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Abstract 

 
The vascularization of human organs and tissues has been widely recognized 

as an essential biological mechanism. Understanding the primary 

mechanisms by which vascularization occurs in each organ and the 

heterogeneity of target vessels need to be fully considered. For example, 

blood vessels and lymphatic vessels located subcutaneously play a large role 

in the skin immune response. Besides, an understanding of the role of blood 

vessels in tumor progression enables assessing cancer characteristics and 

es tabl ishing s t ra tegies  for  t reatment .  These complex in  vivo 

microenvironments are actively explored through the concept of organ-on-a-

chip. This remarkable concept now evolves into an advanced in vitro model, 

showing its potential for preclinical processes. In this thesis, we describe the 

successful vascularization approach of various organs based on strategic 

organ-on-a-chip development. It is discussed from two perspectives: (1) 

Design of microfabrication strategies to develop efficient and competent 

microfluidic devices. (2) Approach to reproduce functional and 

morphologically completed vascular model against target organs/tissues. 

Successful strategy establishment makes it possible to construct a 
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vascularization model of various tissues/organs. It can lead to the application 

o f  t h e  d i s e a s e  m o d e l  a n d  t h e  d e v e l o p m e n t  o f  n e w  d r u g s . 

 

Keyword: Microfluidics;  Microfabricat ion;  Organ-on-a-Chip; 

Vascularization; Angiogenesis; Engineered skin; Tumor microenvironment 
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Chapter 1.  

Introduction 

 

1.1. Necessity of vasculature in human organ/tissue 

Blood vessels are a rudimentary part of the circulatory system that are 

responsible for delivering oxygen and nutrients to every organ and tissue. 

The development of the vascular system is distinctly derivated with two of 

major processes, vasculogenesis and angiogenesis, which are finely 

orchestrated processes occur to generate morphological, functional vascular 

network formation. Vasculogenesis takes place in the early mammalian 

embryo and yolk sac through the aggregation of angioblasts into a primitive 

vascular plexus [2]. Angiogenesis is the expansion of new vessels from an 

existing vascular network, in which the endothelial cell growth, migration, 

polarization, sprouting and lumenization lead to the formation of a 

functional circulatory system [3]. And, the vascularization process occurs to 

secure the physiological conditions required for cancer progression, such as 

tissue regeneration, wound healing, and tumor growth.  
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From a tissue engineering point of view, vascularization is essential for 

reconstructing damaged or diseased tissues and organs to functionally 

available. Tissue engineered grafts are often produced in clinically relevant 

sizes. Oxygen and nutrient delivery in these dense tissues is difficult to deliver 

completely to the core region. It could take weeks for these millimeters of 

grafts to completely vascularization. In the meantime, nutrient-deficient cells 

may be exposed to loss of phenotype, loss of cellular function, and cell death. 
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1.2. Organ-on-a-chip and vascularization 

Recognition of the importance of vascularization is also being discussed in 

the field of Organ-on-a-chip. Organ-on-a-chip is a physiological organ 

biomimetic system built on microfluidics-based micro-scale chip. As a 

microphysiological system, it contains highly delicate elements such as 

biochemical gradient, physical stimulation, and cell-cell interaction based on 

three-dimensional cell culture. The importance of establishing 

physiologically relevant microenvironment for angiogenesis is being 

emphasized. Physiological vasculogenesis and angiogenesis occur in a 

highly complex and coordinated microenvironment. The activation of 

quiescent vascular ECs that migrate and invade surrounding tissues relies 

strictly on cell adhesion to the extracellular matrix and detection of stroma 

within the microenvironment. Organ-on-a-chip allows for a closer 

microenvironment through various 3D ECMs and cell compositions. This 

approach allows spatiotemporal analysis compared to conventional research 

models, animals, organoid, and transwells, while simultaneously enabling 

complex model implementation. 
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Table 1. Development and application of an organ-on-a-chip-based in vitro 

skin and tumor vascularization model. 

  

Target 
organ 
/tissue 

Cell source Device 
fabrication Application/notes 

Skin 

HaCaT  
(Keratinocyte line), 

HS27, HUVEC 

Soft 
lithography 

Modeled edema and  
inflammation 

Keratinocyte 
HUVEC, HDF 

Soft 
lithography 

Skin angiogenesis  
model induced by  
surfactant treatment 

Keratinocyte 
HUVEC, HDF 3D printing Media perfused  

through blood vessel 

Keratinocyte 
HUVEC, HDF 3D printing 

3D cell printing based stra
ight and convoluted vascul
ar channel  
under epidermis layer 

Tumor 

A549  
(Lung cancer) 

Skov3  
(Ovarian cancer) 

HUVEC, LF 

Soft 
lithography 

Investigation of drug respo
nses of endothelium and tu
mor spheroid 

HCT116 
(Colon cancer) 
ECFC-EC, LF 

Soft 
lithography 

Various anticancer drugs s
creening on vascularized c
ancer array 

MDA-MB-231  
(Breast cancer),  

SW620  
(Colon cancer),  

HUVEC, LF 

Soft 
lithography 

Optimized composition of 
multicellular  
tumor spheroid and  
vascularization 

Colon organoid,  
HUVEC, LF 

Soft 
lithography 

High-throughput  
vascularized organoid platf
orm 

U87MG  
(Brain glioblastoma) 

HDMEC, LF 

Soft 
lithography 

“Open-top” design  
based development of larg
er capillary bed  
for co-culturing cancer sph
eroid 

U87MG  
(Brain glioblastoma) 

HUVEC, LF 

Injection 
molding 

Tumor spheroid-induced va
sculogenesis and angiogene
sis model 
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1.3. Vascularization in-vitro strategy 

In the present thesis, we present a strategy for building an organ-on-a-chip 

based vascularization model. What is noteworthy is that it provides the 

functionally well-defined perfusable vascular network for naive tissues. We 

introduce a vascularization strategy for relatively solid tissues, skin and 

cancer cell spheroid. In the case of vascularized skin, the strategy for the 

configuration of the microchannel structures and the co-culture of two or 

more cells are discussed. In the case of vascularized cancer, we discuss how 

to induce anastomosis between the tumor spheroid and the surrounding 

vascular network, and compare the results of vascularization for various 

carcinomas. With the support of enhanced vascularization, it was reasonable 

to believe the present strategy would perform better towards vascularized 

tissue engineering. 

Moreover, we include a discussion of the yield in the process of 

reconstructing the vascularization model in the view of fabrication and 

experimentation throughput. While most of the existing research has 

conducted lithography-based device fabrication, this approach inevitably 

debates yield-issue. We suggest that PDMS-based device fabrication 
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through soft lithography could be improved through novel laser processing 

methods. In addition, we introduce a series of processes to develop 

prototypes through 3D printing and apply mass production through injection 

molding to achieve experimental yields above the laboratory level. 

Here, we describe the thesis including the development of sophisticated in-

vitro vascularization models as well as the development of organ-on-a-chip 

platforms that enable large-scale experiments. 
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Chapter 2.  

Vascularized Skin Model:  

Microfabricated Monolithic Multilayer Vascularized 

Skin-on-a-chips for Skin Irritation Test 

 

 

 

 

The research were published in Nature Materials and APL 

Bioengineering:  

Shin, J. and Ko, J., et al. “Monolithic digital patterning of 

polydimethylsiloxane with successive laser pyrolysis”, Nature Materials, 1-

8 (2020). 

Jusoh, N., Ko, J., Jeon, N. L. “Microfluidics-based skin irritation test using 

in vitro 3D angiogenesis platform”, APL Bioengineering, 3(3), 036101 

(2019). 
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2.1. Introduction 

Skin toxicology testing in the cosmetics and pharmaceutical industries is 

used to identify whether new compounds are toxic to human skin. One of 

the qualitative methods used to assess the irritancy potential of chemicals is 

the hen's egg test-chorioallantoic membrane (HET-CAM) assay, which is 

based on vascular changes in the chorioallantoic membrane of an egg. Even 

though the HET-CAM assay can reduce the numbers of animals used, this 

method cannot completely replace irritation tests in mammals.1,2 However, 

the major challenge in toxicology testing is to define relevant in 

vitro systems, because animal models do not accurately reflect the effects of 

chemical exposure in humans.3 The limitations of animal testing have led to 

increasing adoption of in vitro testing for skin irritation, which is mostly 

based on the Transwell system.4,5 

We carried out a validation study of five in vitro MTT (3-[4, 5-

dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay developed 

by the European Center for the Validation of Alternative Methods 

(ECVAM) and concluded that cytotoxicity measurements alone do not 

deterministically predict the complexity of skin-irritation 
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cascades.6 Exposure to chemicals and cosmetics can lead to a wide variety 

of skin reactions, including irritant contact dermatitis, which involve 

inflammatory responses.7,8 The inflammatory responses in irritant contact 

dermatitis are due to skin barrier disruption, cellular changes, and the 

release of proinflammatory mediators, which are produced mainly by 

keratinocytes (KCs). These act as initiators in skin inflammatory and 

immunological reactions, along with Langerhans cells and melanocytes.9–

12 Furthermore, single or cumulative exposure of the skin to irritants can 

result in reactions such as edema, inflammation, erythema, dryness, redness, 

infiltration, scaling, fissuring, and vesiculation.13 Therefore, exposure to 

chemical irritants elevates the secretion of cytokines and growth factors 

from keratinocytes, including a vascular endothelial growth factor (VEGF), 

a potent mediator of angiogenesis that stimulates the migration and 

proliferation of endothelial cells, and facilitates vascular permeability and 

expression of adhesion molecules in the pathogenesis of irritant contact 

dermatitis.8–10,14–16 Biomarker quantification is necessary for assessing in 

vitro irritant responses due to the absence of visible signs or symptoms 

compared to in vivo testing.17 Therefore, biomarker detection methods have 
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been developed for irritant and sensitizer exposure assays in keratinocyte 

cultures and VEGFs has been suggested as a novel biomarker of 

keratinocyte damage in skin toxicity testing.15,17–19 

Along with the growth of microfabrication technologies, the invention of 

new materials and matrices has enabled the development of organ-on-a-chip 

models with improved microenvironments and physiological characteristics 

within microengineered devices.20 Advances have been made by numerous 

researchers in constructing skin-on-a-chip models to reflect the biological 

complexity of in vivo skin.21–24 However, these skin-on-a-chip models lack 

perfusable and functional blood vessels, although they are considered 

promising tools for drug toxicity studies.25 

Therefore, the purpose of this paper is to propose a new in vitro skin-

irritation platform based on angiogenesis responses induced by VEGF 

upregulation due to damaged keratinocytes, as an alternative to animal 

models. A new skin-irritation platform was engineered with keratinocytes, 

dermal fibroblasts, and endothelial cells integrated into a microfluidic 

device. Designed with multiple channels, the proposed microfluidic device 

enables coculturing of endothelial cells and keratinocytes with two 
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incompatible media. As a proof of concept, keratinocytes were treated with 

sodium lauryl sulfate (SLS), a well-known irritant, so that we could mimic 

the skin-irritation mechanism in a microfluidic chip. Human skin cells, 

either in a monolayer culture or an organ culture, produce various types of 

irritation such as redness, dryness, edema, and scaly crusts when exposed to 

certain chemical agents, including SLS.13 As a surfactant molecule that 

elicits an irritant effect, SLS can penetrate the epidermis and be incorporated 

into the stratum corneum lipids. This results in irritant contact 

dermatitis.26 SLS affects the integrity of the skin barrier and consequently 

induces inflammatory cytokines, which are produced by keratinocytes.9,27 

In addition, we used steartrimonium chloride (SC), which is considered 

nonirritating and used in safe formulations to demonstrate the potential of 

our microfluidic platform for studying the irritation mechanisms of agents 

that have not been clinically reported to induce skin irritation. Numerous 

chemicals are used as cosmetic ingredients, but few have been studied 

intensively in the context of cosmetics testing because these ingredients 

were determined to be safe when formulated, and their concentrations were 

thought to be nonirritating.28 This situation resulted in a lack of clinical 
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reports on irritation by or sensitization to several types of chemical 

ingredients, including the trimonium compounds, which are in hundreds of 

products.28 Steartrimonium chloride is one of three quaternary ammonium 

salts used as cosmetic ingredients in surfactant-cleansing, hair-conditioning, 

and antistatic products.28 To the best of our knowledge, there have been no 

reports on the use of this chemical in in vitro skin-irritation testing; thus, the 

irritation mechanism of this type of chemical has not been well studied. 
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2.2. Materials and Methods 

