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a b s t r a c t 

Tumor angiogenesis is regarded as a promising target for limiting cancer progression because tumor- 

associated vasculature supplies blood and provides a path for metastasis. Thus, in vitro recapitulation of 

vascularized tumors is critical to understand the pathology of cancer and identify the mechanisms by 

which tumor cells proliferate, metastasize, and respond to drugs. In this study, we microengineered a 

vascularized tumor spheroid (VTS) model to reproduce the pathological features of solid tumors. We first 

generated tumor-EC hybrid spheroids with self-assembled intratumoral vessels, which enhanced the uni- 

formity of the spheroids and peritumoral angiogenic capacity compared to spheroids composed only with 

cancer cells. Notably, the hybrid spheroids also exhibited expression profiles associated with aggressive 

behavior. The blood vessels sprouting around the hybrid spheroids on the VTS chip displayed the distinc- 

tive characteristics of leaky tumor vessels. With the VTS chip showing a progressive tumor phenotype, 

we validated the suppressive effects of axitinib on tumor growth and angiogenesis, which depended on 

exposure dose and time, highlighting the significance of tumor vascularization to predict the efficacy of 

anticancer drugs. Ultimately, we effectively induced both lymphangiogenesis and angiogenesis around the 

tumor spheroid by promoting interstitial flow. Thus, our VTS model is a valuable platform with which to 

investigate the interactions between tumor microenvironments and explore therapeutic strategies in can- 

cer. 

Statement of significance 

We conducted an integrative study within a vascularized tumor spheroid (VTS) model. We first gener- 

ated tumor-EC hybrid spheroids with self-assembled intratumoral vessels, which enhanced the unifor- 

mity of the spheroids and peritumoral angiogenic capacity compared to spheroids composed only with 

cancer cells. Through RNA sequencing, we elucidated that the tumor-EC hybrid spheroids exhibited ex- 
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. Introduction 

The tumor microenvironment (TME) is regarded as a critical 

eature of tumors because it participates in cancer development 

nd progression [1] . It comprises a milieu of various cells (e.g., sur- 

ounding blood vessel cells, fibroblasts, immune cells and cancer 

tem cells) and even noncellular components (e.g., the extracellu- 

ar matrix (ECM)) [2–4] . The interplay among various components 

ithin the TME induces growth signaling, intermediate metabolite 

roduction, and promotes a favorable environment for tumor cells 

o proliferate and metastasize [1] . Hence, simplified conventional 

odels consisting of a homogeneous collection of neoplastic cells 

ave been found to be insufficient to properly reflect cancer biol- 

gy [5] . Moreover, the complex interactions within the TME need 

o be thoroughly investigated to develop anticancer strategies [6] . 

evertheless, most in vitro studies use two-dimensional (2D) tu- 

or cell cultures with no consideration of the TME, making them 

nsuitable to study the effects of the complex spatial organization 

nd interaction of tumor-associated cells [7] . 

While xenograft animal models of cancer can provide essen- 

ial in vivo characteristics of tumor growth and responses to drug 

olecules, it remains extremely difficult to accurately mimic the 

rocess of human tumorigenesis due to species discrepancies and 

imited mechanistic approaches of animal models [8] . This chal- 

enge highlights the importance of using realistic TME modeling 

n vitro . Recent advances in engineered TMEs using multicellu- 

ar organ-on-a-chip technology have enabled the development of 

athologically and physiologically relevant human models of tu- 

origenic processes. Especially, metastasis-on-a-chip which reca- 

itulates a broad spectrum of cancer cell invasion and migra- 

ion (e.g., cancer intravasation and extravasation) that occurs in 

ME have been proposed [9–11] . In addition, angiogenic sprouting 

hich is induced by single tumor cells or tumor spheroid into 3D 

ydrogel models has been developed in 3D microfluidic systems 

12–14] . Since the cancer associated fibroblasts play a crucial role 

n the heterogeneity and plasticity in the TME, several studies have 

een conducted recently [ 15 , 16 ]. For instance, tissue specific de- 

ellularized extracellular matrices have been used to reconstitute 

ighly biomimetic TME in a chip level [17] . More recently, investi- 

ating the effect of immune cells on the inception of collective 3D 

nvasion of tumor cells in tumor-immune microenvironment on-a- 

hip has been reported [ 18 , 19 ]. High-content and high-throughput 

odels made of PDMS (Polydimethylsiloxane) or injection-molded 

olystyrene have been introduced for robust and efficient screen- 

ng of drug candidates [20–22] . 

To engineer the TME on a chip, multicellular tumor spheroids 

ave been widely used to mimic solid tumors [ 23 , 24 ]. Tumor

pheroids are compact heterogeneous cellular aggregates that are 

ssembled with multiple cell types (e.g., epithelial, mesenchymal, 

nd endothelial cells). In contrast to that of 2D cultured cell cul- 

ures, the microenvironment of multicellular spheroid cultures is 

reated in three dimensions, which allows the formation of a nu- 

rient/oxygen gradient within the spheroids and cell–cell/cell–ECM 

nteractions [25–27] . In particular, the interactions between can- 

er cells and endothelial cells (ECs) have been extensively investi- 

ated [28–30] . Since tumor growth and metastasis are extensively 
2 
h aggressive behavior such as cancer progression, invasion and metasta-

g around the hybrid spheroids on the VTS chip displayed the distinctive

essels. We further validated the suppressive effects of axitinib on tumor

ding on exposure dose and time. Ultimately, we effectively induced both

nesis around the tumor spheroid by promoting interstitial flow. 

© 2022 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

ffected by the tumor vasculature [31] , tumor angiogenesis is a 

alid therapeutic target for many solid tumors, particularly in the 

ontext of cancer progression and metastasis [32] . In this regard, 

ulticellular spheroids connected with vessel-like tubular struc- 

ures have been usefully employed for evaluating drug responses 

 27 , 33–35 ]. 

In this study, we presented an integrative study of a vascu- 

arized tumor spheroid (VTS) chip in which multicellular cancer 

pheroids were incorporated with a 3D perfusable vascular bed. 

e first generated tumor-EC hybrid spheroids exhibiting aggres- 

ive behavior, such as cancer progression and invasion. Then, we 

emonstrated key pathologic features of vascularized tumors, such 

s proangiogenic behavior of tumors and leaky tumor-associated 

asculature in VTS chips. Furthermore, we successfully presented 

 complicated TME including both lymphatic and blood vessels 

ithin the VTS chip through interstitial flow stimulation. To con- 

rm the usefulness of our VTS chip as a drug screening platform, 

he responses of both the spheroids and vasculature were analyzed 

fter exposing the VTS chip to axitinib. Taken together, our findings 

howed that our VTS model closely recapitulated various charac- 

eristics of vascularized solid tumors, representing a promising in 

itro platform for preclinical experimentation. 

