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Abstract
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Lymphatic vessels are closely involved in various diseases including 

inflammation and metastasis. However, elucidating the mechanisms of 

lymphatic function in physiological and pathological condition has been 

hampered by lack of reliable in vitro model recapitulating the complex in 

vivo environment of lymphatic vessels. In this study, a microfluidic platform 

that reconstitutes the three-dimensional lymphatic vascular network with 

luminal accessibility is presented. Fibroblasts together with pro-

lymphangiogenic factors successfully supported the development of 

vascular network from primary human lymphatic endothelial cells. The 
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vascular formation was further promoted by the appropriate speed of flow 

induced by hydrostatic pressure difference. The vascular network was 

perfused only when LECs were patterned separately with fibroblasts and 

flow was applied. The perfused network exhibited basic characteristics of in 

vivo lymphatic vessels, and it was maintained intact at least for 5 days only 

with basal medium. After vessel perfusion, cancer cells introduced into the 

device moved into the vascular network and stably adhered to the inside of

vessels. This study provides a biomimetic 3D in vitro model that allows for 

studying the function of lymphatic endothelium in cancer metastasis and 

immune response.
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Figure 2.1 Schematic of the microfluidic device. The device consists of five 

channels which are separated by arrays of microposts.

Figure 3.1 Schematic diagram of lymphatic vascular network formation. (A) 
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Mixture of LECs and fibroblasts are introduced into central channel. (B) LECs are 

introduced into central channels, and fibroblasts are injected into side channels.

Figure 3.2 Vascular formation under different types and concentrations of 

fibroblasts. (A) LECs were cultured 48 hours with pLFs only (i), fibroblasts only 

(ii). With pLFs cocktail, LECs were mixed with dermal fibroblasts (iii), or lung 

fibroblasts (iv). LECs were separately cultured with dermal fibroblasts (v), or lung 

fibroblasts (vi). Scale bars, 200 µm. (B) Vessel area in the central channel when 

fibroblasts were mixed with LECs. (C) Vessel area when fibroblasts were patterned 

in side channels. Error bars represent SEM from at least 5 devices, *p<0.05 and 

**p<0.01 in unpaired two-tailed Student’s T-tests.

Figure 3.3 Vascular formation under different speed of interstitial flow. (A) LECs 

were cultured 48 hours under static condition or flow condition of 20 µL, 40 µL, 

80 µL media volume difference. Scale bars, 200 µm. (B) Vessel area in the central 

channel when fibroblasts were mixed with LECs. (C) Vessel area when fibroblasts 

were patterned in side channels. Error bars represent SEM calculated from 6 

devices, *p<0.05, **p<0.01, and ****p<0.0001.

Figure 3.4 Day-by-day vascular formation in optimized condition. (A) LECs were 

cultured in mixed condition. (B) LECs were cultured in separated condition. Scale 

bars, 200 µm.

Figure 3.5 Verifying vessel perfusion by introducing microbeads. (A) LECs were 

mixed with fibroblasts, and cultured under static (i) and flow (ii) condition. LECs 

were separated with fibroblasts under static (iii) and flow (iv) condition. On day 5, 

microbeads (7 µm, green) were introduced into the microfluidic device having 20 

µL volume difference across the central channel. Scale bars, 200 µm. (B) The 
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number of perfused positions which allow the microbeads to flow into the vascular 

network at the interposts under four conditions. Error bars represent SEM from at 

least 8 devices, **p<0.01, ***p<0.001, and ****p<0.0001.

Figure 3.6 Characterization of engineered 3D lymphatic vascular network. (A, B) 

Confocal images of major components of basement membrane of lymphatic vessels, 

laminin (red) or collagen IV (purple). (C) Master regulator of lymphatic 

morphogenesis, prox1 (red), was expressed in the nuclei of most LECs in 

lymphatic vessels. Scale bars, 100 µm.