2.2.1. Microfluidic device fabrication by soft lithography 

Microfluidic chips were fabricated using polydimethylsiloxane (PDMS, 

Sylgard 184; Dow Corning) with channel structures patterned by standard 

photolithography and soft lithography. The microfluidic design was based 

on a single-channel perfusable-blood-vessel device.29 In this study, the 

device was modified to have double channels, to allow direct contact 

between human dermal fibroblasts (HDF) and keratinocytes. Figure S1 in 

the supplementary material shows the modification of the single channel 

device to double channel device. Compared to the single channel device, the 

double channel has a direct interface between the HDF channel and 

keratinocyte channel, as shown in Figs. S1 and S2. As shown in Fig. 1(b), 

the device was designed to mimic skin angiogenesis based on irritant 

stimulation by coculturing human umbilical vein endothelial cells 

(HUVEC), HDF, and keratinocytes in a microfluidic device. There was no 

requirement for ethics approval for the use of these human cells. 
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Figure 1. Modification of microfluidic platform for versatile assay. (a) 

Microchannel configuration for indirect effect of HDF and KC. (b) Double 

channel design for adjacent configurations of HDF and KC. Scale bar = 500 

μm. 
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Figure 2. The configuration of HDF and KC in the double channel 

microfluidic device. (a) Photograph of KC and HDF loaded with fibrin gel 

at day 0. (b) Observation of vascular sprouts toward HDF channel and 

mature KCs in the channel. Scale bar = 200 μm. 
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2.2.2. Optical system for successive laser pyrolysis 

Two types of computer-aided laser scanning systems were utilized. For fast 

scanning, a Galvano-mirror (hurrySCAN II, Scanlab) with an f-theta 

telecentric lens at f = 103 mm controlled by SAMLight software (version 

3.7.0, SCAPS) was utilized. For sub-10 μm fine patterning, a computer-

controlled motorized 2-axis translational stage (ANT130-060-XY-25DU-

XY-CMS-MP-PLUS, Aerotech) and a high numerical aperture objective 

lens (M Plan Apo ×10, Mitutoyo) were utilized. In both cases, a CW 532 nm 

laser (Sprout-G-5W, Lighthouse Photonics) was mainly utilized as a laser 

source. Detailed information regarding the laser scanning method and 

choice of laser is supplied in Supplementary Methods 2 and 3. 

 

2.2.3. Microfluidic device processed by successive laser pyrolysis 

A pre-cleaned PDMS slab was mounted on a glass slide carrier substrate. 

The computer-controlled laser scanning followed an appropriate δ. For 

depths over 200 μm or aspect ratios higher than 1, the BSS process scheme 

was applied, and the FSS process scheme was applied for other cases. For 

the FSS scheme, the focal plane was precisely aligned to the front surface of 
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PDMS. For the BSS scheme, to prevent uncontrollable pyrolysis in the 

depth direction, intentional defocusing was applied, and the focal plane was 

adjusted by SLT after each overlay scanning to compensate the altering z-

axial position of the SiC. In both cases, FSS and BSS, a hatching scanning 

technique with a fixed-line spacing of 10 μm was applied for the areal 

patterns. SiC was removed by either a taping technique (Scotch Magic Tape, 

3M) or ultrasonication (Supplementary Video 3). For plasma bonding, a 

standard procedure (oxygen plasma, 50 W, 2 min) was applied. 

 

2.2.4. Cell preparation and seeding process 

Human epidermal keratinocytes derived from neonatal skin were purchased 

Gibco. Human keratinocytes were cultured in Epilife supported with 

keratinocyte growth supplement (HKGS) and passage 3 was used for the 

experiment. Human umbilical vein endothelial cells (HUVEC) derived from 

human umbilical vein were purchased from Lonza. HUVEC were cultured 

in endothelial growth medium (EGM) supported with an EGM-2 bullet kit 

and passage 4 was used for the experiment. Human dermal fibroblasts 

derived from human skin were purchased from Lonza. HDF were cultured 
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in fibroblast growth medium (FGM) supported with FGM-2 bullet kit and 

passage 6 was used for the experiment. All cells were incubated at 37 °C in 

a humidified atmosphere of 5% CO2. The medium was refreshed every 

2 days. 

Angiogenesis and cell seeding were conducted based on an established 

procedure,29 as shown in Fig. 1(b). Generally, the fibrin matrix was prepared 

by mixing 2.5 mg/ml bovine fibrinogen (Sigma) and aprotinin (0.15 U/ml; 

Sigma) prior to mixing with the cell suspension. The final mixture was 

supplemented with thrombin (0.5 U/ml; Sigma) and left to clot at room 

temperature for 5 min. The left channel was filled with the fibrin-HDF 

matrix by mixing fibrin with 2 × 106 cells/ml HDF in endothelial growth 

medium (EGM). Dissociated human keratinocytes were suspended in 

EpiLife medium at 5 × 106 cells/ml before mixing with the fibrin matrix, and 

were then injected into the right channel. After fibrin gel polymerization, 

EGM and EpiLife medium were added to the designated reservoirs. The 

device was incubated for 24 h (37 °C, 5% CO2), to dissipate air bubbles and 

allow fibroblasts to become established within the fibrin gel matrix. On the 

following day, HUVEC suspended in EGM at a concentration of 
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5 × 106 cells/ml were adhered to the fibrin-HDF surface of the left channel 

by tilting the microfluidic chip to 90° for 30 min. 

 

2.2.5. Skin irritation by surfactant treatment of keratinocytes  

After 2 days of cell seeding in the microfluidic channel, keratinocytes 

(5 × 106 cells/ml) in fibrin were treated with 0, 10, 20, or 30 μM SLS by 

adding SLS (Micolin S490; Miwon Commercial Co., Ltd.,) stock solution 

into the right EpiLife medium reservoir. Medium in the left reservoir was 

maintained with EGM. Samples were observed for cell-viability properties 

such as the tight junction, basal keratin, and live/dead assays. For cell-

viability quantification after SLS treatment, keratinocytes 

(0.05 × 106 cells/ml) were cultured in 24-well plates for a few days until 

confluence was reached, and then treated with a final solution of 0, 10, 20, 

or 30 μM SLS in EpiLife for 4 days. 

 

2.2.6. Skin angiogenesis model induced by surfactant treatment 

After HUVEC seeding overnight, keratinocytes in fibrin were treated with 

0, 10, or 20 μM SLS by adding SLS stock solution into the right EpiLife 
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medium reservoir, as shown in Fig. 1(b). Medium in the left reservoir was 

maintained with EGM. SLS treatment was conducted for 4 days; regular 

medium was changed after 2 days. Samples were fixed and stained for 

further analysis of vessel sprouting. 

After 2 days of cell seeding in the microfluidic channel, keratinocytes 

(5 × 106 cells/ml) in fibrin were treated with 0, 10, 20, or 60 μM SC to 

observe the effect on keratinocyte proliferation. To observe effects on 

angiogenesis formation, after HUVEC were seeded overnight, keratinocytes 

(5 × 106 cells/ml) in fibrin were treated with 0, 10, 20, or 60 μM of SC 

[Miconium STAC 80(I)] by adding SC into the right EpiLife medium 

reservoir. Medium in the left reservoir was maintained with EGM. 

 

2.2.7. Immunochemistry and imaging process 

For blood vessel imaging, fixed samples were stained and incubated 

overnight at 4 °C with mouse monoclonal antibodies specific for CD31 

[Alexa Fluor 488 was purchased from BioLegend (conjugated with a 

fluorescent marker)] at a dilution of 1:200. On the following day, samples 

were subjected to nucleus staining with Hoechst 33342 (1:1000) for 1 h of 
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incubation at room temperature. For basal keratin imaging, samples were 

stained with Keratin 14 (K14) primary antibody (1:500) overnight, followed 

by a second antibody (1:500) and Hoechst 33342 for 4 h at 4 °C. For 

collagen IV imaging, samples were stained with collagen IV unconjugated 

antibody followed by incubation with fluorescence-conjugated secondary 

antibodies (1:1000) for 4 h at 4 °C. For tight-junction imaging, fixed 

samples were stained with Claudin-1 (1:200) overnight, followed by 

Hoechst 33342 for further qualitative and quantitative analyses. All samples 

were washed three times and stored in phosphate-buffered saline (PBS) 

before imaging. For live/dead assay imaging, live samples were stained 

directly using Live Dead Assay Kits (Invitrogen/Molecular Probes) with 

calcein-acetoxymethylester (calcein-AM) for live cells and ethidium-1 

(EthD-1) for dead cells. Calcein-AM and EthD-1 solutions were diluted to 

final concentrations of approximately 2 and 4 μM, respectively, in the same 

vial of PBS solution. Samples were incubated with the reagents at room 

temperature for 20–40 min before confocal imaging. All stained samples 

were examined using a FluoView FV1000 confocal laser scanning unit with 

an IX81 inverted microscope (Olympus). Confocal images were processed 
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using IMARIS software (Bitplane) for further quantitative analysis of Figs. 

2 and and3.3. For Fig. 5, Angiotool was used for quantification on 

angiogenesis sprouting.30 
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2.3. Results 

2.3.1. Design of microfluidic skin angiogenesis model 

The angiogenesis mechanism response to chemical irritants can be 

explained in terms of the upregulation of VEGFs due to the disruption of the 

epidermal barrier, as shown in Fig. 1(a). Under quiescent conditions, 

keratinocytes secrete growth factors via autocrine and paracrine signaling to 

maintain cell-cell interactions and various physiological functions. 