. Materials and methods 

.1. Cell culture and spheroid formation 

Human umbilical vein endothelial cells (HUVECs, Lonza, 

witzerland) were cultured in Endothelial Growth Medium (EGM- 

, Lonza) and passage 4 was used for the experiments. Red fluores- 

ent protein (RFP) expressing HUVECs were obtained from Anigio- 

roteomie (Boston, MA, USA). Human dermal lymphatic endothe- 

ial cells (LECs, HMVEC-dLy, Lonza) were cultured in EGM-2 sup- 

lemented with EGM-2 MV BulletKit and passages 6–7 used for 

xperiments. LECs were used for experiments before reaching con- 

uence (80–90%). Normal human lung fibroblasts (LFs, Lonza) were 

ultured in Fibroblast Growth Medium (FGM-2, Lonza) and pas- 

age 6 was used for the experiments. Human hepatocellular carci- 

oma cells (HepG2, Korean Cell Line Bank) were cultured in DMEM 

upplemented with 10% FBS, penicillin (100 U/mL) and strepto- 

ycin (100 U/mL). All cells were maintained in a humidified in- 

ubator at 37 °C and 5% CO 2 . In this study, we prepared 3 types of

pheroids: a HepG2 only spheroid and hybrid spheroid composed 

f HepG2 cells and HUVEC with different ratios (4:1 and 1:1) (Sup- 

lementary Fig. S1). They were grown in a 96-well plate with U- 

haped bottom wells (Sumitomo Bakelite, Tokyo, Japan). For sus- 

ension culture, EGM-2 medium was used for the cancer mono- 

ulture spheroid and the co-culture spheroid. All cell suspensions 

ere prepared for a total of 50 0 0 cells and mixed with 1% volume

atio of Matrigel in 200 μL of medium. After pre-culturing in a 

6-well plate, a spheroid was introduced into the spheroid culture 

evice. We used 4 to 6 days cultured spheroid for the experiments. 

.2. Fabrication of the microfluidic device 

The microfluidic device was fabricated with PDMS (poly 

imethysiloxane, Sylgard 184, Dow Corning, USA) using soft lithog- 
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aphy and replica molding. The microfluidic device was modified 

rom a previously reported device from our group. The channels 

ere separated by micro-posts with 150 μm heights and 100 μm 

ntervals. Slide cover glass (50 mm × 70 mm, Matsunami, Belling- 

am, WA, USA) and PDMS were covalently bonded to each other 

y air plasma treatment (Fetmo Science, Republic of Korea). The 

20 μm thick structure was patterned on the silicon wafer by pho- 

olithography with SU-8 150 photoresist (MicroChem). The PDMS 

ase mixed with a curing agent at a ratio of 10:1 (w/w) was 

oured on the silicon wafer and cured for 3 h on a 90 °C hotplate.

DMS was detached from the wafer when fully solidified. Using 

iopsy punch 1 and 6 mm, cell injection ports and reservoirs for 

ulture media were punched out. Gel injection port also punched 

ut by biopsy punch 1mm; used for loading cancer spheroid and 

edium. After bonded, the device was stored in an 80 °C dry oven 

or 3 days to be completely cured and to make its surface hy- 

rophobic. 

.3. Cell seeding in the microfluidic platform 

A tumor spheroid was collected from a 96-well plate using a 

00 μL pipette tip and mixed with HUVECs suspension in the 

brinogen solution, at a concentration of 5 × 10 6 cell/mL. The 

ell and spheroid solution were mixed with thrombin (0.5 U/mL, 

igma, Burlington, MA, USA) and then immediately introduced into 

 central channel and settled at the bottom of the channel. Be- 

ause the diameter of the spheroid ( > 500 μm) was greater than 

he channel height (150 μm), the spheroid was set to be stationary 

t the bottom of the channel. When the spheroid-ECs gel suspen- 

ion was injected, an excess amount of the HUVEC and gel flowed 

ut through the other two outlets of the center channel and did 

ot leak to the media channel. The spheroid-ECs suspended gel 

as allowed to clot for 5 min at room temperature. Next, LFs at a 

oncentration of 5 × 10 6 cell/mL were suspended in the fibrinogen 

olution, mixed with thrombin (0.5 U/mL, Sigma) and then imme- 

iately injected into the left and right stromal cell culture chan- 

el. The inlet reservoirs of the cell culture medium channels were 

oaded with EGM-2 media, and then the culture medium was aspi- 

ated at the other reservoir to fill media channels. Following load- 

ng all four reservoirs, the microfluidic platforms were incubated 

t 37 °C and 5% CO 2 . For EC-LEC tumor vascularized spheroid for- 

ation, tumor spheroid was collected from a 96-well plate using 

 200 μL pipette tip and mixed with ECs and LECs suspensions in 

he fibrinogen solution, at a concentration of 5 × 10 6 cell/mL, re- 

pectively. The cells and spheroid solution were mixed with throm- 

in (0.5 U/mL, Sigma) and then immediately introduced into a cen- 

ral channel and settled at the bottom of the channel. The subse- 

uent process is the same as the above-mentioned process. 

.4. Immunostaining 

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

 min, followed by 15 min permeabilization using a 0.15 % Tri- 

on X-100 (Sigma) and 1 h treatment of 3% bovine serum albu- 

in (Sigma). The following primary antibodies were probed; fluo- 

escein isothiocyanate (FITC)-conjugated anti-Albumin (GTX02090, 

eneTex, Irvine, CA, USA), Alexa Fluor® 594-conjugated anti- 

uman CD31 (eBioscience, San Diego, CA, USA), Alexa Fluor® 647- 

onjugated anti-human CD31 (303112, BioLegend, San Diego, CA, 

SA), Alexa Fluor® 488-conjugated Phalloidin (A12379, Invitro- 

en, Waltham, MA, USA), Alexa Fluor®488-conjugated anti-Ki67 

350508, BioLegend), Alexa Fluor® 488-conjugated VE-cadherin 

53144942, Invitrogen, Waltham, MA, USA) and Hoechst 33342 

H1399, Invitrogen). The samples were washed three times and 

tored in PBS before imaging. 
3 
.5. Terminal deoxynucleotidyl transferase dUTP nick end labeling 

TUNEL) 

TUNEL assay (ab66108, Abcam, Cambridge, UK) was performed 

ccording to the manufacturer’s protocol. Briefly, each spheroid 

as fixed in 4% paraformaldehyde and embedded in an embed- 

ing medium (Tissue-Tek® O.C.T. Compound, Sakura Finetek, USA), 

hen sliced into 14 μm-thick with a cryostat. The sectioned sam- 

les were washed with 1 × PBS for 30 min and incubated in a per- 

eabilization solution (0.1% Triton X-100 and 0.1% sodium citrate) 

or 2 min at room temperature. TUNEL mixture solution was added 

o the sectioned samples and incubated in a humidified chamber 

or 60 min at 37 °C in a dark place. The sectioned samples were 

ashed three times with 1 × PBS and stained with Propidium io- 

ide (PI). 