Figure 3.7 Cancer cells inside perfused lymphatic vessels. After 5 days culture, 

melanoma cells introduced into the microfluidic device moved into the perfused 

lymphatic vessels and adhered to the apical side of the vessels. (A) Single cells in 

the vessels. Scale bars, 200 µm. (B) Aggregated cells in the vessels. Scale bars, 100 

µm.
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Chapter 1. Introduction

Lymphatic vessels, together with blood vessels, constitute the circulatory 

system which transport fluids, nutrients, molecules and cells within the body to 

maintain homeostasis in the living organisms. Since lymphatic system makes a 

significant contribution to fluid drainage from the tissue and the migration of 

immune cells, lymphatic abnormalities give rise to various diseases such as 

lymphedema and inflammation [1]. Lymphatic metastasis, characterized by the 

spread of cancer cells through a lymphatic vessel to a second site, have been 

seriously implicated in the presence of diverse negative factors in cancer patients [2,

3]. The development of metastasis caused by the entrapment of cancer cells within 

lymphatic often heralds progression to regional and systemic disease [4], which 

emphasizes the understanding of the characteristics of lymphatic metastasis for 

cancer treatment and drug discovery. Lymphatic vessels also play critical roles in 

regulating immune reactions [5]. They influence the immune cell trafficking and 

migration through the close and reciprocal interaction with immune cells both in 

physiological and pathological conditions. These phenomena are related to the 

cellular interaction between the lymphatic vessel and the cells inside the vessel, 

however, the mechanisms by which lymphatic endothelial cells (LECs) modulate 

the transport, proliferation, and function of cells are poorly understood [6, 7]. The 

complexity of observing in vivo cellular dynamics inside the lymphatic vessel 

advocates the necessity of in vitro modeling of the corresponding process. 

Therefore, engineering biologically relevant lymphatic system consisting of LECs 
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is first to be realized to further investigate the regulatory mechanisms in the native

lymphatic network.

A lot of research on the function of endothelium depends on simplified 

models to reduce the complexity of the experiment. Coverslip or membrane with 

endothelial cells provides 2D monolayer model [8–10]. A few hours or days after 

dropping cancer cells or immune cells on the monolayer, cells on the layer or at the 

opposite side of the chamber is imaged to quantify the number of attached cells or 

extravasated cells. Although 2D monolayer model is a powerful tool to elucidate 

specific aspects of the interaction, this model lacks the extracellular matrix and 3D 

vessel structure seen in native tissues, having weak relevance to the in vivo vessel. 

Employing cylindrical template [11, 12], soft lithography [13, 14], 3D printing 

technique [15], or other techniques [16, 17] allowed to generate channel network 

embedded in PDMS or hydrogel, which is followed by introducing ECs into the 

channel to form an artificial vascular network. This model provides perfusable

vascular network with inlets and outlets, capable of introducing other cells to 

interact with 3D vessel structure. Recently developed microfluidic devices enable 

to induce self-assembly of ECs into the vascular network by providing in vivo-like 

microenvironment including hydrogel, stromal cells, chemical gradient and 

interstitial flow. In addition, patterning cells and media generated self-assembled 

perfusable network in microchannels [18–23]. This network facilitates the 

observation of physiologically relevant events in real time, and several researchers 

have reported the permeability test and cancer extravasation using the models. 

Different from blood vessel network using blood endothelial cells (BECs), 

however, there has been almost no research constructing perfusable lymphatic 
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vascular network [24] since microenvironmental factors for the growth of 

lymphatic endothelium have not yet been firmly established. Without adopting 

proper platform, only 2D monolayer models [25–27], pre-defined vessel model [28]

or 3D constructs model with non-perfused vasculature [29–33] have been often 

reported. In the absence of a 3D perfusable lymphatic model, the processes of 

extravasation and cancer growth in the native vessel cannot be live-imaged and 

analyzed.

