryloyl (GelMA) and 10 × DMEM (prepared from powder DMEM; Thermo Fisher, Waltham, MA, USA) to achieve a cell density of 10 million cells/mL in 10% GelMA and 1 × DMEM. The final pH of the cell-laden solution was adjusted to approximately 7, as determined by a pH indicator strip. This mixture was pipetted onto the oxygen barrier pillar, before it was assembled into the PDMS chamber/channel device, to form the tumor layer by the surface tension between the glass slide and the oxygen barrier pillar. Next, the platform was exposed to UV light for 120 s to crosslink the GelMA. The UV power was measured as 2.34 ± 0.26 mW/cm2 by a handheld radiometer (Solarmeter Model 5.0; Solar Light, Glenside, PA, USA).



Oxygen levels were measured using fluorophore-based microparticle sensors [27,28]. Silica gel particles with 10–14 µm diameter were preactivated with 0.1 N NaOH and incubated with 0.5 mM tris (4,7-diphenyl-1,10-phenanthroline) ruthenium (II) dichloride (Thermo Fisher, Waltham, MA, USA) in ethanol for 30 min. The particles were then washed 3 times with deionized water and then once with ethanol before being dried in a 70 °C oven overnight. The dried silica gel was then dispersed and mixed in Sylgard 184 PDMS (mixed at 10:1 base to curing agent ratio). A drop of the mixture was added and spread on the milled PC cap by another milled mold with a complementary concave shape and cured overnight. The cap was then used in the same way as a non-coated PC cap to form tumor section and imaged in Acridine Orange channel (Ex: 480/30 nm, Em: 620/60 nm) to indicate spatial distribution of oxygen levels.




2.3. Patterning an Artificial Vasculature


Vascular lumen was created using the viscous fingering method, as previously described [16,30,31]. Briefly, 0.5 mg/mL fibronectin (Sigma-Aldrich, St. Louis, MO, USA) was introduced to the fluidic channel after 3-D micropatterning of cancer cells, and incubated for 20 min. After aspirating the fibronectin solution, 3 mg/mL rat tail collagen type I (Corning, Corning, NY, USA) was loaded and incubated at 37 °C for 2 min to partially polymerize and increase the viscosity of the collagen solution [32]. Next, a droplet of cell culture media was passively pumped onto the inlet of the PDMS channel. Cell culture media, due to its lower viscosity, displaced the center of the more viscous collagen hydrogel, resulting in a lumen through the hydrogel along the fluidic channel. The microdevice was incubated at 37 °C for 20 min to complete the polymerization of collagen.



To line the lumen with endothelial cells, HUVECs were introduced to the lumen at 40,000 cells/µL. The microdevice platform was taped to a rod attached to a motor (BBQ Rotisserie Variable Speed Reversible Brushless Gear Motor; Wondermotor, CA, USA), and incubated at 37 °C at 2 RPM for 30 min. The device was further incubated for 2 h with no rotation. Then, fresh media were perfused through the channel to rinse unattached cells. Vascular structure was assessed over 1 week in the microdevice.




2.4. COMSOL Multiphysics® Modeling


Expected oxygen gradients across the 3-D cell bulk were simulated with COMSOL Multiphysics modeling software (COMSOL; Burlington, MA, USA). Passive oxygen diffusion within the media was assumed to be governed by the generic diffusion equation of gas in water [33], with a diffusion coefficient of 3 × 10−9 m2/s. Boundary conditions were approximated so that the microdevice was impermeable to oxygen; the media surface in contact with atmosphere had a fixed oxygen concentration corresponding to the normoxic level (0.2 mol/m3). Cellular density was assumed to be homogeneous throughout the hydrogel. Cellular oxygen consumption was assumed to follow Michaelis–Menten kinetics with a logistic function constraining consumption below a critical oxygen level:


   R   O 2    =  R  m a x      C  C +  k  M M ,  O 2        · δ   C >  C  c r      



(1)




where    R  m a x     is the maximum oxygen consumption rate of cancer cells adjusted for their average cell volume (0.02 mol s−1 m−3) [33,34],    k  M M ,  O 2      is the Michaelis–Menten constant corresponding to the oxygen concentration where consumption is half maximal,    C  c r     is the critical oxygen concentration below which necrosis is assumed to happen and cells cease oxygen consumption, and δ is the step-down function accounting for the termination of oxygen consumption [33]. The step-down function was COMSOL’s smoothed Heaviside function with a continuous first derivative and no overshoot (flc1hs in COMSOL Multiphysics). Cell number in the 3-D micropattern was then incorporated into the total oxygen consumption rate of the 3-D bulk. All geometries in the model were defined with an extremely fine mesh in COMSOL Multiphysics.




2.5. Immunostaining


After 24, 48, or 72 h of incubation, samples were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100 (Fisher Scientific, Waltham, MA, USA), blocked for 3 h with 4% bovine serum albumin (GE Healthcare Bio-Sciences, Chicago, IL, USA), incubated in primary (overnight) and secondary antibody (1 h), and mounted with FluoroGel II containing 4′,6-diamidino-2-phenylindole (DAPI) (Electron Microscopy Sciences, Hatfield, PA, USA) on glass slides. Primary antibodies used were anti-Glucose Transporter 1 (Glut-1) (ab15309, 1:200) (Abcam, Cambridge, MA, USA) and common endothelial markers such as anti-CD31 (89C2, 1:1000) (Cell Signaling Technology, Danvers, MA, USA) and VE-cadherin (2158, 1:100) (Cell Signaling Technology, Danvers, MA, USA) [35,36]. With the immunostained samples, a Nikon Eclipse Ti inverted fluorescent microscope was used to acquire the wide-field epifluorescence images, while a Nikon C2 confocal microscope was used to acquire z-stacks of fluorescence images for 3-D reconstruction and analysis.




