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Abstract

Microfluidic technology has led to the development of advanced in vitro tumor platforms that 

overcome the challenges of in vivo animal and in vitro two dimensional models. This paper 

presents platform designs and methods used to develop complex vascularized in vitro models to 

mimic the tumor microenvironment. Features of these platforms include a continuous, aligned 

endothelium that allows for cell-cell interactions between vasculature and tumor cells. A novel 

platform for fabrication of a single endothelialized microchannel encased within a collagen 

platform hosting breast cancer cells was developed and utilized to study the influence of cellular 

interaction on transport phenomenon through vasculature in a hyperpermeable tumor 

microenvironment. This platform relies on subtractive tissue engineering fabrication techniques. 

Through confocal imaging we have demonstrated that the platform produces enhanced vessel 

leakiness recapitulating physiological features of the tumor microenvironment. The influence of 

tumor endothelial interactions on transport of particles was also demonstrated. Additionally, we 

designed two more complex and intricate endothelialized microfluidic networks by combining 

lithographic techniques with additive tissue engineering methods. We created a network platform 

consisting of interconnected microchannels to model a highly vascularized system and 

successfully perfused the system with fluorescent particles. Finally, we developed a 

physiologically representative in vitro microfluidic platform with vasculature patterned from in 
vivo data showing the versatility of these systems to replicate the complex geometries of tumor 

microvasculature and dynamically measured particle transport. Overall, we have shown the ability 

to develop functional microfluidic vascular tumor platforms of varying complexities and 

demonstrated their utility for studying spatial particle transport within these systems.
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Development of 3D vascular tumor microfluidic platforms from single vessel to complex in vivo 

patterned vascular platforms.

Introduction

The continuous development of new fabrication techniques in the field of tissue engineering 

is leading to creation of more advanced in vitro models to better understand the underlying 

influence of the microenvironment on human disease and tissue development. Three 

dimensional (3D) engineered tissue platforms have the ability to create physiologically 

representative features with an improved insight into the dynamic intricacies of the 

pathology of disease that is not possible with traditional two dimensional (2D) models 

(Buchanan et al., 2014b; Chrobak et al., 2006; Gadde et al., 2018; Golden et al., 2007; 

Griffith et al., 2006; Horning et al., 2008; Hutmacher et al., 2009; Ma et al., 2018; Mi et al., 

2016; Soleimani et al., 2018; Staton et al., 2004; Sung et al., 2013; Sung et al., 2014; 

Yamada et al., 2007; Zhang et al., 2017; Zheng et al., 2012). Some of the features not 

simulated in 2D culture include but are not limited to cell-cell and cell-matrix signalling, 

transport studies, and impact of mechanical and chemical gradients on cellular response. 

Incorporation of microfluidic technology within 3D in vitro platforms allows long term cell 

culture and the ability to investigate the influence of flow and transport on dynamic cellular 

interactions in biological microenvironments (Buchanan et al., 2014b; Chrobak et al., 2006; 

Golden et al., 2007; Huang et al., 2017; Jeon et al., 2015; Zheng et al., 2012). These types of 

3D models promote cell growth and migration and are playing a growing role in the study of 

cancer biology due to their ability to examine the influence of individual factors on tumor 

progression.
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Hyperpermeability of the vasculature within the tumor environment along with a lack of 

lymphatic drainage is responsible for elevated interstitial fluid pressure that can dramatically 

alter flow patterns as the tumor expands (Azzi et al., 2013; Butler et al., 1975; Huang et al., 

2017; Jain, 1988; Jain et al., 2014; Niederhuber et al., 2013; Vaupel et al., 1989). These 

hydrodynamic behaviours may lead to increased expression of angiogenic factors and 

formation of microvessels inside the tumor allowing for cancer growth while transport and 

drug uptake can be reduced by the fluid dynamics of the tumor vasculature (Azzi et al., 

2013; Galmarini et al., 2000; Gkretsi et al., 2017; Jain et al., 2014; Jang et al., 2003; 

Multhoff et al., 2012; Tredan et al., 2007; Vaupel et al., 1989). Macromolecules and 

nanotherapeutics can fail to reach viable tumor cells due to the irregular extravasation and 

extravascular convection caused by the conditions of the tumor microenvironment. In order 

to study the influence of the vasculature on tumor development and transport of drugs, there 

has been a widespread expansion of in vitro platforms to incorporate channels to simulate 

vessels.

Collagen is commonly used as the extracellular matrix (ECM) component for creation of 

vascular channels in microfluidic devices (Charulatha et al., 2003; Drury et al., 2003; 

Parenteau-Bareil et al., 2010; Yamamura et al., 2007). Other proteins such as fibrin have also 

been used as scaffold material. Groups have utilized fibrin by itself or as a blend with 

different collagen percentages for various applications including cardiac, wound healing and 

cancer invasion studies (Chung et al., 2017; Lee et al., 2014; Mol et al., 2005; Nagaraju et 

al., 2018; Purtscher et al., 2015). However, low ultimate tensile strength of this material 

suggests it is not well suited for tissues of high stiffness such as breast tumor 

microenvironments, making collagen a more desirable scaffold material (Cummings et al., 

2004). Other groups have used polylactic acid scaffolds in their in vitro studies to estimate 

chemotherapy toxicity in tumor microenvironment (Ma et al., 2012; Wang et al., 2006). 

