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The efficiency of drug development process has been continuously de-

creased during last decades. Recently, micro engineering technology 

have enabled researchers to develop advanced in vitro drug test platform 

such as organ-on-chip system that is expected to innovate current drug 

discovery process. Although some leading start-up companies are trying 

to commercialize the organ on chip, the ultimate goal creating simple but 

precise in vitro model have long way to go. 
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Despite the importance of blood vessel in various pathogenesis, current 

organ on chip models have missed the organ-specific blood vessel path-

ophysiology. In parallel with organ on chip technologies, advanced three-

dimensional in vitro blood vessel model have been developed during last 

decade. Either the blood vessel model and the organ on chip have shed a 

light to the next generation of drug development process, combining the 

two technologies would be another step towards the development of in-

novative in vitro drug test model. 

To this end, this thesis first describes the method to create in vivo like 

blood vessel model by mimicking natural morphogenesis of the human 

primary endothelial cells. Effect of bio-mechanical stimulus exerted by 

interstitial flow (IF) on the development process of the model was stud-

ied. A minute rate of IF was introduced simply by hydrostatic pressure 

and visualized by fluorescence recovery after photobleaching (FRAP). 

Series of experiments with various direction and sequence of the applied 

IF revealed the strong directional bias of the angiogenic sprouting into 

the opposite direction of the IF, which could be used as angiogenic switch 

to set the model in angiogenic or non-angiogenic condition. 

The blood vessel model could be applied to reconstitute retinal pigment 

epithelium (RPE) – choroid system of the eye, owing to the morpholog-

ical similarity of the two system. The device design was modified and 
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optimized to introduce RPE cells to mimic cross sectional structure of 

the RPE-choroid system. Treatment of pro- and anti- angiogenic factors 

allowed the in vitro model to quantitatively simulate pathogenesis and 

treatment of wet type age related macula degeneration (wet-AMD) which 

causes blindness in many elderly people. 

The blood vessel model has potential to be used for various 

application, including unveiling the biochemical or biomechanical 

regulation of angiogenesis and evaluation of anti-angiogenic drug 

candidates. Moreover, the model would be applied to reconstitute 

various organ specific endothelial physiology, such as RPE-cho-

roid system as described here, which would help predicting the 

organ specific pathophysiology in response to the drug candidates 

in vitro. 

Keywords: Microfluidic; Organ on chip; Angiogenesis; Interstitial 

flow; Biomechanical stimulus; Retinal pigment epithelium; RPE-

choroid; Choroidal neovascularization  
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1. Chapter 1 Introduction 

Chapter 1 Introduction 

Introduction 

 

The cost of drug development has increased dramatically during 

the last few decades due to the inefficiency of current preclinical drug 

evaluation models, and the number of newly developed drugs is de-

creasing [1]. Major disadvantages of conventional preclinical models are 

a phylogenetic gap between human and animal models and a lack of 

similarity between two-dimensional (2D) cell culture systems and in vivo 

systems.  

Micro-engineering technologies combined with cell biology have 

been expected to solve this inefficiency by bridging the gap between 

human and preclinical models. The concept of “organ-on-chips” was 

proposed recently to establish in vitro models that precisely recreate in 

vivo characteristics as well as drug responses [2, 3].  
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Constructing the microvascular niche in a model of vascularization 

is essential to mimic in vivo organ characteristics, as microvessels and 

capillaries cover organs almost entirely. In tissue engineering, vascular-

ization has been emphasized to perfuse large-scale engineered tissue 

and supply oxygen and nutrients to interior cells, particularly for in vivo 

transplantation [4, 5]. In contrast, supplementation with oxygen and nu-

trients is not the main purpose of vascularization for organ-on-chips, as 

the entire system is typically small enough (a few hundred microns) to 

be supplied by oxygen diffusion in culture media. Instead, vasculariza-

tion of organ-on-chips can establish in vivo-like target organ microenvi-

ronments, as microvascular endothelial cells (ECs) play critical roles in 

organ function in cooperation with the cell types specific to each organ 

[6].   

In this thesis, we proposed a novel in vitro blood vessel model that 

could resemble natural angiogenesis from pre-existing blood vessel net-

work. Using the advanced 3D in vitro model, we investigated effect of 
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biomechanical stimuli on angiogenesis, for deeper understanding of an-

giogenic microenvironment. Based on the model, we further developed 

eye angiogenesis model to simulate pathological condition, which is po-

tentially important for drug candidate evaluation and for investigation of 

specific pathogenesis.  

 

1.1.  Organ-specific endothelial physiology  

The microvascular system is the infrastructure of the body that not 

only supplies oxygen and nutrients to tissues but is also related to nu-

merous pathophysiological conditions. The microvascular endothelium, 

which is the internal surface of blood vessels consisting of ECs, plays 

diverse roles in organ function (Fig. 1.1). As the specific characteristics 

of each organ are determined by the endothelium [6, 7], understanding 

endothelial organ specificity is necessary for reconstituting functional or-

gans in vitro.  
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Figure 1.1 Representative physiological phenomena present in a microvascular system and 

their dual role in normal and pathological conditions. Although angiogenesis is necessary to 

recover wounded or low-oxygen tissues, it can also provide nutrients and oxygen for cancer. 

Inflammation is the first mechanism of protection from pathogens, but an uncontrolled immune 

response can damage normal tissue and cause auto-immune disease. Peripheral endothelial 

cells that compose the microvascular system play critical roles in organs by interacting with 

various cell types, while secreting toxic factors that damage native tissue. 
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Selective Barrier 

Although the selective barrier function is a natural and basic func-

tion of the endothelium, some organs have highly specialized endothe-

lial barriers. ECs form the blood–brain barrier (BBB) in cooperation with 

astrocytes [8] and pericytes [9], which have tight cell-cell junctions and 

lower permeability to protect the central nervous system from various 

potentially harmful external factors.  

The kidney microvascular endothelium also functions as a special-

ized selective barrier and is closely related to numerous kidney-related 

diseases [10, 11]. ECs form the glomerular filtration barrier in the kidney 

which resists the high pressure needed to filter huge volumes of water 

into the urinary space while retaining 99.9% of the large proteins. Podo-

cytes, specialized supporting cells, which are similar to astrocytes in the 

BBB, interact tightly with ECs to precisely control barrier function [12]. 

 

Tissue-specific microenvironments  

Sinusoidal ECs in bone marrow are continuously remodeling the 
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sinusoidal microenvironment by secreting various paracrine factors to 

maintain bone marrow functions, such as hematopoiesis and hemato-

poietic stem and progenitor cell (HSPC) maintenance [13-15]. Traffick-

ing and homing of lymphocytes [16] and HSPCs [17, 18] are also 

regulated by organ-specific chemokines and adhesion molecules on 

ECs in bone marrow.  

Abnormal morphology (tortuous and leaky), functionally disrupted 

pericytes [19], and a different extracellular matrix (ECM) composition are 

the main characteristics of tumor vessels [20, 21]. ECs that compose 

the tumor microenvironment also enhance tumor progression by secret-

ing various growth and other factors [22, 23]. Recent studies have 

demonstrated that the microvascular niche in tumor sites also plays es-

sential roles in inducing breast cancer quiescence [24]. 

 

Regeneration of injured organs 

ECs play critical roles in the regeneration of organs, such as the 

liver and lungs, with distinct underlying mechanisms. Ding et al. reported 
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that liver sinusoidal endothelium activates hepatocyte proliferation by 

secreting Wnt2 and hepatocyte growth factor [25]. The same group 

demonstrated that lung pulmonary capillary ECs induce lung regenera-

tion through matrix metalloproteinase 14 expression, which leads to ep-

ithelial progenitor cell proliferation via epidermal growth factor receptors 

[26].  

 

1.2.  Micro-engineered in vitro blood vessel models 

Owing to the importance of endothelial physiology in the various 

organs and related diseases, numerous in vivo and in vitro experimental 

models have been developed in various purposes [27]. Conventional in 

vitro assays using transwell [28-30], natural ECM [31] or artificial scratch 

to test migration of ECs [32] have been used as complementary exper-

imental model of in vivo models. However, those assays are too simpli-

fied to predict in vivo physiology precisely.    

During last decade, many efforts have been dedicated to develop 
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advanced experimental model of blood vessel by applying MEMS tech-

nology (Fig.1.2).  

In the early stage, researchers tried to ‘endothelialize’ the pre-engi-

neered hydrogel. Chrobak et al. developed method to create hollow lu-

men on micro-patterned collagen gel with specific size of syringe needle 

[33]. Then by introducing ECs into the lumen and allowing them to at-

tached and formed a confluent monolayer, simple in vitro capillary could 

be established.   

Based on the concept of endothelialization, advanced techniques 

have developed to create more complex geometry of the capillaries. Ra-

ther than a single tube, Zheng et al. introduced method to fabricate net-

work morphology with inlet and outlet on collagen gel by molding out the 

hydrogel from PDMS pattern [34]. The collagen scaffold was then 

coated with ECs to make in vitro vascular network. More recently, using 

advanced 3D printing technology, Miller et al., have created the lattice 

structure of dissolvable materials as a molding, which were dissolved 

after hydrogel polymerization [35]. In this novel method, not only the 
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morphology of the vascular network has been advanced, but also mi-

croenvironment of blood vessel has been mimicked by encapsulating 

fibroblasts or hepatocytes within the hydrogel. 
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Figure 1.2 Development of endothelialized in vitro blood vessel models. 
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Meanwhile, in parallel with the ECM patterning techniques, 3D cell 

culture platform using microfluidic post device that enable easier pat-

terning of hydrogel [36] have developed during last few years. The hy-

drogel patterning increased reliability and feasibility of the 3D cell culture 

experiments, thus expected to be commercialized.  