.6. Imaging and image processing 

Tumor spheroid images were obtained from bright-field im- 

ge or confocal microscope (Olympus FV10 0 0, Japan and Zeiss 

SM 880, Germany). The boundary of the tumor spheroid was de- 

ected and measured using ImageJ software. The 3D reconstruc- 

ion and cross-section of the vessels were imaged using a confo- 

al microscope. The microscope and charge-coupled device cam- 

ra were controlled by MetaMorph (Molecular Device, San Jose, 

A, USA) software for time-lapse imaging. 3D rendering and vi- 

ualization of volume images of spheroid and tumor angiogene- 

is were performed using the Imaris software (Bitplane, UK). Blood 

essels (volume and number of disconnected blood vessels) and 

pheroids were reconstructed using surface tools in Imaris soft- 

are. In detail, to obtain the number of disconnected blood vessels, 

e did not split touching objects and the number of voxels were 

btained from Imaris software. The resulting reconstructed blood 

essels and spheroids were used for further analyses. GFP-labeled 

anoparticles (mesoporous silica nanoparticles; MSN) were pre- 

ared according to the previously reported methods [36] and flu- 

rescent spots of nanoparticles were reconstructed using the spot 

ool in Imaris software. 

.7. Anti-angiogenic compound treatment 

Axitinib (Selleckchem) were reconstituted in DMSO according to 

he manufacturer’s instruction. Axitinib was treated at the concen- 

ration of 1 nM and 10 nM, respectively for 4 days. We adminis- 

ered axitinib-containing medium prevascularization and postvas- 

ularization and refreshed it every 24 h for 3 days. In prevascu- 

arization, axitinib was administered prior to the formation of the 

D vascular network adjacent to the tumor spheroid. In postvas- 

ularization on day 4 following vascularization on the VTS chip, 

xitinib-containing media was replaced into the microfluidic reser- 

oir. 

.8. RNA sequencing 

Total RNA was extracted from spheroids by using TRIzol reagent 

Invitrogen). Following the manufacturer’s instructions, the library 

as constructed by using a QuantSeq 3 ′ mRNA-Seq Library Prep Kit 

Lexogen, Austria). Subsequently, single-end 75 high-throughput 

equencing was performed using NextSeq 500 (Illumina, USA) and 

NA-seq reads were aligned to the reference genome (UCSC hg19). 

hen, genes of more than 2 fold changes and less than p -value 

.05 between HepG2 only spheroids and 1:1 hybrid spheroids were 

egarded as differentially expressed genes (DEGs). Both clustering 

eatmaps and volcano plot of DEGs were generated using ExDEGA 

raphicPlus v.3.0.3 (eBiogen, Republic of Korea). DEGs were also 
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ubjected to gene ontology (GO) analysis using DAVID Bioinfor- 

atics resources ( https://david.ncifcrf.gov/tools.jsp ). For overrepre- 

ented GO biological processes (GO: 0030334 and 0016477), top 20 

pregulated genes in the 1:1 hybrid spheroids were presented as 

 heatmap of z-score values using ExDEGA GraphicPlus program. 

or gene set enrichment analysis (GSEA), 1:1 hybrid spheroid was 

ompared to HepG2 only spheroid using the GSEA v.4.2.3 program. 

he number of permutations was set to 10 0 0, and the permuta- 

ion type was “gene set”. “Diff_of Classes” was used as a metric for 

anking genes. The National Center for Biotechnology Information 

ene Expression Omnibus (GEO) accession number for the RNA- 

eq data reported in this study is GSE212669. 

.9. Western blot 

Protein lysates from each spheroid or HepG2 cells indirectly 

o-cultured with HUVECs by using a transwell system were ob- 

ained by using Pro-prep (iNtRON Biotechnology, Republic of Ko- 

ea). The samples were separated by 8–12% of SDS-PAGE gels and 

ransferred to the 0.2 μm nitrocellulose membranes. After block- 

ng with 3% bovine serum albumin (GenDEPOT, Katy, TX, USA) for 

n hour at room temperature, the membranes were probed with 

he following primary antibodies at 4 °C overnight: β-actin (3700, 

ell Signaling Technology, Danvers, MA, USA), α-SMA (ab184675, 

bcam), MMP-9 (AB19016, Sigma), SLUG (ab27568, Abcam), p53 

2524, Cell Signaling Technology), Vimentin (5741, Cell signaling 

echnology) and E-cadherin (14472, Cell signaling technology). Sub- 

equently, the membranes were incubated with HRP-conjugated 

econdary antibodies (Invitrogen) for an hour at room tempera- 

ure. To detect the protein bands, Clarity Western ECL substrate 

BR1705061, Bio-Rad, Hercules, CA, USA) was used and the bands 

ere visualized by using ChemiDoc MP Imaging System (Bio-Rad). 

ach protein band was quantified by using Image J and the ex- 

ression of target protein was normalized with the expression of 

-actin. 

.10. Quantitative RT-PCR (qRT-PCR) 

Total RNA was extracted from HUVECs co-cultured with HepG2 

n a transwell system using TRIzol reagent according to the manu- 

acturer’s instructions. Complementary DNA was then synthesized 

rom the extracted RNA using Superscript Ⅲ First-Strand Synthesis 

ystem (Invitrogen). Quantitative Real-time RT-PCR was performed 

ith SYBR Green PCR Master Mix (Applied Biosystems, Waltham, 

A, USA) using ABI 7300 Real time PCR system (Applied Biosys- 

ems). 5 μM of forward primer and reverse primer were used 

or amplification. Relative quantification of target mRNA expression 

evels was determined by 2 ( �� threshold cycle) (2 −��CT) method. The 

xpression level of each gene was normalized to GAPDH. At least 

hree independent experiments were performed. The sequences of 

rimers used are included in Supplementary Table 1. 