However, using a non-protein based scaffold material limits physiological cell-matrix 

interactions, which affects proliferation and representative cell response (Antoine et al., 

2014; Antoine et al., 2015). Groups have utilized subtractive and additive tissue engineering 

processes to form microfluidic collagen scaffolds (Bettinger et al., 2012; Bhatia et al., 2014; 

Peela et al., 2017; Tien, 2014). Scaffolds with complex microfluidic networks have also been 

formed using additive methods of combining layers of natural materials formed with 

lithographic techniques and have been used to investigate various behaviours such as cell-

cell interactions during angiogenesis or metastasis, extravasation of breast cancer cells and 

interactions with the endothelium (Bhatia et al., 2014; Bischel et al., 2013; Farahat et al., 

2012; Ghousifam et al., 2017; Jeon et al., 2015; Lee et al., 2014; Ma et al., 2018; Mi et al., 

2016; Nagaraju et al., 2018; Peela et al., 2017; Price et al., 2008; Soleimani et al., 2018; 

Song et al., 2009; Zheng et al., 2012). While these microfluidic devices have provided 

insight into tumor behaviour, the in vitro platforms consist of small number of cells limiting 

the use of biological assays such as PCR or ELISA, or they lack a continuous endothelium 

failing to recapitulate the in vivo tumor microenvironment. In recent years, different 

methods have been proposed and discussed for the fabrication of microfluidic based 

vasculatures constructed within ECM. One method used frequently is to fabricate a housing 

to encapsulate, polymerize, and pattern collagen to create vasculature using sterile needles 

(Nguyen et al., 2013; Price et al., 2010; Tourovskaia et al., 2014; Wong et al., 2013; Wong et 
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al., 2010). Previously, the Rylander group has developed a platform to mimic vascular tumor 

microenvironments that overcomes planar geometries inherent to conventional PDMS based 

devices to produce a more physiologically representative 3D cylindrical endothelialized 

vascular microchannel (Buchanan et al., 2014a; Buchanan et al., 2014b; Szot et al., 2011, 

2013). Fabrication of the platform relies on simple low cost methods to form an optimal in 
vitro environment for the formation of an endothelium and increased cellular capacity 

compared to other platforms dependent on lithographic methods. Although fluorinated 

ethylene propylene (FEP) tubing provided a robust infrastructure for maintaining vessel 

stability, the dimensions of the platform’s tissue chamber were not scalable due to 

limitations set by using off the shelf FEP tubing. Additionally, introducing flow in the 

microchannel during live cell imaging presented challenges. The platform needed to be filled 

with water to match refractive indices in order to form an optically clear system for 

obtaining images. This requirement created the potential for leaks and limited resolution due 

to slight variations in refractive indices between multiple mediums in the platform.

Here we present a novel in vitro platform that capitalizes on the strengths and functionality 

of the Rylander group’s earlier published platform for the creation of a single vessel 

vascularized tumor model. The new platform utilizes simplified fabrication techniques 

leading to increased reproducibility (Figure 1) while maintaining endothelial integrity using 

flow preconditioning method developed previously (Buchanan et al., 2014b). In contrast to 

current methods in literature, the housing material mold for this platform is fabricated using 

micro-milling techniques, decreasing both materials and time for fabrication and eliminating 

the requirement of multistep fabrication processes, and expensive reagents. Additionally, the 

platform does not rely on incorporation of micropillars similar to many groups for providing 

structural support to the collagen matrix endothelium or for separating cellular 

compartments, limiting the introduction of factors that deviate from the in vivo tumor-

vasculature interface (Pagano et al., 2014; Prabhakarpandian et al., 2015; Sleeboom et al., 

2018; Tsai et al., 2017; Vickerman et al., 2008). The new fabrication method enables 

creation of platforms that can be easily customized to alter geometries of the tissue chamber 

and vessel size while maintaining a continuous endothelialized lumen. The platform also 

establishes a simpler setup with new capability for high resolution, live cell imaging of 

particle transport in the tumor while allowing cell-cell interactions between tumor and 

vasculature. We demonstrate that a functional endothelium is formed in the tumor 

microenvironment and then investigate the influence of tumor interactions with the 

endothelium on particle transport across the endothelium.

This work also introduces the formation of more complex tumor microvascular network 

encased in a collagen hydrogel consisting of a co-culture of tumor and endothelial cells. The 

platform fabrication methods utilized in this study are based on works published by Zheng et 

al and tissue engineering techniques previously developed by the Rylander group (Buchanan 

et al., 2014a; Buchanan et al., 2014b; Szot et al., 2011; Zheng et al., 2012). While Zheng et 

al. focused on the interactions between endothelial and perivascular cells, we adapted the 

technique to recreate the tumor-vasculature interface with the incorporation of breast cancer 

cells in a collagen matrix with modulus representative of breast tumor tissue. Also, our work 

builds upon these studies by investigating particle transport through tortuous geometries 

with multiple vessel diameters representing different types of vessels. Lastly, we have 
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pioneered a novel platform with tumor vasculature re-created from in vivo data and to our 

knowledge, this is the first time this has been done. The works presented in this study lay the 

foundation for producing platforms that can create a tumor microenvironment for evaluation 

and development of new therapeutics and personalized cancer treatment plans.

