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Abstract 

 

Fabrication of collagen-based microfluidic devices for in vitro study of 

tumor microenvironment 

 

Rhys James Michna, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisor:  Marissa Nichole Rylander 

 

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 in vitro 

models that replicate the tumor microenvironment. Features of these platforms include a 

continuous endothelium that allows for cell-cell interactions between vasculature and 

tumor cells. Additionally, we can recreate the abnormal shear stresses and the tortuous 

vasculature seen in patient tumors. Various methods such as subtractive, additive, and 

soft lithography techniques have been used by groups to manufacture complex 

microfluidic tumor models. A novel platform for fabrication of a single endothelialized 

microchannel encased within a collagen hydrogel 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. We 

have confirmed the platforms ability to recapitulate physiological features of the tumor 

microenvironment and demonstrated the influence of tumor endothelial interactions on 



 v 

transport. Additionally, a second platform capable of combining lithographic techniques 

with additive tissue engineering methods was used to create endothelialized microfluidic 

networks that capture the more complex geometries of tumor microvasculature.  By 

modeling microvascular networks after in vivo tumors we are able to create patient 

specific in vitro platforms that can be used to develop personalized patient treatments. 
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Chapter 1:  Overview 

The need for experimental models that are physiologically relevant for studying 

human diseases and screening new therapies has led to an increased interest in the 

development of in vitro platforms for use in biomedical studies. Cancer studies often 

focus on the role of microvasculature in tumors and transport of fluids in this 

microenvironment. Cell culture, relevant geometries, and flow conditions are important 

factors to capture for creating a useful model. The development of platforms to meet 

these needs is presented in this work. 

Chapter 2 of this text provides an introduction and purpose for the research 

presented here. Background information on relevant cancer biology is briefly discussed 

along with current developments in the field of tissue engineering for in vitro studies. 

Previous tissue engineering techniques that this research builds upon are also highlighted. 

In Chapter 3, a novel single channel vascularized tumor model is presented. 

Subtractive methods of fabrication and improvements over previous models are 

presented. Results of viability studies of the cell culture and diffusion studies of transport 

in the model are discussed along with the platforms potential for body on a chip 

applications. 

Chapter 4 presents preliminary trials completed in an attempt to find a technique 

to form a hydrogel containing microfluidic networks that could be used for cancer 

studies. The chapter details a method using lithographically derived gelatin meshes as a 

subtractive material to produce networks in a hydrogel. Results of the work and 

discussion of the short comings are presented. 

Chapter 5 discusses the creation of a microvasculature network that can capture 

the tortuous geometry of a tumor microenvironment. This method introduces lithographic 
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techniques in combination with additive tissue engineering methods to produce a more 

physiologically relevant in vitro tumor microenvironment. The formation of an 

endothelium and the representation of the tumor microenvironment are discussed. 

Chapter 6 provides a summary of the research completed and concluding remarks 

on future works to continue the development of in vitro tumor models and studies of 

interest. 
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Chapter 2:  Introduction 

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

is leading to more advanced in vitro models for the study of human disease 

microenvironments. Three dimensional (3D) engineered tissue platforms have the ability 

to create physiologically representative features allowing for insight in disease studies 

that is not obtained from two dimensional (2D) models 
1-5

. 3D culture allows for more 

physiologically representative cell-cell and cell-matrix signaling, and the introduction of 

mechanical and chemical gradients which 2D culture lacks. In vivo studies offer the most 

physiologically representative microenvironment but limit control of microenvironmental 

conditions and the associated capability to determine their influence on physiological 

response. Animal studies are costly for biological investigation and therapeutic 

refinement, and present challenges to observations of pathological conditions and 

response within an intact organism 
6,7

. Incorporation of microfluidic technology into 3D 

in vitro platforms allows for cells to be cultured long term and microvasculature systems, 

which play an intricate pathological role, to be formed for study of dynamic biological 

tissue environments 
8-11

. These types of 3D models that promote cell attachment and 

infiltration are playing a growing role in the study of cancer biology due to the ability to 

investigate the influence of individual factors on tumor progression. Transport, cell-cell 

interactions, angiogenic growth factors, immune reaction, and other behaviors that effect 

uptake of therapeutic drugs are all variables of interest to be observed in a representative 

tumor environment. 

 Vasculature within the tumor environment becomes hyperpermeable and along 

with a lack of lymphatic drainage is responsible for elevated interstitial fluid pressure that 

can dramatically alter flow patterns as the tumor expands 
12-15

. These hydrodynamic 



 4 

behaviors may lead to increased expression of angiogenic factors and formation of 

microvessels inside the tumor allowing for tumor growth while transport and drug uptake 

can be reduced by the fluid dynamics of the tumor vasculature 
13,16-18

. Macromolecules 

and nanotherapeutic agents can fail to reach viable tumor cells due to the irregular 

extravasation and extravascular convection caused by the conditions of the tumor 

microenvironment 
19,20

. 

 There has been a growing use of collagen hydrogels as scaffolds for the creation 

of channels in microfluidic devices that act as templates for vascularization. Collagen I, 

sourced from tissue, is abundant in natural extracellular matrix and is capable of 

promoting cell adhesion, growth, and proliferation 
21-24

. Groups have utilized subtractive 

and additive tissue engineering processes to form microfluidic collagen scaffolds 
25,26

. By 

removing a subtractive sacrificial material around which a hydrogel was formed or 

adding layers of hydrogels together channels and networks of controlled geometries can 

be produced. The use of needles as a subtractive material is a prevailing approach for 

creating single channels in a hydrogel 
11,25

. Scaffolds with complex microfluidic networks 

have been formed using additive methods of combining layers of natural materials 

formed with lithographic techniques 
8,27

. Seeding endothelial cells into these microfluidic 

channels and culturing the cells under controlled conditions of flow rate and wall shear 

stress (WSS) forms microvasculature, and with long term culture angiogenesis can be 

observed 
8,10,11,28,29

. Prior studies utilizing subtractive and additive methodologies have 

been limited to forming simple geometries of uniform arrays of cylindrical channels. 