Consequently, exposure to chemical irritants will elevate cytokine and 

growth factor secretion from keratinocytes due to cellular damage. Skin 

irritation can be evaluated by observing elevations in blood vessel sprouting, 

which are related to the release of cytokines and growth factors during the 

inflammation process. Figure 1(b) shows the new platform for evaluating 

skin irritation based on angiogenic responses. The microfluidic platform 

consists of multiple channels that mimic the structure of the dermal and 

epidermal layers, with endothelial cells representing the blood vessels of the 

human skin. As shown in Fig. 1(b), the microfluidic device consists of two 

800-μm-wide channels separated by 100-μm microposts to capture the 

hydrogels while simultaneously enabling the diffusion of the medium from 
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the side channels. Using this platform, we positioned keratinocytes to 

stimulate the sprouting of HUVEC from the wall to the left of the HDF-

fibrin matrix via secreted growth factors. Furthermore, we used side-by-side 

channels of HDFs and human keratinocytes to facilitate the cell-cell 

interactions that induce angiogenesis from endothelial cells attached to the 

boundary of the fibrin bed. Consequently, we observed enhanced vessel 

sprouting when keratinocytes were exposed to chemical irritants. 
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Figure 3. Skin microenvironment incorporating a microvascular system for 

skin-irritation testing using a microfluidic device. (a) Disruption of the 

epidermal barrier resulting in release of chemokines and cytokines in irritant 

contact dermatitis. (b) Schematic of the device and cell configuration for the 

proposed skin irritation test model based on angiogenesis responses in a 

microfluidic platform. (i) An illustration showing the composition of HDF, 

KC, and each specific medium in the microchannel. (ii) Angiogenic 

responses occur toward the KC layer as a space where the HDF is cultured. 
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2.3.2. High-speed, automated PDMS-based skin-on-a-chip 

fabrication approach  

SLP technology is free to process PDMS blocks with the desired micro-

scale design. These state-of-the-art technologies can deliver fast results for 

challenging designs, allowing user to develop prototypes or to utilize as lab-

level research tools. Besides the topographic aspect, the analysis of 

hydrophobicity, gas permeability and plasma bonding strength revealed no 

substantial chemical denaturation after the SLP, which further expands the 

potential of SLP towards one of the most active applications of PDMS: 

bioapplications. (Supplementary Note 9) In this context, the high level of 

the processing capability of the SLP, verified in Fig. 3, could bring a 

substantial benefit to associated research fields. 

First, a single-layered microfluidic skin chip was fabricated (Fig. 4a,b). The 

finely engineered trapezoidal micro-post arrays that partition the channels 

enable an effective supply of culture media and lead to the successful 

formation of a 3D microvascular network that shows a fully developed 

lumen (Fig. 4c,d). Second, as a next level, a double-layered skin-on-a-chip 

was demonstrated. This double-layered device consists of an upper well for 
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skin cells and lower structures for the vascular network that are divided by 

an embedded thin (200 μm) through-hole-membrane (THM) (Fig. 4e,f). 

Typically, fabrication of such a double-layered structure is demanding 

because it necessitates multiple assembly processes that entail a high chance 

of failure. However, the combined strategy of FSS and BSS enabled the 

monolithic, all-automated fabrication of the device, which included the 

micropore arrays on the membrane (Fig. 4g). As presented in the 

reconstructed confocal image of Fig. 4h, we also succeeded in establishing a 

co-culture of the 3D blood vessel network and skin layer, that is, mimic the 

layered structure of human skin. 
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Figure 4. a–d, SLP-processed monolithic single-layer vasculature-on-a-

chip. a,b, A digital image (a) and schematic configuration (b) of the 

vasculature-on-a-chip. c, Magnified microscopic image of the trapezoidal 

micropost arrays. d, Left: Z-projection fluorescent image of a fully 

developed vascular network. Right: cross-sectional images of vasculatures, 

which verify lumen formation enclosed by endothelium. The micrographs 

are representative of biologically independent vasculature-on-a-chips 

(n = 10). e–h, SLP-processed monolithic double-layer skin-on-a-chip. e,f, 

Digital image (e) and a schematic configuration (f) of the skin-on-a-

chip. g,h, Magnified microscopic image of the micropore arrays (pore 

diameter, 150 μm) (g) and 3D reconstruction of a confocal fluorescent 
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image of a vascularized skin-on-a-chip with sectional images showing the 

vascular lumen formation below the skin layers (h). The micrographs are 

representative of biologically independent skin-on-a-chips (n = 10). Scale 

bars, 50 μm. 
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2.3.3. Observation of vascular sprouts by co-culture with 

quiescent keratinocyte 

While chemical stresses can upregulate the secretion of various cytokines 

and growth factors, keratinocytes also produce some cytokines 

constitutively under quiescent conditions.8–10,14,16 Figure S3 in 

the supplementary material shows the effect of incorporating the HDF in 

inducing the vessel formation.  
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Figure 5. Correlation with the presence of HDF in HDMEC and HDMEC-

KC conditions for angiogenesis. (a) Z-stack projection of confocal images to 

compare the angiogenic response. Quantitative evaluation results on (b) the 

length of blood vessels (c) the number of vascular sprouts for each 

condition. Scale bar = 200 μm. 
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Without keratinocytes at the side channel, the sprout length and sprout 

number did not have significant differences between the fibrin and fibrin-

HDF platform. However, with keratinocytes at the side channel, there was a 

significant increase in the sprout length for the fibrin-HDF platform as 

compared to the fibrin platform. Therefore, we initially observed the effects 

of HDF and keratinocyte communication on the enhancement of 

angiogenesis under sprouting quiescent conditions, as shown in Figs. 2(a)–

2(c). Generally, perfusable blood vessels with lumen formation were 

observed using CD31 and collagen IV markers under both conditions, as 

shown in Figs. 2(a) and 2(b). We investigated the collagen-producing effect 

of keratinocytes at the microposts that separated the HDFs and 

keratinocytes, as shown in Fig. 2(c). Denser collagen IV deposition was 

clearly observed under the keratinocyte interaction conditions than without 

keratinocytes. For a detailed comparison, Fig. 2(d) shows the lengths, 

numbers, and diameters of the vessels sprouting within the fibrin-HDF 

matrix under quiescent conditions, both with and without keratinocytes. 

With keratinocytes, the average sprout length increased from 466 ± 16 to 

524 ± 10 μm and the average number of sprouts increased significantly, from 
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19 ± 1 to 21 ± 1 μm. However, the average diameters of the vessels 

decreased from 30 ± 1 to 27 ± 1 μm with keratinocyte interactions. In 

conclusion, quiescent keratinocytes enhanced the lengths and numbers of 

sprouting vessels, but not their diameters. 
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Figure 6. Angiogenesis formation at quiescence with HDFs and KCs side by 

side. (a) Representative images of angiogenesis sprouting. The KC channel 

was filled with an acellular fibrin matrix as a control (HUVEC), and with 

keratinocytes in the fibrin matrix for HUVEC-KCs. Scale bar ¼ 100 lm. (b) 

Lumen formation enclosed by endothelial cells. Scale bar ¼ 20 lm. (c) 

Collagen-IV deposition near microposts between HDF and KC channels. 

Scale bar ¼ 100 lm. (d) Quantification of the vessel sprout length, number, 

and diameter (n ¼ 8). All samples were stained with CD31 (green), nuclei 

(blue), and collagen IV (red). 
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2.3.4. Effect of sodium lauryl sulfate-induced skin irritation on in-

vitro keratinocyte viability 

Firstly, we studied the effect of SLS on keratinocyte viability in both a 2D 

monolayer and 3D fibrin. We observed the 2D keratinocyte monolayer after 

4 days of SLS exposure in 24 wells, as shown in the bright-field images 

[Fig. 3(a)] and confocal images [Fig. 3(b)], alongside a quantification of the 

cell viability [Figs. 3(c) and 3(d)]. The SLS treatment disturbed the 

keratinocyte cell proliferation, with cells becoming detached from each 

other and undergoing cell death, as shown by the gradual decrease in 

Claudin-1 expression. Figures 3(c) and 3(d) show the cell viability, 

quantified based on the areas of the nuclei and tight junctions after 

treatment.  
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Figure 7. Verification of keratinocyte viability by 4-day sodium lauryl 

sulfate (SLS) treatment in a 24-well plate. (a) and (b) Representative bright 

field and confocal microscopic images of keratinocytes by concentration. 

Cells were stained with Claudin-1 (green) and nuclei (blue). Scale bar ¼ 100 

lm. (c) and (d) Quantitative analysis of nuclei and tight junctions of viable 

keratinocytes (n = 4) 
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Compared to the control samples, the area of the nuclei decreased 

significantly, by 88%, 68%, and 65% after treatment with 10, 20, and 30 μM 

of SLS, respectively. At the same time, the areas of the tight junctions 

decreased significantly, by 74%, 50%, and 35% after treatment with 10, 20, 

and 30 μM of SLS, respectively. Figure 4 shows confocal images of 

keratinocytes in the 3D fibrin hydrogel after 4 days of SLS treatment. 

Generally, keratinocyte proliferation decreased as the SLS concentration 

increased. We inferred this from Claudin-1, K14 and live/dead assays, as 

shown in Fig. 4. In the case of 3D keratinocytes, the expression of Claudin-

1, representing tight junctions, and K14, indicating keratin, decreased with 

increasing SLS concentration. The live/dead assay showed that the numbers 

of dead cells increased with the SLS concentration by observing the cell 

shape. The cell death was gradually started at 10 and 20 μM of SLS. Most of 

the keratinocytes changed shape, resulting in cell death at 30 μM of SLS. 

SLS can damage the structure of proteins such as keratin, involucrin, 

profilaggrin, and loricrin, exposing new water-binding sites and causing 

hyperhydration of the stratum corneum and disorganization of the lipid 

bilayers.9 It has been reported that cumulative application of SLS resulted in 
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downregulation of claudin gene expression in humans.31 These findings 

were supported by a previous report that SLS affects the survival rate of 

keratinocytes.13,14 
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Figure 8. Effect of SLS on keratinocytes after 4 days of exposure in the 

microfluidic platform. Representative images of keratinocytes stained with 

(a) Claudin-1 (green) for tight junction, (b) keratin 14 (red) for keratin, and 

(c) live/dead assay with calcein-AM (green) for live cells and ethidium-1 

(EthD-1) (red) for dead cells. Scale bar, 100 um. 
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2.3.5. Effect of SLS-induced skin irritation on in-vitro angiogenesis 

Even though cell viability is a common indicator of the toxicity of 

chemicals, measurement of pathogenic biomarkers such as VEGFs and 

other cytokines from keratinocytes may improve our ability to determine the 

toxic potential of chemicals.13,15,32 On the other hand, the VEGF is the main 

agent responsible for angiogenesis and vascular permeability. Instead of 

measuring cytokine levels, we observed angiogenesis cascades in skin 

irritation directly. We used a microfluidic device as a skin-toxicity platform 

to investigate the effect of SLS irritants on VEGFs via angiogenesis 

formation, as shown in Fig. 5. 
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Figure 9. Investigation of angiogenic effects at different SLS concentrations 

after 4 days of exposure in the microfluidic platform. (a) Representative 

confocal microscopy images showing the angiogenic response. Samples 

were stained with CD31 (green) and nuclei (blue). Scale bar ¼ 200 lm. (b) 

Quantification of angiogenesis sprouting with microvessel length, number, 

and diameter as criteria (n= 4) 
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As shown in Fig. 4, most of the keratinocytes in fibrin were dead after 

exposure to 30 μM SLS. Therefore, we applied SLS concentrations only 

between 0 and 20 μM when evaluating the effect of chemical irritants on 

angiogenesis in our microfluidic platform. Figure 5(a) shows confocal 

images of angiogenesis and Fig. 5(b) shows the average length, number, and 

diameter of sprouts after 4 days of SLS treatment. Compared to 10 μM, 

20 μM had a more significant effect on the length of sprouts with respect to 

the control condition, 0 μM. The average sprout length increased from 

372 ± 12 to 446 ± 14 μm after 20-μM SLS treatment, and reached 384 ± 1 μm 

after 10-μM SLS treatment. However, the numbers of angiogenesis sprouts 

were relatively similar under all conditions, being 21 ± 1, 22 ± 1, and 23 ± 1 

for 0, 10, and 20 μM SLS, respectively. Although the numbers of sprouts did 

not vary significantly, the diameters of the sprouts varied significantly 

among these three conditions. The average diameters of the sprouts were 

24 ± 1, 27 ± 1, and 35 ± 1 μm for 0, 10, and 20 μM of SLS, respectively. 