Feasibly controllable microenvironment of endothelial cells in the 

device is another advantage of the scheme. Predictive gradient for-

mation in the device enabled demonstrating effect of pro-angiogenic fac-

tor gradient on angiogenesis in vitro [37]. Since the hydrogels used in 

the platform are naturally function as fluidic barrier, thus the biochemical 

gradient lasted longer across the gel. Effect of shear stress and VEGF 

gradient have studied in combined landscape using the microfluidic 

blood vessel model [38]. 

In addition, the active paracrine interaction of the patterned cells 

derived morphogenetic potential of endothelial cells to establish perfus-

able blood vessel [39].  
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Figure 1.3 Representative in vitro blood vessel model using microfluidic three dimensional 

cell culture system 
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1.3.  Limitations of current in vitro angiogenesis model 

The method that endothelialize the micro-engineered hydrogel 

channel advanced in vitro blood vessel markedly from traditional models. 

The capillary geometry could be controlled easily as the micro-fabrica-

tion method to create hydrogel channel have developed together. Owing 

to the defined shape of the channel, shear stress exerted by applied flow 

could be calculated from dimeter and flow rate of the external pump. 

However, the capillaries developed in these models are not formed by a 

natural feature of the endothelial cells. Since the cells were artificially 

coated to the channel, the physiological relevance of these engineered 

capillaries with actual in vivo blood vessels is attenuated. 

In contrast to these methods, surface tension guided patterning of 

hydrogel in the microfluidic device enabled feasible 3D cell culture that 

could make use of natural morphogenetic feature of the endothelial cells. 

Effect of various microenvironment factors on the angiogenic procees 

have studied by taking advantage of the experimental feasibility of the 

methods.  
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Although the physiological relevancy of the capillaries produced us-

ing this scheme prominently be advanced, the surrounding microenvi-

ronment has not been fully understood. Moreover, despite of the 

importance of blood vessels in organ specific pathophysiology, the blood 

vessel models only mimic general feature of the blood vessel. 

 

1.4.  Motivation and objectives 

Recently, microfluidic co-culture systems successfully demon-

strated the natural morphogenetic processes could be used to establish 

perfusable blood vessel. Angiogenic [40], vasculogenic, or both process 

[39] could be utilized to reconstitute fully perfusable blood vessel net-

work. However, the two process, which is continuous step forming a 

vascular network in vivo, could not be reconstituted in the one experi-

mental system. Furthermore, poor understand of the microenvironment 

in the morphogenetic process make difficult to apply the phenomenon 

into further application.  
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Thus, the main objective of this thesis is to fully mimic the develop-

mental process of blood vessel network. The single endothelial cells 

were used to establish perfusable blood vessels via vasculogenic pro-

cess, which were still expending themselves by angiogenic sprouting 

formation. To study effect of interstitial flow, which were underestimated 

micro-environmental factor compare to the biochemical factor, was an-

other objective of this thesis.  

Although many in vitro blood vessel model have been developed, 

the three dimensional blood vessel models that mimic specific organ 

pathophysiology is still absent. To demonstrate the usability of our model, 

we reconstituted the retinal pigment epithelium and choroid vessel sys-

tem (RPE-choroid) in the device by simple modification of the device. 

  



１６ 

2. Chapter 2 Study of Microenvironment Surrounding Blood Vessel 

Chapter 2 

Study of Microenvironment Surrounding Blood 

Vessel 

 

2.1.  Interstitial Flow Regulates Angiogenic Response and 

Phenotype of Endothelial Cells in a 3d Culture Model  

Fluid flow and associated mechanical stress are important regula-

tory factors in diverse physiological and pathological scenarios. Espe-

cially for blood vessels, hemodynamic forces play significant role in 

regulating vascular homeostasis, wherein steady shear stress exerted 

by the flow provides anti-inflammatory, atheroprotective effects on the 

endothelium[41, 42] but its perturbations lead to cardiovascular disor-

ders such as atherosclerosis[43, 44] and thrombosis[45]. Thus, endo-

thelial mechanosensing has been extensively studied as a major 

regulator for vessel function along with the role of biochemical ligands. 



１７ 

However, the effects of mechanical stimuli on remodeling of blood ves-

sels has relatively less appreciated and poorly understood, while pro-

angiogenic factors, such as VEGF and angiopoietins, have been under 

wide and intense investigations[46-48].  

Recent studies using microfabricated 3D culture systems sug-

gested critical roles of flow-induced mechanical stimuli that coopera-

tively regulate vascular morphogenesis with pro-angiogenic factors[34, 

38, 39, 49-53]. The salient features provided with the microfluidic tech-

niques allowed flexible and precise manipulation over the fluid dynamics 

and chemical milieu surrounding endothelial cells (ECs). In the engi-

neered cellular microenvironments, ECs can be exposed to luminal, 

transmural or interstitial fluid flow by applying controlled hydrodynamic 

pressure. Endothelial cells cultured under simultaneous stimulation of 

vascular morphogens and flow-induced mechanical stresses exhibited 

notably different phenotypes and angiogenic potential compared to ECs 

treated with biochemical cue alone[54]. Of particular note, transmural 

flow, even at much slower flow rate than luminal flow, was shown to have 
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profound influences at the invasion of ECs having tip cell phenotypes[49, 

55]. The slow flow through the endothelial wall either suppressed or pro-

moted the sprouting activity of ECs depending on the contexts defined 

by flow infiltration rate and direction. These studies suggest that fluid 

flow, as an integral part of the endothelial microenvironment, serves as 

an important regulator of both homeostasis and remodeling of blood 

vessels. Thus, realistic in vitro modeling of angiogenesis should ade-

quately incorporate this cue in order to study angiogenesis as well as to 

estimate the effects of drugs modulating the corresponding processes. 

Nonetheless, prior model systems have neither been able to reconsti-

tute physiological angiogenic sprouts or direct monitoring of dynamics 

of the process; angiogenesis from natural vascular networks under an 

adequate interplay between biochemical and mechanical stimuli, and 

morphogenesis of the sprouts from initiation to persistent outgrowth. 

Here, we present a microfluidic platform designed to address these 

challenges and to better delineate the role of interstitial flow (IF) during 

angiogenic sprouting. The system allowed us to investigate individual or 
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combined effect of biochemical (pro-angiogenic factors) and mechanical 

cue during initiation and outgrowth of angiogenic sprouts in 3D extracel-

lular matrix (ECM). We particularly focused on examining how presence 

and direction of IF affect critical steps of angiogenic sprouting including 

its initiation, directional outgrowth and lumen formation via microscopic 

imaging and quantitative analysis. We found that IF against the direction 

of sprouting synergizes with pro-angiogenic factors to act as a strong 

stimulant for initiation and growth of angiogenic sprouts. The angiogenic 

sprouts grown under influence of IF were also distinguished by their 

morphological phenotypes and sensitivity to stimulation of pro-angio-

genic stimuli, such as VEGF[56] and S1P[57, 58]. The regulatory role of 

IF can be utilized to modulate the angiogenic activity of endothelium 

form quiescent to sprouting of neovessels and vice versa, allowing flex-

ible spatiotemporal control over the vascular patterning in an experi-

mental system. Based on this, we were able to show differential efficacy 

of anti-angiogenic chemical compounds depending on stages of the an-

giogenic cascade. Together, these results demonstrate the role of IF as 
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a critical determinant of angiogenic sprouting. We believe our model 

could provide more reliable in vitro model that better mimics in vivo path-

ophysiology, which is valuable to study endothelial mechanosensing as-

sociated with pathological neovascularization. 

 

2.2.  Materials and Methods 

2.2.1.  Microfluidic device design and fabrication 

Microfluidic device is composed of top microchannel-patterned pol-

ydimethylsiloxane (PDMS, Dow Corning) block and bottom coverslip, 

which were covalently bonded to each other by air plasma treatment 

(Femto science). The PDMS block was molded out of a silicon wafer on 

which SU-8 microstructures were fabricated by photolithography. PDMS 

base mixed with curing agent in ratio of 10:1(w/w) was poured on the 

silicon wafer and cured 1 hour in 80 °C dry oven. After the cured PDMS 

was peeled out from the wafer, cell injection ports and reservoirs for cul-

ture media were punched out from it with a 1 mm and a 6 mm biopsy 

punch respectively. The device was kept in 80 °C dry oven after plasma 
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bonding for at least 48 hours to make its surface hydrophobic condition, 

and sterilized by UV irradiation before each experiment. 

 

2.2.2.  Cell culture  

Human umbilical vein endothelial cells (HUVEC, Lonza) were cul-

tured in Endothelial Growth Medium 2 (EGM-2, Lonza) and passages 3 

to 5 used for experiments. Normal human lung fibroblasts (LF, Lonza) 

passages 5 to 7 were cultured in Fibroblast Growth Medium 2 (FGM-2, 

Lonza). All cells were maintained in a humidified incubator at 37°C and 

5% CO2. 