 There are a number of notable groups working to develop and use microfluidic 

platforms to study tumor mechanisms. Zheng et al. have used additive tissue engineering 

techniques to develop 3D microfluidic vascular networks (μVN) in a collagen hydrogel 

for studying angiogenesis and thrombosis 
8
. The Kamm group have fabricated 
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microfluidic assays using soft lithography to study angiogenesis and breast cancer cell 

extravasation 
28,29

. The Beebe group has created 3D lumens in a collagen hydrogel to 

mimic blood vessels and study angiogenesis 
30

. Song et al. have a microfluidic device 

fabricated of PDMS to model interactions between the endothelium and circulating 

cancer cells during metastasis 
31

. 

 The Rylander group has previously described methods for fabricating a 

microfluidic vascularized platform that recreates the tumor microenvironment 
11

. The 

platform uses subtractive fabrication techniques based on molding collagen hydrogels 

about a removable needle to construct a channel. Methods have been established to 

produce a confluent endothelium in the microchannel within the collagen ECM 

containing human cancer cells. This platform has been used to gain insight into the effect 

of shear stress on signaling between tumor and endothelial cells, the influence of 

paracrine signaling on angiogenesis, and evaluate the transport of nanoparticles through 

the vasculature 
11

. Microparticle image velocimetry (μ-PIV) was integrated into the 

platform to measure spatial flow and shear stress along the endothelium. While this 

model has been useful in completing studies it suffers some drawbacks. Some parameters 

of the model cannot be easily changed due to limitations set by using fluorinated ethylene 

propylene (FEP) tubing to form the tissue chamber. Setting up flow studies for live 

imaging presents challenges and the sample is imaged over a long working distance 

through multiple mediums that vary in refractive indices. 

 Here we present an advanced platform for the creation of a single channel 

vascularized tumor model that has simplified fabrication techniques leading to increased 

reproducibility (Figure 1). The new platform can be easily customized to alter geometries 

of the chamber and vessel size while maintaining a continuous lumen. Additional benefits 

include reduction in the amount of collagen used, it decreases the necessary microscope 
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working distance, and established a simpler setup for live imaging of transport in the 

tumor (Figure 3). Dynamic co-culture of endothelial and tumor cells has produced an 

optimal in vitro endothelialized microchannel with convenient setup for imaging and 

continuous observation. We demonstrate that a confluent endothelium is formed in a 

tumor microenvironment and then investigate diffusion through the endothelium. We 

discuss the ability of the platform to model tumor progression and its potential 

application for body on a chip studies. This work also introduces the formation of a 

microvascular network encased in a collagen hydrogel seeded with breast cancer cells 

recreating a tumor microenvironment (Figure 9). The methods utilized in this study are 

based on works completed by Zheng et al 
8
.  We investigate diffusion in the network, the 

engineering of tortuous geometries with multiple vessel diameters, and the process of 

culturing cells in such an environment to form complex endothelial networks. We discuss 

the relevance of these multi-cellular models and the presence of a hydrodynamic vascular 

environment in creating a physiologically representative in vitro tumor for use in 

transport and drug delivery studies. 
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Chapter 3:  Fabrication of single channel hydrogels using subtractive 

needle methods 

3.1 INTRODUCTION 

This chapter serves to introduce the design and characterization of a new 3D 

microfluidic engineered hydrogel capable of mimicking vascularized tumor behavior. 

The Rylander group has previously created in vitro tumors using needles as a subtractive 

material to form collagen hydrogels about to create a single microfluidic channel. The 

group developed procedures to seed cancer cells into the bulk of the collagen gel and 

form an endothelial layer on the channel wall creating a simple model of a vascular 

channel. A new robust platform design, based on subtractive needle methods for forming 

single channel microfluidic in vitro vascular tumors, has been developed that improves 

imaging capabilities and simplifies methods of fabrication and use of the model to 

complete studies. 

3.2 NEEDLE SUBTRACTIVE METHOD 

Materials 

 Stock solutions of Type 1 collagen (12-14 mg mL
-1

)
 
derived from rat tails were 

prepared following protocols previously described by the Rylander group 
11

. Platforms 

were formed from polydimethylsiloxane (PDMS) housing components that interfaced 

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

Figure 1a. Machined aluminum molds were used to form PDMS components for single 

channel platforms (Figure 1a-b). Chamber surfaces were treated with 1% 

polyethylenimine (PEI) in dH2O and 0.1% glutaraldehyde in dH2O. PDMS was mixed at 

standard formation of 1 part catalyst to 10 parts base and cured for a minimum 1 hour at 

70⁰C. Human breast carcinoma (MDA-MB-231) cells were purchased from American 
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Type Culture Collection (ATCC). Telomerase-immortalized microvascular endothelial 

(TIME) cells were obtained from Dr. Shay Soker of Wake Forest Institute for 

Regenerative Medicine. Cell culture media was purchased from Lonza. Oregon green 

dextran 70kDA (Life Technologies) was used for transport studies. Preparation and use 

of all components and solutions was performed under sterile conditions. 