Based on the observed data, the effect of SLS on angiogenesis 

morphogenesis indicated its skin-irritation mechanism. 
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2.3.6. Investigation of angiogenesis induced by steartrimonium 

chloride (SC)  

Next, we investigated the effect of SC, an uncommon irritant, on the 

angiogenesis response, as shown in Fig. 6. We observed the effects of SC on 

keratinocyte proliferation and angiogenesis. As shown in Fig. 6(a), an 

increase in SC concentration affected keratinocyte death, as observed by the 

reduction in the K14 marker. After exposure to 100 μM of SC, most 

keratinocytes died, as shown by the changes in the cell shape. At 10, 20, and 

60 μM of SC, keratinocyte morphology did not show much difference, but 

angiogenesis was completely different. This demonstrates the advantage of 

evaluating angiogenesis responses for carrying out irritation assays. 

Briefly, Fig. 6(b) shows the enhanced vessel sprouting and Fig. 6(c) shows 

the quantification of angiogenesis vessels based on Angiotool (Fig. S4 in 

the supplementary material) to quantify the vessel area, vessel length, 

number of end points, number of junctions, junction density, and lacunarity 

(a metric of vessel nonuniformity).  
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Figure 10. Investigations of angiogenic effects at different SC 

concentrations after 4 days of exposure in the microfluidic platform. (a) 

Representative images of keratinocytes stained with keratin 14 (red) for 

keratin. (b) Representative images showing the angiogenic response. 

Samples were stained with CD31 (green), and nuclei (blue). Scale bar ¼ 100 

lm. (c) Quantification of vascular sprouting by using Angiotool to quantify 

vessel area, vessel length, number of end points, number of junctions, 

junction density, and lacunarity (n ¼ 3). (d) Representative images of lumen 

formation (yellow arrow) after 2 days of treatment. Scale bar ¼ 100 lm. 
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Figure 11. Morphological quantification of angiogenic response following 

irritant concentration. (a) The binary image of angiogenesis by SC 

concentration. (b) The high-resolution image shows the end points, branches 

and junctions of the vascular network which enables the extraction of 

characteristic morphological parameters. 
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Figure 6(d) clearly shows the representative lumen formation for 0 μM of 

SC and 60 μM of SC concentration. The average vessel area was increased 

from 0.02 mm up to 0.09 mm for 20 μM of SC, but it was decreased to 

0.06 mm at 60 μM of SC. However, the vessel length was increased steadily 

from 1.87 mm at 0 μM of SC to 4.07 mm at 60 μM of SC. Nevertheless, the 

number of end points and number of junctions show rapid increment at 

60 μM of SC compared to the other conditions. At 60 μM of SC, the number 

of junctions was 70 compared to 31 at 20 μM of SC. The number of 

endpoints was increased from 25 at 0 μM of SC to 65 at 60 μM of SC. 

Meanwhile, junction density and lacunarity did not show any specific trends 

with the increase of SC concentration. Junction density was decreased from 

215.48 junction/mm2 at 0 μM of SC to 130.93 junction/mm2 at 10 μM of SC. 

However, the density was increased again to 173.81 junction/mm2 at 20 μM 

of SC and 423 junction/mm2 at 60 μM of SC. For lacunarity, the highest 

lacunarity was 0.97 at 0 μM of SC while the lowest was 0.30 at 20 μM of 

SC. 

This preliminary finding is supported by previous animal studies, which 

demonstrated that SC induces skin irritation. In early assessments, SC 
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yielded positive results in an in vivo skin-irritation study using guinea 

pigs.33 Later, another assessment was carried out based on a single 

application of SC to albino rabbits, which showed that 79.2% SC was 

irritating after 1 h of exposure, with erythema persisting for up to 22 days 

and edema for up to 7 days.34 
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2.4. Discussion 

In this research, we proposed a new skin-irritation model based on the 

responses of angiogenesis in a microfluidic platform as an alternative in 

vitro irritant-testing device. This model incorporates dermal fibroblasts, 

endothelial cells, and keratinocytes in designated microfluidic channels, 

which maintain autocrine and paracrine communication. In addition to 

enabling cell separation, multiple channels allow different media within a 

single device. This is crucial for maintaining the viability of multiple cell 

types. The microfluidic device is tuned simultaneously to biochemical 

stimulation, resulting in discrete changes in growth factor concentrations 

and gradients. These are important during the sprout-elongation and lumen-

formation stages.35 The formation of lumens is important for transporting 

nutrients, oxygen, and waste products to and from tissues, and the diameter 

of the lumens increases from 5 μm to 10 μm in humans.36For angiogenesis, 

once sprouting has been initiated, the tip cells guide the growth of sprouts 

across the fibrin matrix until they reach the opposite end of the channel. 

Further development of the vasculature results in interconnected networks 

that occupy extended areas of the fibrin matrix, followed by the enlargement 
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of lumina. The process of new blood vessel formation requires the 

establishment of a functional vascular loop to promote the survival and 

stabilization of newly formed vessels, as well as physiological function and 

homeostasis.29 

Compared to other microfluidic devices used to study blood vessels, our 

platform enables us to seed dermal fibroblasts and keratinocytes side by side 

in the microchannels, which mimic the in vivo structure of skin. In this 

study, keratinocytes were cultured in a three-dimensional (3D) fibrin gel, 

whereas keratinocytes are usually cultured under two-dimensional (2D) 

conditions to reconstruct the epidermis. Fibrin is a fibrous, nonglobular 

protein that is closely associated with fibronectin in blood clotting; 

fibronectin is a glycoprotein found in the epidermal extracellular 

matrix.37 Keratinocytes in fibrin have been used in skin reconstruction as 

epidermis, for coverage of massive burns and as an epitheliallike 

layer.38 Fibrin has been demonstrated to be a suitable substrate for 

keratinocyte cultivation and transplantation and has the ability to maintain 

stem cell populations after in vivo transplantation of keratinocytes.39 
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Our results showed that blood-vessel formation was enhanced by 

coculturing dermal fibroblasts with quiescent keratinocytes. It was reported 

previously that growth factors secreted from fibroblasts in a side channel 

diffuse along a gradient, thus stimulating angiogenesis in microfluidic 

devices. Similar to fibroblasts, various types of VEGFs at low to moderate 

expression levels have been observed extracellularly in cultured 

keratinocytes.40–42 Therefore, as an endothelial and microvessel 

hyperpermeability growth factor, the VEGF secreted by keratinocytes may 

stimulate vessel formation in angiogenesis due to paracrine communication 

between endothelial cells and keratinocytes under quiescent conditions. 

Furthermore, mesenchymal-epithelial communication between human 

keratinocytes and human fibroblasts regulates growth factor secretion, 

which may stimulate blood-vessel formation under quiescent conditions. 

Epidermal keratinocytes induce fibroblast activities, thus producing soluble 

factors and hormones to enhance keratinocyte proliferation and migration.40–

42 This mesenchymal-epithelial paracrine interaction has been reported to 

regulate angiogenesis in skin homeostasis, wound healing, inflammation, 

and tumor promotion.43–45 The in vivo dermis-epidermis junction is 
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composed of basal lamina proteins such as collagen IV, laminin, and bullous 

pemphigoid antigen (BPA).46,47 Keratinocytes have the ability to produce 

numerous collagenase-inducing cytokines,45 and also secrete most of the 

components of the basal lamina, including laminin, collagen IV, and 

collagen VII.46,47 In addition to stimulating basal-membrane components 

directly, dermal fibroblasts also affect the laminin, collagen IV and collagen 

VII expression of keratinocytes via keratinocyte–fibroblast 

interactions.46,48,49 Therefore, in our device, keratinocyte and dermal 

fibroblast interactions contribute to the expression of collagen at the 

boundaries of the microposts. 

We also successfully demonstrated the enhancement of angiogenesis vessels 

due to keratinocytes during exposure to irritants. This mimics the 

eczematous reaction that occurs in irritant contact dermatitis. Single or 

cumulative exposure to chemical irritants leads to irritant contact dermatitis, 

which involves skin-barrier disruption, cellular changes, and the release of 

proinflammatory mediators.9,27 Thus, disordered keratinocyte proliferation 

due to skin inflammation and altered tight-junction protein expression leads 

to stratum corneum barrier damage with epidermal-barrier function 
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disruption and irritation, both of which play significant roles in skin-barrier 

damage.9,27,50 In addition to suppressing growth, contact irritants are 

cytotoxic to keratinocytes and induce histological changes such as 

hyperplasia, incomplete keratinization, loss of the granular layer, 

acantholysis, and necrosis in organ-cultured skin, even at low 

concentrations.13The observed eczematous reaction involved cellular 

changes and the release of proinflammatory mediators, thus implicating the 

VEGF in the pathogenesis of irritant contact dermatitis.9,50–52 This induction 

of the VEGF occurred via the activation of epidermal growth factor receptor 

(EGFR) and metalloprotease activity, which took place after the 

keratinocytes were exposed to the chemical irritant.53 Compared to 

unexposed skin, this molecular event enhanced VEGF levels after either 

single or repeated exposure.52,54 

Specifically, SLS significantly increased the VEGF in keratinocytes by 

affecting the gene transcription of the angiogenic VEGF, which is the main 

growth factor for vessel formation during angiogenesis.15 It was reported 

that in vitro VEGF levels increased almost fivefold after a single exposure 

of SLS to human keratinocytes.54 
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The VEGF is a potent mediator of angiogenesis, which stimulates the 

migration and proliferation of endothelial cells, facilitates vascular 

permeability, and induces expression of adhesion molecules by endothelial 

cells.51 Therefore, the increase in the level of the VEGF during skin 

irritation promotes angiogenesis. We observed that both SLS and SC 

influenced angiogenic morphogenesis and can thus be used as representative 

models of the skin-irritation mechanism. 
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2.5. Conclusion 

Our microfluidic platform has the potential to demonstrate the complex 

angiogenesis mechanisms induced by irritant contact dermatitis 

pathophysiology. Autocrine and paracrine communication between 

keratinocytes and dermal fibroblasts enhanced angiogenesis vessel sprouting 

and increased collagen deposition under quiescent conditions. This new 

platform for investigating skin irritation is based on the enhancement of 

angiogenesis due to the effects of chemical irritants on keratinocytes. SLS 

and SC behaved similarly with respect to angiogenesis formation. This 

implies that our platform provides a novel approach that could potentially 

replace current avascular skin-irritation models. Thus, these findings 

demonstrate that our platform is applicable to studying the mechanisms of 

both common and uncommon irritants. Hence, it can be used to support 

existing in vitro and clinical skin-irritation tests. In addition to irritants, this 

platform can be used to test other types of biochemical stimuli, such as 

allergens or corrosives. As such, it could potentially be applied as an assay 

for safety evaluation of cosmetics- and drug-testing applications. 
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Chapter 3.  