 

2.2.3.  Angiogenesis assay under interstitial flow condition 

Fibrinogen (10 mg/mL, F8630, Sigma-Aldrich) with 0.45 U/mL apro-

tinin (A1153, Sigma-Aldrich) solution was prepared in Dulbecco's phos-

phate-buffered saline (DPBS, Hyclone). HUVECs and fibroblasts 

detached from the culture plate were centrifuged and suspended at a 

concentration of 6.7 x 106 cells/mL (HUVECs) and 107 cells/mL (fibro-
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blasts, modified for the purpose of experiments then indicated) respec-

tively in cell culture media (EGM-2). The fibrinogen solution and the cell 

suspension were mixed at a ratio of 1:3 to yield a final concentration of 

fibrinogen, HUVECs and fibroblasts at 2.5 mg/mL, 5 x 106 cells/mL and 

7.5 x 106 cells/mL, respectively. At first, the fibroblasts-fibrin gel mixture 

was injected into the lateral channels (channel L1 and L2) as soon as it 

was mixed with thrombin (T4648, 50 U/mL, Sigma-Aldrich) at a volume 

ratio of 50:1. After incubating for 3 minutes to allow fibrin to be cross-

linked, the fibrinogen solution diluted to 2.5 mg/mL in PBS was mixed 

with thrombin and introduced into the channel S. After allowing the 

acelluar fibrin to clot for 3 minutes, then the channel N was filled with the 

HUVECs-fibrin gel mixture in a similar manner with the process of filling 

lateral channels. After another 3 minutes, the upper reservoirs in each 

device were filled with EGM-2 and aspirated gently from the lower res-

ervoirs to fill the media channels. All reservoirs were then evenly filled 

with EGM-2. Hydrostatic pressure-driven IF was induced by defined vol-

ume difference between left and right side reservoirs. To maintain the 
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flow, 10 μL of media were added to reservoirs depend on the direction 

of the flow. Applied volume difference between the reservoirs was ad-

justed twice a day to maintain the flow. 

 

2.2.4.  Quantitative validation of interstitial flow across 3D ECM  

IF across the 3D fibrin matrix was verified by measurement of flow 

velocity using FRAP (fluorescent recovery after photobleaching) tech-

nique, as described elsewhere[59]. 70 kDa FITC-dextran (Sigma-Aldrich) 

in concentration of 100 μg/mL was introduced to microvascular network 

(μVN) established in the device. After introducing IF by given volume 

differences, the interstitial fibrin matrix in channel S was photobleached 

by 488 laser for 20 seconds with confocal laser scanning microscope 

(Olympus FV-1000), followed by 1 minutes time lapse tracking. Intensity 

profiles across the photobleached hole of each time points were plotted 

by ImageJ software, then the lowest intensity point of trend line decided 

as a center of the hole by Matlab (MathWorks). Position of the photo-

bleached center over time were plotted again, then the speed of IF in 
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given condition was drawn from the slope of the trendline of the points. 

For investigation of IF speed change over time, same method was used 

but fully vascularized device was used instead of acellular one with fixed 

volume difference (10 μL). Flow speed was measured at indicated time 

points. 

 

2.2.5.  Biochemical factor treatment 

Recombinant human VEGF-A (R&D systems) reconstituted in PBS 

was added to culture media in concentration of 100 ng/mL. S1P (Sigma-

Aldrich) reconstituted in methanol and added to culture media in con-

centration of 1 μM. The factors were treated 12 hours after initial seeding 

of the assay. Samples were maintained under flow or static condition for 

48 hours and fixed for imaging. 

 

2.2.6.  Anti-angiogenic compound treatment 

PFKFB3 inhibitor 3PO (R&D systems) and Axitinib (Selleckchem) 

were reconstituted in DMSO according to manufacturer’s instruction. 

Angiogenesis assay was prepared during 3 days under indicated flow 
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condition. At day 4, each drug was treated at the concentration of 100 

uM (3PO) and 5 nM (Axitinib) respectively, maintained for 48 hours un-

der flow or static condition. Concentration of each drug that inhibits an-

giogenic sprouting but do not disturb the EC network have been chosen 

from preliminary experiment. 

 

2.2.7.  Immunostaining 

Samples were fixed with 4 % (v/v) paraformaldehyde in PBS for 5 

min, followed by 15 minutes permeabilization using a 0.15 % Triton X-

100 (Sigma) and 1 hour treatment of 3 % bovine serum albumin (BSA, 

Sigma) to reduce nonspecific antibody binding. The samples were incu-

bated overnight at 4°C with antibodies then washed twice with PBS for 

imaging. Endothelial cell specific mouse monoclonal human VE-cad-

herin (Alexa Fluor®488) and mouse monoclonal human CD31 (Alexa 

Fluor®488) were purchased from eBioscience and BioLegend, respec-

tively. Alexa Fluor® 488 conjugated Phalloidin and Hoechst 33342 were 

from Molecular Probes. 
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2.2.8.  Image analysis and statistical analysis 

Fluorescence images and phase contrast images were captured by 

confocal microscope (Olympus FV1000) and tissue culture microscope 

(Nikon TS100), respectively. Images were analysed automatically by us-

ing Fiji (http://fiji.sc/Fiji) or Imaris software. To quantify the area of 

sprouts and vascular network, Z-projections of the 3D stacks were ob-

tained and then each image was masked from the backgrounds before 

measurement. To quantify the length of sprouts, tip points of each sprout 

were picked then the x coordinate of the points were collected by using 

Fiji. To investigate diameter of the blood vessels quantitatively, total vas-

cular length of each image was measured by skeletonize/analyze skel-

eton plugin of Fiji. Then diameter index was drawn by dividing the total 

vascular area with the total vascular length. Statistical comparisons of 

analyzed values were obtained from unpaired two-tailed Student’s t-test, 

with the p value threshold for statistical significance set at *p < 0.05. **p 

< 0.01; ***p < 0.001; ****p < 0.0001 and for ns (not significant), at p > 
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0.05. Standard error of the mean (SEM) is presented in all error bars. 

 

2.3.  Results 

2.3.1.  Microfluidic model to recreate vascular microenvironment in 3D 

extracellular matrix 

The microfluidic model designed for the study consists of 6 micro-

channels that are disposed in parallel and partitioned by arrays of mi-

croposts (Fig. 1A, i and B). Two central channels (microvascular 

network channel N and angiogenic sprout channel S) are for three-di-

mensional culture and morphogenesis of ECs, where the channel N is 

loaded with fibrin matrix embedding ECs and the channel S with acellu-

lar fibrin matrix. The two outermost channels (L1 and L2) are for culture 

of stromal fibroblasts that secrete biochemical cues inducing pro-angio-

genic responses of ECs. The ECs at the central channels and the fibro-

blasts in the fibroblast channels could communicate via soluble secreted 

factors in a paracrine fashion[60], across the fluidic channels (M1 and 

M2) filled with cell culture medium (Fig. 1B). It have been reported that 

fibroblasts serve as a prominent source of pro-angiogenic factors[61, 62] 
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which have been shown to suffice for induction of EC morphogenesis in 

diverse 3D model systems[39, 60, 63]. We took advantage of those stud-

ies to reconstitute angiogenic vessel sprouting from pre-established 

vascular networks that were also assembled by vasculogenic process 

in our platform (Fig. 1B, ii). To investigate how mechanical stresses 

transduced by ECs influence the process of formation and remodeling 

of vascular networks, volume of cell culture medium added to the reser-

voirs connected to each fluidic channel are adjusted to induce pressure-

driven fluid flow across the central channels (Fig. 1A, ii). The speed of 

IF across the acellular channel S measured by FRAP (fluorescence re-

covery after photobleaching) technique exhibited proportional increase 

along the pressure gradient induced by 2.5 ~ 10 μL of volume difference, 

where the values represent the physiological level (0.1 ~ 4 μm/s)[21] of 

IF (Fig. S1A and B). We then characterized time-dependent change in 

the level of IF across the EC-embedding central channels, confirming 

that the valid level of IF (approximately 0.3 ~ 1 μm/s) is maintained over 

12 hours after initial application of pressure gradient by 10 μL of volume 
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difference (Fig. S1C). The symmetric design of the microfluidic platform 

allows flexible experimental configurations to examine the role of bio-

chemical and mechanical stimuli for vascular morphogenesis, with tuna-

bility over the direction of biochemical gradient or IF. For instances, 

direction of fibroblast-secreted factors could be controlled by configuring 

the density of fibroblasts introduced to the channel L1 and L2.  
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Figure 2.1 Microfluidic device to reconstitute formation and expansion of mi-

crovascular networks in response to pro-angiogenic factors and interstitial 

flow. (A) Schematic overview and photograph of the device to mimic natural 

sprouting morphogenesis from the pre-formed microvascular network. Blood 

endothelial cells introduced into the central 3D cell culture channels can be 

independently and simultaneously stimulated by fibroblast-secreted factors 

and flow-mediated mechanical stresses. (B) Configuration of the microfluidic 

device and schematic of the angiogenesis assay 
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Figure 2.2 Temporal sequence of interconnected vascular network formation in channel N and angiogenic 

sprouting from the network into the channel S. Scale bar, 100 μm 
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Figure 2.3 Measuring the speed of interstitial flow in fibrin matrix by fluorescent recovery after photo-

bleaching (FRAP) technique. (A) Time lapse image of photo bleached region of FITC-dextran moving 

along interstitial flow. Scale bar; 20 𝛍𝐦. (B) Speed of interstitial flow across the device filled with acullu-

lar fibrin gel was measured at 2 hours after the flow introduced, under given media volume difference 

between the lateral sides of the hydrogel channel. n=12 for each point. 
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Figure 2.4 IF speed measured over time under experimental setting, 10 𝛍𝐋 

volume difference in fully vascularized device. Flow speed decreased grad-

ually during 12 hours before it was reset.  n=10 for 3 and 6 hours and n=7, 

9 for 1 and 12 hours, respectively. Error bars represent SEM. 
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2.3.2.  Vasculogenic formation and angiogenic remodelling of microvas-

cular networks 

Using the platform, we first examine the sequential progress of vas-

culogenic formation of microvascular network (μVN) from ECs dispersed 

in the channel N, and its subsequent expansion into the acellular ECM 

at the adjacent channel S (Fig. 1C). In response to the factors secreted 

from stromal fibroblasts in the channel L1 and L2, ECs in the fibrin matrix 

initiated formation of intracellular vacuoles and extended protrusions 

within 12 h (Fig. 1C, i), which progressively developed more complexly 

interconnected, honeycomb-like vascular networks. At day 2, formation 

of angiogenic sprouts from immature μVN was observed to extend into 

the adjacent channel S (Fig. 1C, ii), where the location of sprout exten-

sion was focused at the network regions near the interface of channel N 

and S. These sprouts continued to extend during additional days of cul-

ture (Fig. 1C, iii and iv) and displayed organized multicellular structures 

with cohesive interactions between ECs that sustain collective cell mi-

gration (Fig. 2A, i). These angiogenic sprouts were characterized by 

abundant actin-rich filopodia at their distal edges, which morphologically 
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replicates in vivo sprout tip cells[64] (Fig. 2B, i and ii).  