.11. Permeability coefficient measurement 

To calculate the permeability coefficient, fluorescence images of 

0 kDa FITC-dextran (Sigma) solutions were introduced into one of 

he two remaining media reservoirs. An open, perfusable microves- 

el allowed solution perfusion into the lumen. 10 x magnification 

ictures were obtained at 10 s intervals over 10 min using time- 

apse mode in a confocal microscope. 

The derivation process for this equation was detailed in a previ- 

us paper from our group [37] . The permeability coefficient P was 

erived using the equation below: 

 = 1 /I W 

× ( d I/d t ) /I j 

 W 

is the length of the vessel wall from the micropost that sepa- 

ates the microvessel from the perivascular region. I j is the mean 
4 
ntensity in the microvessel region and I is the total intensity in 

he perivascular region. 

.12. CUBIC tissue clearing 

To prevent loss of 3D blood vessels and spheroid informa- 

ion, we used CUBIC tissue-clearing protocols based on hydrophilic 

eagents that preserve fluorescence [38] . ScaleCUBIC-1 was pre- 

ared as a mixture of 10 wt% urea (Nacalai Tesque Inc., 35904-45, 

apan), 5 wt% N,N,N’,N’-tetrakis (2-hydroxypropyl) ethylenediamine 

Tokyo Chemical Industry CO., LTD., T0781, Japan), and 10 wt% Tri- 

on X-100 (VWR Life Science, AAA16046-AE, USA). ScaleCUBIC-2 

as prepared as a mixture of 50 wt% sucrose (Nacalai Tesque Inc., 

0403-55, Japan), 25 wt% urea, 10 wt% triethanolamine (Sigma- 

ldrich, T58300, USA). After sample fixation, we introduced the 

caleCUBIC-1 solution into the medium channel for 1 week and 

onducted immunohistochemistry analysis. ScaleCUBIC-2 solution 

or RI (refractive index) matching was introduced 1 day before con- 

ocal imaging. 

.13. Statistical methods 

Prism (GraphPad, USA) was used for one-way ANOVA anal- 

sis with Tukey’s post-test. ∗∗∗ denotes p < 0.001, ∗∗ denotes 

.001 < p < 0.01, ∗ denotes 0.01 < p < 0.05. For significant testing be-

ween two conditions non-paired student’s t-test was used. All 

ata were expressed as the mean ± standard deviation (SD). 

. Results 

.1. Establishment of self-assembled 3D vascularized tumor spheroid 

odel 

Tumor development occurs in two stages. When the tumor is 

elatively small, no neovessels have yet developed to provide nu- 

rients and oxygen to tumor cells; however, as the tumor grows, 

umor cells stimulate ECs to initiate angiogenesis for tumor vas- 

ularization [39] . The interactions between the tumor and blood 

essels ultimately lead to the systemic spread of malignant tu- 

or cells throughout the whole body (i.e., metastasis). To engineer 

 vascularized tumor model at the chip level, a tumor spheroid 

n which HepG2 cells and HUVECs (1:1 ratio, total 50 0 0 cells) 

ere aggregated, and the HUVEC suspension was mixed with fib- 

in gel and loaded into the center channel of a microfluidic chip. 

F-laden fibrin gel was also introduced to provide the matrix pro- 

eins needed for angiogenesis ( Fig. 1 a). We first validated that the 

epG2-EC hybrid spheroid successfully grew in size within the fib- 

in matrix. Assessment of the spheroid growth in the device was 

erformed 6 days (122.3 ± 2.3%) after implantation and demon- 

trated significant growth of the spheroid compared to that on day 

 (100.0 ± 1.5%) ( Fig. 1 b,c). Following HUVEC elongation at day 1, 

he formation of a dense vascular network and lumen structures 

as observed after 6 days of culturing ( Fig. 1 b–d). The relative 

lood vessel area on day 6 was 1.8-fold greater than that on day 1 

 Fig. 1 e). 

.2. Development of tumor-EC hybrid spheroids 

It had been previously reported that as cancer progressed to a 

igh degree of malignancy, blood vessels formed not only around 

he tumor but also inside the tumor [40] . Hence, we gener- 

ted tumor-EC hybrid spheroids to mimic the intratumoral vas- 

ulature and investigated the significance of coculturing tumor 

ells and ECs within these spheroids. Tumor-EC hybrid spheroids 

ere established from a total of 50 0 0 cells by mixing HepG2 

https://david.ncifcrf.gov/tools.jsp
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Fig. 1. In vitro three-dimensional vascularized tumor model. (a) Schematic representation of microfluidic device designed for in vivo -like 3D vascularized tumor formation by 

tumor spheroid and ECs mixture in the center channel under paracrine interactions with stromal fibroblasts in the outermost side channels. Representative confocal image 

shows fibroblasts in 3D fibrin gel. (Scale bar, 150 μm) (b) Schematic representation and confocal images of the development of vascularized tumor spheroid, composed of 

tumor spheroid enveloped by endothelial cells. (Scale bars, 400 μm) (c) Vascular network (VE-cadherin, green) and xyz plane confocal image demonstrated lumen structures 

of vascular network (yellow arrows), (Scale bars, 150 μm) (d) Relative spheroid growth area of day 0 and day 6. ( n = 6) (e) Relative blood vessel area of day 0 and day 6. 

( n = 6) All data were expressed as the mean ± SD, ∗∗∗p < 0.001 versus Day 1. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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ells and HUVECs in different ratios (4:1 and 1:1). These hy- 

rid spheroids were compared with spheroids composed of only 

epG2 cells by analyzing their morphological appearance, pro- 

iferation rate and cancer cell progressiveness. First, we exam- 

ned the sphericity of each spheroid, which was calculated by the 

atio of the major axis to the minor axis. While both HepG2- 

nly spheroids and 4:1 hybrid spheroids had flat and atypical 

hapes, the 1:1 hybrid spheroids exhibited the greatest spheric- 

ty ( Fig. 2 a,b). Furthermore, tissue clearing by CUBIC allowed us to 

isualize the markers expressed inside the tumor spheroid. With 

his strategy, we verified that both HepG2-only spheroid and hy- 

rid spheroids were proliferating, as indicated by the Ki-67 expres- 

ion ( Fig. 2 c,d). In addition, TUNEL assay results showed that cell 

poptosis was not significantly detected in the spheroids from all 

roups. ( Fig. 2 e,f). In addition, there was no statistical difference 

n the viability of all groups (Supplementary Fig. S2). As expected, 

lbumin (hepatocyte-specific marker) was expressed throughout 

he spheroids, whereas the expression of CD31 within the hybrid 

pheroid was significantly increased as the EC ratio was increased 

 Fig. 2 g,h). 