Material and Methods

Platform Design and Fabrication:

Platforms of varying complexity ranging from single vessel platforms to vascular network 

platforms were fabricated using polycarbonate and PDMS housing components interfaced 

with glass cover slips to produce a tissue chamber with an imaging surface as shown in 

Figures 1a and Figure 2a. All polycarbonate and aluminium components used in fabricating 

the hydrogel scaffolds were computer numerical control (CNC) machined. The aluminium 

mold used for the single vessel platform holds a 22G needle and was used to form a PDMS 

chamber (Figure 1a-b) with an inlet and outlet for flow. For the network platforms, stainless 

steel 4–40 machine screws fixed the CNC machined polycarbonate network platform 

components together (Figure 2d). Standard soft lithographic techniques were used to 

produce patterned PDMS stamps for use in forming network platforms (Whitesides et al., 

2001). For both single and network platforms, PDMS chamber and glass cover slip were 

bonded together by exposure to plasma treatment before being assembled.

Formation of Collagen Hydrogels:

A working collagen solution 7 mg/mL for use in the platforms was prepared by neutralizing 

stock collagen with a buffer composed of 10x DMEM, 1N NaOH, and 1x DMEM. This 

solution was added to the single vessel and vascular network platform chambers and 

polymerized for 25 minutes at 37⁰C. For the single vessel platform, a 22G needle was left 

encased in the collagen during the polymerization process (Figure 1c). After removing the 

needle a hollow cylindrical microchannel remained (Figure 1d).

Fabrication of the vascular network platforms, as shown in Figure 2, was adapted from 

previously published protocols (Morgan et al., 2013; Wong et al., 2014; Zheng et al., 2012). 

The well in the base component of the platform was filled with collagen and then, a flat 

PDMS piece was laid on top of the well to produce a flat collagen surface after 

polymerization (Figure 2c). The well in the top component was aligned with a 

lithographically produced PDMS stamp (supplemental section S1) that had the designed 

channel pattern, and pins were inserted into the chamber to create an inlet and exit port 

before the chamber was filled with collagen and polymerized (Figure 2c). After 

polymerization and removal of the PDMS and pins, the top and bottom components of the 

platform were stacked resulting in a network fully encased in collagen (Figure 2d) into 

which endothelial cells were introduced. Once a confluent endothelium was established a 

circular cross-section is formed. The average diameter of tumor microvessels has been 

reported to be less than 100 μm (Niederhuber et al., 2013). However, seeding channels with 

a diameter of approximately 50 μm with endothelial cells causes cells to aggregate and clog 

the channels (Tien, 2014). Based on this information our stamps were designed to have 

diameters of 100 μm or greater.
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Cell Culture:

To create the tumor microenvironment, MDA-MB-231 breast cancer cells labeled with green 

fluorescent protein (GFP) were suspended in the working collagen solution to the targeted 

density of 1×106 cells/mL and polymerized as described above (Buchanan et al., 2014a; 

Buchanan et al., 2014b; Szot et al., 2011, 2013). After polymerization of the collagen and 

the formation of vascular microchannels in the scaffold, red fluorescent protein (RFP) 

labelled telomerase immortalized microvascular endothelial (TIME) cells were injected into 

the microchannels. For the single vessel platforms, TIME cells (2×107 cells/mL) were 

injected twice at 10 minute intervals and the platform was slowly rotated to promote cell 

adhesion around the entire channel. To form a confluent endothelium the platforms were 

connected to a syringe pump providing a continuous flow of TIME cell media into the 

channels resulting in a wall shear stress (WSS, (τ)) of 0.01 dyn/cm2 for 36 hours followed 

by 36 hours of 0.1 dyn/cm2 (Figure 1e-f and 2e-f) following a previously established 

protocol (Buchanan et al., 2014b).

For the network plxatforms, 15 μL of media containing TIME cells (5×106 cells/mL) was 

added to the inlet and allowed to perfuse into the channels for 20 minutes at 37⁰C. Flow for 

the vascular network platform was based on a reservoir system that depends on gravity 

creating a pressure difference at the inlet and outlet to induce a flow through the system 

(Figure 2g). The gravity reservoir preconditioning method required establishing a height 

difference of approximately 6 mm between the inlet and outlet reservoirs providing a 

decaying flow rate with the height difference reestablished every 12 hours.

Viability Analysis:

Viability of MDA-MB-231 breast cancer cells in the tumor platforms was evaluated using 

calcein AM (live)/propidium iodide (PI) (dead) (ThermoFisher Scientific) corresponding to 

green and red stains, respectively (Figure 4a). After completion of preconditioning the 

platform, unlabelled MDA-MB-231 cells in the collagen were incubated with 1μM calcein 

AM solution for 30 minutes followed by a 10 minute incubation in 45 μM PI solution. 

Samples were imaged immediately after PI treatment using Leica TCS SP8 confocal 

microscope.

Endothelium Morphology:

F-actin staining and SEM analysis was completed immediately following endothelial 

preconditioning to visualize endothelial morphology and orientation in the microchannels. 