To examine the role of spatial gradient of fibroblast-secreted factors 

during this process, we performed the experiments by seeding differ-

ence concentration of fibroblasts to the channel L1 and L2 while main-

taining the total population of fibroblasts across the conditions (Fig. S2). 

As can be expected from previously well-documented role of vascular 

morphogen gradient for angiogenic sprouting, the progression of sprout-

ing-mediated vascularization of channel S was further facilitated in the 

presence of higher density of stromal fibroblasts at the L2 channel (8 x 

106 cells/mL to L2 and 2 x 106 cells/mL to L1), whereas the sprouting 

was less active under the opposite pattern (2 x 106 cells/mL to L2 and 8 

x 106 cells/mL to L1) compared to the control groups (Fig.S2A and B). 

On the contrary, assembly of vascular networks was not discernibly in-

fluenced by the different patterns of fibroblast seeding (Fig S2C), sug-

gesting that the local gradient of signalling cues derived from the 

fibroblasts is more sensitive regulatory factor on directional angiogenic 

sprouting rather than on vasculogenic process.  
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Figure 2.5 Angiogenic sprouting from pre-established μVN showed clear directional bias in response 

to interstitial flow. (A) Representative fluorescence images exhibit contrasting morphology of angio-

genic sprouts formed for 3 days under given flow direction indicated with white arrows. Sectional view 

of dotted line illustrated below each image, showing hollow lumen of the μVN pointed with yellow 

arrowheads. Scale bar, 200 μm 
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Figure 2.6 (A) Quantified area of sprouts reveal distinct angiogenic responses depending on the presence 

and direction of IF. (B) Quantified area of μVN is significantly increased in both flow condition regardless of 

the direction. 
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Figure 2.7 higher magnification images of dotted boxes from (A) demonstrate actin-rich 

filopodia which is significantly increased in response to IF against the direction of sprout-

ing. Scale bar, 40 μm 
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Figure 2.8 Asymmetric patterning of fibroblast on the lateral channel demonstrates  

directional gradient effect of secreted growth factors on angiogenic sprouting but not on  

𝛍VN. (B) Representative image that demonstrate gradient of angiogenic factor generated 

 by asymmetrically loaded fibroblast in the lateral channels is guiding sprouting angiogene-

sis. Scale bar; 200 𝛍𝐦. 
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Figure 2.9 Quantitative image analysis exhibited significantly reduced or increased in re-

sponse to the direction of growth factor gradient. (A) Total sprout area showed clear direc-

tional bias, (B) while the area of μVNs are not affected. 
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Figure 2.10 Directional change in interstitial flow serves as an angiogenic switch to initiate 

neovessel sprouting from μVN. Representative microscopic images of μVN which were syn-

chronized to have no aniogenic spouts by N-S IF for initial 2 days (i) and were cultured addi-

tional 4 days under given flow condition (ii ~ iv) as indicated below each image. Scale bar, 

200 μm. 
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Figure 2.11 Quantitative analysis of sprout and network area in response to direc-

tional change of IF. (A) IF reversed to N-S direction exerted strong angiogenic stim-

ulant to induce initiation and steady outgrowth of angiogenic sprouts, while flow-

halted and flow-continued condition resulted in only moderate or inactive angiogenic 

response, respectively (B). In contrast, no significant differences were found in re-

sulting architectures and quantified area of the μVN between culture conditions. 
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2.3.3.  Synergism of biochemical cues and interstitial flow regulates an-

giogenic response and phenotype of ECs 

We then examined how the presence and direction of IF contribute 

the formation of vascular networks and growth of angiogenic sprouts. 

ECs introduced into the channel N were incubated and monitored for 3 

days in the presence of IF having different directions. Both vasculogenic 

μVN formation and angiogenic sprouting were significantly influenced 

by the application of IF, and the direction of IF critically determines the 

angiogenic responses in terms of sprouting direction and temporal dy-

namics. In the presence of IF in S-N (downward) direction, incidence of 

sprout formation as well as outgrowth of angiogenic sprouts were signif-

icantly facilitated compared to static condition (Fig.2A, i and ii) In a strik-

ing contrast, IF in N-S (upward) direction completely inhibited the 

angiogenic sprouting from the μVN to the S channel (Fig.2A, iii and 

Fig.2C). As particularly distinguished by their morphological phenotypes, 

the angiogenic sprouts grown under IF condition displayed significantly 

greater number of filopodia projections compare to the sprouts grown 

under static condition (Fig.2B, i and ii).  
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Unlike the discernable differences shown by angiogenic process 

depending on the direction of IF, vasculogenic formation of μVN was not 

affected by the direction of IF while the presence of IF facilitated the 

development of μVN. In the synergism of fibroblast-derived factors and 

IF, ECs developed fully interconnected vascular networks with continu-

ous hollow lumens, where the luminal spaces enclosed by ECs can be 

clearly seen in the cross-sectional view (Fig. 2A). In contrast, ECs in the 

static controls organized branched networks in a similar extent of inter-

connected patterns but formed relatively less developed, narrower lu-

mens (Fig.2A and 2D). Taken together, these results suggest that 

synergism of biochemical cues and IF greatly stimulates morphogenesis 

of ECs both during vasculogenic and angiogenic process. Of particular 

note, angiogenic sprouting is strictly regulated by the direction of IF[55], 

as like the dependence of EC migration on a gradient of vascular mor-

phogens[64]. Thus, it can be suggested that fluid flow also serves as a 

guidance cue for directed endothelial migration. 
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2.3.4.  Interstitial flow controls initiation and sustained growth of angi-

ogenic sprouts 

Having established the effects of IF in the formation of vascular net-

work and angiogenic sprouting, we further investigated whether direc-

tional modulation of the flow during the experiments could control 

initiation and sustained growth of angiogenic sprouts in our system. To 

this end, μVNs were formed under co-stimulation of fibroblast-secreted 

factors and IF having either direction (N-S or S-N), followed by halter or 

reversal of the flow for additional days.  

In the presence of IF directed from the channel N to S, ECs distrib-

uted throughout the fibrin matrix developed interconnected vascular net-

works during 2 ~ 3 days of co-culture with fibroblasts, with the boundary 

of vascularized region strictly restricted to the channel N (Fig. 3A, i).  

When IF was maintained in this direction for 4 additional days, incidence 

of neovessel sprouting was rarely observed throughout the interface 

while the vascular network at channel N continued to develop to form 

well-defined and continuous lumens (Fig. 3A, ii).  However, when the 

networks were left hydrodynamically static after the halt of IF, ECs no 
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longer remained restricted in the channel N and initiated to sprout into 

the channel S (Fig. 3A, iii). When the direction of IF were reversed for 

4 additional days of culture, we observed much greater angiogenic re-

sponses as emergence and outgrowth of nascent angiogenic sprouts 

were significantly increased compared to the flow-halted condition (Fig. 

3A, iv).  We next questioned if IF is only involved in the activation of 

angiogenic switch or it regulate persistent growth of angiogenic sprouts. 

To this end, we tested effect of changes in IF on growing angiogenic 

sprouts. The vascular networks with outgrowing angiogenic sprouts into 

the channel S were prepared under IF directed to the channel N (Fig. 

S3). These sprouts continued to invade into the avascular area forming 

apparent lumen connected with those of parent vascular networks as 

long as the flow maintained throughout the culture (Fig. 4A, i). However, 

significant attenuation of sprout growth was observed followed by the 

reversal of the flow compared to the flow-sustained or -halted condition. 