Vascularized Tumor Spheroid Model:  

Engineering Vascularized Patient-derived Tumor 

Spheroid to Recapitulate in-vivo Cancer Drug 

Responses  

 

 

 

 

 

 

The research were published in Lab on a Chip:  

Ko, J., et al. “Tumor spheroid-on-a-chip: a standardized microfluidic culture 

platform for investigating tumor angiogenesis”, Lab Chip, 19(17), 2822-

2833 (2019). 
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3.1. Introduction 

In-vitro model systems drive biological studies by replicating human body 

processes and functions from the molecular to the whole organism 

level.1 The human body is composed of both cellular and non-cellular 

components which are organized in a highly specialized 

manner.2,3 However, it is difficult to mimic all the features of human 

biology with one in vitro model system. 3D cell culture systems have 

demonstrated many important advantages over 2D cell culture systems; 3D 

models more accurately mimic the complex in vivo microenvironment and 

produce cellular behavior which is closer to natural conditions.4,5 

In the area of cancer research, although tumors are complex 3D structures 

with their own distinct microenvironments, many conventional 2D culture 

studies ignore this complexity for convenience and simplicity.6–8However, 

recent advances in engineered TMEs using microfluidics technology have 

enabled researchers to mimic physiologically relevant 3D TMEs,9–11 such as 

tumor angiogenesis,12,13 tumor metastasis,14,15 and tumor–stromal 

interaction.16,17 Of note, 3D tumor spheroid models have been highlighted 

and have drawn attention for their potential applications in anti-cancer drug 
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screening. Distinct from those of 2D cultures and biopsy samples, 

multicellular spheroids can provide proliferative gradients, reduced drug and 

gas exchange, and cell–cell and cell–ECM interactions which are essential 

characteristics of a solid tumor microenvironment.18,19 However, without an 

appropriate in vitro model system, it has been impossible to observe tumor 

spheroid induced angiogenesis, which is an essential characteristic of the 

solid tumor microenvironment. 

We introduce a novel injection-molded plastic array 3D cell spheroid 

culture (Sphero-IMPACT) platform which is designed as a mass-producible 

polystyrene (PS) based device in a standardized 96-well plate SBS format. 

3D printing and injection molding have enabled the rapid prototyping of 

platform designs to scale production.20 Based on an understanding of open 

microfluidics, a platform utilizing geometrically modeled spontaneous 

capillary flow has been announced as having potential for a robust and 

reproducible liquid patterning tool.21–23 Our previous publications debuting 

the IMPACT platform focused on the fabrication, fluid patterning 

mechanism and 3D vasculature formation assay with various patterning and 

culture conditions.24–26 In this work, we propose a newly Sphero-IMPACT 
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specialized in a 3D tumor spheroid culture assay with vasculature. The 

Sphero-IMPACT provides monitoring of vasculogenesis, angiogenesis, 

tumor cell migration and invasion from the spheroid and investigates the 

effect of anticancer drugs on angiogenesis induced by tumor spheroids. 

This work describes a straightforward design that involves a hole in the 

middle of the rail to pattern a large spheroid (up to 800 μm) together with an 

extracellular matrix (ECM) as compared to previous publications. The 

tapered hole can accommodate pipette tips and allow one-step patterning of 

a spheroid in the region of interests with a highly reproducible manner. This 

standardized, plastic-based microfluidic platform is fully compatible with 

automated dispensing systems and automated microscopes. In addition, a 

mass-producible injection molded platform can provide a higher degree of 

uniformity per device due to the lack of human manual labor steps. Such an 

approach also allows for the accessibility of higher throughput 

experimentation with less time and effort. 

Our platform is designed to be easy-to-use by all experimenters and 

simple to use without complicated pre-treatment. By applying a lung 

fibroblast (LF) laden hydrogel in the center rail channel and attaching 
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human umbilical vein endothelial cells (HUVECs) at the side of the center 

rail channel, we were able to observe robust angiogenic sprouting patterns 

with a different LF-hydrogel patterning volume. Also, we demonstrated that 

the tumor cell spheroid (brain glioblastoma, U-87 MG) invasion area 

increased by adding extrinsic transforming growth factor beta 1 (TGF-β1) 

and tumor necrosis factor alpha (TNF-α), demonstrating the ability to place 

the spheroid in the region of interests within our platform for direct 

observation. We further demonstrate the applicability of the platform to 

vascularization by introducing the tumor spheroids (sized 500–600 μm), 

providing physiologically relevant mimicry of 3D TMEs for anticancer drug 

efficacy testing. Our Sphero-IMPACT can potentially provide a cost-

effective HTS platform with a physiologically relevant microenvironment 

for vascularized cancer biology and vascularized cancer drug screening. 
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3.2 Materials and methods 

3.2.1. Development of prototypes of cell culture platform through 

3D printing 

Sphero-IMPACT was tested through 3D printing prior to injection molding. 

Prototypes of Sphero-IMPACT were fabricated by a digital light processing 

(DLP) 3D printer (Perfactory mini 4, EnvisionTec) with the enhanced 

resolution module (ERM) system. 3D printed products were rinsed with 

isopropyl alcohol for 20 min and post-cured by 385 nm UV for 30 min. For 

surface modification and biocompatibility, poly(c-xylene) was deposited 

with a thickness of 5 μm by plasma enhanced chemical vapor deposition 

(CVD) (Lavida, Femtoscience). 3M™ 9795R advanced polyolefin 

diagnostic microfluidic medical tape (thickness: 50 μm) as the substrate for 

the chip was bonded to the 3D printed body part to complete the device. The 

tape which is an adhesive type coated with silicone was used by pressing it 

on the device body. 
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3.2.2. Design establishment and mass production 

Polystyrene (PS) injection molding was performed at an R&D Factory 

(Korea). The aluminum alloy mold core was processed by machining and 

polishing. The clamping force at the time of injection was set at 130 tons 

with a maximum injection pressure of 55 bar, 15 seconds of cycle time, and 

a 220 °C nozzle temperature. The substrate was bonded to the injection-

molded PS part to complete the device. The 3d printed spheroid chips and 

alloy mold core were designed by Solidworks, Dassault systems. 

 

3.2.3. Cell culture 

Human umbilical vein endothelial cells (HUVECs, Lonza) were cultured in 

endothelial growth medium (EGM-2) and passage 4 was used for the 

experiments. Red or green fluorescent proteins (RFP and GFP) expressing 

HUVECs were obtained from Angio-Proteomie (Boston, MA). Normal 

human lung fibroblasts (LFs, Lonza) were cultured in fibroblast growth 

medium (FGM-2, Lonza) and passage 6 was used for the experiments. 

Human glioblastoma cells, U-87 MG (a gift from Dr. Sun Ha Paek at Seoul 

National University) and human hepatocyte carcinoma cells (HepG2, 
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Korean Cell Line Bank) were cultured in DMEM supplemented with 10% 

FBS, penicillin (100 U ml−1) and streptomycin (100 U ml−1). All cells were 

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

 

3.2.4. Retrovirus production and transduction 

The retroviral plasmid vector carrying GFP was purchased from Addgene. 

Retroviruses expressing GFP were obtained by transfecting a mixture of 

viral plasmid and retroviral packaging plasmids (gag/pol expressing vector, 

and VSV-G envelope vector) into HEK 293FT cells using Fugene 6 

transfection reagent (Roche, Basel, Switzerland). 24 hours after transfection, 

the medium was replaced by fresh medium and viral supernatants were 

harvested at 48 and 72 hours. After filtration through a 0.45 μm filter with a 

PVDF membrane (Pall Life Sciences), HepG2 and U-87 MG were infected 

with retroviruses in the presence of polybrene (Sigma). 24 hours after 

infection, the cells were washed with PBS three times and expanded in 

growth medium. 
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3.2.5. Multicellular tumor spheroid preparation 

U-87 MG, the glioblastoma multiforme (GBM) spheroid was grown in a 96 

well plate with U-shaped bottom (Sumitomo Bakelite, Tokyo, Japan). The 

U-87 MG cell suspension was prepared for a total of 5000 cells per well and 

mixed with a 1% volume ratio of Matrigel. After pre-culturing in a U-

shaped 96 well plate for 4–5 days, a spheroid was introduced into the 

Sphero-IMPACT for tumor migration & invasion assay and tumor 

angiogenesis evaluation. For the LF spheroid, the LF cell suspension was 

prepared for a total of 10 000 cells per well and a mixed 1% volume ratio of 

Matrigel. FGM-2 was used to maintain the LF spheroid for 4–5 days. 

 

3.2.6. Immunochemistry 

For immunofluorescence staining, cells in the device were fixed using 

paraformaldehyde (PFA, 4% w/v in PBS) for 15 min, permeabilized with 

Triton X-100 (0.1% v/v in PBS) for 30 min, and then blocked in bovine 

serum albumin (BSA, 3% w/v in PBS) for 1 h at room temperature. 

Vascular labeling by Ulex europaeus agglutinin 1 (VECTOR, USA) was 
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conducted. Phalloidin (Alexa Fluor 594) and Hoechst 33342 were purchased 

from Molecular Probes. 

 

3.2.7. Tumor spheroid-based migration, invasion and angiogenesis 

assay 

The 4–5 days cultured U-87 MG spheroid was collected from U-shaped 96-

well plates. Using a 200 μL pipette tip, a tumor spheroid was mixed with a 

2.5 mg mL−1 concentration of fibrinogen solution. The spheroid and 

fibrinogen solution were mixed with thrombin (0.5 U mL−1, Sigma) and 

then immediately introduced into the central channel of the device. Since the 

spheroid (>500 μm) is greater than the channel height (100 μm), the 

spheroid was set to be stationary at the bottom of the channel. For tumor 

spheroid angiogenesis assay, the tumor spheroid and LF cell suspension at a 

concentration of 1 × 106 cell per mL were mixed with fibrinogen solution 

and mixed with thrombin. Next, the spheroid-cell-fibrinogen suspension 

was immediately introduced into the central channel of the device. We 

seeded additional HUVECs in both the media reservoirs and incubated them 
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for 20 min to adapt to the surface of the fibrin gel. Next, we introduced 

EGM-2 media or cancer drug containing media for subsequent experiments. 

 

3.2.8. Optimization of anti-cancer drug concentration for the 

sample treatment 

For the monoclonal antibody drug, cetuximab (a gift from Dr. Jo) was 

diluted to 1 mg mL−1 with EGM-2 and bevacizumab (a gift from Dr. Jo) was 

used in 1 mg mL−1 concentration in EGM-2. Each antibody drug was 

introduced to the media reservoir. For the inhibitors, sunitinib was dissolved 

in DMSO according to the manufacturers' instructions and added to cell 

culture media at a concentration of 1 μM. 

 

3.2.9. Fluorescent imaging and data quantification 

The 3D reconstruction and cross section of the vessels were imaged using a 

confocal microscope (Olympus FV1000). The microscope and charge-

coupled device (CCD) camera were controlled by MetaMorph 

(MolecularDevice, USA) software for time-lapse imaging. To quantify the 

vascular area coverage during angiogenesis blood vessel formation and 
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tumor migration and invasion assay, z-projections of the 3D stacks images 

were obtained using ImageJ (NIH) and the proportion of the fluorescent 

pixels within the ROI of each image was calculated. The length of 

angiogenic sprouting and tumor cell migration & invasion were determined 

by manually measuring the distance from the original gel and spheroid 

interface. 