The present study aims to engineer lymphatic vascular network which is both 

perfused and physiologically relevant with in vivo lymphatic system. Optimization 

process of cell culture conditions including biochemical, biophysical factors and 

cell seeding configuration is described for making well-developed and open 

luminal structure capable of access to the inside of the vascular network. The 

stability and the characteristics of the perfused lymphatic vasculature are verified 

by immunostaining in diverse conditions. A preliminary experiment with cancer 

cells is performed to show the potential of the model to investigate the cell-

lymphatics interaction inside the lymphatic vessel.
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Chapter 2. Materials and Methods

2.1 Microfluidic device fabrication

Master mold of microfluidic device was fabricated by photolithography for 

200 µm height of positive relief structure on the silicon wafer using negative 

photoresist SU-8. The 2D design of the device was established by AutoCAD to 

have 1000 µm width of the central channel, which is same with previously 

designed one by our group [19] (Figure 2.1). The microfluidic platform was made 

by soft lithography using Polydimethylsiloxane (PDMS, Sylgard 184, Dow 

Corning). A prepolymer mixture of PDMS and curing agent mixed in the ratio of 

10:1 (w/w) was poured onto the master mold and degassed in a vacuum under 0.2 

bar absolute pressure. After 30 min on 85  hot ℃ plates for curing, the PDMS 

having negative replica structure was peeled off from the master mold. Four media 

reservoirs and six small holes for hydrogel injection were punched using 6mm 

biopsy punch and 1mm syringe needle, respectively. The device was bonded with 

glass coverslip by treating oxygen plasma for 1 min and incubated in a 75  dry ℃

oven for at least 48 hours to restore PDMS to be hydrophobic.

2.2 Cell culture



５

Human Umbilical Vein Endothelial Cells (HUVECs, Lonza) and Human 

dermal lymphatic microvascular endothelial cells (HMVECs-dLyAd, Lonza) were 

cultured in endothelial basal medium (EBM-2, Lonza) supplemented with EGM-2 

and EGM-2 MV Bulletkit respectively, and used at passage 6. Normal human lung 

fibroblasts (NHLFs, Lonza) and Dermal fibroblasts (DFs, CEFO) were cultured in 

fibroblast growth medium (FGM-2, Lonza) and used at passages 6. A375SM 

melanoma cells were grown in Dulbecco's modified Eagle medium (DMEM, 

Hyclone) supplemented with 10% fetal bovine serum and 

1% Penicillin/Streptomycin. All cells were maintained at 37  and 5% CO2 ℃

atmosphere in a humidified incubator. HUVECs and HMVECs were harvested for 

experiments before reaching confluent.

2.3 Vasculogenesis cell seeding

10 mg/mL fibrinogen (F8630, 2.5 mg/mL final concentration, Sigma-Aldrich) 

with aprotinin (A1153, 0.15 U/ml final concentration, Sigma-Aldrich) was 

prepared in phosphate buffered saline (Hyclone). After detached from the cell 

culture dish, fibroblasts and endothelial cells were resuspended in new medium. In 

mix culture condition, the two side channels were filled with 2.5 mg/mL acellular 

fibrinogen mixed with thrombin (T4648, 1 U/mL final concentration). Then 

fibroblasts and LECs are mixed at a ratio of 0:1, 0.5:1 and 1:1, suspended in 

fibrinogen to have a LECs’ concentration of 4 × 10� cells/mL, and then injected 
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into the central channel. In separate culture condition, the side channels and the 

central channels were filled with fibroblasts (2,4,8 × 10� cells/mL) and LECs 

(4 × 10� cells/mL), respectively. The device was left 3 min at room temperature 

for fibrin polymerization after the gel injection, and either EGM-2 MV or EGM-2 

MV supplemented with pro-lymphangiogenic factors (pLFs) was loaded to fill the 

medium channels and the reservoirs. The pLFs cocktail was previously reported by 

our group [34], which includes 25 ng/mL for vascular endothelial growth factor-A 

(VEGF-A, R&D Systems), VEGF-C (R&D Systems), basic fibroblast growth 

factor (bFGF, Invitrogen), 50 ng/mL for Endocan (R&D Systems) and 500 µM for 

sphingosine-1-phosphate (S1P, Sigma-Aldrich) to promote the growth of LECs. 

For experiments in flow condition, the hydrostatic pressure difference between two 

medium channels is applied every 12h to induce interstitial flow across the central

channel. The region of applied flow speed corresponds to the speed of interstitial 

flow measured in vivo [35].