After 4 days with reversed flow direction, the sprouts exhibited apparent 

loss of tip cell filopodia at their forefronts, and progressively retracted 
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over time, while the network region was not influenced (Fig. 4A,ii and iii 

and Fig. S3). 
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Figure 2.12 Interstitial flow sustains or negatively regulates outgrowth angiogenic sprouts in a di-

rection dependent manner. (A) Representative microscopic images of μVN and elongating angio-

genic sprouts grown under different flow condition indicated below each image. Scale bar, 200 μm. 
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Figure 2.13 Quantitative analysis of sprout and network area in response to the sus-

tained or reversed flow condition. (A) Significant growth inhibiton and regression of 

angiogenic sprouts were observed when the direction of IF was reversed from S-N to 

N-S, whereas persistent outgrowth was observed in flow-continued and, although 

somewhat attenuated, in flow-halted condition. (B) When examined for the area of 

μVN, development of μVN in flow-halted condition was less active compared to the 

conditions with IF throughout the experiment, while the effect of flow direction was not 

observed.  
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2.3.5.  Interstitial flow influences endothelial response to extrinsic pro-

angiogenic factors 

To test whether our platform is suited to evaluate the influences of 

exogenous signaling cues on the growth and morphological changes of 

the blood vessels, we performed the experiments in the presence of 

well-recognized pro-angiogenic factors, including VEGF-A and S1P, 

added to the cell culture medium (Fig.5). Even in the presence of the 

potent morphogenic stimuli, co-culture with stromal fibroblasts was in-

dispensable, as complex endothelial morphogenesis in fibrin matrix re-

quired concerted action of multiple signaling cues[62]. For the 

experiments, stromal fibroblasts were seeded to the stromal cell culture 

channels at a lower concentration (2 x 106 cells/mL) so that the influ-

ence of exogenous factors could be further prominently observed. Treat-

ment of VEGF-A or S1P increased angiogenic activity of ECs compared 

to non-treated control regardless of the presence of IF, when quantified 

by resulting sprout area (Fig. 5A and B). Interestingly, these factors ex-

hibited distinguished influences when compared with their morphologies 

such as outgrowth (Fig. 5C) and tube formation (Fig. 5D) of angiogenic 
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sprouts. The sprouts treated with VEGF-A were characterized by in-

creased vessel diameter, and application of IF induced reduced sprout 

outgrowth but further enlargement of vessels. In contrast, the S1P-

treated sprouts displayed significantly promoted outgrowth as measured 

by their length regardless of the presence of IF, but IF induced significant 

increase in the vessel density and diameter compared to the static con-

dition.  

As observed in the channel N, the vessels comprising μVN in the 

VEGF-A treated samples showed prominent enlargement of their diam-

eter regardless of the presence of IF (Fig. 5F). However, the overall area 

of the μVN in the channel N was significantly increased when VEGF-A 

was treated along with the application of IF (Fig. 5E). 

It is also observed that prominent changes in morphological pheno-

types of ECs was induced when these factors were applied together with 

IF (Fig. 5A). Especially in the samples treated with S1P, ECs cultured in 

flow condition produced numerous angiogenic sprouts that is in clear 
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contrast to the static control. The angiogenic sprouts formed in the pres-

ence of IF were characterized by the projection of numerous fine filopo-

dia at their leading front, which is distinguished from the static conditions.  
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Figure 2.14 Interstitial flow influences endothelial responses to exogenously added pro-

angiogenic factors. Morphology of μVN and angiogenic spouts in response to extrinsic 

factors and IF. Addition of VEGF or S1P produced increased number of angiogenic 

sprouts extending tip cell filopodia, where the morphological changes induced by the 

treatment were only clear in flow conditions. Scale bar, 200 μm. 
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Figure 2.15 Quantitative analysis of total area and diameter index of μVN, 
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Figure 2.16 Quantitative analysis of total area, average length and diameter index of angiogenic sprouts in 

the channel S. 
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2.3.6.  Evaluation of anti-angiogenic compounds for their differential 

inhibitory potential to initiating and elongating sprouts 

Complexities lying in the anti-angiogenic therapies render them to 

be difficult to provide widespread clinical benefits. While the potent anti-

angiogenic drugs can effectively eliminate tumor vessels, however, it 

may carry over into selection of more aggressive tumor subpopulation 

and subsequent progression to the stages of greater malignancies[65-

68]. One of the most efficacious therapeutic outcomes by anti-angio-

genic therapy relies upon normalization of abnormal tumor vessels by 

pruning newly growing sprouts and leaving established vessels as func-

tionally normal states[69, 70], which alleviates intratumoral hypoxia and 

enhances tumor response to chemotherapy and radiation[71-73].  

We explore the capability of our model to test the efficacy of anti-

angiogenic compounds, axitinib and 3PO (6-Phosphofructo-2-ki-

nase/fructose-2, 6-bisphosphatase, isoform 3), to determine how these 

compounds differentially affect growing neovessels and established 

vascular networks depending on their mechanism of action. To further 

dissect the effect of these compounds, we observed and quantitatively 
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assessed differential stage-specific efficacy of the drugs against angio-

genic sprouting: in an early stage of sprout initiation (prevention test) 

and in a mid-stage of sprout outgrowth (intervention test). Exploiting IF 

as an angiogenic switch and directional cue as demonstrated above, the 

vascular networks with initiating or extensively growing angiogenic 

sprouts can be grown before the tests.  For prevention test, vascular 

networks were grown for 3 days in the presence of S-N flow, and then 

initiation of neovessel sprouting was stimulated by reversing the direc-

tion of IF with or without axitinib/3PO. For intervention test, the vessels 

were grown for 3 days in the flow N-S direction to establish growing an-

giogenic sprouts, then each compound were treated on them for addi-

tional culture period (Fig. 6A)  

Treatment of axitinib, a selective pan-VEGFR tyrosine kinase inhib-

itor[74], or 3PO, a glycolytic activator PFKFB3 inhibitor[75] in the pre-

vention test successfully impaired the initiation of angiogenic sprouts 

from the intact vascular networks. Quantification of the resulting area of 
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the sprouts and network area revealed that both compounds were ef-

fective for blocking sprouting to initiate. However, 3PO exhibited no effi-

cacy against the outgrowing sprouts in the intervention test, unlike 

axitinib which resulted in significant regression of angiogenic sprouts 

(Fig. 6B). When probed about the effect of the compounds to the estab-

lished μVN, we also observed different outcomes depending on the 

compound treated. The vascular networks treated with axitinib showed 

discernable regression of vessels compared to the control group, while 

treatment of 3PO produced no significant destruction (Fig. 6C). The re-

sults clearly reflect the mechanism of action and molecular target of 

each compound: signals mediated by VEGFR pathways, are crucial not 

only for initiation and outgrowth of angiogenic sprouts but also for 

maintenance of established vasculatures[76, 77], while the metabolic 

pathway targeted by 3PO is crucial for induction of tip cell phenotypes 

from the quiescent EC to initiate angiogenic sprouting[78, 79].  
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Figure 2.17 Anti-angiogenic drugs exhibited contrasting efficacy on initiating, elongating 

sprouts and established vessels in μVN. Sprouting of new vessels from μVN at initiating or 

outgrowing stage were prepared by exploiting IF as a regulatory cue. Each drug compound 

was treated for 2 days in two different stages of sprouting, to determine their role in preven-

tion and intervention of angiogenic sprouting. Representative microscopic images at day 6. 

Scale bar, 200 μm. 
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Figure 2.18 quantified area of vessels in channel S and N (B and C) demon-

strate differential inhibitory effect of each compound. Axitinib showed general 

inhibitory effect as it not only prevent initiation of sprouting morphogenesis, 

but also induce regression of growing sprouts as well as established vascular 

network. In contrast, inhibitory effect of 3PO was only restricted to the pre-

vention of sprout initiation. 
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2.4.  Discussion 

Mechanical stimuli exerted by flowing blood has long been studied 

as a main regulatory factor for endothelium, as ECs sense and trans-

duce shear stress acting on the luminal side of blood vessels to mediate 

functional and structural plasticity upon the changes in hemodynamics. 

The shear stress activates diverse intracellular signaling cascades of 

ECs to determine whether to be quiescent, proliferative or to undergo 

regression[80], which drives diverse vascular pathologies when dysreg-

ulated. 

Recent advances in interdisciplinary approaches have brought the 

development of sophisticated experimental models that adequately re-

capitulate endothelial mechanosensing and its effects on angiogenic 

sprouting[49, 54] and vasculogenesis[81-83], which has not been ac-

commodated with conventional 2D endothelial cultures. Investigations 

on dynamic endothelial responses using these systems revealed the 

role of transmural and interstitial flow as a critical determinant of vascu-
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lar remodeling. Of particular interest, interstitial fluid flow not only influ-

ences the spatial distribution of vascular morphogens and metabolites 

in the interstitial tissue[81, 84, 85] but also imparts mechanical stresses 

directly on the cell surfaces[86], thus providing additional or synergistic 

regulatory cue for vascular morphogenesis. Such studies demonstrated 

that IF is sufficient to guide directed invasion of ECs in the absence of 

gradient of soluble vascular morphogens, suggesting IF as important 

instructive parameter rather than passive deliverer of nutrients and bio-

molecules in tissue fluid. However, there have been somewhat contra-

dictory results in regards to the directional bias of angiogenic sprouting 

depending on the flow direction, raising the question that in what context 

and in which direction IF stimulate the angiogenic sprouting.  Further-

more, the models used for these studies were only able to observe in-

vasion of tip cell-like ECs into the ECM, making them difficult to 

delineate how IF affects subsequent endothelial dynamics and pheno-

types during persistent sprout outgrowth. 
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In this study, we used microfluidic platform designed to allow inte-

gration and flexible manipulation of cellular composition, biochemical 

and mechanical stimuli in a 3D cell culture system. By configuring the 

presence and direction of IF as a key parameter of investigation, we 

demonstrate that mechanical environmental contexts defined by IF have 

a significant influence on the initiation, outgrowth and phenotype of an-

giogenic sprouts. We found that IF either augment or suppress angio-

genic sprouting depending on the relative direction of flow and vessel 

sprouting. In the presence of IF with opposite direction of sprouting, both 

incidence of sprouting and subsequent outgrowth were greatly facili-

tated compared to the static condition. In contrast, IF to the direction of 

sprout growth suppressed the initiation of neovessel formation, and 

even induced regression of the growing sprouts. These results illustrate 

the effects of IF as a context-dependent pro-angiogenic stimulant as well 

as directional determinant. Our result do not, however, show that IF itself 

could suffice to stimulate angiogenic sprouting in the absence of vascu-

lar morphogens (fibroblast-derived factors in our model), but modulates 
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the endothelial responses triggered by the biochemical stimuli. The ex-

perimental condition that facilitate the hyper-sprouting of vessels resem-

bles typical tissue microenvironment where active remodeling of blood 

vasculatures are observed, characterized by local elevation of interstitial 

fluid pressure that generates tissue-to-blood stream IF[87]. Our results 

suggest that in such condition, endothelial mechanosensing of IF could 

promote pathological neovascularization leading to progression of dis-

orders such as solid tumor. However, we currently lack a precise molec-

ular mechanism explaining how IF facilitates the angiogenic sprouting, 

and whether previously identified mechanisms that govern transduction 

of hemodynamic shear could also contribute IF-responsive endothelial 

behaviors. Elucidation of relevant mechanisms observed in our results 

may lead to development of effective therapeutic means to treat tumor 

angiogenesis by interfering flow-responsive augmentation of sprouting 

activity.  
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3. Chapter 3 Engineering of Vascularized Eye Model 