Platform Design and Fabrication 

 The aluminum molds used in fabricating the PDMS chambers were CNC 

machined. The aluminum mold used for the single channel platform holds a 22G needle 

and is used to form a PDMS chamber (Figure 1a) with an inlet and outlet for flow. All 

components were cleaned with 70% ethanol for sterilization and dried before use. To 

bond the PDMS chamber and glass cover slip together the individual components were 

plasma treated for 4 minutes (Harrick Plasma) before being assembled. After assembly, 

to increase adhesion of collagen, the tissue chamber surface is treated with PEI for 10 

minutes followed by glutaraldehyde for 20 minutes and  then rinsed with dH2O leaving 

the platform ready for the formation of collagen hydrogels. 

Formation of Collagen Hydrogels 

 A working collagen solution (6-7 mg mL
-1

)
 
for use in the platforms was prepared 

by neutralizing the stock collagen solution. Stock collagen was mixed over ice with 10x 

DMEM, 1N NaOH, and 1x DMEM. This solution was added to the single channel or 

network platforms chambers and polymerized in an incubator for 25 minutes at 37⁰C. For 

the single channel platform a 22G needle was left incased in the collagen during the 

polymerization period (Figure 1c). After removing the needle a cylindrical channel with a 

diameter of approximately 717 μm extending the length of the hydrogel remained (Figure 

1d). 
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Figure 1. Design of platform and fabrication of single channel microfluidic collagen 

hydrogels and perfusion setup. (a) CAD design of PDMS mold and PDMS 

tissue chamber with 22G inlets. (b) Machined aluminum mold, PDMS 

chamber produced from aluminum mold, and glass cover slip. (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 culture. 

Transport in Gels 

 Syringe pumps were connected to the inlets of the platforms to introduce flow 

(Figure 1e-f). The outlets fed to a collection reservoir. Air eliminating filters were placed 

upstream of the inlet to prevent bubbles from entering the channels during perfusion. The 

desired flow rate in the channels was calculated from a target shear stress τ assuming 

Poiseille flow, 

  
   

   
, 

where Q is the volumetric flow rate, μ is the fluid viscosity, and r is the radius of the 

channel. Poiseille flow in the channel has been confirmed with previous experimental 

measurements by our group using μ-PIV 
11

. 
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Cell Culture in Gels 

 To create a tumor microenvironment cancer cells were seeded in the collagen with 

a density of 1x10
6
 cells/mL while preparing the working collagen solution. After 

polymerization of the collagen and the formation of channels in the scaffold TIME cells 

were injected into the microchannels. For the single channel models 15 μL of media with 

a density of 2x10
4
 TIME cells/μL was 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 (Harvard 

Apparatus) providing a continuous flow of TIME cell media into the channels 

corresponding to a shear stress of τ = 0.01 dyn/cm
2
 for 36 hours followed by τ = 0.1 

dyn/cm
2
 for 36 hours. This preconditioning protocol has been previously established by 

the Rylander group to produce a confluent and aligned endothelium 
11

. The result for 

after preconditioning was vascularized channels encased in a collagen ECM containing 

cancer cells. The viability of the cells was checked to ensure that the platform was not 

creating an oxygen deficient environment.  After 72 hours of preconditioning the viability 

of the cells was evaluated using calcein (live) and propidium iodine (PI) (dead) stains. 

Figure 2 displays the cell culture and formation of a tumor microenvironment for the 

single channel platform. Images were obtained immediately following the completion of 

the endothelial preconditioning or upon completion of fixing and staining the cells. 
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Figure 2. Viability and confluency tests of the single channel model obtained upon 

immediate completion of preconditioning protocol and staining. Scale bars 

are 500 μm. (a) Front view of co-culture single channel viability test. (b) 

Top view of f-actin stained mono-culture endothelialized single channel. (c) 

Isometric 3D view of endothelium surrounded by cancer cells. (d) Top view 

of f-actin stained co-culture single channel. 

Microscopy 

 Images were obtained on a Leica DMI 6000 B inverted widefield fluorescent 

microscope with a Leica DFC290 3 megapixel camera and a Leica TCS SP8 confocal 

laser scanning microscope with a Leica DFC310 FX 1.4 megapixel camera, using HC PL 

Fluotar 10x/0.30. Design of the platforms allows for simple setup on most microscope 

stands and interfaces with the microscopes such that live dynamic monitoring of transport 

in the scaffolds can be observed. Cancer cells expressed green fluorescent protein (GFP) 

and endothelial cells expressed red fluorescent protein (RFP) signals for imaging of the in 

vitro tumor. Green fluorescent dextran was used for evaluation of transport in the tumor. 
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Diffusion Studies 

 Diffusion coefficients were obtained using 70 kDA dextran to quantify the rate of 

transport through the endothelium of the microchannel. 70 kDA particles are commonly 

used in transport studies and is comparable to large macromolecules 
32,33

. Three 

conditions of the single channel platform were evaluated including an acellular 

microchannel, an endothelialized microchannel without cancer cells in surrounding 

collagen, and a microchannel containing co-culture of endothelial cells in vessels with 

cancer cells cultured in the surrounding collagen. 70kDA green fluorescent dextran 

suspended in serum free EBM-2 media at 10 μg/mL was flown through the 

microchannels for two hours at a flow rate of 26 μL/min generating a wall shear stress 

(WSS) of 1 dyn/cm
2
 with images being taken every five minutes for evaluation of 

transport and diffusion. 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 width 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: 

   
 

     
 
     

  
 
 

 
 

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 
34

. The 

last five consecutive data points from the two hours of flow were used to calculate Pd. A 

sample of n=3 was 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. 
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3.3 RESULTS AND DISCUSSION 

Encasement of a sacrificial 22 gauge needle in a chamber filled with liquid 

collagen, polymerization of the collagen, and removal of the needle resulted in a lumen 

through the hydrogel scaffold. The interior walls of this channel were seeded with 

endothelial cells and cultured under a continuous flow of media so that the cells would 

elongate and proliferate to form a confluent layer. Mixing cancer cells in the liquid 

collagen before polymerization produces an in vitro tumor microenvironment with 

vasculature as presented in Figure 2. The viability of untagged cancer cells was checked 

using live dead stains to ensure that the cells could be sustained in the platform (Figure 