.3. Increased aggressiveness of tumor-EC hybrid spheroids 

Next, to gain insight on how ECs embedded in the spheroid can 

ffect cancer cells, we performed RNA sequencing of HepG2-only 

pheroid and tumor-EC hybrid spheroids on day 4. After a total 

f 709 DEGs in the 1:1 hybrid spheroids compared to the HepG2 

nly spheroids were sorted, the expression patterns of these genes 

ere visualized as a clustering heatmap ( Fig. 3 a). Notably, the 1:1 

ybrid spheroids showed distinct gene expression patterns com- 

ared to the 4:1 hybrid spheroids and the HepG2-only spheroids, 

uggesting the significant transcriptional changes in the 1:1 hy- 

rid spheroids. GO analysis revealed that DEGs in the 1:1 hybrid 

pheroids were primarily enriched in the biological processes in- 

luding cell migration, vasculature development, cell motility and 

roliferation ( Fig. 3 b). Accordingly, the clustering heatmap showed 

 drastic upregulation of genes associated with cell migration in 

he 1:1 hybrid spheroids relative to the other groups ( Fig. 3 c). Fur-

hermore, GSEA results indicated an enrichment for p53 signaling 

athway KEGG gene set in the HepG2-only spheroids compared to 

:1 hybrid spheroids, implying the enhanced aggressiveness of 1:1 

ybrid spheroids via suppression of p53 pathway ( Fig. 3 d). In the 

olcano plot created with transcriptomic profiles of HepG2-only 

pheroids and 1:1 hybrid spheroids, we identified that not only 

ascular gene set ( PECAM1, VWF , and FLT1 ) but also the genes as-

ociated with cancer progression, invasion and metastasis includ- 

ng VIM [41] , H19 [42] , LAMB3 [43] , ITGA5 [44] , and IGFBP5 [45] ,

ere significantly upregulated. Furthermore, we examined the ex- 

ression of proteins that are associated with cancer cell migra- 

ion in each spheroid group. The epithelial-mesenchymal transition 

EMT) is a process in which molecular alterations enable epithelial 

ells to gain mesenchymal properties and thus undergo migration 

nd invasion, which are required for the invasive and metastatic 

utgrowth of hepatocellular carcinoma [46] . Notably, we found 

hat the expression of Vimentin, an EMT regulator, was upregu- 

ated in the 1:1 hybrid spheroids compared to that in the HepG2- 

nly spheroids, which was consistent with RNA sequencing results 

 Fig. 3 e–g). We also observed a significant increase in mesenchy- 

al marker (SLUG, MMP-9 and α-SMA) expression because of EMT 

nduction in the 1:1 hybrid spheroids ( Fig. 3 f,g). Accordingly, loss 

f E-cadherin (epithelial marker) expression, a hallmark of EMT in- 

uction, was evident in the 1:1 hybrid spheroid ( Fig. 3 f,h). More- 

ver, the expression of the p53 was markedly decreased in the 1:1 

ybrid spheroid relative to that in the HepG2-only spheroid, im- 

lying that the 1:1 hybrid spheroid was more aggressive than the 
6 
epG2-only spheroid ( Fig. 3 f,i). Since HepG2 cells and ECs were 

andomly mixed in the hybrid spheroid, HepG2 cells were also in- 

irectly cocultured with ECs in a transwell system to determine 

he cellular origin of the expression patterns. Consistently, HepG2 

ells cocultured with ECs showed higher expression of EMT-related 

roteins than HepG2 cells cultured without ECs (Supplementary 

ig. S3a,b). Moreover, p53 expression in the HepG2 cells cocul- 

ured with ECs was significantly decreased compared to that in 

he HepG2 cell-only culture (Supplementary Fig. S3a,c). These re- 

ults indicated that HepG2 cells showed increased aggressiveness 

hen cocultured with ECs because of the inhibition of tumor 

uppressors and induction of the EMT. Taken together, we estab- 

ished the solid tumor spheroids maintaining spherical morphology 

nd aggressive properties by combining tumor cells and ECs in a 

:1 ratio. 

.4. Reconstituting vascularized tumor spheroid on a chip 

Because tumor cells can interact with neighboring blood ves- 

els in multiple ways, we next evaluated the effects of the tumor- 

C hybrid spheroid on the acceleration of peritumoral angiogen- 

sis ( Fig. 4 a). We fabricated a vascularized tumor spheroid (VTS) 

hip by introducing a HUVEC suspension containing HepG2-only 

pheroids or 1:1 tumor-EC hybrid spheroids. The tumor-EC hybrid 

pheroids significantly increased the total volume of blood ves- 

els around the spheroids compared to the HepG2-only spheroids 

 Fig. 4 a,b) while there was no statistical difference in tumor 

pheroid area without or with HUVEC coculture (Supplementary 

ig. S4). To elucidate the molecular changes of the ECs induced 

n coculture with tumor cells, we indirectly cocultured HUVECs 

ith HepG2 cells in a transwell system and subsequently per- 

ormed qRT–PCR. The mRNA expression of angiogenic genes, in- 

luding VEGFR2, VE-cadherin, VEGF and vWF , was significantly up- 

egulated in HUVECs cocultured with HepG2 cells compared to the 

UVECs cultured without HepG2 cells ( Fig. 4 c). These combined 

esults indicated that the crosstalk between tumor cells and ECs 

romoted tumor angiogenesis. In addition, to verify that peritu- 

oral vessels were interconnected within intratumoral vessels, we 

njected fluorescently labeled silica nanoparticles into the peritu- 

oral vasculature using a syringe pump at a rate of 450 μL/h 

 Fig. 4 d). The results showed that the silica nanoparticles were 

radually distributed throughout the vasculature ( Fig. 4 d,e). Even- 

ually, after 60 min, some nanoparticles reached the center of the 

pheroid, suggesting that the tumor-associated vasculature may 

erve as an irrigation system resembling the physiological state 

 Fig. 4 f–h). In summary, our VTS model successfully recapitulated 

ggressive solid tumors in which intratumoral vessels were inter- 

onnected to peritumoral vessels at the chip level. 