For F-actin staining, the microchannels were perfused with 4% paraformaldehyde and 0.5% 

triton-X-100 (Sigma Aldrich) for 20 minutes followed by incubation in 1% bovine serum 

albumin for 30 minutes. Rhodamine Phalloidin (ThermoFisher Scientific) probe was used to 

label F-actin and imaged using Leica TCS SP8 confocal laser scanning microscope with HC 

PL Fluotar 10x/0.30 objective. SEM analysis was performed using a Zeiss Supra40 SEM-

Electron Microscope. Microchannels were fixed overnight in an aldehyde mixture osmium 

treatment for 4 hours. Post fixation, the platforms were dehydrated in a series of ethanol 

solutions (50–70-95%), then critical point dried by CO2 and coated with a thin layer of 

platinum-paladium.
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Permeability:

Permeability coefficients were obtained to quantify the rate of transport through the 

endothelium of the microchannel in response to perfusion of 70kda dextran particles. 

Particles with a molecular weight of 70 kda are commonly used in transport studies and are 

comparable to large macromolecules (Chahine et al., 2009; Hoffmann et al., 2011). Three 

conditions of the single vessel platform were evaluated including an acellular microchannel, 

an endothelialized TIME microchannel without MDA-MB-231 cells, and a platform 

containing co-culture of TIME and MDA-MB-231 cells. Studies were conducted upon 

completion of the 72 hour preconditioning protocol. Green fluorescent dextran suspended in 

serum free endothelial basal media (EBM-2) at 10 μg/mL was perfused through the 

microchannels for 2 hours at a flow rate of 260 μL/min generating a WSS of 1 dyn/cm2 with 

images being taken every five minutes for evaluation of transport and diffusion. In normal 

microvessels the average WSS is around 4 dyn/cm2 (Buchanan et al., 2014a; Topper et al., 

1999). The abnormal vasculature in tumors can compromise flow resulting in reduced WSS 

relative to normal blood capillaries and this led to the selection of a lower value of 1 

dyn/cm2 for particle transport studies (Kamoun et al., 2010).

Imaging for diffusion studies was completed on a widefield inverted Leica DMI 6000 B 

fluorescence microscope and the tiff images obtained were exported to MATLAB for 

evaluation. The average fluorescent intensity of the diameter of the collagen was measured 

and used to determine the diffusion permeability coefficient Pd. This coefficient describes 

the ability of solute to pass uniformly from the microchannel into the surrounding hydrogel 

and is calculated with the following equation:

Pd = 1
I1 − Ib

I2 − I1
Δt

d
4 (1)

where Ib is the background intensity, I1 is the average initial intensity, I2 is the average 

intensity after recovery time interval Δt, and d is the diameter of the microchannel (Price et 

al., 2011). The last five consecutive data points from the 2 hours of flow were used to 

calculate Pd as these were the time points at which stable and consistent measurements were 

achieved. Three samples (n=3) were collected for each variation in the diffusion studies. 

Data is expressed as a mean value ± standard deviation. Significance of the data was verified 

using Student’s t-test and a 95% confidence criteria between groups of data. Blue 0.10 μm 

fluorescent polymer m particles were used to visualize particle transport in the network 

tumor platform to contrast against colors of labeled cancer and endothelial cells. The 

particles were suspended in serum free endothelial media at a density of 10 μg/mL and 

allowed to perfuse into the system for 1 hour.

Modeling Flow Inside the Vasculature:

WSS is one of the key factors in creating physiological in vitro tumor microenvironments 

(Buchanan et al., 2014a; Buchanan et al., 2014b). In order to estimate WSS, velocity profile 

inside vasculature needs to be determined. Velocity profiles were calculated using by 
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modelling flow inside vasculature networks using Comsol Multiphysics. Stokes law was 

used to quantify the flow inside the vasculature with the following assumptions: constant 

fluid viscosity, incompressible fluid, and a low Reynold’s number inside the vasculature 

(Landau et al., 1987).

ρ∂u
∂t = ∇P + μ∇2u (2)

where ∇ is gradient operator and ∇2 is the square of vector Laplacian, P is pressure, u is 

velocity, μ is viscosity and ρ is density of the fluid. Simulations were run on the network 

platforms with the following conditions: constant flow rate of 15 μl/min at inlet and outlet 

boundary condition of zero gauge pressure. Other ECM properties used in the simulation 

were porosity of collagen of 0.49 and permeability of collagen of 10×10−15 m2 (Serpooshan 

et al., 2013). Resulting flow velocity profile was used to calculate WSS at the vessel walls. 

WSS of a Newtonian fluid is defined as:

τ =   μ∂u
∂y wall

(3)

where u is velocity parallel to the vessel, and y is the perpendicular direction to the wall.