2a). In the image cells expressing a green fluorescent are live and red fluorescents 

express dead cells. A front view looking down the length of the channel, obtained on our 

Leica confocal microscope, shows a hollow interior of a channel in the center of the 

image surrounded by a dense area of live endothelial cells. Beyond the endothelium is the 

collagen matrix with cancer cells that remained viable throughout the preconditioning 

period as evidenced by green stained cells. The bonding of a glass cover slip to the 

PDMS chamber did not create an oxygen deficient environment. The confluency of the 

endothelial layer for mono-culture and co-culture models was visualized using F-actin 

staining. A top view image of the tissue chamber, Figure 2b and Figure 2d, shows a tight 

endothelium for the mono-culture (only endothelial cells) and a leakier endothelium for 

the microchannel with co-cultured endothelial and cancer cells as is evidenced in vivo 
12-

15,35
. The large gaps and holes throughout the endothelial layer are formed by the 

interactions between the cancer and endothelial cells that have been shown to decrease 

endothelial viability 
36,37

. The nominal outer diameter of a 22 gauge needle is 717 μm. 

After removal of the needle, culture of cells, and sustained wall shear stress during 

preconditioning the final channel diameter could vary from the original 717 μm to the 
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900 μm range. Collagen channels seeded with endothelial cells have been reported to 

expand to larger diameters after 3 days of culture 
9
. 

Engineering Tumor Microenvironments 

 The Rylander group has previously completed studies using a single channel 

microfluidic tumor platform model and demonstrated the platform's capabilities 
11

. After 

extended use with this original platform design changes have been made in this study to 

improve the performance of the platform and increase the ease of use while providing a 

robust design. Formerly, an optically clear platform was obtained by filling a petri dish 

with water to surround FEP tubing structure that housed the tumor model (Figure 3a). 

This setup created a longer working distance with more mediums to image through, the 

geometry of the tissue chamber was restricted by the tubing, and working with an open 

fluid on a microscope could introduce challenges. The new platform addresses these 

complications while still creating a viable in vitro tumor microenvironment. By using 

aluminum molds to form a PDMS tissue chamber the size of the tissue chamber and 

channel size is readily scalable (Figure 3b). This feature can allow for the platform to be 

adjusted and used to create a series of other vascularized tissue platforms beyond a tumor 

(Figure 3e). By linking these platforms a simple body on a chip platform could be 

conceived consisting of multiple chambers with different vascularized tissue types. 

Endothelialized channels of different diameters have been fabricated using a 22, 25, and 

30 gauge needle. Figure 3e-h are images obtained on a Leica confocal microscope of a 

single plane at the widest diameter of the channels.  The platform presented in this work 

can also be expanded from a single channel into a dual-channel model (Figure 3c-d) for 

the study of the influence of gradient factors on tumor development and cell migration. 

This dual channel co-culture model was tested and successfully developed.  Finally, the 

b 
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bonding of the 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. The removal of water from the platform 

decreased the amount of medium that had to be imaged through 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. This new platform has 

been used to successfully create a tumor microenvironment that can easily interface with 

imaging setups to complete studies of the microenvironment. By constructing the tissue 

model directly on a glass cover slip the distance of medium that must be imaged through 

in the new platform compared to our previous platform was decreased by over a 

millimeter (Figure 3a-b). 
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Figure 3. Showcase of single channel platform design improvements. (a) Original 

Rylander lab single channel platform. (b) New scalable mold for making 

single channel platforms. (c) Concept mold and platform for making dual 

channel platform. (d) Confocal single plane image of endothelialized 22 

gauge dual channel tumor model (e) CAD model of proposed multi-chamber 

vascularized tissue model. (f-h) Confocal single plane image of 

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

and 30 gauge needle respectively. 

Transport 

 To test the barrier function of the endothelium and transport through the single 

channel model 70 kDA dextran was perfused through the channel for mono-culture, co-

culture, and acellular platforms. Diffusion coefficients were measured to evaluate the rate 

of transport through the endothelium into and through the bulk of the hydrogel. Images 
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were obtained in five minute intervals and the change in intensity was used to determine 

the rate at which the dextran diffused out of the channel and into the collagen (Figure 4). 

A widefield microscope collected the intensity of the dextran across the entire width and 

depth of the tissue chamber. 

 

Figure 4. Images of 70 kDA green fluorescent dextran diffusing through a single 

channel platform over 2 hours of flow at a flow rate of  26 μl/min. Diffusion 

coefficients after 2 hours of flow plotted for acellular, endothelium, and co-

culture endothelium with cancer cells in the hydrogel. 

 A progression of images obtained over two hours of flow shows an increase in the 

amount of dextran collecting in the hydrogel. The acellular platforms without the 

presence of an endothelium exhibited the highest diffusion coefficient average, 26±3 

nm/sec, and the most dextran transported into the bulk collagen. The intensity inside the 

channel itself does not change as the dextran is perfused under continuous flow. The 
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higher intensity areas in the center of the 120 minute images of Figure 4 result from the 

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

channel. The mono-culture (endothelium only) diffusion coefficient value average of 