2.4 Vessel perfusion verification

Fluorescent polystyrene beads with a diameter of 7 µm were suspended in PBS to 

confirm that the lymphatic vascular networks formed in the microfluidic device were 

perfusable. At 5 days of vessel formation, all reservoirs were aspirated and 20 µl of 

bead solution was loaded on one side of the reservoir, inducing pressure driven 

bead flow through perfused vessels. The vessels at the interposts were counted as 

open when the vessels allowed the beads to flow into the network. The network 
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was considered perfused when beads introduced in one media channel were 

transported across the central channel.

2.5 Cancer cell introduction 

After 5 days of LECs injection, A375SM melanoma cells were fluorescently 

labeled with CellTracker Red (2 µM, Molecular Probes) and harvested to be 

resuspended in EBM-2 at the concentration of 1.5 × 10� cells/mL. All four 

reservoirs of the microfluidic devices were aspirated, and 5 μL of the cell 

suspension was added to one reservoir to make cells flow into the network. Cancer 

cells then adhere onto the apical side of lymphatic endothelium, followed by filling 

the reservoirs with fresh EBM-2 medium and keeping the device in an incubator

for 5 days.  

2.6 Immunostaining and Imaging

Samples were fixed by replacing culture medium with 4% paraformaldehyde 

(Biosesang) for 15 min, permeabilized with 0.15% Triton X-100 (Sigma-Aldrich) 

for 20 min, and blocked by 3% bovine serum albumin (Santa Cruz Biotechnology) 

for 1 h at room temperature. Mouse monoclonal antibody specific for human CD31 

(clone WM59, BioLegend) marks the blood vessel, and rat monoclonal antibody 

for human podoplanin (clone NC-08, BioLegend) is used for lymphatic vessel 

marker. Rabbit polyclonal antibodies against human laminin (Abcam) and human 

collagen IV (Abcam) is added to visualize basement membrane. Samples were 
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incubated with fluorescence-conjugated primary antibodies (CD31; 1:200, 

podoplanin; 1:200) or non-conjugated primary antibodies (laminin; 1:100, collagen 

IV; 1:100) overnight at 4 °C, subsequently treated with appropriate secondary 

antibodies with a fluorescent dye. For staining of F-actin and nucleus, samples 

were incubated for 2 h with Alexa Fluor-conjugated phalloidin and Hoechst 33342 

(Molecular Probes) at 1:200 and 1:1000 dilution, respectively. After the incubation, 

the samples were washed three times with PBS and stored at a 4  ℃ refrigerator

until imaging. For acquiring z stack images of 3D structures, stained samples were 

imaged by Olympus FV1000 confocal microscope with x10, x20 and x40 lenses. 

Images were taken in the identical settings when the fluorescence intensity values 

under different conditions need to be quantitatively measured.

2.7 Quantification and statistical analysis

To quantify the area of the lymphatic vascular network, podoplanin in lymphatic 

endothelium was stained and imaged by confocal microscopy. The images were 

analyzed by Fiji (http://fiji.sc/Fiji). 3D stacks of vascular networks images were z-

projected and converted to binary images. After reducing background noise, the

appropriate threshold was applied to the images to measure the fluorescent area within 

the region of interest. Statistical significance was evaluated by unpaired two-tailed 

Student’s T-tests, with the threshold defined as *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001; ns (not significant) p > 0.05. Error bars mean standard error of the 

mean (SEM).
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Figure 2.1 Schematic of the microfluidic device. The device consists of five channels 

which are separated by arrays of microposts.
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Chapter 3. Results

3.1 Cultural condition optimization

HDLECs were used as LECs, and fibroblasts were adopted as stromal cells to 

induce the growth of LECs. A mixture of fibroblasts and LECs were injected into 

central channels, or fibroblasts were injected into side channels and LECs were 

introduced into central channels for vascular network development (Figure 3.1). To 

promote the formation of lymphatic vessels, optimal cell types, the density of 

fibroblasts, and flow speed were tested.

3.1.1 Fibroblasts type and density optimization

LECs were cultured with or without previously tested pro-lymphangiogenic 

factors including VEGF-A, VEGF-C, bFGF, endocan, and S1P, and two kinds of 

fibroblasts, NHLFs and DFs, for 4 days. Figure 3.2 shows that pLFs cocktail alone 

and fibroblasts alone are not enough to induce vessel formation. When combined 

with pLFs, both fibroblast types could develop lymphatic vessels. To reduce the 

number of experimental conditions, the concentration of LECs was fixed at 4 
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mil/ml and the maximum concentration inside the microchannel was set at 8 mil/ml. 