Results and Discussion

Single Vessel Platform Fabrication:

In this study, design changes have been made to the original platform developed by the 

Rylander group to create a more robust platform with greater capability to achieve high 

resolution spatial and temporal imaging of particle transport in a hyperpermeable tumor 

microenvironment resulting from tumor-vasculature interactions (Buchanan et al., 2014a; 

Buchanan et al., 2014b). In previously published work, an optically clear platform was 

obtained by filling a petri dish with water to surround FEP tubing structure that housed the 

tumor (Figure 3a). The geometry and size of the tissue chamber were previously restricted 

by the FEP tubing, and working with an open fluid on a microscope could introduce 

challenges. The new platform overcomes these complications while still creating a viable in 
vitro tumor microenvironment that can easily interface with imaging setups to complete 

studies of the microenvironment. The bonding of a PDMS chamber directly to a glass cover 

slip allows the hydrogel to be positioned closer to microscope objectives and eliminates the 

necessity of using water to create an optically clear system for imaging. Water removal from 

the platform decreased the necessary microscope working distance by over a millimeter 

(Figure 3a-b) and prevented potential fluid leaks while imaging. Inlet and outlet needles for 

flow are positioned more securely and promote a more stable platform for use on 

microscope stands. Using aluminium molds to form a PDMS tissue chamber and needles to 

form the microchannels enables scaling of the tissue chamber and channel dimensions 
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(Figure 3b). Therefore, platform size can be adjusted to create other interconnected 

vascularized tissues in addition to a single tumor platform (Figure 3c) not possible in the 

previous platform

Introducing different size platforms within the same device enabled creation of a simple 

body on a chip platform consisting of multiple chambers with unique vascularized tissue 

types. Endothelialized microchannels of different diameters have been fabricated using 22, 

25, and 30 gauge needles corresponding to vessel diameters of approximately 717, 514, and 

311 μm respectively (Figure 3d-f). This allows for a range of vessels sizes relevant to 

mammary tumor capillaries in the venous network to be mimicked (Less et al., 1991). The 

single vessel platform was also expanded upon to create a dual-channel platform (Figure 3g-

h) capable of investigating the influence of pressure and biochemical gradient factors on 

tumor development and cell migration.

Engineered Tumor Microenvironment:

The in vitro tumor platforms are composed of MDA-MB-231 cells in a collagen ECM with a 

cylindrical and confluent endothelium as shown in Figure 4c, e, f. Following 72 hour flow 

preconditioning protocol, the TIME cells proliferated and elongated in the direction of flow 

as illustrated in Figure 4b. The nominal outer diameter of a 22 gauge needle is 717 μm. After 

removal of the needle, and sustained WSS during preconditioning, the final channel 

diameter could vary from the original of 717 μm to 900μm. Collagen channels seeded with 

endothelial cells have been reported to expand to larger diameters after 3 days of 

preconditioning (Chrobak et al., 2006). In order to confirm the capability of the platform to 

sustain the of cells, viability of the tumor cells was examined to determine if the bonding of 

a glass cover slip to the PDMS chamber created an oxygen deficient environment. The 

strong green fluorescence signal (live cells) with minimal red signal (dead cells) from both 

the endothelial cells and cancer cells in the collagen matrix revealed that the cells were 

viable and unaffected by being cultured in an enclosed PDMS chamber (Figure 4a). SEM 

analysis of the endothelial channels shows that they remain patent following the 72 hour 

flow preconditioning protocol without the need for structural support as shown in Figure 4e, 

f.

The morphology of the endothelial layer for mono and co-culture platforms was visualized 

using F-actin staining as evidenced by red fluorescence. Top view of the tissue chamber 

(Figure 4) shows tight endothelium for the TIME mono-culture (Figure 4b); however, leakier 

endothelium with gaps and holes in the endothelium (Figure 4d) was observed for the 

microchannel when endothelial cells were co-cultured with cancer cells as is also evidenced 

in vivo (Chauhan et al., 2012; Fukumura et al., 2007; Jain, 1988; Jiang et al., 2017; O’Brien 

et al., 2007; Vaupel et al., 1989). The large gaps and holes throughout the endothelial layer 

occur due to the interactions between the cancer and endothelial cells. Previous studies have 

revealed that direct contact between endothelial and cancer cells decreases endothelial 

viability (Kebers et al., 1998; Singleton, 2014; Zervantonakis et al., 2012a).
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Transport:

To add quantitative support to the confocal images showing endothelial leakiness in the 

single vessel platform the vessel’s permeability and to show the capability of these platforms 

for measuring dynamic and spatial transport, particle permeability was measured and 

permeability coefficient quantified. A progression of images flowing 70 kda dextran (260 μl/

min) over a period of 2 hours shows an increase in the amount of dextran collecting in the 

collagen ECM for each condition compared to the zero time point. During optimization of 

the experimental setup, 2 hours was selected as a timeframe for allowance of a steady state 

permeability rate to be achieved. As expected, the acellular platforms without the presence 

of an endothelium exhibited the highest effective permeability coefficient average, 26±3 

nm/sec with the most dextran transported into the collagen ECM, followed by the co-culture 

with an effective permeability coefficient of 25±1.7 nm/sec. Whereas the average value of 

the effective permeability coefficient for the mono-culture (endothelium only) was 

significantly lower (p<0.05) compared to the other 2 conditions with a permeability of 

16±1.9 nm/sec which results from the barrier function of the endothelium. The intensity 

inside the channel itself does not change as the dextran is perfused under continuous flow. 

The higher intensity areas in the center of the 120 minutes (Figure 5) result from the 

collection of light from dextran that has diffused through the bottom and top of the channel. 