16±1.9 nm/sec was the lowest. The co-culture (endothelium with cancer cells) diffusion 

coefficient was slightly lower than the mono-culture platform with a value of 25±1.7 

nm/sec. The tight endothelium that forms in the mono-culture vascularized models serves 

to limit the amount of transport into the hydrogel. The inclusion of cancer cells creates a 

leaky endothelial layer with pores allowing for increased transport out of the channel into 

the surrounding tissue. This results in the diffusion coefficient of the co-culture trials 

being barely lower than an acellular channel without an endothelium. The mono-culture 

platform diffusion coefficient was determined to have a statically significant difference 

from both the co-culture and acellular platform. The extent of the leakiness formed in the 

co-culture platform prevents it from being significantly lower than acellular when dextran 

is transported through the model. It is expected that transporting a larger particle than 70 

kDA dextran would decrease the rate of diffusion through the endothelium and into the 

hydrogel scaffold and particles would congregate along the endothelial wall unable to 

pass through smaller gaps endothelium. Increasing the particle size is also expected to 

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

as the co-culture endothelium is expected to be confluent enough to prevent some 

diffusion of larger sized particles. 
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Chapter 4:  Preliminary network platform work 

4.1 INTRODUCTION 

While the existing model and methods used in the Rylander lab for a single 

channel tumor platform provided a starting point for redesign of an improved platform 

preliminary work needed to be completed to develop a platform that could produce a 

network of channels. In the search for methods to create a more physiologically relevant 

in vitro tumor model the works of other tissue engineering labs were evaluated. A paper 

produced by the Tien group outlined techniques worth investigating as a method for 

producing a microfluidic network encased in a hydrogel 
10

. The group created 

microfluidic networks with channel diameters of approximately 100 microns that were 

completely encased in Type I collagen, and these networks were capable of transport and 

vascularization. Subtractive tissue engineering methods were utilized to form the 

channels in the collagen. Soft lithography techniques were used to produce gelatin 

meshes the size and shape of which determined the final geometry of the microfluidic 

network. The meshes, a sacrificial material, could be encased in collagen and then melted 

and flushed out as the collagen polymerized around the gelatin's shape leaving behind a 

network of microchannels in the collagen. This type of scaffold could be used to culture 

cells and create an in vitro tumor. 

Using subtractive methods with a collagen hydrogel fit the tissue engineering 

capabilities already established in the Rylander lab indicating that utilizing the Tien 

group's method could be the next step forward for the Rylander lab to create a more 

accurate tumor model. The use of photolithography is a new technique for the Rylander 

group but it is the primary method used in the tissue engineering field to create features 

on the micro scale necessary to produce physiologically relevant experimental models. 

Photolithography involves the curing of a light sensitive polymer by exposure to ultra-
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violet light to create designed geometries. Patterns of the cured polymer are produced on 

a silicon wafer substrate by passing light through a printed photomask that has a 2D 

outline of the desired network controlling which areas of the polymer get cured. The 

thickness of the polymer is controlled using a spin-coater before exposure to light. 

Uncured polymer is developed away leaving the desired network pattern that can be 

transferred into PDMS stamps for use with biomaterials. This work is completed in a 

clean room to prevent particles from interfering with the production of micron features. 

The resulting cross-sections of the photo-lithographically derived networks is rectangular 

but once transferred to a biomaterial and seeded with cells the cross-section of the 

microfluidic network becomes circular similar to vasculature 
10

. Mastering these 

techniques is necessary for producing engineered microvascular networks. 

4.2 GELATIN SUBTRACTIVE METHOD 

The idea behind this method is to form micromolded gelatin meshes for use as a 

sacrificial material. The meshes are encased in collagen hydrogels and then the 

subsequent melting and flushing of gelatin from the hydrogel leaves a network of 

channels that can be seeded with endothelial cells to form vasculature. Cancer cells can 

be seeded in the bulk of the collagen creating a vascularized tumor. 

To use this subtractive gelatin method developed by the Tien group to form 

microvasculature a platform to house the collagen and gelatin biomaterials and provide 

inlets and outlets for flow needed to be designed. The basic parts of the platform would 

be a surface that could be imaged through, a chamber to hold the collagen, and inlet and 

outlet reservoirs or channels for positioning the gelatin and providing transport through 

the channels in the chamber. Figure 5 shows the design of the platform. It was composed 

of a glass slide for a base, a lower PDMS chamber for holding the collagen hydrogel with 
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recessed regions for positioning the gelatin meshes in the chamber, an upper PDMS 

component with reservoirs to align over the recessed regions where the gelatin is exposed 

outside of hydrogel. This allows for flushing of the gelatin from the platform and 

transport of fluids into the system via the channels rather than through the bulk of the 

collagen. 

 

 

Figure 5.  CAD images platform design. (a) Front view of platform. (b) Exploded view 

of platform components. 

Glass slides are a part that can be purchased off the shelf, along with coupling 

pins and tubing all from Fischer Scientific. The PDMS components are custom and need 

to be produced for each platform. To do this PDMS was mixed at a standard ratio and 

cured in custom aluminum molds. Aluminum molds were designed for use in producing 
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PDMS parts. These molds were CNC machined and the resulting parts and PDMS 

components produced from the molds are shown in Figure 6a-b. Holes were punched into 

the top upper component to allow for insertion of 22 gauge coupling pins for flow, and a 

square punch was used to create the chamber for biomaterials that measured five 

millimeters by five millimeters and was about two millimeters deep as shown in Figure 

6c-d. The recessed region on each side of the well was about one centimeter long and half 

a millimeter deep. With assembly of these components flow could be sustained through 

the platform as presented in Figure 6e leaving the challenge of working with collagen and 

gelatin in the platform. 

 

Figure 6.  Individual platform components and assembly (c) Chamber punched into the 

lower PDMS component. (d) Coupling pins inserted into reservoirs to allow 

flow into the platform. (e) Testing flow through the assembled platform 

using colored water. 
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PDMS stamps were produced using equipment in a clean room following 

standard soft lithography techniques. Holes were punched through the PDMS to allow 

flow of gelatin into the channels in the PDMS (Figure 7a). 