Therefore 2 and 4 mil/ml of fibroblasts were used in the mix condition and 2, 4, 

and 8 mil/ml of fibroblasts were used in the separate condition. Unlike separate 

culture conditions where no significant difference of vessel area was found 

between two cells, the formation of the lymphatic vessel was more promoted by 

LFs than DFs in every concentration. In case of concentration, the higher number 

of fibroblasts induces the larger area of the lymphatic vessel. As a result, LFs of 4 

mil/ml in mixed condition and 8 mil/ml of separate condition were adopted in later 

experiments.

3.1.2 Flow speed optimization

The previous study showed that lymphatic sprouting is promoted by

interstitial flow which provides mechanical stimulus to LECs. To confirm that 

lymphatic network development is also enhanced by interstitial flow, flow 

conditions were compared with the static condition. In a microfluidic device, flow 

across the central channel is generated by making media volume difference 

between left and right reservoirs. Three kinds of volume difference (∆20 µL, ∆40 

µL, ∆80 µL) were tested for the experiment (Figure 3.3). Lymphatic vessels in mix 

culture showed no significant difference in growth below ∆40 µL, but vessels in 

separate culture showed enhanced growth by the increase of volume difference 

below ∆40 µL. On the contrary, the area of vessels in both conditions was 

minimized under ∆80 µL, indicating that too much mechanical stimulus hampers 



１２

lymphatic growth. According to the data, volume differences of ∆20 µL in mix 

culture and ∆40 µL in separate culture were decided to be applied in later 

experiments.  

3.2 Perfusable network formation

In optimally adjusted condition, LECs were cultured in the mix or separate 

configuration to form perfusable vascular network. Two configurations yielded 

different shapes of the vascular network in 4 days development (Figure 3.4). 

Vessels in separate condition are thicker and more connected each other, and the 

networks were more stretched to the outside, occupying the interposts area. To 

verify that the networks are perfused, 7 µm microbeads were introduced into the 

media channel on day 5. Figure 3.5 shows that the beads flew into the network and 

moved across the central channel only in separate condition with the flow. Actually, 

in about 9 experiments, no vessels in mix condition were perfused regardless of 

flow, and only one of eight networks in separate, static condition was perfused. On 

the contrary, eight of nine networks were perfused in separate, flow condition, 

indicating that cell seeding configuration and presence of interstitial flow play a 

critical role in making vessels perfusable. 

3.3 Characteristics of lymphatic vascular network
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To confirm that lymphatic vessels formed by HDLECs and LFs in the 

microfluidic device have similar characteristics of in vivo vessels, prox1, laminin,

and collagen IV were stained and observed. As seen in Figure 3.6, prox1, a 

regulator of lymphatic morphogenesis, was expressed in most of LECs comprising

the vascular network. In addition, images of laminin and collagen IV show 

perforated vessels, which reflects in vivo lymphatic vessels having a discontinuous 

basement membrane.

3.4 Cancer cells introduction and attachment

It takes time to see the interaction between cancer cells and lymphatic vessels, and 

the growth factors and serum proteins contained in the medium could interfere the 

analysis of pure interaction between two. Therefore, the perfused vascular network 

should be maintained intact within a period with basal medium for the experiment 

introducing cancer cells. To confirm this, LECs were cultured 5 days with complete 

medium containing serum and pLFs to form perfusable network, and cultured with basal 

medium without any additional factors for next 5 days. On day 5, melanoma cells 

(A375SM) which metastasize through lymphatic vessels were introduced into the 

network and incubated with basal medium for 5 days. Figure 3.7 shows that perfused 

vascular networks in basal medium did not regress. In addition, single or aggregated 

cancer cells were firmly adhered to the lymphatic vessels, indicating that the lymphatic 

vascular network provides a reliable model for lymphatic metastasis.
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Figure 3.1 Schematic diagram of  lymphatic vascular network formation. (A) 

Mixture of LECs and fibroblasts are introduced into central channel. (B) LECs are 

introduced into central channels, and fibroblasts are injected into side channels. 
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Figure 3.2 Vascular formation under different types and concentrations of 

fibroblasts. (A) LECs were cultured 48 hours with pLFs only (i), fibroblasts only (ii). 