 

3.2.10. Statistical analysis 

Using Prism (GraphPad, USA), statistical comparisons of the values were 

obtained from an unpaired two-tailed Student's t-test analysis, with the 

threshold for statistical significance set at *p < 0.1. **p < 0.01; ***p < 

0.001; ****p < 0.0001; and ns (not significant). The standard error of the 

mean (SEM) is presented in error bars. 
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3.3. Results and discussion 

3.3.1. Sphero-IMPACT design optimization and considerations 

Sphero-IMPACT is a means to illuminate a more complex 

microphysiological system. This 3D cell culture array is designed to be able 

to introduce a cell spheroid, enabling more diverse assays for vascularized 

tumor models. The platform is designed to be highly compatible with most 

types of laboratory equipment (e.g., microscopes, automated dispensers) and 

has a 96-well plate specification to increase its value (Fig. 1). The platform 

consists of a rail guide for cell patterning region and media reservoir each 

side. The cell patterning region contains a single hole in the center, designed 

to capture a large spheroid. As shown in Fig. 1B, the tapered hole has a 

diameter of 0.83 mm and draft of 4.0 degrees, so that it fits a 200 μl pipette 

tip with a diameter of 0.9 mm. Then, the pipette tip completely seals the 

hole so that the tumor spheroid and hydrogel can be patterned in the channel 

in a single step without leaking. The medium reservoir is separated by a 5.0 

mm wall in the center, which enables us to use different volumes of 

conditioning medium in each channel (Fig. S1†).  
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Figure 12. Design of the standardized microfluidics platform for tumor 

spheroid-on-a-chip. (a) A conceptual image of Sphero-IMPACT based on a 

standard 96-well plate format. (b) Sphero-IMPACT has a media reservoir on 

each side, centered on a fluid rail guide for cell culture. The rail guide 

contains a tapered hole functioned as a culture space for a cell spheroid. (c) 

Spontaneous fluid patterning by capillary action. Fluid can be transferred 

simply and robustly along the rail guide under hydrophilic condition. (d) 

The patterned fluid configures a concave meniscus at the edges of the 

structure. A fluorescence image showing GFP-expressing HUVECs 

patterned with fibrin gel which forming the meniscus, and RFP-expressing 

HUVECs seeded on the reservoir. 
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Novel fabrication methods should be developed to increase the flexibility of 

microfluidics. 3D printing has recently emerged as an alternative 

microfluidics manufacturing method and has been demonstrated to be a 

potential solution to the problems associated with PDMS-based 

manufacturing methods.27 This rapid prototyping requires just one step, in 

comparison to soft lithography, which requires several. The single step is to 

transfer a file prepared by computer aided design (CAD) software to the 3D 

printer and then wait for the output. Moreover, 3D printing has many 

advantages in terms of maximizing design flexibility, with convenience of 

optimization.21 Concerning the design process, it enables users to change 

any component, for example ones that require modification for optimization 

purposes, using CAD software and is simple and easy to run.28,29 We 

developed the Sphero-IMPACT using a following rapid prototyping process 

involving fluid patterning and design optimization for 3D multiple cell 

culture (Fig. 2).  
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Figure 13. Process schematic of Sphero-IMPACT design optimization with 

3D printing for mass production through injection molding. (A) 3D printing 

prototypes allow for rapid dimensional testing and optimization prior to 

high investment but high yield injection molded production. (B) During the 

process, we performed the platform validation through fluid patterning and 

cell culture testing. This process was approached through the trial and error 

method. (C) Once a design has been configured for injection molding, the 

design can be mass produced for easy accessibility for the end user. 
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To deploy a 3D culture for cancer drug discovery and screening, we 

developed a standardized microfluidics platform Sphero-IMPACT with the 

following characteristics: (1) a 96-well plate SBS format-based design with 

fully automated imaging; (2) a single spheroid per well, centered for ease of 

imaging; (3) an HTS angiogenesis assay; and (4) uniform culture conditions 

for quantitative assessment of various cancer drugs. Although 3D printing 

has many advantages, it has throughput issues because its production rate is 

limited based on the specification of the equipment.30 We achieved faster 

production by injection molding the final design. We adopted a PS quick 

delivery model (QDM) for injection molding to achieve greater conformity, 

transparency, and productivity.31 Unlike other mass production techniques, 

as the mold core is made of aluminum alloy, QDM only provides about 

3000 guaranteed shots. Hence, it can play an intermediate role between 

prototyping and mass production. As shown in Fig. 1A, we designed a 

microchip array based on the SBS format which reflected a 9 mm pitch in 

the horizontal axis, and an 18 mm pitch in the vertical axis. Each unit 

configured reservoirs for media supply and a rail guide which includes a 

hole. In our actual cell culture experiment, we produced eight spheroid 
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culture units in one chip, which fit onto a commonly used slide glass size 

(75 mm × 2 5 mm), as well as into the 96-well plate format. These 

properties are compatible with conventional automation cell culture systems 

and confocal microscopy systems, and thus raise the possibility of high-

throughput drug screening. 
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Figure 14. Overall schematics of the structural components of tumor 

spheroid-on-a-chip. (a) Illustration of 96-well plate SBS format-based 

microplate. (b) A single array of tumorspheroidon-a-chip as a prototype 

model. (c-d) Schematic view detailing the dimensions of the device. (e) 

Photograph of the dye being patterned into the rail of the device 
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3.3.2. Establishment of hydrogel patterning approach 

The device is based on a different fluid patterning approach to that used in 

conventional PDMS chips. Fluid guide structures allow fluids to be easily 

transported spontaneously by capillary forces in a hydrophilic environment. 

Hence, structures can be designed to engineer capillary flow 

patterns.23,32,33 Important conditions for the patterning to work reliably is to 

have hydrophilic surfaces (contact angle <25°) and an adequate gap between 

the structure and substrate (<500 μm). The width of the structure is not 

critical.23 We mainly considered the height from the substrate as the key 

factor influencing the patterning conditions. The channel depth from the 

substrate is 100 μm, so the device can transport fluid into the zone. The 

channel and substrate were hydrophilized by plasma treatment to ensure that 

the contact angle was 0 degrees. Fluid exposed to this surface will trigger a 

capillary action when it encounters the rail guide structure. The fluid then 

formed concave meniscus between the edge of the structure and the 

substrate. Such an affinity environment for fluid patterning is significant in 

that it can acquire smooth fluid interfaces as well as spontaneous fluid 

transport (Fig. 1C). We patterned the identical volume (4.0 μl) of fluid in 
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both hydrophilic and hydrophobic conditions. In the hydrophobic 

environment, the interface of the fluid showed a surface imbalance due to 

the resistance of the rail guide structure. On the other hand, we visually 

confirmed that the fluid was well-patterned according to the guide structure 

in a hydrophilic environment (Fig. S2†).  
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Figure 15. Fluid patterning under the hydrophilic and hydrophobic 

environment. (a) Investigation of the contact angle of the material used in 

the device under hydrophilic conditions to establish the fluid patterning 

technique. (b) The fluid interface showed surface imbalance under 

hydrophobic environment. After the plasma treatment, the fluid was well 

patterned under hydrophilic environment. 
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Based on this result, we applied this concaved meniscus surface as an 

additional cell culture region. First, we patterned GFP-expressing HUVECs 

with fibrin gel in the structure; then, we seeded suspension included RFP-

expressing HUVECs onto the surface (Fig. 1D). This approach has 

traditionally been considered as a way of resolving the issues presented by 

tilting the device to attach cells to the 3D gel surface. The RFP-expressing 

HUVECs were able to migrate towards the fibrin gel due to the growth 

factor surrounding the gel. The shape of this curved surface has been shown 

to vary with the volume of fluid injected. To assess the dependence of the 

geometry of the curved surface on the injection volume, Sphero-IMPACT 

was filled with rhodamine B solution volumes of 2.0, 4.0, 6.0 and 8.0 μl. 

The cross-section of the patterned area obtained from the imaging platform 

was converted into a grayscale image to distinguish the outlines of each 

surface. The converted images were analyzed by tracing the curvature with a 

yellow dashed line and the fluid guide structure with a white dashed line. 

We proceeded to explore the meniscus formed between the fluid guide 

structure and the substrate by the filled fluid according to each volume (Fig. 

1E). Due to the larger curvature, the gentle interface of the gel makes cell 
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seeding simpler than conventional methods. In previous studies, particularly 

with the PDMS-based chip, the meniscus caused by the hydrophobic 

environment was convex, which forced the cells to tilt more than 30 min at 

an angle of 90 degrees to be located on the gel interface.38 
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Figure 16. The cross-sections of the devices filled with a solution of 

Rodamin B under noted volume were converted to grayscale images for 

analysis. White dash lines indicate the fluid rail guide, and yellow dash lines 

are traces for curvature studies. 
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The geometry of the interface between the hydrogel and the cell culture 

medium is important because the amount of additional endothelial cells that 

are injected into the medium reservoir in the cell suspension form depends 

on the radius of the curvature of the interface. In our tumor angiogenesis 

experiments, endothelial cells were only patterned in the medium reservoir. 

As shown in Fig. 1E, the radius of the curvature increases with the injection 

volume, but decreases when the volume reaches 8.0 μl. This is due to the 

excess suspension flooding the wall of the central channel. Many other 3D 

vascularization platforms have been introduced, including additional 

procedures for placing endothelial cells on the hydrogel surface, such as 

surface coating34 or gravity-driven attachment.35 We attached endothelial 

cells to the patterned hydrogel using a fluid interface formed from a 

hydrophilic surface. Upon seeding, HUVECs form a monolayer as they 

reach confluency at the gel–media interface. Both the area of the vascular 

network and the number of sprouting volumes increases until the injected 

volume reaches 6.0 μl, then decreases when the volume reaches 8.0 μl. This 

shows that maximizing the radius of the curvature of the interface is key to 

enhancing the proliferation and efficiency of cell attachment, without 
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requiring any additional treatment or procedures. This approach not only 

ensures the convenience of the experimenter but also reduces the variability 

of the results since there is no additional procedure. Sphero-IMPACT allows 

users to experience a variety of assays based on intuitive design and usage. 

Here, we presented well-performed assays for vasculogenesis, angiogenesis, 

tumor migration and tumor spheroid-induced angiogenesis (Fig. 3). 
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Figure 17. Various in vitro model approaches of Sphero-IMPACT. (A) 

Vasculogenesis; the platform can perform co-culture modeling to develop a 

3D perfusable blood vessel networks. (B) Angiogenesis; induction of 

directional angiogenesis by attaching HUVECs to patterned fibrin gel-

meniscus in a rail guide structure. (C) Tumor migration assay; ease of 

experimentation and observation through the space for a spheroid inside the 

platform. (D) Tumor spheroid-induced angiogenesis; construct tumor model 

which is vascularized through co-culture of tumor spheroid and blood 

vessel. 
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3.3.3. Microfluidic angiogenesis model using an endothelialized 

microchannel 

A wide and diverse variety of models have been actively developed for 

developmental and pathological angiogenesis.36–38 Preexisting microfluidic 

platforms have adopted soft lithography with replica-molding using PDMS. 

The advent of the PDMS based microfluidic platform allowed for 

unprecedented control regarding cell patterning and physiologically relevant 

3D microenvironments with a reduction in the cell and media requirements. 

Moreover, several studies using this microfluidic platform have been 

reported recreating TME and angiogenesis in vitro. Although it has shown 

meaningful results, some of the disadvantages of the platform have lowered 

the possibility of being practically used. 

Compared to the PDMS-based hydrophobic burst valve design, this work 

utilized the hydrophilic liquid guide to obtain rapid and reproducible 

patterned gels for 3D cell cultures. When a liquid drop is placed on the 

device, spontaneous patterning is achieved in a reproducible manner. 