The vessel permeability data re-enforces our conclusions from the F-actin staining studies. 

The tight endothelium that forms in the mono-culture vascularized platforms serves to limit 

the amount of transport into the collagen ECM. The inclusion of cancer cells creates a leaky 

endothelium (Figure 4d) with pores allowing for increased transport out of the channel into 

the surrounding tissue resembling the well-known enhanced permeability effect (Buchanan 

et al., 2014a; Hashizume et al., 2000; Zervantonakis et al., 2012a). The extent of the 

leakiness formed in the co-culture platform prevents it from being significantly lower than 

acellular platform. The endothelium permeability properties influence the transport and 

effectiveness of particles and therapeutics into the targeted tumor site.

Others studies have reported similar results that the presence of tumor cells modulates the 

endothelial barrier function and increases transport of macromolecules through the 

endothelium into surrounding tissue (Buchanan et al., 2014a; Singleton, 2014; 

Zervantonakis et al., 2012a). It is expected that introducing particles larger than dextran (>70 

kda) would decrease the diffusion rate through the endothelium and into the platform. 

Therefore, particles would congregate along the endothelial wall unable to pass through 

smaller gaps on the endothelium. Also, it is expected that increasing the particle size would 

increase the difference between co-culture diffusion and a non-endothelialized channel, as 

the co-culture endothelium is expected to be sufficiently confluent to prevent diffusion of 

larger sized particles.

Network Platforms:

To create an in vitro platform that better recapitulates a more vascularized tumor 

microenvironment and allows for tumor-ECM-endothelial interactions, we fabricated a 

microfluidic vascular network that enables improved perfusion and has the capability to 

scale the platform to larger tumor sizes. Using soft lithography, a simple geometric pattern 

was imprinted into collagen to form a network of channels encased in the platform. The 
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network has one inlet and outlet to provide transport through the system. The width of each 

channel was approximately 100 μm. Seeding TIME cells into the network followed by 

perfusion through the vessel resulted in a confluent endothelium throughout the network as 

shown in Figure 6. By suspending MDA-MB-231 cells in the collagen, a 3D in vitro 
engineered microfluidic vascularized tumor was created as presented in Figure 6a.

Evaluation of a top view of the co-culture network platform in Figure 6b shows endothelial 

behaviour similar to that of the single vessel platform in which the cells proliferate and 

elongate to form a confluent endothelium. The MDA-MB-231 cells interact with the 

endothelial cells to create gaps forming leakier endothelium as evidenced by the 

endothelium in Figure 6b. It was also observed that the use of collagen as a scaffold allows 

the TIME cells in the channels to remodel their surroundings resulting in final geometries 

that deviate from the strict rectangular geometry of the PDMS stamp pattern that other 

groups are limited too. The corners at microchannel intersections develop a circular radius 

allowing for a continuous endothelium as opposed to the squared PDMS corners as shown in 

Figure 6c, d, g. Fabrication of channels smaller than 100 μm diameter did not form a 

confluent endothelium as effectively through the entire network as the seeding of endothelial 

cells tended to clog the passageways. Similar findings have reported a minimum channel 

diameter of approximately 50 μm as the limit for this endothelialization process (Tien, 

2014). The channels in our network remained patent (Figure 6h) and capable of transport 

after the preconditioning and this was verified by flowing blue 0.10 μm polymer particles 

through the network (Figure 6e). For the first time, we were able to track particle transport 

through the leaky in vitro tumor-vascular microenvironment in real time and observed even 

distribution throughout the network. It has been reported that shear stress plays a significant 

role in cell expansion, angiogenic response and metastasis (Buchanan et al., 2014a; 

Buchanan et al., 2014b; Galie et al., 2014; Shin et al., 2012; Verbridge et al., 2010). 

Simulation results (Figure 6f) demonstrate the capability to generate different velocity 

magnitudes in each vessel. Due to different velocity magnitudes in each vessel, WSS varies 

between 0.75–6.56 dyn/cm2, which is within physiological WSS range reported in literature. 

As evidenced in Figure 6, the capability of the platform to dynamically track particle 

movement can be expanded to investigate the transport of chemotherapeutic or nanoparticle 

delivery in a hyperpermeable tumor microenvironment caused by the tumor-endothelial 

interactions.

In vitro platforms that re-create physiologically relevant tumor vasculature tailored to an 

individual allows for evaluation and optimization of patient specific therapies 

(Prabhakarpandian et al., 2015; Pradhan et al., 2018). In these platforms, transport of 

therapeutics could be studied in realistic environments and properties optimized to achieve 

targeted and efficient drug localization but limited work has been done to re-create tumor 

specific geometries. Following the initial vascular network pattern presented in Figure 6, a 

novel microfluidic network with tortuous geometry composed of collagen ECM was 

fabricated to replicate vasculature patterns found in representative in vivo tumors. An image 

of in vivo rat tumor vasculature was selected as a model to recreate and test the capabilities 

of this additive tissue engineering method for creating complex geometries (Figure 7a (Tong 

et al., 2004)). The in vitro platform presented in Figure 7b mimicked the geometry of the 

vasculature. The design consists of one large channel with a width and depth of 

Michna et al. Page 11

Biotechnol Bioeng. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



approximately 200 μm and multiple smaller branching channels with widths and depths of 

approximately 100 μm. Preconditioning of TIME cells in the channels remodelled the 

collagen to produce rounded corners and channel diameters of approximately 200 and 100 