Chapter 3 

Engineering of Vascularized Eye Model 

 

3.1.  Reconstituting Outer Blood-Retinal Barrier on Mi-

crofluidic Chip  

RPE is forming outer blood retinal barrier (oBRB) which is separat-

ing entire nervous tissue in retina from outer vascular choroid layer to 

maintain microenvironment and homeostasis of the eye[88]. CNV, a pro-

cess that new blood vessel formation from the choroidal layer that pen-

etrate into the RPE, result in breakdown of the barrier function of oBRB 

and consequent numerous ophthalmic diseases[89]. Among the dis-

eases, age-related macular degeneration (AMD) is known as the most 

common cause of severe vision loss in elderly population[90]. However, 

underlying molecular and cellular mechanism that regulate pathogene-

sis of CNV is poorly discovered yet [91]. 

Dissecting the pathophysiological process such diseases in RPE-
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choroid complex requires experimental model in which the morphologi-

cal changes of the system can be easily observed and the experimental 

condition could be readily manipulated. The laser induced CNV model 

of mouse or rat eye[92], the most commonly used in vivo models, pro-

vide standardized research assay, but low-throughput and less suitable 

to explorer new cellular mechanisms. In contrast, traditional in vitro mod-

els such as RPE monolayer culture could not bear comprehensive inter-

action of cellular components consisting the RPE-choroid system. 

Recently advanced biomaterials[93] or cell sources such as primary 

cells[94] and iPSCs[95] have provided valuable experimental models to 

elucidate molecular mechanism of RPE-choroid interaction, however, 

pathogenesis of CNV could not be observed in those models.  

Micro-engineered models that have accurately recapitulated bio-

physical microenvironment have proven as reliable in vitro model to 

study cell biology and to validate drug candidates[96]. Angiogenesis 

model using microfluidic platform to establish perfusable blood vessel 

network [97] or to resemble physiological angiogenesis [98] have been 
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developed recently. Based on such advanced micro engineered tech-

niques, we present here a biomimetic model that mimic phenotype and 

functions of RPE-choroid complex in vitro by using three dimensional 

(3D) microfluidic culture platform. We could establish perfusable blood 

vessel network neighboring RPE monolayer, which resemble anatomi-

cal structure of RPE-choroid complex in vivo. The choroid vessel and 

RPE layer both exhibited clear expression of tight junction proteins and 

intact barrier function. Furthermore, the platform allowed us to straight-

forwardly mimic CNV condition by adding exogenous VEGF as well as 

to verify effect of anti-angiogenic drug to the pathological angiogenesis 

of the induced CNV condition.  

 

3.2.  Materials and Methods 

3.2.1.  Microfluidic device design and fabrication 

Microfluidic device is composed of top microchannel-patterned pol-

ydimethylsiloxane (PDMS, Dow Corning) block and bottom coverslip, 

which were covalently bonded to each other by air plasma treatment 
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(Femto science). The micro-patterned PDMS block was fabricated by 

conventional soft-lithography. The device was kept in 80 °C dry oven 

after plasma bonding for at least 48 hours to make its surface hydropho-

bic condition, and sterilized by UV irradiation before each experiment. 

 

3.2.2.  Cell culture  

Human umbilical vein endothelial cells (HUVEC, Lonza) were cul-

tured in Endothelial Growth Medium 2 (EGM-2, Lonza) and passages 3 

to 5 used for experiments. Normal human lung fibroblasts (LF, Lonza) 

passages 5 to 7 were cultured in Fibroblast Growth Medium 2 (FGM-2, 

Lonza). ARPE-19 cell line were purchased from ATCC and cultured in 

DMEM supplemented with 10% FBS and 1% pen-streptomycin. All cells 

were maintained in a humidified incubator at 37°C and 5% CO2. 

 

3.2.3.  RPE-choroid model in microfluidic device 

Fibrinogen (10 mg/mL, F8630, Sigma-Aldrich) with 0.45 U/mL apro-

tinin (A1153, Sigma-Aldrich) solution was prepared in Dulbecco's phos-

phate-buffered saline (DPBS, Hyclone). HUVECs and fibroblasts 
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detached from the culture plate were centrifuged and suspended at a 

concentration of 6.7 x 106 cells/mL in cell culture media (EGM-2). The 

fibrinogen solution and the cell suspension were mixed at a ratio of 1:3 

to yield a final concentration of fibrinogen, HUVECs and fibroblasts at 

2.5 mg/mL and 5 x 106 cells/mL, respectively. The fibroblasts-fibrin gel 

mixture was injected into the lateral channels (channel L1 and L2) as 

soon as it was mixed with thrombin (T4648, 50 U/mL, Sigma-Aldrich) at 

a volume ratio of 50:1. After incubating for 3 minutes to allow fibrin in 

fibroblast channel to be cross-linked, the choroidal channel was filled 

with the HUVECs-fibrin gel mixture in a similar manner with the process 

of filling lateral channels. The fibrinogen solution diluted to 2.5 mg/mL in 

PBS was mixed with thrombin and introduced into the blank channel. 

After another 3 minutes, the upper reservoirs in each device were filled 

with EGM-2 and aspirated gently from the lower reservoirs to fill the me-

dia channels. All reservoirs were then evenly filled with EGM-2. The next 

day, media in the reservoirs was aspirated then ARPE-19 cells sus-
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pended in media with density of 5 x 106 cells/mL were introduced to res-

ervoirs. The device tilted vertically and maintained for 20 minutes to at-

tach the cells into the fibrin wall. All reservoirs were filled with media 

again, and the device were cultured 7 days. Media was changed at day 

4. 

 

3.2.4.  Immunostaining 

Samples were fixed with 4 % (v/v) paraformaldehyde in PBS for 5 

min, followed by 15 minutes permeabilization using a 0.15 % Triton X-

100 (Sigma) and 1-hour treatment of 3 % bovine serum albumin (BSA, 

Sigma) to reduce nonspecific antibody binding. The samples were incu-

bated overnight at 4°C with antibodies then washed twice with PBS for 

imaging. Endothelial cell specific mouse monoclonal human VE-cad-

herin (Alexa Fluor®488) and mouse monoclonal human CD31 (Alexa 

Fluor®488) were purchased from eBioscience and BioLegend, respec-

tively. Alexa Fluor® 488 conjugated Phalloidin and Hoechst 33342 were 

from Molecular Probes. 
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3.2.5.  Quantitative validation of barrier function of RPE-choroid 

model 

RPE-choroid models were prepared as described above. To test 

permeability of the RPE-choroid model, 100 μg/mL of 70 kDa FITC-

dextran in cell culture medium added to choroidal side of the device. 20 

μL of media was sampled from apical side of reservoirs at 3, 6, 12, 24 

and 48 hours. To maintain hydrostatic pressure equivalently, same vol-

ume of media was aspirated from choroidal side. The samples diluted 4 

times then added to the 96-well plate then the fluorescence intensity 

was read at intensity of 488 nm by fluorescence spectrometer (LS55, 

PerkinElmer, USA). The results were plotted on the standard curve drew 

by same FITC-dextran then the percentage of diffusion was calculated 

by interpolation at each time point. 

 

3.2.6.  Detection of secreted VEGF and PEDF  

Human PEDF (Elabscience, USA) and VEGF (Novex, USA) detec-

tion ELISA kit were used to detect cell secreted factors in the culture 
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medium. The media in the apical and basal side of reservoirs were col-

lected separately at the last day of the assay (day 7). ELISA was per-

formed according to the manufacturer’s instruction.  

 

3.2.7.  Biochemical factor treatment 

Recombinant human VEGF-A (R&D systems) reconstituted in PBS 

was added to culture media in concentration of 100 ng/mL. S1P (Sigma-

Aldrich) reconstituted in methanol and added to culture media in con-

centration of 1 μM. The factors were treated 12 hours after initial seeding 

of the assay. Samples were maintained under flow or static condition for 

48 hours and fixed for imaging. 