.5. Evaluation of permeability of tumor-associated vasculature 

Tumor vasculature has been regarded as aberrantly leaky due 

o an abnormal vascular basement membrane and lower peri- 

yte coverage [ 47 , 48 ]. Therefore, we attempted to validate that 

ur VTS model reflected the unique features of tumor-associated 

asculatures, including permeability and FIOs ( Fig. 5 a,b). We in- 

roduced solutions containing FITC–dextran tracers (70 kDa) into 

he peritumoral vasculature on the VTS chip and visualized FITC- 

extran leakage and FIOs in 10 s intervals ( Fig. 5 c). Then, the

pparent permeability coefficient was calculated as described in 

he Materials & Methods section. We first observed endothelial 

ores corresponding to FIOs in the vasculature, especially adja- 

ent to the tumor spheroid ( Fig. 5 c). The number of FIOs was

ignificantly increased in vascularized tumors compared to that 
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Fig. 2. Characterization of multicellular tumor spheroids. (a) Representative confocal images (a) of tumor spheroids with different EC ratio fixed at day 5. (Scale bars, 200 

μm) (b) Quantification of the sphericity of the spheroids in each group. ( n = 6) (c-d) Confocal images of spheroids stained with Ki67 (green) (c) and quantification Ki-67 + 

cells (d) within each spheroid. DAPI was used for nuclei staining. ( n = 6) (e) TUNEL assay (TdT enzyme, green) was performed with each spheroid to analyze the apoptosis. 

Nuclei was stained with PI (red). (Scale bars, 100 μm and Magnified image: Scale bars, 20 μm) (f) Quantification of apoptotic rate within the spheroids. ( n = 6) (g) Confocal 

images of spheroids stained with DAPI (nuclei, blue), Albumin (green) and CD31 (red). (3D rendering image and optical section image: Scale bars, 100 μm and Magnified 

image: Scale bars, 50 μm) (h-i) Quantification of the fluorescence intensity of Albumin (h) and CD31 (i) within the spheroids. ( n = 6) All data were expressed as the 

mean ± SD. One-way ANOVA analysis with Tukey’s post-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n.s. not statistically significant, versus HepG2 only. N.D; not detected. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. RNA sequencing and protein expression of tumor spheroids. (a) Clustering heatmap showing the expression pattern of DEGs in HepG2-only spheroids, 4:1 hybrid 

spheroids and 1:1 hybrid spheroids, analyzed from mRNA QuantSeq. ( n = 2) (b) GO terms over-represented in a set of DEGs (fold change ≥ 2.0, p -value ≤ 0.05) in the 1:1 

hybrid spheroids compared to the HepG2 only spheroids. (c) Heatmap showing the expression pattern of top 20 upregulated genes in cell migration gene set in HepG2 only 

spheroids and tumor-EC hybrid spheroids. (d) GSEA of DEGs in HepG2 only spheroids and 1:1 hybrid spheroids, indicating the enrichment of p53 signaling pathway. (e) 

Volcano plot showing all DEGs in HepG2 only spheroids and 1:1 hybrid spheroids, analyzed from mRNA QuantSeq. (f-i) Western blot analysis (f) and quantification of EMT 

markers (SLUG, MMP-9, α-SMA, and Vimentin; g), E-cadherin (epithelial marker; h) and p53 tumor suppressor (i) in HepG2 only spheroids and hybrid spheroids. ( n = 3) All 

data were expressed as the mean ± SD. One-way ANOVA analysis with Tukey’s post-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n.s. not statistically significant, versus HepG2 

only. N.D; not detected. 
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Fig. 4. Recapitulation of peritumoral vasculature interconnected with tumor spheroid in VTS chip., (a-b) Representative confocal images (a) and quantification (b) of per- 

itumoral angiogenesis in VTS model using HepG2 only spheroid and tumor-EC hybrid spheroid. (Scale bars, 400 μm. n = 6). (c) qRT-PCR analysis of genes related to 

angiogenesis in 2D-cultured HepG2 cells and HepG2 cells indirectly cultured with HUVECs. The internal standard housekeeping gene was GAPDH. ( n = 3) (d) Schematic 

diagram and time-dependent confocal images of silica nanoparticle delivery into the tumor spheroid via peritumoral vasculature. (Scale bars, 400 μm) (e) Quantification of 

the area in which nanoparticles are covered at 0, 5 and 10 min after injection. ( n = 3) (f) Silica nanoparticle distribution at different z sections. (Scale bars, 400 μm and 

magnified image: Scale bar, 100 μm) (g) Representative confocal images of distributed nanoparticles at 60 min after injection. (Scale bar, 200 μm) (h) Rendered image of 

nanoparticle flow from peritumoral vasculature to intratumoral vasculature. (Scale bar, 50 μm) All data were expressed as the mean ± SD. One-way ANOVA analysis with 

Tukey’s post-test. ∗p < 0.05, ∗∗∗p < 0.001 versus control. 
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n the HUVEC-only control ( Fig. 5 d). In addition, the mean ap- 

arent permeability value of the vasculature (with no tumor 

pheroids) was 0.24 × 10 –5 ± 3.17 × 10 –7 cm/s, which was 

ignificantly lower than that of the tumor-EC hybrid spheroid 

1.32 × 10 –5 ± 2.5 × 10 –6 cm/s) ( Fig. 5 e). Therefore, ECs lo- 

ated near tumor tissue may have formed loose interconnections, 

emonstrating the abnormality of tumor-associated vessels. To elu- 

idate the molecular changes in inflammation and regulation of 

ascular permeability by ECs induced in coculture with tumor 

ells, we performed qRT–PCR. The mRNA expression of ICAM1 was 

ignificantly upregulated in HUVECs cocultured with HepG2 cells 

ompared to HUVECs cultured alone ( Fig. 5 f). 
9 
.6. Anti angiogenic drug response in pre/post tumor spheroid 

ascularization 

Axitinib, a Federal Drug Administration (FDA)-approved anti- 

ancer drug, is a potent and selective tyrosine kinase inhibitor 

hat targets receptors involved in angiogenesis: VEGFR 1, 2, and 3 

nd platelet-derived growth factor receptor (PDGFR) [49] . There- 

ore, we attempted to verify both the antitumor and antiangio- 

enic activities of axitinib in our VTS model. Before we treat ax- 

tinib in our VTS model, we first decided to investigate the corre- 

ation between viability and the size of tumor-EC hybrid spheroids 

reated with different dosages of axitinib (0 nM, 1 nM, and 10 nM) 



J. Ahn, D.-H. Kim, D.-J. Koo et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; October 29, 2022;1:19 ] 

Fig. 5. Assessment of tumor vessel permeability. (a-b) Schematic illustration of permeability evaluation by measuring dextran leakage via FIOs formed in tumor vasculature. 