With pLFs cocktail, LECs were mixed with dermal fibroblasts (iii), or lung fibroblasts 

(iv). LECs were separately cultured with dermal fibroblasts (v), or lung fibroblasts (vi). 

Scale bars, 200 µm. (B) Vessel area in the central channel when fibroblasts were mixed 

with LECs. (C) Vessel area when fibroblasts were patterned in side channels. Error bars 
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represent SEM from at least 5 devices, *p<0.05 and **p<0.01 in unpaired two-tailed 

Student’s T-tests.

Figure 3.3 Vascular formation under different speed of interstitial flow. (A) LECs 

were cultured 48 hours under static condition or flow condition of 20 µL, 40 µL, 80 µL 

media volume difference. Scale bars, 200 µm. (B) Vessel area in the central channel 

when fibroblasts were mixed with LECs. (C) Vessel area when fibroblasts were 

patterned in side channels. Error bars represent SEM calculated from 6 devices, *p<0.05, 
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**p<0.01, and ****p<0.0001. 

Figure 3.4 Day-by-day vascular formation in optimized condition. (A) LECs were 
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cultured in mixed condition. (B) LECs were cultured in separated condition. Scale bars, 

200 µm. 

Figure 3.5 Verifying vessel perfusion by introducing microbeads. (A) LECs were 

mixed with fibroblasts, and cultured under static (i) and flow (ii) condition. LECs were 

separated with fibroblasts under static (iii) and flow (iv) condition. On day 5, 

microbeads (7 µm, green) were introduced into the microfluidic device having 20 µL 

volume difference across the central channel. Scale bars, 200 µm. (B) The number of 
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perfused positions which allow the microbeads to flow into the vascular network at the 

interposts under four conditions. Error bars represent SEM from at least 8 devices, 

**p<0.01, ***p<0.001, and ****p<0.0001.

Figure 3.6 Characterization of engineered 3D lymphatic vascular network. (A, B) 

Confocal images of major components of basement membrane of lymphatic vessels, 
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laminin (red) or collagen IV (purple). (C) Master regulator of lymphatic morphogenesis, 

prox1 (red), was expressed in the nuclei of most LECs in lymphatic vessels. Scale bars, 

100 µm.

Figure 3.7 Cancer cells inside perfused lymphatic vessels.. After 5 days culture, 

melanoma cells introduced into the microfluidic device moved into the perfused 

lymphatic vessels and adhered to the apical side of the vessels. (A) Single cells in the 

vessels. Scale bars, 200 µm. (B) Aggregated cells in the vessels. Scale bars, 100 µm.
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Chapter 4. Discussion

This study presents the process of engineering 3D perfusable lymphatic 

vascular network using human cells in the microfluidic device. To make the LECs 

grow into the vascular network well, both fibroblasts and pro-lymphangiogenic 

factors are required. This is different from blood vessel where fibroblasts are 

enough for the vascular development. In flow condition, appropriate mechanical 

stress induced by interstitial flow is also necessary to promote the lymphatic vessel 

formation, which agrees with the increase of prox1 and Ki-67 in flow condition 

previously reported by our group [34]. Although the formation of the lymphatic

vascular network was impeded under the volume difference of ∆80 µL, that of 

blood vascular network was further promoted under the same condition, indicating 

that two endothelial cells have different sensitivity to the flow.

In two configurations, perfusable vascular networks were made only in 

separate culture condition. Two conditions showed different responses to the flow, 

meaning that vascular development in mix condition was not significantly 

promoted by the flow. Unlike separate condition, fibroblasts are positioned in the

central channel where the interstitial flow is applied. Therefore, it is expected that 

fibroblasts stimulated by flow had a negative influence on the growth of LECs. 