2.6. Image Analysis


Images were analyzed using ImageJ (NIH, Bethesda, MD, USA) and Imaris (Bitplane AG, Zurich, Switzerland) software. To determine the diameter of the engineered vasculature over time, the length from the two vasculature walls perpendicular to the direction of the vasculature was measured. The Imaris software was used for 3-D reconstruction of confocal image slices. All image figures shown were representative of ≥3 independent runs/repeats.




2.7. Statistics


Data were presented in mean ± S.D and statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, Inc, San Diego, CA, USA). One-way ANOVA or two-tailed Student’s t-tests were used for evaluating the significance of difference unless otherwise indicated. N.s.: not significant (p > 0.05), *: p < 0.05.





3. Results


3.1. Micromilling and Viscous Fingering Enable a Composite Vascularized Hypoxic Tumor Model


We designed a vascularized hypoxic tumor model containing two major elements: a hypoxic tumor section [27,28] and an endothelialized microchannel surrounding the tumor section (Figure 1A). The hypoxic tumor section is composed of cancer cells embedded in a layer of extracellular matrix (ECM), which is sandwiched between two oxygen diffusion barriers (blue and gray pieces in Figure 1A). The oxygen consumption by cell metabolism, combined with the limited oxygen supply by diffusion from the edge, results in a lateral, centripetal oxygen gradient in the artificial tumor section, as seen in tumors in vivo [27,28]. The endothelialized microchannel mimics the blood vessels surrounding tumor nests in real tumors, which allows for the study of angiogenesis in response to tumor hypoxia, as well as the delivery of oxygenated medium, nutrients, drugs, and/or therapeutic cells (Figure 1A).



To achieve this design, we fabricated the microfluidic channel and the top oxygen diffusion barrier in two separate processes. Micromilling was chosen in both processes to fabricate the microfluidic mold and the diffusion barrier (Figure 1B,C). It is a computer-numerical-controlled (CNC) machining process with micrometer precision that allows for rapid prototyping without the need for cleanroom facilities, while having high special resolution as well as flexibility in the material choices (such as those with low oxygen permeability such as polycarbonate (PC), used in this study) [37]. The microfluidic channel was replica-molded in the highly oxygen-permeable polydimethylsiloxane (PDMS) from a micromilled PC mold (Figure 1B). The oxygen barrier cap was directly milled in PC for its low oxygen permeability. It contains a central oxygen barrier pillar and three reference pillars (Figure 1C). The reference pillars were designed to achieve and maintain the height of the tumor section (Δh) within the hypoxic tumor model. Before assembly, the PDMS device was punched with three holes to accommodate the oxygen diffusion barrier cap (Figure 1B). The PDMS microfluidic channel was then bonded onto a glass slide by oxygen plasma treatment and inserted with the oxygen diffusion barrier cap in the final assembled device (Figure 1D, without cells).



The workflow of the tumor model assembly is illustrated in Figure 1E,F. A dense ECM network and heterogeneous oxygen levels are major hallmarks of solid tumors. To recapitulate these factors, cancer cells were embedded in gelatin methacryloyl (GelMA), a photocrosslinkable hydrogel derived from natural collagen [38,39]. A mixture of cancer cells with 10% GelMA (10 million cells/mL) was cured with ultraviolet (UV) light (λ = 375 ± 14 nm) (Figure 1E), which resulted in a hydrogel stiffness at approximately 6 kPa in Young’s modulus, resembling typical cancer matrix stiffnesses [40]. The artificial vasculature was engineered in a two-step process. First, a lumen was generated in the collagen-filled fluidics channel with viscous fingering patterning [30] (Figure 1F). Viscous fingering is a phenomenon where a less viscous fluid displaces a more viscous fluid, resulting in projections of the less viscous fluid (Figure 1F, middle). Upon gelation of collagen at the 37 °C physiological temperature, a hollow lumen remains. Next, the lumen was seeded with human umbilical vein endothelial cells (HUVECs) while the device was rotated continuously. As a result, the entire lumen became lined with endothelial cells that mimic a blood vessel (Figure 1G,H).




3.2. An Artificial Vasculature Can Be Formed and Maintained in the Hypoxic Tumor Model


Next, we examined the phenotypic and morphological characteristics of the vasculature formed in the device. We first imaged the structure of the engineered vasculature with immunostaining against vascular biomarkers. We used HUVEC cells to line a collagen lumen formed around a hypoxic tumor section composed of SKOV3 ovarian cancer cells in the model. We then fixed the cells and immunostained for CD31 (also known as the platelet-endothelial cell adhesion molecule-1 or PECAM-1), to highlight the vascular morphology and cell–cell adhesion [41]. With confocal microscopy, we visualized the vasculature with maximum intensity projection at the lateral dimensions (Figure 2A) and 3-D reconstruction of a vertical cross-section (Figure 2B). We found that the HUVEC formed a monolayer along the surface of the collagen lumen in the microfluidic channel. Interestingly, these endothelial cells spontaneously formed an aligned pattern on the vascular surface, with their long axes pointing toward the longitudinal direction of the vascular lumen (Figure 2A).



We also stained the vasculature for the vascular endothelial-cadherin (VE-cadherin). VE-cadherin is an endothelial-specific adhesion molecule expressed at the cell–cell junctions in vasculature, which controls vascular permeability and leukocyte extravasation [42]. Similar analyses of maximum intensity projection of a section of the vasculature showed a tube-like structure lined with HUVECs (Figure 2C,D). Compared to the CD31 staining, VE-cadherin was visually more specifically localized to the cell–cell junctions, as expected with strong cell-cell interaction in the HUVEC monolayer of the vasculature wall (Figure 2C). A vertical confocal section of the vasculature also confirmed a hollow lumen (Figure 2D).