Compared to injection molding, the soft lithography based PDMS chip has a 

remarkable low production efficiency. There are additional manual steps 



 

 ９４ 

such as curing, cutting and mixing, which is labor-intensive. However, in 

the case of injection molding, a large quantity of devices can be produced 

quickly, so the experiment can be carried out with ready-to-use devices (Fig. 

S3†).  
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Figure 18. A diagram comparing the time required for production of the 

device between soft lithography and injection molding process. 
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And, for the angiogenesis assay, the interface of this patterned gel forms a 

concave meniscus, which provides a beneficial advantage for placing cells 

on the gel. In previous studies, the angiogenesis assay had to be 

supplemented with a tilting of the device at an angle of 90 degrees for more 

than 30 min.38 We used a fluid meniscus to simplify this step. It is important 

to devise a method to place endothelial cells close to the matrix using a 

single gel patterning step. We patterned LFs with fibrin gel as a growth 

factor supplier, to induce angiogenesis underneath the structure. After the 

gel was cross-linked, HUVECs were exposed in suspension around the gel 

surface. Of the exposed HUVECs, the cells placed on the gel sprouted into 

the matrix over time (Fig. 4B). Based on this outcome, we decided to study 

angiogenesis in terms of the amount of hydrogel, while taking into account 

the co-culture conditions of the tumor spheroids. Angiogenesis modeling 

was performed under four patterning volume conditions, with identical 

concentrations of fibrin gel and LFs (Fig. 4C). The morphologically 

quantified results showed that the sprouts were vigorous and uniform under 

6.0 μl volume conditions. In the case of 2.0 μl, the HUVEC was not evenly 

placed due to the lack of volume of fibrin gel under the structure, resulting 
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in uneven vascular sprouting. On the other hand, when filling up 8.0 μl of 

fibrin gel, the gel covered the edge of the fluid guide structure due to 

overfilling. As a result, the gel interface became so steep that placement of 

HUVECs was difficult. We introduced fluorescence microparticles in the 

media reservoirs of cultured samples at 6.0 μl volume conditions to 

demonstrate the perfusable characteristics of the blood vessels (Fig. 4E). 

The center hole in the fluid guide structure can be filled up additionally as 

the volume of the LF embedded fibrin gel increases. This appearance can 

result in a larger amount of VEGF concentration than in the surrounding 

environment. Furthermore, it can induce vigorous growth of surrounding 

blood vessel cells (Fig. 4D).  
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Figure 19.  Engineered 3D perfusable blood vessel networks in Sphero-

IMPACT. (a) An illustration of angiogenesis model configuration in 

Sphero-IMPACT. (b) A cell culture approach to construct angiogenesis 

model. (c) Investigating an optimal patterned volume for inducing effective 

angiogenic sprouts. Every sample was cultured for 5 days and stained with 

lectins (green) as markers of endothelial cells. Scale bar = 1000 μm. (d) The 

total vascular network area and the number of vessel sprouts were 

quantitatively evaluated to determine appropriate conditions for 

angiogenesis depending on the patterning volume. 
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We focused on a preceding study that angiogenesis can occur actively near 

the central hole area and tried to show the effect in a different way by 

inserting the LF spheroid into the hole. We observed vasculogenesis by 

forming GFP-expressing HUVEC around the spheroids. The model cultured 

for 4 days showed that vasculogenesis was more active around the hole 

through F-actin staining (Fig. 4F). 

Developmental studies and pathological studies on angiogenesis are very 

important studies. Various researchers are presenting a well-developed 

platform for angiogenesis in diverse styles. Nevertheless, the existing 

angiogenesis experimental model is not easy to use as a screening platform 

due to complicated device preparation and incompatibility with screening 

systems.28 Our platform is feasible for use in various fields because it is 

convenient for the experimenter, from the preparation stage to the 

subsequent analysis. We obtained image results for all units in the device by 

performing one-time sample imaging with a microscope array setup for 

quantitative analysis. We considered the major factors and configurations of 

the cell conditions within a device. The modeling of the microvascular 

system through a fluid guide structure not only makes it easier to place cells, 
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but also acts as a barrier to control the external and internal physicochemical 

stimulation. The main structural feature shows the hole provides a wider 

vertical space than the periphery, and this space can arrange the slope of the 

VEGF by additional sources. In other words, this space is effective in 

promoting angiogenesis once a tumor spheroid is captured. These key 

findings are expected to reveal that the tumor spheroid-induced 

angiogenesis model can be implemented in an appropriate condition. 
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Figure 20. Experimental study on the transport of microbeads with the lapse 

of time through perfusable blood vessel developed under 6.0 μl patterning 

volume condition. Scale bar = 500 μm. (f) Confocal images exhibiting 

vasculogenesis formed from GFP-expressing HUVECs reflecting the effect 

of LFs spheroids. Observation of cytoskeleton through F-actin (red) 

antibody staining. Scale bar = 1000 μm. 
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3.3.4. Investigation of tumor migration and invasion 

Aggressive cancer cells are distinguished by increased cell migration and 

invasion. To investigate the role of TGF-β1 and TNF-α in cancer metastasis, 

the effects of TGF-β1 (20 ng mL−1) and TNF-α (20 ng mL−1) were evaluated 

using Sphero-IMPACT. The U-87 MG tumor spheroid was located in the 

center of Sphero-IMPACT and embedded into 3D fibrin ECM, enabling 

reproducible and quantitative analysis of tumor spheroid migration and 

invasion. As shown in Fig. 5, the invasion area after 48 h. was significantly 

increased in both the TGF-β1 and TNF-α treated group compared to the 

control group. These results demonstrate that both TGF-β1 and TNF-α 

significantly enhance the migratory and invasive potential of U-87 MG 

cancer cells. Furthermore, there was a statistically significant difference 

between the U-87 MG migration distance of the TGF-β1-treated group and 

that of the control group, but not between the TNF-α-treated group and the 

control. This suggests that TGF-β1 may promote morphological changes in 

U-87 MG. 
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Figure 21. Tumor invasion assay using a spheroid model. (A) Schematic 

depiction of tumor migration and invasion. (B) Configuration of the 

microfluidic device for modeling tumor spheroid migration and invasion 

into 3D ECM. (C) The optical microscope image showing the U87MG 

tumor spheroid in the spheroid region. Scale bar = 400 μm. (D) 

Representative confocal images of tumor migration and invasion under three 

different conditions. Scale bar = 600 μm. (E and F) Quantitative analysis of 

tumor cell migration area and migration distance. Bars indicate mean ± 

SEM from at least 4 devices per condition. *p < 0.1 and **p < 0.01 in the 

unpaired two-tailed Student's t-test. 
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Increased malignancy is frequently related to an epithelial–mesenchymal 

transition, resulting in enhanced motility and the generation of cancer stem-

like cells. Tumor cell migration normally occurs in response to hypoxia and 

soluble mediators (e.g., cytokines).39 Previous studies demonstrated that, in 

glioma, TGF-β1 is secreted from glioma cells viaautocrine signaling, or is 

released from microglial cells. TGF-β1 expression has been reported to 

promote tumor cell survival, migration and invasion.40 TNF-α can activate 

the mitogen activated protein kinase (MAPK)/extracellular signal-regulated 

kinase (ERK) signaling pathway, upregulate matrix metalloproteinase 

(MMP)-9, and enhance tumor cell invasion and metastasis.41 Our findings 

are consistent with cancer cells becoming more aggressive when treated 

with TGF-β1 and TNF-α in the Sphero-IMPACT. Methods to investigate 

cell migration and invasion are important in cancer biology, immunology 

and cell biology. Conventional migration and invasion evaluation methods 

include cell culture wound closure assays, where a scratch is produced on a 

confluent cell monolayer, and Transwell cell migration and invasion assays, 

which are used to evaluate cell motility and invasiveness towards a chemo-

attractant gradient.42 However, these assays inherently lack 3D 
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microenvironments with ECM and the ability to achieve reproducible, 

quantitative results. To address this issue, we developed a simple, 

reproducible single step tumor spheroid monitoring chip. We mixed tumor 

spheroids with ECM and loaded the tumor spheroid – gel suspension into 

the central channel. Our method can significantly accelerate and simplify 

the assay with a physiologically relevant 3D microenvironment, but at the 

same time produces highly reproducible results with 96-well plate format 

standardization. The assay can easily be modified with different types of 

matrices (e.g., collagen and Matrigel). Taken together, the Sphero-IMPACT 

can be applied to fully automated imaging and analysis of tumor cell 

migration with HTS and bridge the gap between 2D migration assays and in 

vivo studies. 
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3.3.5. Tumor spheroid-induced angiogenesis and anti-cancer drug 

evaluation 

Angiogenesis is a key feature of tumor progression. The formation of new 

blood vessels from existing vessels can be induced by a number of tumor-

derived soluble factors, such as the VEGF family.43 Therefore, targeting 

these growth factors and their receptors has been used to treat several human 

cancers, including non-small cell lung cancer, glioblastoma, and renal 

cancers. We therefore investigated the effect of representative anti-

angiogenic cancer drugs, bevacizumab and sunitinib, in the Sphero-

IMPACT. Before we investigated the effect of these anti-angiogenic drugs 

in the Sphero-IMPACT, we observed that within 4 days of co-culture, 

HUVECs invaded the fibrin matrix, apparently in response to U-87 MG-

derived factors (Fig. 6C). Compared to the LF mediated vascular sprouting 

experiment, U-87 MG tumor spheroid mediated sprouting exhibited aberrant 

morphology (Fig. S4†).  
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Figure 22. Comparison of angiogenic sprouts under different conditions. 

Under co-culture with U87MG cancer cells, angiogenic sprouts are 

characterized by the sprouts with branching tip cells (red arrow) and 

convoluted and aberrantly converged blood vessels (yellow arrow). 
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The addition of 1 mg mL−1 of bevacizumab and 1.0 μM of sunitinib 

significantly decreased the vascular network area, number of sprouts, and 

sprouting length, demonstrating their anti-angiogenic effects. We also tested 

the effect of cetuximab, which is an epidermal growth factor receptor 

(EGFR) inhibitor. In our model, there were no statistical differences 

between the cetuximab (1.0 mg mL−1)-treated group and the control group, 

in terms of vascular network area, number of sprouts, and sprouting length 

(Fig. 6D–F). 
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Figure 23. Tumor spheroid-induced angiogenesis and drug screening 

validation (A) Schematic depiction of angiogenic sprouts toward tumor 

spheroid positioned in the center hole. (B) Configuration of the microfluidic 

platform for modeling tumor angiogenesis. The tumor spheroid collected 

and mixed with fibrin gel is injected into the hole, and HUVECs are seeded 

on around the fibrin gel surface. (C) Maximum projection images of the 

tumor angiogenesis cultured for 4 days in Sphero-IMPACT. Tumor 

spheroid formed from GFP-expressing U87MG, and blood vessels 

assembled from RFP-expressing HUVECs. Under the same culture 

conditions, the types of target drugs were treated with medium every two 

days. Scale bar = 500 μm. (D–F) Quantitative analysis of the total vascular 

network area, number of sprouts and sprouting length depending on each 

drug condition. Bars represent mean ± SEM from at least 8 devices per 

condition. ****p < 0.0001 in the unpaired two-tailed Student's t-test. 
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Figure 24. Identification of control models to establish the tumor 

angiogenesis model. (a) Projection view of the fluorescence images to 

compare the control result for tumor angiogenesis. Scale bar = 500 μm. (b) 

Quantitative analysis of control model based on total vascular network area 

and number of vessel sprouts. Bars present mean ± SEM from at least 8 

devices per condition. ****p  
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As new cancer drugs are introduced for cancer treatment, and an increasing 

number of candidates progress through preclinical and clinical development, 

it is important to improve our understanding of the effects of cancer drugs 

on tumor blood vessels and tissues.1 Traditional well plate-based drug 

assays are still widely used in industry, thanks to their standardized format 

that enables automated handling. The Sphero-IMPACT not only provides a 

patho-physiologically relevant 3D TME compared to traditional well plate 

assays, but also has a standardized 96-well plate format with robust and 

reproducible patterning capabilities. Indeed, PDMS has been widely 

accepted for fabricating microfluidics devices in prototyping experiments. 