(c) Time series fluorescence micrographs were taken and analyzed for intensity changes in the perivascular region to measure permeability. After the FITC-dextran (70 kDa) 

solution was introduced, images were captured every 10s. Control represents blood vessel culture without tumor spheroid. FIOs (arrows) are observed in tumor spheroid 

co-culture conditions. (Scale bars, 150 μm) (d) Quantification of the number of FIOs. ( n = 6) (e) Calculated permeability coefficient of control vessels and vessels in VTS 

chips. ( n = 6) (f) qRT-PCR result of ICAM1 expression in control vessels and vessels in VTS chips ( n = 3). All data were expressed as the mean ± SD. ∗p < 0.05, ∗∗∗p < 0.001, 

versus Control. 
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utside the chip. As a result, the viability of the tumor spheroids 

as reduced in a dose dependent manner (Supplementary Fig. 

5a,b). Along with these results, the spheroid size was also de- 

reased after axitinib treatment (Supplementary Fig. S5c). Thus, 

he positive correlation between the size and viability of the 

pheroids may allow us to infer the efficacy of axitinib target- 

ng the tumor spheroids in the VTS chip. We next administered 

xitinib-containing medium prevascularization and postvascular- 

zation and refreshed it every 24 h for 3 days in the VTS chip.

fter prevascularization, 0 nM, 1 nM or 10 nM axitinib was ad- 

inistered prior to the formation of the 3D vascular network ad- 

acent to the tumor spheroid ( Fig. 6 a). The area containing hy- 

rid spheroids was not significantly changed, regardless of axitinib 

reatment ( Figs. 6 b,c and S3). However, axitinib significantly re- 

uced the blood vessel volume and increased the number of dis- 
10 
onnected blood vessels in a dose-dependent manner, indicating 

hat the antiangiogenic effect of axitinib had been reproduced in 

ur model ( Fig. 6 b,d,e). In contrast, when axitinib was adminis- 

ered postvascularization on day 4 following vascularization on the 

TS chip ( Fig. 6 f), the 10 nM of axitinib-treated spheroids were 

emarkably smaller than the vehicle-treated spheroids, demon- 

trating the potentiation of the antitumor activities of axitinib 

 Fig. 6 g,h). The blood vessels in the axitinib-treated groups re- 

ressed and were disconnected in a dose-dependent manner com- 

ared to those in the control group ( Fig. 6 g,i,j). These results un- 

erlined the significance of tumor vascularization required for drug 

elivery and reactions as well as for the interactions between the 

umor and blood vessels. Thus, we proved that our VTS chip effec- 

ively reproduced the efficacy of anticancer drugs (Supplementary 

ig. S6). 
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Fig. 6. Anti-angiogenesis and anti-tumor activities of Axitinib in the VTS model. (a) Axitinib treatment in the early stage of the VTS model. Axitinib were introduced into the 

reservoirs a day after tumor-EC gel suspension was injected to the central channel before tumor vascularization. (b) Representative confocal images showing dose-dependent 

response of spheroid and vasculature to Axitinib in the early VTS model. (Scale bars, 300 μm) (c-e) Quantification of relative spheroid area (c), blood vessel area per device 

(d) and number of disconnected blood vessel per device (e) in response to two different doses of Axitinib (1 nM and 10 nM) at the early stage. (f) Axitinib treatment in the 

late stage of the VTS model. Axitinib was introduced into the reservoirs after vasculature fully enveloped tumor-EC hybrid spheroids on day 5. (g) Representative confocal 

images showing dose-dependent response of spheroid and vasculature to Axitinib in the late stage of VTS model. (Scale bars, 300 μm) (h-j) Quantification of relative spheroid 

area (h), blood vessel area (i) and the number of disconnected blood vessels (j) in response to two different doses of Axitinib at the late stage of VTS model. All data were 

expressed as the mean ± SD. One-way ANOVA analysis with Tukey’s post-test. ∗p < 0.05, ∗∗∗∗p < 0.0 0 01, n.s. not statistically significant, versus Control. 
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.7. Reconstituting lymphatic EC-blood vascular EC incorporated 

ascularized tumor spheroid in vitro 

To create the TME, vasculotropic tumor cells that induce not 

nly angiogenesis but also lymphangiogenesis and that remodeled 

reexisting lymphatics were used [50] . As lymphatic vessels are 

venues of tumor intravasation and subsequent metastasis, block- 

ng tumor-associated lymphangiogenesis is considered a promis- 

ng therapy for alleviating malignancy [51] . Therefore, generating 

 new model in which blood vessels and lymphatic vessels are si- 

ultaneously patterned around the tumor spheroid was a worth- 

hile effort. Using our VTS chip, we introduced an EC-lymphatic 

C (LEC) suspension (5 × 10 6 cells/mL each) with tumor-EC 1:1 

ybrid spheroids in the center channel ( Fig. 7 a). To optimize the 
11 
ulture conditions of the lymphatic system, we imposed a hy- 

rostatic pressure gradient on the chip by adding different vol- 

mes of medium at either end of the media channel [52] . As 

 result, we observed that both the lymphatic and vascular net- 

orks exhibited direct physical contact with the tumor spheroids 

nd formed an intricate irrigation system ( Fig. 7 b). Although the 

pheroid size was not correlated with the application of interstitial 

ow ( Fig. 7 b,c), the area occupied by blood vessels and lymph ves- 

els was markedly increased with interstitial flow ( Fig. 7 b,d,e). In 

ummary, we achieved advancements in VTS chips by presenting a 

omplicated TME, including lymphatic and blood vessels, through 

nterstitial flow stimulation. Considering the various roles of lym- 

hatics in tumor progression, use of these approaches is essential 

or the development of drugs targeting tumor lymphangiogenesis. 
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Fig. 7. Efficient lymphangiogenesis in the VTS chip. (a) Schematic representation for imposing interstitial flow on VTS chip fabricated with tumor-EC hybrid spheroid, vascular 

ECs and lymphatic ECs. (b) Confocal images of tumor-EC spheroid with LECs (green; podoplanin) and vascular ECs (red; CD31) under static condition and interstitial flow, 

respectively. (Scale bars, 400 μm) (c-e) Comparison of tumor spheroid size (c), blood vessel area (d) and lymphatic vessel area (e) in the VTS chip under static condition 

and interstitial flow. ( n = 4) Note that both lymphangiogenesis and angiogenesis were promoted in the VTS chip by application of interstitial flow. All data were expressed 

as the mean ± SD. ∗∗∗p < 0.001, n.s. not statistically significant, versus Static. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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. Discussion 

Solid tumors are composed of cancer cells, stromal cells (tumor- 

ssociated vascular cells, fibroblasts and immune cells) and ECM 

omponents (collagen and fibrin). These factors in combination 

reate a highly interactive 3D microenvironment characterized by 

ell–cell and cell-ECM interactions as well as local gradients of nu- 

rients, growth factors, and oxygen. Furthermore, the TME plays a 

ajor role in the process of tumor survival, such as growth, angio- 

enesis and drug resistance [53] . Hence, a tumor spheroid resem- 

ling a small tumor mass in its morphology and growth kinetics 

hat also has a stromal microenvironment that interacts with the 

umor spheroid, representative of the vasculature, should be con- 

idered for precise modeling of the 3D TME. 