With 3-D sectioning in confocal microscopy, we found that HUVECs uniformly adhered to the lumen wall, as shown in confocal slices of the vasculature at the indicated heights (Figure 3A–C). The size of the vasculature was consistently approximately 600 µm wide and 100 µm tall. Notably, the collagen channel contained geometrical irregularities due to the interfacial instability during the viscous fingering process [43]. In the formed vascular lumen, some regions in the confocal slices appeared to be darker than the surrounding regions (Figure 3A,C), which were due to the difference in focus and contrast caused by the irregular wall shapes in the continuous endothelial layer (Supplemental Figure S1). A common issue in using collagen as a hydrogel for cell embedment is compaction [29,44]. To investigate the effect of collagen compaction in our model, we monitored the vasculature daily for a week. Collagen compaction visibly occurred and led to the vasculature collapsing when the PDMS fluidic device/channel was not coated with polydopamine (PDA) [29] and fibronectin [45] (Supplemental Figure S2).



In contrast, upon surface coating with PDA and fibronectin, the collagen compaction was prevented, and the structural integrity of the vasculature was well maintained over 7 days without any noticeable decay (Figure 3D,E).




3.3. A Hypoxic Gradient Can Be Established in a 3-D Tumor Section with Surrounding Vasculature


We next investigated whether the new vascularized design of the hypoxic tumor model would alter the oxygen profile that has been previously characterized in the non-vascularized model [27]. We carried out computer simulations with COMSOL Multiphysics® to characterize the spatial distribution and temporal evolvement of oxygen concentration in the 3-D microdevice platform (Figure 4A,B). We found that, with or without the endothelial component in the device, the oxygen gradients follow very similar spatial patterns in both tumor models, with near anoxia at the center and steep gradient close to the periphery (Figure 4C). In the absence of the vasculature, the oxygen level was slightly higher at the immediate edge of the tumor section, whereas the centers of the tumor sections were minimally affected by the vascularization (Figure 4C, yellow curve). This is due to the fact that endothelial cells predominantly undergo glycolytic metabolism, which consumes minimal oxygen and allows for transferring as much oxygen as possible through the endothelium to the perivascular tissues [46]. On the other hand, similar to our previous reports [27,28], the induction of hypoxia in the central tumor section happens in a very rapid manner, which reaches >90% of the steady-state oxygen levels within the first 30 min (Figure 4D). We further confirmed the hypoxic state of cancer cells within the tumor section, indicated by the elevated fluorescence of the fluorescent oxygen sensor particles compared to the no-cell control (Figure 4E), as well as the enhanced expression of glucose transporter-1 (Glut-1) in the embedded SKOV3 cancer cells compared to the normoxic counterpart (Figure 4F). The results here indicate that the characterization of the oxygen profiles in our previously reported 3-D hypoxic tumor model still applies to the new vascularized models in this study, to guide the investigation of hypoxia-induced angiogenesis.




3.4. Progression of Tumor Angiogenesis Is Observed in the Composite Tumor Model


Tumor angiogenesis results from the complex crosstalk between tumor cells and the surrounding vasculature in the TME over time. An important advantage of our platform is the ability to capture micro-scale processes with high-content imaging. We reconstructed the structure of the endothelial lumen from confocal images with the Imaris software, to assess the angiogenic progression in our solid tumor model composed of SKOV3 cells (Figure 5A–C). Angiogenic activities were absent in most vascular segments within the SKOV3 model in the early cultures (Figure 5A). Interestingly, we started to observe angiogenic stalk formation around day 5, which pointed towards the hypoxic tumor section (Figure 5B). By day 7, some vascular sections had massive endothelial ingrowth into the tumor section (Figure 5C). However, such extensive angiogenic projections into the tumor bulk happened rarely in this SKOV3 model, which was largely due to the proximity between the vasculature and the tumor section.



To further assess the impact of cell types in TME on angiogenesis, we set up several tumor models with different cancer cells or with/without stromal cells. It has been reported that hypoxia promotes the recruitment of bone marrow stromal cells (BMSCs) to the solid tumor microenvironment [47], which can in turn increase tumor angiogenesis [48]. We mixed BMSCs with SKOV3 cancer cells in hydrogel to form the tumor section. The angiogenic sprouting was more readily observed in the tumor sections with BMSCs than those with SKOV3 cells alone (Figure 6A,B). Interestingly, the addition of BMSCs also led to narrower vascular diameter in some areas (Figure 6B, top), suggesting a role of BMSCs in promoting the remodeling of the ECM and vascular morphologies. To investigate the effect of different cancer types in inducing angiogenic sprouting, in addition to the ovarian (SKOV3) cancer cells, we created 3-D tumor sections with pancreatic (Panc1) and breast (MDA-MB-231) cancer cells (Figure 6C,D). Surprisingly, all the models with cancer cell alone did not exhibit large number of sprouting events. Our results thus indicate a stronger role of the stromal factors in promoting angiogenesis in the hypoxic tumors.