 

3.2.8.  Three dimensional reconstruction and Image analysis 

Fluorescence images and phase contrast images were captured by 

confocal microscope (Olympus FV1000) and tissue culture microscope 

(Leica DM IL LED), respectively. Images were analysed automatically 

by using Fiji (http://fiji.sc/Fiji) or Imaris software. 3D reconstruction of 

confocal image was performed by Imaris software. 
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To quantify the area of sprouts and vascular network, Z-projections 

of the 3D stacks were obtained and then each image was masked from 

the backgrounds before measurement. Statistical comparisons of ana-

lyzed values were obtained from unpaired two-tailed Student’s t-test, 

with the p value threshold for statistical significance set at *p < 0.05. **p 

< 0.01; ***p < 0.001; ****p < 0.0001 and for ns (not significant), at p > 

0.05. Standard error of the mean (SEM) is presented in all error bars. 
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3.3.  Results 

3.3.1.  Design of microfluidic platform to mimic RPE-choroid layer in 

vitro  

To reconstitute structure of RPE-choroid complex in vitro, we de-

signed a microfluidic platform that supports formation of perfusable 3D 

blood vessel network adjoining the epithelium monolayer closely 

enough to interact each other (Fig. 1A and 1B). The device partitioned 

into two central channels and two lateral channels by array of microposts 

that enabled surface tension guided patterning of fibrin matrix in the 

channel[36]. Endothelial cells (ECs) mixed with fibrin gel were injected 

to the central vascular channel and form perfusable blood vessel net-

work in assistance of fibroblast in the lateral channels, to represent cho-

roid vessel in our system. Epithelial cells (ARPE-19) were attached to 

the wall of blank fibrin patterned above the vascular channel, to form 

monolayer that represents RPE (Fig. 1B).  Not only stimuli the for-

mation of vascular network, fibroblasts in our system helped RPE cells 

to form a monolayer, not a migrating cells (Fig. S1A). Asymmetric fibro-

blast patterning generated gradient of growth factors across the device, 
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also resulted in breakdown of ARPE-19 monolayer (Fig. S1B), thus we 

patterned fibroblast not only in vascular side, but also in apical side of 

the system, although we had to compromise on the physiological rele-

vancy. 

The blank fibrin matrix was introduced to allow gap region between 

choroid vessel and RPE monolayer since regression of choroid vessel 

and following penetration of the RPE cells to the vascular channel was 

observed when the RPE cell attached directly into the vascular fibrin wall 

(Fig. 1C). The blank fibrin matrix was also used as region of interest to 

observe pathological angiogenesis in our platform. Although the gap 

channel was necessary for those purposes, we optimized width of the 

gap channel as narrow as possible unless compromising the success 

rate of the experiment since the RPE and choriocapillaries are located 

very closely in vivo, as they separated by thin (2~4 μm) connective tis-

sue[99]. We tested 200, 300, 400 and 800 μm width of the gap channel 

and confirmed that almost half of the experiments were failed in the 200 

um gap, due to the burst of fibrin gel to the media channel, even when 



７６ 

processed by highly skilled person (Success/Trial = 7/12, 22/24, 8/9, 8/9 

from 200, 300,400 and 800 um gap respectively). On the other hand, 

800 um gap was too long to allow the choroid vessel and the RPE layer 

to interact each other in physical or paracrine manner (Fig. 1C). Thus, 

we choose 300 um gap as the optimized condition for our further exper-

iments.  

Using this device, we could establish three dimensional structure of 

blood vessel network adjacent with RPE monolayer within 7 days of cul-

ture, which model the oBRB of eye composed of RPE-choroid complex 

(Fig. 1D).  

  



７７ 

 

 

 

 

 

 

 

  

Figure 3.1 . Formation of three-dimensional RPE-choroid model in microfluidic platform. (A) 

Anatomical schematic of RPE-choroid complex underlying neural retina of the eye. (B) De-

sign of microfluidic device to mimic RPE-choroid system in vitro. ARPE-19 cells were at-

tached on micro-patterned 3D extracellular matrix in which endothelial cells form a perfusable 

blood vessel network that mimic choroid vessel. 
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Figure 3.2 (A) Various width of gap channel was tested to determine optimized design of the device. (B and 

C) Area of choroid vessel and angiogenic sprouts from the unstabilized vessel were quantified in response 

to the gap width. Scale bar; 100 𝛍𝐦. 
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Figure 3.3 Migration of ARPE-19 layer cultured in different co-culture conditions. (A) RPE monoculture 

and (B) asymmetric fibroblast patterned condition. Scale bars; 30 𝛍𝐦 in (A) and 200 𝛍𝐦 in (B). 
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Figure 3.4 Software reconstruction of the images from confocal microscopy is clearly 

demonstrating three dimensionality of the model. Scale bar, 100 𝛍𝐦. 
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3.3.2.  RPE layer and choroid vessel exhibited intact barrier function of 

outer BRB 

Barrier function is main physiological role of the RPE-choroid com-

plex as an oBRB. Since our experimental model allowed us to reconsti-

tute structural composition of RPE-choroid complex, we next examined 

the functional properties of our system. To this end, we first examined 

the apical-basal polarity of the RPE monolayer, because polarization 

and tight junctions of the epithelium are the necessary cellular properties 

to form an intact barrier [100, 101].  

Interestingly, the RPE layer showed rich expression of type IV col-

lagen and laminin, which are constituting bruch’s membrane, the under-

lying basement membrane separating the RPE from choriocapillaries in 

vivo (Fig. 2A). Of note, laminin was concentrated on the basal side of 

the cell layer, demonstrating polarization of the RPE layer despite the 

cells were initially attached to the fibrin matrix (Fig. 2Ai, arrowheads).  

We also observed clear expression of tight junction protein ZO-1 in 

RPE layer covering media channel in apical side, elucidating proper 

physiological regulation is working on the layer to be function as active 
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biological barrier (Fig. 2B). The choroid vessels exhibited tight junction 

proteins as well (Fig. 2C).  

Introduced florescent dyes to the vascular network and to the apical 

side of RPE clearly demonstrated the intact barrier properties of both 

choroid vessel and RPE layer (Fig. 2D). Importantly, perfusability of the 

choroid vascular network demonstrated by the fluorescent dye would be 

advantageous to study drug delivery and immune cell interaction of RPE 

choroid complex.  

To prove the barrier function quantitatively, we measured intensity 

of fluorescent molecules that diffused through choroid vessel and RPE 

layer. 10-kDa FITC tagged dextran was introduced into the choroidal 

side of the device, and samples were collected from the apical side at 

indicated time points to measure fluorescence intensity by fluorometer. 

We could determine the concentration of FITC-dextran by using stand-

ard curve, and calculate diffused rate. In agreement with the aforemen-

tioned biochemical observations, the RPE-choroid system remarkably 
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inhibited the diffusion of the fluorescence molecules demonstrating ex-

cellent barrier function was reconstituted in our system. Although RPE 

layer solely worked as barrier itself in 24 hours, RPE-choroid complex 

model showed more stable and prolonged barrier function until 48 hours 

of the test. The result came not only from the additional barrier function 

of the choroidal vessel but also from the stabilized RPE layer in co-cul-

ture condition, again emphasizing the necessity of interaction between 

the two cell types 
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Figure 3.5 Confocal micrograph of RPE exhibited monolayer feature and polarized 

expression of laminin (A) and collagen type IV (B). 
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Figure 3.6 The RPE on the apical channel express ZO-1 at cell junctions. 
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Figure 3.7 The blood vessel in choroidal channel expressed claudin-5 (A) and ZO-1 (B). 
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Figure 3.8 Quantitative analysis of the barrier function of RPE and the choroid vessel. FITC-

dextran (10 kDa) were introduced to the choroidal side as shown in (D), then the intensity 

of the fluorescent molecules diffused through the barriers were measured at the apical side 

at indicated time points. Scale bar, 200 𝛍𝐦. 
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3.3.3.  VEGF-PEDF distribution in the RPE-choroid model   

RPE layer is not only the physical barrier but also active source of 

growth factors to regulate homeostasis of the eye. In pathological con-

ditions, RPE have long been suspected playing primary role in neovas-

cularization in wet type AMD[99] and the formation of drusen in dry type 

AMD[102]. Among various biochemical contribution of RPE layer in vivo, 

a polarized distribution of VEGF[103] and PEDF[104] secreted from the 

RPE are drawing attention in their opposing effect on RPE barrier func-

tion and CNV. Thus we checked if the growth factor distribution is polar-

ized in our system. Since our system includes multiple cell type that 

could be a source of the growth factors, we first tested contribution of 

each cell type on the growth factors secretion.   

Both RPE cells and fibroblasts secreted abundant VEGF and PEDF 

(Fig. S2A and S2B). Interestingly, RPE layer showed highly polarized 

secretion, much higher level of the growth factors on apical side. This is 

likely from higher cell number in apical side and barrier function of the 

RPE layer blocking the secreted growth factor from apical to basal side. 
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Thus we could not conclude that the RPE layer in our system was ex-

hibiting polarized VEGF/PEDF secretion. Fibroblasts were contributing 

equally in VEGF/PEDF secretion, but no synergistic or additive effect 

from co-culture of fibroblast and RPE cells were observed both in both 

growth factors. We could not measure sole effect of ECs since mono-

culture of ECs in fibrin matrix leads cell death during their morphogene-

sis. Instead, we could verify that ECs consume significant level of VEGF, 

but not PEDF. 

In complete RPE-choroid system, we observed constant higher 

concentration of both VEGF and PEDF on apical side of the device re-

gardless of the gap distance (Fig. S2C and S2D). This results implicated 

more complex molecular networks are underlying in angiogenesis of the 

choroid vessel in our system, considering we could observe significant 

different morphology of choroid vessel in response to the gap distance. 