 

Figure 7.  Formation of gelatin meshes. (a) PDMS stamp used to produce gelatin 

meshes. (b) PDMS stamp pattern transferred into a gelatin mesh. Channels 

widths are approximately 100 μm. (c) Effort to detach gelatin from glass 

slide resulting in severe deformation. 

After completing the work in the clean room to produce PDMS stamps, and 

making the PDMS housing components a series of steps to fabricate microchannels in 

collagen was followed. First, plasma treatment of the PDMS stamp and glass slide for 

four minutes followed by adhering the two pieces together with the grooves in the PDMS 

facing the glass to form enclosed channels. Attach PE50 tubing to a 22 gauge coupling 

pin and a 23 gauge needle then insert the pin into the hole in the PDMS stamp connecting 

it to the channel. Flow Pluronic F127 into the channel for one hour. This prevents the 

gelatin from sticking to the PDMS. Aspirate the Pluronic from the channel and rinse the 

channel with PBS. Aspirate the PBS. Place the glass slide on a hot plate and heat above 

45⁰C. Mix gelatin in dH2O at a ratio of 10% weight per volume and heat to 45⁰C. While 

keeping slight pressure on the stamp, to keep it pressed against the glass, slowly flow 

gelatin into the channels. Cool to 4°C for one hour then raise to room temperature for 30 
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minutes to reduce swelling of the gelatin. Submerse the glass and PDMS in bovine serum 

albumin. Remove the stamp from the glass. Gently agitate the gelatin to separate it from 

the glass. Then start peeling the gelatin up using tweezers (Figure 7b-c). Wash the gelatin 

with PBS and transfer it to the lower PDMS component of the platform. The gelatin 

should stretch across the square chamber resting in each of the recessed regions. Fill the 

chamber with collagen, encasing the gelatin (Figure 8). Allow the collagen to start 

polymerizing at room temperature for 10 minutes then transfer the collagen to an 

incubator at 37°C for 20 minutes to finish polymerization and melt the gelatin. Flush the 

gelatin from the platform using PBS. 

This procedure should result in channels in a collagen scaffold that can be used 

for the culture of cells, however some serious drawbacks to the capabilities of the 

technique were encountered. Detaching the gelatin from the glass slides often deformed 

the mesh (Figure 7c). Also, positioning the gelatin in the platform and encasing it in 

collagen was troublesome (Figure 8). The timing of polymerizing the collagen and being 

able to melt and flush the gelatin away was inconsistent and failed to leave a defined 

channel in the collagen. This issue was also not conducive for keeping cells alive in the 

bulk collagen which would be necessary for creating a tumor microenvironment. 
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Figure 8.  Example of attempts to encase purple colored gelatin in collagen in the 

lower PDMS chamber of the platform. 

A simplified platform and methods based on this technique of tissue engineering 

was tested as well but this method also ultimately failed to produce the desired outcome. 

While the positioning of the gelatin mesh improved it still failed to overcome the 

problems faced with flushing out the gelatin upon polymerization of the collagen. 

4.3 CONCLUSIONS 

Ultimately the combination of two biomaterials, gelatin and collagen, was not a 

feasible method for reproducibly creating in vitro tumors. The simultaneous melting of 

gelatin and polymerization of collagen was not a robust method for producing a 

microfluidic network in a bulk hydrogel containing cancer cells that needed to be kept 

alive in a temperature and time sensitive environment. Often when creating a gelatin 

strong enough to work with the gelatin failed to be flushed out of the collagen. Also, the 

amount of work being completed with micron features by hand would often lead to error 

and failure of trials. An alternate method and platform for producing microchannels 

needed to be obtained. 
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Chapter 5:  Fabrication of microfluidic networks in hydrogels using 

additive methods and photolithographic patterning 

5.1 INTRODUCTION 

This chapter introduces a platform for creating in vitro tumors that moves beyond 

simpler single channel geometries to create a more physiologically representative model. 

To try and capture the tortuous vasculature of tumors a microfluidic network was created. 

This network was completely encased in a collagen hydrogel containing cancer cells and 

the channels were lined with endothelial cells forming a vascularized network throughout 

the tissue. 

5.2 LITHOGRAPHIC NETWORK MODEL METHODS 

Materials 

 The network platform used the same materials as the single channel model with 

some exceptions for how the tissue chamber was formed. Stock solutions of Type 1 

collagen (12-14 mg mL
-1

) as previously described in Chapter 3 were used for a tissue 

scaffold. Platforms were formed from polycarbonate housing components that interfaced 

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

Figure 9. Stainless steel 4-40 machine screws fixed the CNC machined polycarbonate 

network platform components together (Figure 9d). Chamber surfaces were treated with 

1% polyethylenimine (PEI) in dH2O and 0.1% glutaraldehyde in dH2O. Standard soft 

lithographic techniques were used to produce patterned PDMS stamps for use in forming 

network models 
38

. The same breast cancer and endothelial cell lines as used for the 

single channel platform were also used in the network platform. All work was performed 

under sterile conditions. 
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Platform Design and Fabrication 

 All polycarbonate components used in fabricating the hydrogel scaffolds were 

CNC machined. All components were cleaned with 70% ethanol for sterilization and 

dried before use. The individual components are plasma treated for 4 minutes (Harrick 

Plasma) before being assembled for further sterilization. For the network platform the 

polycarbonate components, glass cover slip, and pins received the same sterilization 

treatment as the single channel platform (Figure 9b). The tissue chamber wells in the top 

and bottom polycarbonate components received the same surface treatments of PEI for 10 

minutes followed by glutaraldehyde for 20 minutes then rinsed with dH2O leaving the 

platform ready for the formation of collagen hydrogels. The polycarbonate components 

are fixed together using screws to form the tissue chamber. 