3.5. Molecular and Cellular Deliveries Can Be Tracked in the Vascularized Tumor Model


Of all the applications of vascularized in vitro tumor models, assessing the delivery of molecular and cellular therapeutics will provide insights into mechanisms of the vascular deliveries and potential interventions that can improve the therapeutic efficacies. To evaluate such potentials, we first tested the permeability of the endothelial lining in the vascularized hypoxic tumor model with 70 kDa fluorescent Dextran, which mimics the size of serum albumin (66 kDa) and is often retained in the healthy vasculature within 60 min of infusion [49]. We introduced the fluorescent Dextran from the inlet and monitored the fluorescent signal around the vasculature over time (Figure 7A–D). Upon the initial infusion, the fluorescent signal was largely retained in the vasculature (Figure 7B). It then gradually increased in the collagen matrix outside of the vasculature, often appearing on one side before extending to the other (Figure 7C,D), which indicates leakage(s) located at the side of higher initial signals in the vasculature.



Next, we evaluated the delivery of engineered T cells in our model. Chimeric antigen receptor (CAR) T cells have been heavily investigated in treating solid tumors in recent years [50]. CAR T cells have to arrest on and penetrate through the endothelium, which negatively regulate T cell functions [51], before reaching the cancer cells expressing the tumor (associated) antigens. HER2-targeting CAR T cells were introduced through the inlet into the vasculature, and their movement was tracked using microscopy (Figure 7E). With live imaging microscopy, we can analyze the speed and direction of immune cells on a single cell basis (Figure 7E,F). The majority of the infused CAR T cells remained in the center of the vasculature and moved quickly along with the flow. Notably, some T cells managed to arrest on the endothelium, as demonstrated by their minimal migration speed and short movement trajectories (Figure 7E,F, cell #3, 5, and 8). Interestingly, we noticed that some cells (Figure 7E, cell #5) were moving against the flow, albeit at low speed. This suggests an active attachment/migration of the therapeutic cells on the endothelium, which may precede their penetration through the vasculature into the tumor section.





4. Discussion and Conclusions


Here, we presented a composite microdevice-microfluidic platform that integrates a vascular lumen in a hypoxic tumor model. Our platform takes a combinatorial approach of micropatterning, micromilling, and microfluidic technologies to recapitulate a vascularized, hypoxic TME. Micromilling allows for choosing materials that have the desired low oxygen permeability for the hypoxia module, which is difficult to achieve with PDMS in the conventional microfluidic models. The microfluidics, on the other hand, facilitates the creation of an artificial endothelium resembling the morphology and functions of tumor vasculature. Such modular design also enables a vasculature mimetic interface without affecting the induction of an oxygen concentration gradient in the tumor section. This oxygen gradient was confirmed with the oxygen sensor layer in the device (Figure 4E). It is noteworthy that the hypoxic marker, Glut-1 did not follow a similar gradient pattern in the device (Figure 4F). It has been previously shown that, although Glut-1 is a good phenotypic marker for tumor hypoxia, Glut-1 expression correlates poorly with measured oxygen tension in patient tumors [52]. In our experience, the Glut-1 expression level in cancer cells in the 3-D model does not follow a proportional relationship with the hypoxic level in the range of oxygen levels (0~20%), and instead resembles more of an “on” switch below a certain range. Different cancer cell lines also have different radial Glut-1 patterns under similar hypoxia conditions (data not shown). Thus, we use the oxygen sensor for the oxygen levels and Glut-1 expression as confirmation of the induction of hypoxic state in the cells, to indicate both physical and biological states in the device. For vascular formation in microfluidic devices, many groups have used direct endothelial cell lining inside the PDMS channels, micro-molding or patterning in hydrogels, or spontaneous microvasculature formation through vasculogenesis/angiogenesis [18]. These methods often involve non-physiological morphology/substrate or require complex molding steps or extended culture time. The viscous fingering approach was chosen specifically for its advantage in simple and rapid fabrication, compatibility with our composite and curved microchannel design, and physiological endothelial-ECM interactions. Additional improvement on the morphology of the vascular lumen may be achieved by incorporating electrical field during viscous fingering [43].



A significant advantage of our platform is in its compatibility with high-content imaging over spatial and temporal dimensions, with its thin-layer design and lateral arrangement of cell types and tumor/vascular components. It is suited for investigating angiogenic progression around hypoxic tumors in the TME, which can provide insights into the molecular mechanisms that contribute to tumor progression. For instance, our vascularized hypoxic tumor model may be used to mimic the early tumor progression, where vasculature surrounds avascular tumor nests, and angiogenic sprouts are induced to penetrate the surrounding ECM into the overgrown, hypoxic tumor. We also showed distinct angiogenic behaviors in the vasculature without and with stromal cells. Using different cancer cells alone did not affect the frequency of angiogenesis with the cell lines we tested. It is worth noting that some vascular sprouts under cancer-cell-alone conditions were tiny (Figure 5B) and thus difficult to identify/quantify under low-magnification imaging condition for quantification (Figure 6). It is thus premature to conclude that cancer cells alone do not support angiogenesis. Additional studies with longer incubation times may be needed to further determine the angiogenic events. In contrast, co-culturing cancer cells with BMSCs drastically increased the frequency of long angiogenic sprouts and changed the vascular morphology. Our model can be further adapted to include different stromal cells, such as fibroblasts and immune cells (such as macrophages and myeloid-derived suppressor cells) [53], to understand their impact on tumor angiogenesis or elucidate their respective roles in tumor vascular invasion and metastasis under the context of tumor hypoxia.



The tumor vasculature formed in this study showed leakage in the Dextran test. It is known that tumor-vascular crosstalk results in leaky vasculature [5]. On the other hand, irregular geometric features of the vascular wall from viscous fingering (Figure 3A,C) may also have contributed to weak spots due to curvature or lower ECM density. Notably, mechanical factors such as physiological fluid flow have been shown to play a role in endothelial cell maturation and permeability [54]. It will thus be important to include the flow condition in studying tumor-vasculature interactions, the vascular leakage, as well as therapeutic deliveries (e.g., drugs and immune cells). While our artificial vasculature was cultured under static conditions and the vasculature expresses mature endothelial cell markers, it can be readily extended to include continuous fluid flow using gravitational force [55] or syringe-based pumps [56], using the existing microfluidic inlet/outlet interfaces.