However, due to several material limitations, PDMS is somewhat 

inaccessible, and it is difficult to scale up production of microfluidic cell 

cultures using this method.24,31 Therefore, we suggested using an injection-

molded device to replace existing PDMS microfluidics devices. The 

Sphero-IMPACT has the potential to provide a robust and reproducible 

high-throughput tumor spheroid experimental platform for vascularized 

TME. 
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3.3.6. Multicellular tumor spheroid formation using patient-

derived cancer cell 

Despite the remarkable advances in 3D cell culture models, few models are 

capable of reproducing a personalized tumor microenvironment. The current 

Organ-on-a-chip has built a microphysiological system that incorporates 

physiological properties that were absent in the traditional model. However, 

most of the Organ-on-a-chip models were not based on primary cancer 

patient samples, but tumor microenvironment reconstruction through 

immortalized cancer cell lines. Until now, in-vitro cancer research and 

anticancer drug evaluation have been conducted using immortal cancer cell 

lines. However, it became clear that these infinitely passaged cancer cells 

cannot represent the diversity, heterogeneity, and resistance to anticancer 

drugs of numerous cancer patients. Therefore, a model that can recapitulate 

the tumor and immune system of an individual patient is in great demand.  

We acquired clinically obtained patient samples and applied it to the 

approach we built earlier through the cancer cell line. The patient sample 

was derived from patient’s stomach and corresponds to a case of advanced 

gastric carcinoma. We adopted a multicellular combinations for a more in-
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vivo like model in terms of tumor spheroid formation. We constructed a 

multicellular tumor spheroid based on primary patient-derived cancer cells, 

including fibroblasts and endothelial cells that make up the tumor stroma. 

The three cells were systematically divided into three ratios, and 1% 

Matrigel and 50 ng/ml of VEGF-A were added. As a result of incubation for 

2 days, the more endothelial cells contained, the more robust and stable 

spheroid morphology were observed. We reckoned that endothelial cells 

influence multicellular aggregation by the addition of VEGF-A. These 

results will provide significant results for engineering vascularized the 

tumor spheroid from the surrounding vascular network. 
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Table 2. Multicellular tumor spheroid formation according to the proportion 

of cellular components. As the proportion of endothelial cells increases, the 

aggregation of spheroids improves. 
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3.3.7. Vascularized patient-derived tumor spheroid with 

perfusable vascular network 

We purposed development of an in-vitro model in which the tumor spheroid 

recruits new blood vessels from the surrounding vascular network. The 

point is that the in-vitro perfusable vascular network can be assembled, 

which recapitulates a model for transport of nutrients, oxygen and drugs for 

tumor mass in-vivo.  

We previously established the optimal conditions for developing a 

perfusable vascular network on the platform. The volume of hydrogel 

patterned in the chip and the ratio of endothelial cells and fibroblasts in the 

volume were investigated. For the other groups conducting related studies, 

there are differences in the way the vascular network and spheroids are co-

cultured. When patterning the hydrogel in the chip, the spheroid, EC, and 

fibroblast are all mixed and loaded at one time, or the capillary bed is 

formed first and after that the prepared spheroid is placed on top of the 

network. We adopted an one-step on-chip patterning approach by mixing 

EC, fibroblast and preformed multicellular tumor spheroid together. And 

additional ECs were coated on the gel interface for complete vasculatures. 
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As a result of culturing for 10 days with periodic exchange of the culture 

medium, the vascularization of the patient sample-based multicellular tumor 

spheroid was confirmed through confocal imaging. In particular, 

observation of the spheroid through the cross-section view confirmed that 

the EC-specific lectin marker and epithelial labeled Epi-CAM were evenly 

distributed. 
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Figure 25. Engineering 3D vascularized patient-derived tumor spheroid-on-

a-chip. (a) The multicellular patient-derived tumor spheroid formed in the 

well-plate is loaded with HUVECs and LFs on the chip. After 5 days, the 

self-assembled 3D vascular network matured on the chip. (b) Functionally, 

morphologically developed vascularized tumor models were visualized 

through immunostaining and verified by perfusion of microbeads. 
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3.3.8. Comparison of cancer cell line and patient-derived cancer 

cell with regard to vascularization  

We look forward to an in-depth understanding of cancer research as well as 

anticancer drug evaluation by engineering a vascularized tumor spheroid 

based on patient samples.  

For comparison with the in-vitro experimental results of gastric cancer 

patient samples, we conducted experiments under the same conditions 

through the gastric cancer cell line. According to the experimental results, 

we observed the difference between the cell line and the patient sample from 

two perspectives, long-term culture and vascularization. When discussing 

the perspective of long-term culture, it was considered that in-vitro models 

need to entail co-culture for a sufficient time to fully reflect the 

characteristics of the individual tumor stroma. In addition, a sufficient 

exposure period could be required to evaluate the drug responses of tumor 

spheroids and blood vessels. We cultured vascularized multicellular tumor 

spheroid models consisting of cell line and patient sample for 10 days, 

respectively. All samples were cultured under the same conditions for the 

type, volume, and replacement period of the culture medium. Remarkably, 
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aberrant blood vessels were observed in the cell line-based samples, and it 

was confirmed that dead cells were captured inside the tube. On the other 

hand, the patient samples were able to observe the sturdy blood vessels and 

the spheroid wrapped around the vessels. 

For vascularization concerns, we noted the extent to which blood vessels 

surrounding the spheroid are formed. Referring to the vascularization model 

of the ovarian and lung cancer cell lines among the previous studies, a more 

robust vascular network can be seen in the area far from the tumor spheroid, 

and vulnerable and weak vessels can be observed near the spheroid. We 

investigated the distribution and coverage of EC and cancer cells while 

turning on and off the specific fluorescence channel through confocal 

imaging on the sample. In the cancer cell line based samples, lectin-labeled 

ECs were not observed around the tumor spheroids. Moreover, the Epi-

CAM marker was accurately expressed only in the spheroid region. In 

contrast, in a patient sample-based model, lectin and Epi-CAM expressions 

are distributed overlaid on the tumor spheroid. These different results 

suggest that it is effective in reconstructing the tumor microenvironmnet in 

the patient sample, and physical interaction with the vascular network 
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around the tumor is significant. Unlike the cell line, the patient sample is not 

composed of purified cancer cells only, but may contain surrounding cells, 

so it can be considered as having different results. In further work, an 

investigation into the population that makes up theses patients samples 

needs to be followed. 
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Figure 26. Comparison of vascularized tumor spheroid models implemented 

with cancer cell line and patient-derived samples. (a) The vascularized 

tumor model composed of the pancreatic cell line 'MIA PACA-2' has a 

relatively low degree of vascularization around the tumor, and the blood 

vessels are thin and damaged. (b) The patient sample-based vascularized 

tumor model showing endothelial cell specific markers are highly expressed 

around the tumor spheroid. The vascular sprouting directed to the spheroid 

is significant. (Green, lectin; Red, EpCAM) 
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3.4. Conclusion 

In this research, we presented an in-vitro cell spheroid culture array platform 

“Sphero-IMPACT” that can be applied to large quantities drug screening for 

tumor angiogenesis. Our platform has several advantages, including 

compatibility with a range of laboratory equipment, ease of 

experimentation, and ready-to-use devices. We demonstrated the potential 

for this platform can be used as diverse assays in various fields such as 

biological laboratories and pharmaceutical companies. Through 3D printed 

prototypes, we performed optimized structural designs for 3D fluid 

patterning techniques and cell culture microenvironment. The final 

prototyped model was mass produced by injection molding. This process 

improves major problems with preexisting PDMS-based devices; low 

productivity, technical hurdles, and the validity of the results of experiments 

due to small molecule absorption. Our previous research has included 

PDMS-based studies, these approaches have many limitations with respect 

to meeting the ultimate goals of cancer research. We developed Sphero-

IMPACT that allows simultaneous patterning of a spheroid and cell-

embedded hydrogels through a single-step patterning by open microfluidics. 
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We established a variety of models on Sphero-IMPACT; (1) 3D perfusable 

blood vessel network, (2) tumor spheroid-based migration and invasion 

assay, and (3) tumor spheroid-mediated angiogenesis model for drug 

screening. These in vitro models were reconstructed and validated under 

optimized conditions. This platform's value grows when it becomes used in 

preclinical processes rather than staying in a proof-of-concept. We 

introduced patient-derived samples to address the cornerstone of 

reconstruction of a patient-specific TME model in-vitro. This model can 

screen for patient-specific drug treatment conditions and various trials. We 

aimed to develop a practical platform by focusing on improving the material 

properties of the device and experimental methods. Furthermore, we expect 

Sphero-IMPACT to be an experimental tool that end-user can easily apply 

to their target experimental purposes. 
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국문 초록 

 
인간의  장기와  조직의  혈관화는  필수적인  생물학적  메커니즘으로  널리 

인식되어  왔습니다 .  각  기관  및  조직에서  혈관  신생이  일어나는  주요 

메커니즘과 표적 기관에서 발생하는 혈관의 이질성에 대한 이해는 본질적으로 

필요합니다. 예를 들어, 피하에 위치한 혈관과 림프관은 피부 면역 반응에서 큰 

주요한 역할을 합니다. 또한 종양 진행에서 혈관 신생은 매우 중요한 과정이며 

이를 이해하여 암의 특성을 평가하고 치료 전략을 수립 할 수 있습니다. 최근 

이러한 복잡한 생체 내 미세 환경은 오간온어칩의 개념을 통해 활발하게 연구 

되고 있습니다. 이 잠재적인 기술은 개념 증명 단계에 그치는 것이 아닌 진보된 

체외  모델로  진화하고  있으며  전임상  과정에  응용될  수  있는  가능성을 

증명하고 있습니다. 이 논문에서는 전략적인 오간온어칩 개발 방식을 제시하고 

혈관화된 다양한 장기의 구축을 위한 접근 양식을 설명합니다. 특히, 다음의 두 

가지 관점에서 집중하여 논의됩니다. (1) 효율적이고 경쟁력 있는 미세 유체 

장치를 개발하기 위한 미세 제작 전략 구축 (2) 표적 기관/조직에 대해 기능적 

및 형태 학적으로 완성된 혈관 모델을 개발하기 위한 접근법. 성공적인 전략 

수립을 통해 유용한 오간온어칩을 개발할 수 있다면, 피부 또는 암 뿐만 아니라 

다양한 기관/장기의 혈관화 모델을 구축할 수 있습니다. 나아가, 혈관을 포함한 

질병 모델의 개발과 함께 신약 개발을 위한 전임상 모델로 확장될 수 있습니다. 

 

주요어: 미세유체역학; 미세가공법; 오간온어칩; 혈관신생; 

인공피부; 종양미세환경 
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