Formation of Collagen Hydrogels 

 A collagen solution (6-7 mg mL
-1

)
 
for use in the platform was prepared following 

the method described for the single channel model. This solution was added to the 

platforms chambers and polymerized in an incubator for 25 minutes at 37⁰C. For the 

network model the well in the base component of the platform was filled with collagen. 

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

after polymerization (Figure 9c). The well in the top component was aligned with a 

lithographically produced PDMS stamp 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 9c). After polymerization and removal of 

the PDMS and pins, the top and bottom components of the platform were stacked 

resulting in a network fully incased in collagen (Figure 9d). These methods follow the 

work of Zheng et al 
8
. The process of forming biomaterials about a lithographic pattern 

produces a square cross-section in the channel. Once cells are seeded in the channel and a 
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confluent endothelium is established a circular cross-section is formed 
8,10

. Our stamps 

were designed to have channel widths of 100 μm to 200 μm. 

 

Transport in Gels 

 Two methods of transport were developed for the network platform. Syringe 

pumps could be connected to the inlets of the platforms to introduce flow, as with the 

single channel platform, and the outlets fed to a collection reservoir (Figure 9e-f). The 

network platform could also use a simplified setup of a reservoir system that operates 

based on gravity creating a pressure difference at the inlet and outlet to induce a flow 

through the system (Figure 9g). 

 

Figure 9. Design of platform and fabrication of microvascular network collagen 

hydrogels and perfusion setup. (a) CAD design of platform components and 

assembly. (b) Machined aluminum 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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Cell Culture in Gels 

 Preparation of working collagen gels to create a tumor microenvironment 

followed the protocol for the single channel model. Cancer cells were seeded in the 

collagen with a density of 1x10
6
 cells/mL. After the formation of channels in the scaffold 

TIME cells were injected into the microchannels. For the smaller diameter channel 

network models 15 μL of media with a density of 5x10
6
 TIME cells/mL was added to the 

inlet reservoir and allowed to perfuse into the channels for 20 minutes at 37⁰C. A syringe 

pump driven flow or gravity driven flow produced from use of a reservoir could be used 

to precondition the network model. Preconditioning with a syringe pump followed the 

protocol used for the single channel models. The reservoir preconditioning method 

required establishing a height difference between the amount of media in the inlet and 

outlet reservoirs providing a decaying flow rate. After an initial 12 hours of flow the 

height difference was reestablished every 12 hours over a 48 hour culture period. The 

result for each platform after preconditioning was vascularized channels encased in a 

collagen ECM containing cancer cells. 

Microscopy 

 Images were obtained on a Leica confocal microscope using a HC PL Fluotar 

10x/0.30 objective. Design of the platforms allowed for simple setup on the microscope 

stands and interfaces with the microscopes such that live dynamic monitoring of transport 

in the scaffolds can be observed. Cancers cells expressed green fluorescent protein (GFP) 

and endothelial cells expressed red fluorescent protein (RFP) for imaging of the in vitro 

tumor. Blue 0.10 μm fluorescent polymer microspheres were used for evaluation of 

transport in the tumor. 
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5.3 RESULTS AND DISCUSSION 

To move towards a platform that better recapitulates the tumor microenvironment 

we created a microfluidic vascular network. Using soft lithography techniques a simple 

geometric pattern was imprinted into a collagen hydrogel to form a network of channels 

encased in the tissue scaffold. The network has one inlet and outlet to provide transport 

through the system. The width of each individual channel was approximately 100 μm. 

Seeding of endothelial cells into the network and culture under flow of endothelial media 

through the platform resulted in a confluent endothelium throughout the network. By 

suspending cancer cells in the collagen a 3D engineered microfluidic in vitro vascularized 

tumor was created as presented in Figure 10a. 
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Figure 10.   In vitro tumor microenvironment with microvascular network. (a) Isometric 

view of network co-culture of RFP endothelial cells and GFP cancer cells. 

(b) Top view of network co-culture. (c) Cross section view of channel near 

inlet. (d) Cross section view of 4 channels. Scale bar is 100 μm. (e) 

Transport of blue microspheres through the network. 

Evaluation of a top view of the network co-culture platform in Figure 10b shows 

endothelial behavior similar to that of the single channel model where the cells proliferate 

and elongate to form an endothelium. The MDA MB231 interact with the endothelial 

cells to create gaps and pores to form a leakier endothelium. It was also observed that the 

use of collagen as a scaffold and the culture of endothelial cells in the channels can result 

in final geometries that deviate from the strict geometry of the PDMS stamp pattern. The 
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corners at channel intersections develop a radius as opposed to the squared corners of the 

PDMS stamp similar to results produced by other groups 
8,10

. Soft lithography patterns 

used for the formation of networks have a square cross section but looking down the 

length of a channel, Figure 10c, shows that the endothelial cells are able to develop a 

rounded endothelium similar to in vivo vasculature. The geometries of the network and 

endothelium formed in the channels is comparable to the results published by Zheng et al 

8
. Others using the layer-by-layer additive stacking technique to form networks using 

lithographic patterns have produced microchannels of a similar size being approximately 

80 μm wide and tall 
27

. The channels in the network remained open and capable of 

transport after the culture period needed to form the endothelial layer as tested by flowing 

blue 0.10 μm polymer microspheres through the network (Figure 10e). The microspheres 

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

flow into the system for 1 hour. Fabrication of channels smaller than 100 μm diameter 

struggled to form a confluent endothelium through the entire network as the seeding of 

endothelial cells tended to clog the passageways. A minimum channel diameters of 

approximately 50 μm has been reported as the limit for this endothelialization process 
26

. 