Our platform has shown compatibility with testing the intratumor delivery of molecular and cellular therapeutics through the vasculature. Such applications can be further extended to small molecule drugs and nanomedicine, to generate insights into strategies that can enhance the delivery of cancer therapeutics while normalizing the tumor vasculatures in hypoxic tumors. With live-cell imaging and cell tracking, the platform can also be extended to investigate endothelial-immune interaction in cell-based therapies, with a broader set of cell types including natural killer (NK) cells, dendritic cells (DCs), macrophages, engineered T cells, etc. [57]. Furthermore, immunotherapies, particularly those through antigen recognition by T cell receptor (TCR), involve major histocompatibility complex (or human leukocyte antigen, or HLA). An HLA match between immune cell and the targeted cancer cells is crucial for the interpretation of the therapeutic efficacies [58]. The platform developed here only requires a small amount of patient cells but can mimic tumor physiology and potentially reveal therapeutic efficacies in a more faithful way. Thus, it can potentially be applied to incorporate a patient’s own tumor and immune cells to improve personalized cellular therapy.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cells10092201/s1, Figure S1: Vascular integrity in endothelial layer, Figure S2: Compaction of vasculature without PDA or fibronectin lining in microfluidic channel.





Author Contributions


Y.A. designed and carried out the study, collected and analyzed the data, and wrote the manuscript. J.M.O., W.Z. and M.T. contributed to the device fabrication and vascular formation. K.S. conceived and designed the study, analyzed the data, and edited and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by an NIH National Cancer Institute grant (R01CA220012), an NIH National Institute of Biomedical Imaging and Bioengineering Trailblazer Award (R21EB024748), a STOP CANCER Marni Levine Memorial Research Career Development Award, the USC Viterbi School of Engineering, and the USC Provost’s PhD Fellowship.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data presented in this manuscript is available upon request to the corresponding author.




Acknowledgments


We thank Elizabeth Siegler and Pin Wang at USC for providing the Her2 CAR-T cells. This research was also supported by shared resources from an NIH National Cancer Institute Award (P30CA014089).




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Pollina, E.A.; Legesse-Miller, A.; Haley, E.; Goodpaster, T.; Randolph-Habecker, J.; Coller, H.A. Regulating the Angiogenic Balance in Tissues: A Potential Role for the Proliferative State of Fibroblasts. Cell Cycle 2008, 7, 2056–2070. [Google Scholar] [CrossRef]

	



Bergers, G.; Benjamin, L.E. Tumorigenesis and the angiogenic switch. Nat. Rev. Cancer 2003, 3, 401–410. [Google Scholar] [CrossRef] [PubMed]

	



Baeriswyl, V.; Christofori, G. The angiogenic switch in carcinogenesis. Semin. Cancer Biol. 2009, 19, 329–337. [Google Scholar] [CrossRef]

	



Carmeliet, P. VEGF as a key mediator of angiogenesis in cancer. Oncology 2005, 69 (Suppl. S3), 4–10. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, S.; Koga, S.; Kuwabara, K.; Brett, J.; Morrow, B.; Morris, S.A.; Bilezikian, J.P.; Silverstein, S.C.; Stern, D. Hypoxia-induced increased permeability of endothelial monolayers occurs through lowering of cellular cAMP levels. Am. J. Physiol. Cell Physiol. 1992, 262, C546–C554. [Google Scholar] [CrossRef] [PubMed]

	



Wong, B.W.; Marsch, E.; Treps, L.; Baes, M.; Carmeliet, P. Endothelial cell metabolism in health and disease: Impact of hypoxia. EMBO J. 2017, 36, 2187–2203. [Google Scholar] [CrossRef]

	



Liao, D.; Johnson, R.S. Hypoxia: A key regulator of angiogenesis in cancer. Cancer Metastasis Rev. 2007, 26, 281–290. [Google Scholar] [CrossRef] [PubMed]

	



Muzykantov, V.; Muro, S. Targeting delivery of drugs in the vascular system. Int. J. Transp. Phenom. 2011, 12, 41–49. [Google Scholar] [PubMed]

	



Hendry, S.A.; Farnsworth, R.H.; Solomon, B.; Achen, M.G.; Stacker, S.A.; Fox, S.B. The Role of the Tumor Vasculature in the Host Immune Response: Implications for Therapeutic Strategies Targeting the Tumor Microenvironment. Front. Immunol. 2016, 7, 621. [Google Scholar] [CrossRef]

	



Schaaf, M.B.; Garg, A.D.; Agostinis, P. Defining the role of the tumor vasculature in antitumor immunity and immunotherapy. Cell Death Dis. 2018, 9, 115. [Google Scholar] [CrossRef]

	



He, J.; Baum, L.G. Endothelial cell expression of galectin-1 induced by prostate cancer cells inhibits T-cell transendothelial migration. Lab. Investig. 2006, 86, 578–590. [Google Scholar] [CrossRef] [PubMed]

	



Al-Soudi, A.; Kaaij, M.H.; Tas, S.W. Endothelial cells: From innocent bystanders to active participants in immune responses. Autoimmun. Rev. 2017, 16, 951–962. [Google Scholar] [CrossRef] [PubMed]

	