μm. Figure 7c shows FEA simulation results of velocity magnitude inside the in vivo 
vascular patterned platform with WSS varying between 0.75–2.55 dyn/cm2. Similar to 

network platform, simulation results show physiological shear stress inside the in vivo 
vascular patterned platform. For the first time, transport of two different sized particles in an 

in vivo vascular patterned platform was investigated and presented in Figure 8 and 9. Figure 

8 illustrates transport of 70 kda green fluorescent dextran, a common marker for protein and 

drug permeability, through the platform and diffusion into the surrounding ECM. Tumor 

region in between multiple vessels is saturated with dextran within the 30 minutes of 

perfusion but it takes over an hour to penetrate further into the collagen ECM. This transport 

behaviour is representative of drugs and chemotherapies having a harder time penetrating 

into the dense tumor ECM and reaching cells farther from the blood vessels in vivo, 
especially for abnormal, heterogeneously distributed tumor networks as demonstrated in this 

study (Grimes et al., 2016; Whatcott et al., 2015). In addition to dextran, the platform was 

also perfused with 0.10μm blue particles as shown in Figure 9. As the particle travel through 

the platform, they aggregate at the boundaries of the endothelium as seen in Figure 9b and c. 

We have shown earlier that co-culture of tumor and endothelial cells results in a leaky 

vasculature but as evidenced in Figures 8 and 9, while vessel leakiness can influence 

transport of small molecules like dextran, transport of larger particles is dependent on 

additional parameters such as hydrodynamic diameter as shown by previous in vitro 

permeability studies (Ho et al., 2017; Zervantonakis et al., 2012b). While this fabrication 

technique is capable of creating networks with complex geometries and multiple 

microchannel mimicking in vivo cases, it does present certain limitations. Lithography 

techniques can be used to create complex and detailed patterns; however, transferring these 

patterns to a collagen hydrogel is challenging. In order to capture the tortuous geometry in 

Figure 7, a lower, less viscous, collagen concentration of 6 mg/mL was used. Using lower 

collagen concentration increased the reproducibility of the hydrogel’s ability to better encase 

the tortuous geometries of the PDMS pattern but was still unable to capture the smallest 

spatial geometries. Often, hydrogels fill large areas and focus on hosting small voids as 

opposed to the inverse case circled in Figure 7a that failed to be reproduced in vitro in 

Figure 7b. Another limitation of using lithographic techniques is that there is no means to 

create a gradual transition from larger to smaller channels, i.e. 100 μm channels connecting 

to 200 μm channel at a blunt interface. However, despite this interface, cells were capable of 

forming a confluent endothelium which is an important factor for transport studies. Also, 

increasing the number of microchannels with varying diameters quickly elevates the 

complexity of fabrication. Advances in 3D bioprinting are an alternative method for 

improved and fast fabrication of customizable advanced networks that move beyond the 

planar limitations of lithography (Bertassoni et al., 2014; Kolesky et al., 2014).

In this study, we present three different vascular platforms, single vessel, network and for the 

first time, an in vivo patterned platform consisting of a co-culture of tumor endothelial cells. 

Using these platforms, we mimicked the leaky vasculature present in the tumor 

microenvironment and studied the influence of the leaky vasculature on transport of particles 
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representative of chemotherapeutics and nanoparticles. We present methods for the 

fabrication of microfluidic channels by employing additive and subtractive tissue 

engineering techniques. The vascularized tumor platforms were created with embodiments 

of scalable channels (single/dual) and networks based upon in vivo vasculature. The single 

vessel platform, a modification on our previously published work, provided higher 

resolution imaging, a more robust infrastructure, and increased platform fabrication 

reproducibility. Utilizing this platform, we dynamically tracked tumor-vasculature 

interactions as well as the spatiotemporal behaviour of particle diffusion in a physiologically 

representative hyperpermeable tumor microenvironment. The network platform was 

designed to represent a highly vascularized tumor tissue. We built upon our observation in 

the single vessel platform and recreated the tumor-ECM-endothelial interactions as well as 

tracked transport of larger particles to mimic transport of nanoparticles through the tumor 

vasculature. Finally, for the first time, we recreated in vivo vasculature derived from rat 

tumor in an in vitro platform composed of tumor-endothelial co-culture in a collagen ECM 

representative of breast tumor tissue. The in vivo vascular platform consists of multiple 

branching vessels of varying diameters increasing the complexity of the vasculature present 

in the single and the network. Using the in vivo vascular platform, we tracked the transport 

of two different particles in real time. While we used data derived from a rat tumor, the 

platform can be designed to replicate patient data and allow for the study of transport and 

drug delivery in conditions that mimic the patient’s tissue and delve further into the tumor-

endothelial interactions revealed in the single channel platforms. These platforms form a 

foundation for the future study of drug transport, chemical gradients, and cell behaviour in a 

physiologically relevant tumor microenvironment. The single channel and network 

platforms, while providing a more simplistic tumor microenvironment, allow us to tease out 

the influence of individual factors such as cell-cell, cell-ECM, and growth factor gradients. 