After creating the initial structured pattern presented Figure 10 a microfluidic 

network with tortuous geometry was fabricated to replicate that found in real tumors. An 

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

capabilities of this additive tissue engineering method for creating complex geometries.  

An image published by Tong et al. presents blood vessels injected with fluorescent-

labeled dextran in a human colon adenocarcinoma LS174T tumor grown in severe 

combined immunodeficient mice and imaged using intravital microscopy (Figure 11a 

adapted from Cancer Research, 2004, 64/11, 3731-6, Ricky T. Tong, Vascular 

Normalization by Vascular Endothelial Growth Factor Receptor 2 Blockade Induces a 
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Pressure Gradient Across the Vasculature and Improves Drug Penetration in Tumors, 

with permission from AACR) 
39

. The engineered in vitro model presented in Figure 11b 

mimicked the geometry of the vasculature. The design had one large channel with a 

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

approximately 100 μm. The depth of the large channel was approximately 200 μm and 

the depth of the branching channels approximately 100 μm. 

 

 

Figure 11. In vitro recreation of an in vivo tumor. (a) two-photon image showing 

human colon carcinoma vasculature in mice at day 0 reproduced with 

permission from AARC 
39

. (b) Engineered microfluidic tumor 

microenvironment capturing the geometry of an in vivo tumor. Scale bar is 

100 μm. 

While this fabrication technique was shown to be capable of creating networks 

with complex geometries and multiple channel sizes that model in vivo cases it does 
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present some limitations. The lithography techniques used can create very complex and 

detailed patterns but transferring these patterns to a collagen hydrogel presents some 

limitations. With the additive tissue engineering methods used, some small isolated areas 

highlighted in Figure 11a failed to be reproduce by collagen scaffolding. The scaffolding 

was not capable of being surrounded by and supporting the formation of open channels 

that are larger in size. The collagen could not capture these tissue regions designed to be 

scaffold structures smaller in area than 100 by 100 μm. In order for the collagen to 

capture the tortuous geometry in Figure 11 a lower, less viscous, collagen concentration 

of 6 mg/ml was used. Use of a lower concentration increased the reproducibility of the 

collagen being able to better encase the tortuous geometries of the PDMS pattern but was 

still unable to capture the smallest spatial geometries. The Tien group has published 

studies using subtractive tissue engineering methods where the scaffolding has areas as 

small as approximately 200 by 200 μm but the surrounding microchannels are smaller 

than the supporting scaffolding region 
10

. Often, hydrogels fill large areas and focus on 

hosting small voids as opposed to small regions. Little has been reported on the lower 

size limits of the hydrogel scaffolding itself.  Another limitation of using lithographic 

techniques is that there is no means to create a gradual transition from larger channels to 

smaller channels and instead the 100 μm channels connect to the 200 μm channel at a 

blunt interface. However, despite this interface the cells were capable of forming a 

confluent endothelium. Also, increasing the number of channels with different sizes in 

diameter quickly increases the complexity of fabrication. Currently, tissue engineering 

methods reliant on the use of soft lithography techniques for the formation of 3D 

microvascular networks will be subject to this increased complexity when trying to 

expand the complexity of the network's geometries. Advances in 3D bioprinting could 
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provide an alternate fabrication method for quickly producing customizable advanced 

networks that move beyond the planar limitations of lithography 
40,41

. 
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Chapter 6:  Conclusions 

 This work presents devices and methods for the fabrication of microfluidic 

channels by employing additive and subtractive tissue engineering techniques. The 

platforms use a collagen scaffold that can accommodate remodeling and culture of cells 

to produce endothelialized vessels creating in vitro tumor microenvironments. 

Vascularized tumor platforms were created with embodiments of scalable single channel, 

dual-channel, and networks. The platforms enable sustained transport of macromolecules 

and the recreation of hemodynamic forces that are integral to tumor growth. We have 

shown that a confluent endothelium can be formed and that co-culture of MDA MB231 

cancer cells in the model creates a leakier endothelium as is typical for tumors in vivo. 

Finally, the geometry of complex in vivo tumor vasculature was reproduced in vitro. By 

incorporating patient data into the design of our microvascular network we can create 

tumor platforms that are physiologically representative of patients.  

 The single channel platform presented has the advantage of using simple 

fabrication techniques to create a robust and reproducible model that can be expanded 

upon to develop body on a chip concept of vascular tissues. These subtractive fabrication 

techniques used do have the disadvantage of restricting the size of the vasculature to 

larger diameters (350-950 μm). The lithographic processes utilized for producing the 

networks are a capable method of forming microfluidic networks that can be used to 

study the mechanisms of vascular tissue environments. These networks 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. However, as the complexity of the network 

geometry increases the difficulty of fabrication increases and limits in the capability of 

the methods are reached. Exploring alternate fabrication methods like 3D printing may 
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prove to be more capable of producing microfluidic structures beyond planar networks. 

Currently, limited work is being done to design in vitro vasculature geometries that 

directly copies a pattern observed in patients or in vivo studies.  

 These platforms form a foundation for the future study of transport, chemical 

gradients, and cell behavior in a physiologically relevant tumor microenvironment. Also, 

the platforms can be expanded upon to incorporate immune cells, stromal cells, and 

lymphatic vessels to create a complete tumor microenvironment. Current treatment plans 

for cancer patients consist of chemotherapy, radiation, and surgery. These treatments 

have toxic side effects and have had various levels of success depending upon the patient. 

Our technology enables us to develop physiologically relevant platforms based upon 

tumors resected from patients. These platforms will be used to evaluate the toxicity of 

chemotherapeutics and lead to the development of new therapies. 
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