Miller, C.P.; Shin, W.; Ahn, E.H.; Kim, H.J.; Kim, D.-H. Engineering Microphysiological Immune System Responses on Chips. Trends Biotechnol. 2020, 38, 857–872. [Google Scholar] [CrossRef] [PubMed]

	



Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H.Y.; Ingber, D.E. Reconstituting organ-level lung functions on a chip. Science 2010, 328, 1662–1668. [Google Scholar] [CrossRef]

	



Bischel, L.L.; Beebe, D.J.; Sung, K.E. Microfluidic model of ductal carcinoma in situ with 3D, organotypic structure. BMC Cancer 2015, 15, 12. [Google Scholar] [CrossRef]

	



Wang, X.; Phan, D.T.T.; George, S.C.; Hughes, C.C.W.; Lee, A.P. Engineering anastomosis between living capillary networks and endothelial cell-lined microfluidic channels. Lab Chip 2016, 16, 282–290. [Google Scholar] [CrossRef]

	



Wang, X.; Sun, Q.; Pei, J. Microfluidic-Based 3D Engineered Microvascular Networks and Their Applications in Vascularized Microtumor Models. Micromachines 2018, 9, 493. [Google Scholar] [CrossRef]

	



Zervantonakis, I.K.; Hughes-Alford, S.K.; Charest, J.L.; Condeelis, J.S.; Gertler, F.B.; Kamm, R.D. Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function. Proc. Natl. Acad. Sci. USA 2012, 109, 13515–13520. [Google Scholar] [CrossRef]

	



Ehsan, S.M.; Welch-Reardon, K.M.; Waterman, M.L.; Hughes, C.C.W.; George, S.C. A three-dimensional in vitro model of tumor cell intravasation. Integr. Biol. 2014, 6, 603–610. [Google Scholar] [CrossRef]

	



Hachey, S.J.; Movsesyan, S.; Nguyen, Q.H.; Burton-Sojo, G.; Tankanzyan, A.; Wu, J.; Hoang, T.; Hatch, M.M.; Zhao, D.; Celaya, E.; et al. An In Vitro Vascularized Micro-Tumor Model of Human Colorectal Cancer Recapitulates In Vivo Drug Responses. bioRxiv 2020, 21, 1333–1351. [Google Scholar] [CrossRef]

	



Nelson, C.M.; Vanduijn, M.M.; Inman, J.L.; Fletcher, D.A.; Bissell, M.J. Tissue geometry determines sites of mammary branching morphogenesis in organotypic cultures. Science 2006, 314, 298–300. [Google Scholar] [CrossRef] [PubMed]

	



Gomez, E.W.; Chen, Q.K.; Gjorevski, N.; Nelson, C.M. Tissue geometry patterns epithelial-mesenchymal transition via intercellular mechanotransduction. J. Cell. Biochem. 2010, 110, 44–51. [Google Scholar] [CrossRef] [PubMed]

	



Klimkiewicz, K.; Weglarczyk, K.; Collet, G.; Paprocka, M.; Guichard, A.; Sarna, M.; Jozkowicz, A.; Dulak, J.; Sarna, T.; Grillon, C.; et al. A 3D model of tumour angiogenic microenvironment to monitor hypoxia effects on cell interactions and cancer stem cell selection. Cancer Lett. 2017, 396, 10–20. [Google Scholar] [CrossRef] [PubMed]

	



Amann, A.; Zwierzina, M.; Koeck, S.; Gamerith, G.; Pechriggl, E.; Huber, J.M.; Lorenz, E.; Kelm, J.M.; Hilbe, W.; Zwierzina, H.; et al. Development of a 3D angiogenesis model to study tumour–endothelial cell interactions and the effects of anti-angiogenic drugs. Sci. Rep. 2017, 7, 2963. [Google Scholar] [CrossRef]

	



Song, J.; Miermont, A.; Lim, C.T.; Kamm, R.D. A 3D microvascular network model to study the impact of hypoxia on the extravasation potential of breast cell lines. Sci. Rep. 2018, 8, 17949. [Google Scholar] [CrossRef]

	



Ando, Y.; Siegler, E.L.; Ta, H.P.; Cinay, G.E.; Zhou, H.; Gorrell, K.A.; Au, H.; Jarvis, B.M.; Wang, P.; Shen, K. Evaluating CAR-T Cell Therapy in a Hypoxic 3D Tumor Model. Adv. Healthc. Mater. 2019, 8, e1900001. [Google Scholar] [CrossRef]

	



Ando, Y.; Ta, H.P.; Yen, D.P.; Lee, S.-S.; Raola, S.; Shen, K. A Microdevice Platform Recapitulating Hypoxic Tumor Microenvironments. Sci. Rep. 2017, 7, 15233. [Google Scholar] [CrossRef]

	



Park, S.E.; Georgescu, A.; Oh, J.M.; Kwon, K.W.; Huh, D. Polydopamine-Based Interfacial Engineering of Extracellular Matrix Hydrogels for the Construction and Long-Term Maintenance of Living Three-Dimensional Tissues. ACS Appl. Mater. Interfaces 2019, 11, 23919–23925. [Google Scholar] [CrossRef]

	



Bischel, L.L.; Lee, S.-H.; Beebe, D.J. A Practical Method for Patterning Lumens through ECM Hydrogels via Viscous Finger Patterning. J. Lab. Autom. 2012, 17, 96–103. [Google Scholar] [CrossRef]

	



Bischel, L.L.; Young, E.W.K.; Mader, B.R.; Beebe, D.J. Tubeless microfluidic angiogenesis assay with three-dimensional endothelial-lined microvessels. Biomaterials 2013, 34, 1471–1477. [Google Scholar] [CrossRef]

	