Taken together, our system exhibited phenotypes of physiological 

barrier consistent with quantitative measurement of barrier function. In 

addition, consistent biochemical microenvironment was observed owing 
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to the stable barrier function. 
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Figure 3.9 Levels of PEDF and VEGF in different experimental settings were measured from supernatant of 

apical or basal side by ELISA. (A) PEDF was not detected in culture media but secreted from both ARPE-19 

and fibroblast. PEDF concentration was higher at apical side in ARPE-19 only condition, but the concentration 

difference was less contrasting when ARPE-19 and fibroblast were co-cultured. (B) VEGF supplemented in 

EGM-2 media was detected in the control media. Higher VEGF concentration than bare EGM-2 was meas-

ured in ARPE-19 and fibroblast cultured supernatant. VEGF concentration was higher in apical than basal side 

when RPE layer existed. (C and D) In the assay condition PEDF and VEGF levels were both constantly higher 

in apical side regardless of gap width. However, VEGF levels in basal side were varied in response to the dif-

ferent gap channel width. 
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3.3.4.  Excessive angiogenic sprouting in response to exogenous VEGF 

treatment mimic CNV in vito    

CNV in RPE-choroid complex is the critical pathogenesis in dis-

eases such as wet AMD and OHS[89] that lead to severe damage in the 

patient’s quality of life. To demonstrate usability of our system as an in 

vitro disease model, we design the experiment that mimics pathological 

angiogenesis from the choroid vessel. Exogenous VEGF was treated in 

apical side of RPE to generate abnormal VEGF gradient that initiate ne-

ovessel formation from the choroidal network (Fig. 3A). 

In virtue of the gap channel that was initially blank, newly sprouted 

vessel to the channel could be clearly distinguished from pre-existing 

network and quantified as neo-vascularized vessel (Fig. 3B).  

The angiogenic sprouts toward RPE layer through gap channel 

were increased in response to the excessive VEGF gradient in dose de-

pendent manner (Fig. 3C). The area choroid vessel was also increased 

in response to high concentration of VEGF (Fig. 3D). We could inhibit 

the excessive angiogenesis by co-treatment with bevacizumab, one of 
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the most intensively being used drug in the treatment of wet AMD world-

wide [105]. Of particular note, not only the sprouting, but bevacizumab 

treated choroid vessel network regressed as well, emphasizing the im-

portance of proper balance of angiogenic microenvironment is critical in 

development of the in vitro system. 

Strikingly, in VEGF treated conditions, the sprouts reached to the 

end of gap channel penetrated and merged with the RPE monolayer, 

which precisely mimic the pathological morphology of CNV (Fig. 3E). 

The sprouts exhibited clear lumen that was extended from the choroid 

vessel network, even they were penetrating tightly into the RPE layer.  
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Figure 3.10 (A) Schematic illustration of CNV. RPE layer and bruch’s 

membrane are destroyed by angiogenic sprouting of choroid induced 

by abnormal VEGF gradient, result in disordered adjoining retinal 

cells. 
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Figure 3.11 Mimicking CNV condition of RPE-choroid complex in vitro. (A) Representative 

images of VEGF treatment with or without bevacizumab. Excessive angiogenic sprouts in gap 

channels are regarded as neovessel formation. Co-treatment of bevacizumab with VEGF in-

hibited the angiogenic sprouting. (B and C) Area of angiogenic sprouting in gab channel and 

vascular network in choroidal channel are measured. The boundary of gap and choroidal 

channel is indicated as dotted line in (A). Scale bar, 200 𝛍𝐦. 
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Figure 3.12 Magnified sectional images of VEGF treated condition of Fig.3.11(A). Not only 

penetration, but clear lumenization of the RPE-penetrated choroid vessel are observed 

(yellow arrowheads) in sectional images. Scale bar 70 μm.  
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3.4.  Conclusion 

Taken together, we established biomimetic RPE-choroid model in 

vitro using microfluidic 3D co-culture system. The model exhibited bio-

chemical features of RPE-choroid complex such as polarized deposition 

of laminin and collagen IV in the RPE layer and tight junction protein 

expression of the RPE and vascular network. We demonstrated intact 

barrier function of the model as well, which is a key physiological feature 

of RPE-choroid complex as an oBRB. Importantly, using the model, we 

could successfully reconstitute complex morphogenetic processes of 

CNV, the angiogenic sprouting from the choroid vascular network fol-

lowed by penetration of the sprouts into the RPE layer, which was inca-

pable with current in vitro model. Moreover, we could verify the inhibitory 

effect of therapeutic anti-angiogenic compound to the CNV condition, 

which demonstrate the usability of our system as an in vitro drug-evalu-

ating platform. Taken together, together with recent advances in the 

field[96, 106, 107], this study highlights the importance of engineered 

experimental model for studying biological and pathological processes, 
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especially in eye diseases. 
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4. Chapter 4 Conclusion 

Chapter 4 

Conclusion 

 

This thesis described the method to recreate the development of 

blood vessel which is consisted in network forming vasculogenic pro-

cess followed by sprouting angioggenic process. We discussed the im-

portance of microenvironmental factors that regulate the processes, 

especially focussed on the mechanical stimulation exerted by creeping 

interstitial flow. We demonstrated the usability of the IF as angiogenic 

switch.  

The blood vessel model could be applied to reconstitute retinal pig-

ment epithelium (RPE) – choroid system of the eye, owing to the mor-

phological similarity of the two system. The device design was modified 

and optimized to introduce RPE cells to mimic cross sectional structure 

of the RPE-choroid system. Treatment of pro- and anti- angiogenic fac-

tors allowed the in vitro model to quantitatively simulate pathogenesis 
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and treatment of wet type age related macula degeneration (wet-AMD) 

which causes blindness in many elderly people. 

The blood vessel model has potential to be used for various appli-

cation, including unveiling the biochemical or biomechanical regulation 

of angiogenesis and evaluation of anti-angiogenic drug candidates. 

Moreover, the model would be applied to reconstitute various organ spe-

cific endothelial physiology, such as RPE-choroid system as described 

here, which would help predicting the organ specific pathophysiology in 

response to the drug candidates in vitro.  
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요약 

신약 개발의 효율성은 지난 수 십 년 동안 꾸준히 감소되어 왔

다. 최근, 마이크로 공학기술의 발전하면서 장기모사칩과 같은 진보

된 체외 약물 검사 플랫폼의 개발이 가능해졌으며, 머지 않은 미래

에 신약 개발 과정의 혁신을 가져올 것으로 기대되고 있다. 몇몇 스

타트업 기업들이 장기모사칩을 실제로 상용화하기 위해 노력하고 

있으나, 모든 연구자들의 궁극적인 목표인 간단하면서도 정확한 체

외 약물 평가 모델을 만들기 위해서는 아직 가야할 길이 멀다. 

다양한 병의 발병과정에서 혈관의 중요성에도 불구하고, 현재의 

장기모사칩은 해당 장기 고유의 혈관과 그와 관련된 생리/병리학을 

반영하지 못하고 있다. 한편, 장기모사칩의 개발과 더불어 다양한 3

차원 체외 혈관 모사 모델이 지난 10 여년 간 개발되었다. 현재까지 

혈관 모델과 장기모사칩 모두 다음 세대의 신약 개발 과정에 희망

적인 전망을 제시하였지만, 이제 두 기술의 융합은 혁신적인 체외 

약물 평가 모델을 향한 새로운 한걸음이 될 것이다. 

이를 위해 본 연구에서는 인간 혈관 내피세포의 자연적인 형태

발생적 특성을 이용하여 체내와 유사한 혈관 모델을 만드는 방법을 

제시한다. 또한 조직 내 유동을 통한 생물역학적 자극이 이 모델의 

구현 과정에 어떤 영향을 미치는 지를 연구한다. 미세한 조직내 유

동의 정수압에 의해 조절되었으며, 광퇴색 후 형광측정 (FRAP)을 
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통해 시각화 및 측정되었다. 조직내 유동의 방향을 다양한 순서 조

합으로 바꾸어 가면서 실험 한 결과, 혈관 신생이 유동을 거스르는 

방향으로 촉진됨을 관찰하였고, 이러한 성질을 혈관 모델의 상태 조

절을 위한 스위치처럼 사용할 수 있음을 보인다.  

이렇게 개발된 혈관 모델은 망막색소상피의 혈관 시스템과 구

조적으로 비슷하여, 이를 모사하는데 응용될 수 있다. 이를 위해 디

바이스의 구조를 변경하여 망막상피세포와 혈관 세포를 공배양하는

데 최적화 하였다. 혈관신생 촉진 또는 저해제 처리를 통해 노인 인

구에서 흔히 실명의 원인이 되는 노인성 황반변성(wet-AMD)을 

정량적으로 모사할 수 있다. 

본 연구의 혈관 모델은 혈관 신생에 대한 생화학 및 생물역학

적인 자극의 역할을 밝힐 수 있을 뿐만 아니라 혈관신생 저해 약물 

검색 등의 다양한 응용 가능성을 갖고 있다. 특히, 본 논문의 다루

어진 망막상피세포 혈관계와 같이 다양한 장기 특이적인 혈관 생리

를 모사하는데 이용될 수 있어, 각 장기의 약물 반응을 체외에서 정

확히 예측하는데 주요하게 적용될 수 있을 것으로 기대된다. 

 

주요어 : 마이크로플루이딕; 장기모사칩; 혈관신생; 조직 내 유동; 생

물역학적 자극; 망막색소상피; 맥락막 혈관신생 

학번  : 2011-20749 
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