The in vivo vascular pattern platform provides a more complex tumor microenvironment that 

can build upon the observations from the single and network platforms and observe them in 

a more physiologically relevant tumor environment. All these platforms can be expanded 

upon to incorporate immune cells, stromal cells, and lymphatic vessels to create a complete 

tumor microenvironment and be used to evaluate the toxicity of chemotherapeutics and lead 

to the development of new therapies.
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Figure 1: 
Design of platform and fabrication of single vessel microfluidic collagen platform and 

perfusion setup. (a) CAD design of PDMS mold and PDMS tissue chamber with 22G inlets. 

(b) Machined aluminium mold, PDMS chamber produced from aluminium mold and glass. 

(c) Tissue chamber filled with collagen around a 22G needle. (d) Collagen hydrogel with 

channel after polymerization and removal of needle. (e) Setup of syringe pump flow system 

with bubble traps for perfusion through the hydrogel. (f) Close-up view of platform with 

0.5” 22G needles inserted into the chamber inlet and outlet for preconditioning.
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Figure 2: 
Design of network platform and fabrication of microvascular network collagen hydrogels 

and perfusion setup. (a) CAD design of platform components and assembly. (b) Machined 

aluminium and polycarbonate components, PDMS stamps produced using lithographic 

techniques, and off the shelf parts. (c) Tissue chambers filled with collagen. (d) Collagen 

hydrogel with channel after polymerization and stacking of layers. (e) Setup of syringe 

pump flow system with bubble traps for perfusion through the network. (f) Close-up view of 

threaded inserts for attaching flow systems to the platform. (g) Gravity driven reservoir flow 

system.
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Figure 3: 
Showcase of single vessel platform design improvements. (a) Original Rylander lab single 

vessel platform. (b) New scalable mold for making single vessel platforms. (c) CAD model 

of proposed multi-chamber vascularized tissue model. (d-f) Confocal single plane image of 

endothelialized vessels walls at the widest diameter formed using a 22, 25, and 30 gauge 

needle respectively. (g) Concept mold and platform for making dual channel platform. (h) 
Confocal single plane image of endothelialized 22 gauge dual channel tumor model.
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Figure 4: 
Imaging of cell viability and confluence within the single vessel platform obtained upon 

immediate completion of preconditioning protocol and staining. (a) Front view of co-culture 

viability test, scale bar is 500 μm (b) Top view of f-actin stained mono-culture endothelium, 

scale bar is 500 μm. (c) Isometric 3D view of endothelium surrounded by cancer cells, scale 

bar is 500 μm. (d) Top view of f-actin stained endothelium in a co-culture environment, 

scale bar is 500 μm. (e,f) Cross sectional view of SEM images of the endothelium showing a 
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cylindrical endothelium in the TIME monoculture (e) and MDA-MB-231 and TIME cell co-

culture (f), scale bars are 100 μm.
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Figure 5: 
Images of 70 kda green fluorescent dextran diffusing through a single vessel platform over 2 

hours at a flow rate of 260 μl/min. Permeability coefficients after 2 hours of flow plotted for 

acellular, endothelium, and co-culture endothelium with cancer cells in the hydrogel (n=3, 

*p <0.05).
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Figure 6: 
In vitro tumor microenvironment microvascular network. (a) Isometric view of network co-

culture of TIME cells and MDA-MB-231 cells. (b) Top view of the co-culture network (c) 
Cross section view of channel near inlet. (d) Cross section view of 4 channels, scale bar is 

100 μm. (e) Transport of blue particles through the network. (f) Model predicted velocity 

magnitude inside tumor microenvironment microvascular network using finite element 

method, scale bar is 400 μm (g, h) SEM images the microchannels in the network platform 
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showing a patent and continuous endothelium at the corners (g) and in one of the channels 

(h), scale bars are 20 μm.
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Figure 7: 
In vitro recreation of an in vivo tumor. (a) two-photon image showing human colon 

carcinoma vasculature in mice at day 0 reproduced from Tong, R.T., Y. Boucher, S.V. Kozin, 

F. Winkler, D.J. Hicklin, and R.K. Jain. Vascular normalization by vascular endothelial 

growth factor receptor 2 blockade induces a pressure gradient across the vasculature and 

improves drug penetration in tumors. Cancer Res 64, 3731, 2004, with permission from 

AACR [60]. Circled region indicates areas difficult to recreate in vitro. (b) Engineered 

microfluidic tumor microenvironment capturing the geometry of an in vivo tumor, scale bar 

is 100 μm. (c) Obtained velocity magnitude inside in vivo tumor microenvironment 

microvascular using FEM simulations, scale bar is 500 μm.
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Figure 8: 
Normalized intensity prolife of 70 kda dextran particles through in vivo vascular patterned 

platform as a function of time, scale bar is 400 μm.
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Figure 9: 
(a) Transport of blue particles through the in vivo vascular patterned platform consisting of a 

co-culture of MDA-MB-231 cells (green) and TIME cells (red), scale bar is 250 μm. (b,c) 
Close up images of two different areas in the platform revealing aggregation of the particles, 

scale bars are 100 μm.
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