This expectation can be related to the fibroblast differentiation [36], which might 
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secrete negative regulator of lymphatic growth such as transforming growth factor-

β1 [37–40]. The exact mechanism of the phenomenon needs to be further 

investigated. Aside from the disruption of lymphatic growth, LECs mixed with 

fibroblasts are not induced to grow to the interposts of the central channel since the 

concentration of growth factors and proteins made by fibroblasts are decreasing 

along the direction outward from the channel. This shows that culturing cells only 

with hydrogel scaffold which many researchers have used is not effective to make 

perfusable vessels. Although adopting cell sheets with an endothelial layer on top 

and bottom layer also makes perfusable vessel, it has a limitation on tissue 

thickness. The disadvantages of established methods demonstrate the necessity of 

cell patterning using microfluidics.

Unlike monolayer model, lymphatic vessels formed in the microfluidic device 

have perforated basement membrane which is similar to the native vessels, and

they were stably maintained with basal medium at least 5 days. These features 

allow this model to study in vivo-like response to external factors such as cancer 

cells or immune cells. The experiment introducing cancer cells into the vascular 

networks showed that cells were firmly attached to the vessel, making it possible to 

see the interaction between two. Using this model, next step will be the analysis of

the difference in responses of cancer or immune cells to the blood vessels and 

lymphatic vessels. Also, based on the culture condition making a lymphatic

vascular network, BECs and LECs will be co-cultured in one channel to engineer 

separate network. Since the culture method does not require stromal cell-

endothelial cell contact for the vascular network formation, this model will be 

distinguished from previous research.
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Chapter 5. Conclusion

By optimizing culture condition, 3D lymphatic vascular network originating 

from human cells was made on the multichannel microfluidic device. Introducing 

microbeads in the microfluidic device showed that the network becomes perfused 

when LECs and fibroblasts are separately patterned and moderate interstitial flow 

is applied. Expression of prox1 and discontinuous basement membrane proteins 

certified that the vessels closely mimic in vivo lymphatic vessel. The perfused 

vessels remain intact for 5 days with basal medium, and cancer cells introduced to 

the device stably adhered to the apical side of the vessels. This study demonstrates

the potential of the model for use in investigating the function of lymphatic 

endothelium in cancer development, studying the mechanism of lymphatic 

metastasis, and developing drug for cancer treatment. 
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초 록

림프계의 구성 요소인 림프관은 암세포와 면역세포의 주요 이동 통로로, 

염증이나 전이와 같은 여러 질병들과 밀접하게 연결되어 있다. 하지만

지금까지 복잡한 체내 림프관 환경을 모사하는 적절한 체외 림프관

모델의 부재로 인하여 암의 전이 상황에서 림프관 기능의 기제를

밝히는데 어려움이 많았다. 따라서 이 연구에서는 미세 유세 소자를

이용해 관류가능한 관으로 이루어진 3차원 림프 전이 모델을 제시한다. 

사람 유래의 림프내피세포와 섬유아세포, 그리고 림프 세포의 성장을

촉진시키는 여러 성장 인자들을 이용하면 미세 유체 소자 내에서

림프관이 만들어졌다. 또한 림프관 형성은 수압차에 의해 유도되는

적절한 속력의 유동에 의해 더욱 촉진되었다. 림프관은 림프내피세포와

섬유아세포가 각각 다른 채널에 패터닝될 때만 관류되었으며, 관류된

림프관은 기저막 구성 등 체내 림프관의 기본적인 특징들을 갖고 있음이

확인되었다. 림프관은 관류된 이후 성장 인자가 없는 배지에서도 5일

이상 기존의 상태를 유지했으며, 미세 유체 소자에 주입된 암세포는

관류된 림프관 내로 들어가 내벽에 안정적으로 달라붙었다. 이 연구는
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미세 유체 소자를 이용해 간단하면서도 체내 림프관을 적절히 모사하는

3차원의 체외 림프관 모델을 제시하며, 제시된 모델은 암의 발전에서

림프관의 역할을 조사하고 림프관을 통한 암전이의 메커니즘을 알아내며

암 치료를 위한 약물 개발에 사용될 수 있을 것이다.

주요어: 림프관, 관류, 전이, 미세유체소자

학번: 2016-20656
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