Newman, S.; Cloître, M.; Allain, C.; Forgacs, G.; Beysens, D. Viscosity and elasticity during collagen assembly in vitro: Relevance to matrix-driven translocation. Biopolymers 1997, 41, 337–347. [Google Scholar] [CrossRef]

	



Buchwald, P. FEM-based oxygen consumption and cell viability models for avascular pancreatic islets. Biol. Med. Model. 2009, 6, 5. [Google Scholar] [CrossRef]

	



Wagner, B.A.; Venkataraman, S.; Buettner, G.R. The Rate of Oxygen Utilization by Cells. Free Radic. Biol. Med. 2011, 51, 700–712. [Google Scholar] [CrossRef] [PubMed]

	



Han, S.; Shin, Y.; Jeong, H.E.; Jeon, J.S.; Kamm, R.D.; Huh, D.; Sohn, L.L.; Chung, S. Constructive remodeling of a synthetic endothelial extracellular matrix. Sci. Rep. 2015, 5, 18290. [Google Scholar] [CrossRef]

	



Kim, S.; Kim, W.; Lim, S.; Jeon, J.S. Vasculature-On-A-Chip for In Vitro Disease Models. Bioengineering 2017, 4, 8. [Google Scholar] [CrossRef]

	



Yen, D.P.; Ando, Y.; Shen, K. A cost-effective micromilling platform for rapid prototyping of microdevices. Technology 2016, 4, 234–239. [Google Scholar] [CrossRef] [PubMed]

	



Nichol, J.W.; Koshy, S.T.; Bae, H.; Hwang, C.M.; Yamanlar, S.; Khademhosseini, A. Cell-laden microengineered gelatin methacrylate hydrogels. Biomaterials 2010, 31, 5536–5544. [Google Scholar] [CrossRef]

	



Klotz, B.J.; Gawlitta, D.; Rosenberg, A.J.W.P.; Malda, J.; Melchels, F.P.W. Gelatin-Methacryloyl Hydrogels: Towards Biofabrication-Based Tissue Repair. Trends Biotechnol. 2016, 34, 394–407. [Google Scholar] [CrossRef]

	



Reid, S.E.; Kay, E.J.; Neilson, L.J.; Henze, A.-T.; Serneels, J.; McGhee, E.J.; Dhayade, S.; Nixon, C.; Mackey, J.B.G.; Santi, A.; et al. Tumor matrix stiffness promotes metastatic cancer cell interaction with the endothelium. EMBO J. 2017, 36, 2373–2389. [Google Scholar] [CrossRef]

	



Pusztaszeri, M.P.; Seelentag, W.; Bosman, F.T. Immunohistochemical expression of endothelial markers CD31, CD34, von Willebrand factor, and Fli-1 in normal human tissues. J. Histochem. Cytochem. 2006, 54, 385–395. [Google Scholar] [CrossRef] [PubMed]

	



Harris, E.S.; Nelson, W.J. VE-cadherin: At the front, center, and sides of endothelial cell organization and function. Curr. Opin. Cell. Biol. 2010, 22, 651–658. [Google Scholar] [CrossRef] [PubMed]

	



Gao, T.; Mirzadeh, M.; Bai, P.; Conforti, K.M.; Bazant, M.Z. Active control of viscous fingering using electric fields. Nat. Commun. 2019, 10, 4002. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez, P.; Bausch, A.R. The compaction of gels by cells: A case of collective mechanical activity. Integr. Biol. 2009, 1, 252–259. [Google Scholar] [CrossRef]

	



Erat, M.C.; Sladek, B.; Campbell, I.D.; Vakonakis, I. Structural Analysis of Collagen Type I Interactions with Human Fibronectin Reveals a Cooperative Binding Mode. J. Biol. Chem. 2013, 288, 17441–17450. [Google Scholar] [CrossRef]

	



Falkenberg, K.D.; Rohlenova, K.; Luo, Y.; Carmeliet, P. The metabolic engine of endothelial cells. Nat. Metab. 2019, 1, 937–946. [Google Scholar] [CrossRef]

	



Rattigan, Y.; Hsu, J.M.; Mishra, P.J.; Glod, J.; Banerjee, D. Interleukin 6 mediated recruitment of mesenchymal stem cells to the hypoxic tumor milieu. Exp. Cell Res. 2010, 316, 3417–3424. [Google Scholar] [CrossRef]

	



Huang, W.H.; Chang, M.C.; Tsai, K.S.; Hung, M.C.; Chen, H.L.; Hung, S.C. Mesenchymal stem cells promote growth and angiogenesis of tumors in mice. Oncogene 2013, 32, 4343–4354. [Google Scholar] [CrossRef]

	



Egawa, G.; Nakamizo, S.; Natsuaki, Y.; Doi, H.; Miyachi, Y.; Kabashima, K. Intravital analysis of vascular permeability in mice using two-photon microscopy. Sci. Rep. 2013, 3, 1932. [Google Scholar] [CrossRef]

	



Hou, A.J.; Chen, L.C.; Chen, Y.Y. Navigating CAR-T cells through the solid-tumour microenvironment. Nat. Rev. Drug Discov. 2021, 20, 531–550. [Google Scholar] [CrossRef]

	



Lanitis, E.; Irving, M.; Coukos, G. Targeting the tumor vasculature to enhance T cell activity. Curr. Opin. Immunol. 2015, 33, 55–63. [Google Scholar] [CrossRef]

	



Airley, R.; Loncaster, J.; Davidson, S.; Bromley, M.; Roberts, S.; Patterson, A.; Hunter, R.; Stratford, I.; West, C. Glucose Transporter Glut-1 Expression Correlates with Tumor Hypoxia and Predicts Metastasis-free Survival in Advanced Carcinoma of the Cervix. Clin. Cancer Res. 2001, 7, 928–934. [Google Scholar]

	



Kumar, V.; Patel, S.; Tcyganov, E.; Gabrilovich, D.I. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol. 2016, 37, 208–220. [Google Scholar] [CrossRef] [PubMed]

	



Zohar, B.; Blinder, Y.; Mooney, D.J.; Levenberg, S. Flow-Induced Vascular Network Formation and Maturation in Three-Dimensional Engineered Tissue. ACS Biomater. Sci. Eng. 2018, 4, 1265–1271. [Google Scholar] [CrossRef] [PubMed]

	



Moya, M.L.; Hsu, Y.-H.; Lee, A.P.; Hughes, C.C.W.; George, S.C. In Vitro Perfused Human Capillary Networks. Tissue Eng. Part C Methods 2013, 19, 730–737. [Google Scholar] [CrossRef] [PubMed]

	



Lovett, M.; Lee, K.; Edwards, A.; Kaplan, D.L. Vascularization Strategies for Tissue Engineering. Tissue Eng. Part. B Rev. 2009, 15, 353–370. [Google Scholar] [CrossRef] [PubMed]

	



Ando, Y.; Mariano, C.; Shen, K. Engineered in vitro tumor models for cell-based immunotherapy. Acta Biomater. 2021. [Google Scholar] [CrossRef]

	



Kakimi, K.; Karasaki, T.; Matsushita, H.; Sugie, T. Advances in personalized cancer immunotherapy. Breast Cancer 2017, 24, 16–24. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 02201 g001 550] 





Figure 1. Design and fabrication of the vascularized hypoxic tumor model. (A) Schematics of hypoxia device with surrounding vasculature. (B) Design of the microfluidic mold, the milled polycarbonate (PC) product, and the replica molded PDMS device (with punched holes for the reference pillars). (C) Design of the oxygen barrier cap, the role of reference pillars in determining the gap size (Δh), and the milled PC cap. The Δh determines the thickness of tumor section in the model. (D) An assembled device on a glass slide. (E) The assembly of the tumor model prior to vascular formation. (F) Formation of vasculature by viscous fingering and endothelial lining. (G) A completed device with endothelial lining in bright field. (H) Fluorescent nuclear staining of the endothelial lining (blue) for the device in (G). Scale bars: 1 mm. 
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Figure 2. Phenotypic characterization of the vasculature in hypoxic SKOV3 tumor model. (A) Top view of a 3-D vasculature surrounding a tumor section reconstructed from confocal scans after CD31 immunostaining in HUVEC. Blue: nuclei. (B) A vertical volume-rendered cross section reconstructed from confocal images showing a hollow lumen surrounded by an endothelial layer. (C) Top view of a 3-D vasculature surrounding a tumor section reconstructed from confocal scans after immunostaining of VE-cadherin in the tumor model with nuclear counterstain. (D) A vertical, volume-rendered section reconstructed from VE-cadherin confocal scans. Scale bars: (A,C) 250 µm; (B,D) 100 µm. 
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Figure 3. Morphological characterization of the vasculature in the hypoxic tumor model. Confocal scans of the vascular cross-sections at (A) z = 0 µm, (B) z = 45 µm, and (C) z = 100 µm, respectively. Scale bars: 50 µm. (D) Vascular diameter and (E) vascular density were maintained over 7 days. (D,E) n = 12, 14, 15, 15, 9, 9, 6, 6 for day 0~7, respectively. N.s.: not significant, with one-way ANOVA. 
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Figure 4. COMSOL simulation of oxygen profiles in hypoxic tumor models without or with the vascular channel. Oxygen profile in (A) a tumor model with microfluidic channel alone, and (B) a composite vascularized hypoxic tumor model. (C) Radial distribution of oxygen concentrations from the center to the edge of the tumor region without (blue line; the left y-axis) or with vasculature (red circles; the left y-axis), and the difference between the two (orange line; the right y-axis). (D) Rapid achievement of the steady-state oxygen levels at different radial positions in the vascularized tumor model. Model dimensions are the same as the actual sizes. (E) Measurement of oxygen levels in the tumor section without (top) or with (bottom) SKOV3 cancer cells at 24 h, using an oxygen-sensitive ruthenium compound absorbed in silica microparticles and embedded in a thin layer of PDMS on the PC pillar. Higher fluorescence indicates lower oxygen level. (F) The expression of Glut-1, a hypoxic marker, in the embedded SKOV3 cancer cells in the tumor section in normoxia (top, hypoxia model removed of the PC cap on day 0) vs. hypoxia (bottom) model after 24 h of culture. Scale bars: 1 mm. 
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Figure 5. Angiogenesis in a hypoxic SKOV3 tumor model. (A) A vascular segment without angiogenic activities in early culture. (B) Vascular sprouting toward the tumor section on day 5. (C) Massive endothelial ingrowth into the tumor section in one vascular segment on day 7. Scale bars: 250 µm. 
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Figure 6. Differential angiogenic responses in different tumor models. Vascularized hypoxic tumor models on day 7 with (A) SKOV3 cells, (B) SKOV3+BMSCs, (C) Panc1 cells, and (D) MDA-MB-231 cells in the tumor sections. White arrows: incidence of vascular sprouting. Scale bars: 1 mm. 
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Figure 7. Assessing deliveries of molecules and cells in the vascularized tumor model. (A–D) Time series of the leakage of 70 kDa Dextran across the endothelium. (E) CAR T cells (circled) and their movement trajectories. (F) Velocity of CAR T cells in the vasculature (n = 8). Scale bars: 250 µm. 
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