The onset of tumor angiogenesis has been explained as the re- 

ult of an “angiogenic switch”, which is the transition in the angio- 

enic balance [54] . During cancer dormancy, antiangiogenic factors 

re predominantly expressed to prevent tumor outgrowth. How- 

ver, as tumors grow, the expression of proangiogenic factors is el- 

vated by several stimuli, such as hypoxia. Eventually, the preva- 

ence of proangiogenic factors facilitates the progression of dor- 

ant avascular hyperplasia into hype vascularized tumors. There- 

ore, tumor angiogenesis is inevitable for tumor progression. There- 

ore, we attempted to develop an aggressive TME model with tu- 

or vascularization. There are two ways to develop intratumoral 

essels to feed a tumor: i) the surrounding vessels can be extended 

oward and penetrate the tumor mass, or ii) vasculogenic mimicry 

n which the tumor forms blood-carrying channels within the tu- 

or mass, and then, the vessels surrounding the tumor intercon- 

ect with the internal channels [40] . In this context, we first es- 

ablished tumor-EC hybrid spheroids by coculturing HepG2 cells 

nd ECs at a 1:1 ratio to recapitulate tumors with intratumoral 

asculature. The tumor-EC hybrid spheroids exhibited special fea- 

ures, including sphericity, aggressiveness and angiogenesis poten- 

ial, compared to tumor spheroids cultured without ECs. In partic- 

lar, the spherical morphology of the 1:1 hybrid spheroid provided 

ase of experimentation and highly reproducible results. During 

umor intravasation, cancer cells interact with ECs in both a jux- 

acrine and paracrine manner. Thus, it is worthwhile to analyze 

ow tumor cells affect ECs, either directly or indirectly. Particu- 

arly, RNA sequencing of the hybrid spheroids allowed us to under- 

tand the transcriptional changes after reconstructing intratumoral 

essels within the spheroids. Via enrichment analysis (GO analysis, 

SEA, and KEGG), a significant upregulation of the genes related to 

ell migration and downregulation of genes related to the p53 sig- 

aling pathway was identified in the 1:1 hybrid spheroids. Specif- 

cally, the overexpression of Vimentin encoded by VIM has been 

eported to be deeply linked to hepatocellular carcinoma metas- 

asis [41] . It has also been reported that the drastic increase of 

19, a long non-coding RNA, was observed in hepatocellular carci- 

oma patients and associated with poor prognosis according to the 

linical report [42] . Of note, LAMB3 has been reported to mediate 

he progression and metastasis of various cancer cells by regulating 

I3K/AKT signaling pathway [43] as well as its downstream genes 

ncluding ITGA3, CCND2 , and TP53 [55] . These transcriptomic pro- 

les were also in accordance with the protein phenotypes, such as 

ownregulation of p53 tumor suppressor and the induction of the 

MT. Moreover, we also identified that vascular gene set, including 

ECAM1, VWF and FLT1 , was enriched in the 1:1 hybrid spheroids, 

hich may be attributed to not only increased population of ECs 

ithin the hybrid spheroid but also enhanced pro-angiogenic fea- 

ures of cancer cells. These results implied that the interactions 

etween cancer cells and ECs are required for the modeling of ag- 

ressive solid tumors in vitro . 

Another main challenge of conventional tumor spheroid mod- 

ls is the lack of vasculature adjacent to the tumor spheroid [56] . 
13 
hrough microengineering, we successfully incorporated tumor-EC 

ybrid spheroids with peritumoral vasculature at the chip level. 

ntroduced ECs were self-assembled into the vascular network, 

orming perfusable structures, which were interconnected with 

he tumor spheroid. Thus, our VTS chip allowed us to investigate 

he interaction between the surrounding vasculature and the tu- 

or spheroid. Interestingly, tumor angiogenesis was promoted by 

umor-EC hybrid spheroids compared to cancer-only spheroids. In 

ddition, the results obtained from qRT–PCR revealed that the re- 

iprocal influences between tumor cells and ECs altered the ex- 

ression of molecular factors that drive angiogenesis. Therefore, 

e proved that multicellular hybrid spheroids allowed more rel- 

vant modeling of the aggressive tumor environment than those 

omprising cancer cells only. This model can be advantageous for 

rug screening since cancer aggressiveness is an important deter- 

inant of the clinical efficacy of anticancer therapies. One char- 

cteristic of tumor vessels is a defective and leaky endothelium 

hat is disorganized, contains focal intercellular openings and has 

 loose vascular basement membrane [57] . To our best knowl- 

dge, there was no attempt to visualize and quantitatively demon- 

trate FIOs in a vascularized tumor model. Considering that per- 

eable vasculature is a key survival mechanism of tumors by en- 

bling tumor extravasation and limiting the efficacy of drug deliv- 

ry [47] , the development of tumor-associated vasculature is indis- 

ensable to reenact the conditions that approximate the patholog- 

cal TME as closely as possible. In this current manuscript, we suc- 

essfully demonstrated an increased number of FIOs of vasculature 

nd permeability of blood vessels in adjunction to tumor-EC hybrid 

pheroid. 

Notably, a 3D TME model that retains lymphatic vessels with 

he blood vessels around the tumor spheroid has not been devel- 

ped thus far. Here, we generated sophisticated lymphatic and vas- 

ular networks on a VTS chip by applying interstitial flow. The phe- 

otype obtained was similar to that in a previous study demon- 

trating that interstitial flow promoted tumor lymphangiogenesis 

52] . 

Recently, an increasing number of anticancer drug candidates 

ave been advanced through preclinical and clinical development 

49] . In this regard, our VTS model showing an aggressive pheno- 

ype of cancer with tumor-associated vasculature can be a valu- 

ble in vitro tool for validating the effects of drugs on tumor tis- 

ues, including cancer cell death. In this study, we demonstrated 

hat a high dose (10 nM) of axitinib, an anticancer drug targeting 

ngiogenesis [58] , caused a remarkable regression of both tumor 

pheroid growth and blood vessel volume on the VTS chip. How- 

ver, when axitinib was administered at an early stage, before vas- 

ularization, the size reduction in the tumor spheroid was not ob- 

erved, despite dose-dependent inhibition of angiogenesis [ 59 , 60 ]. 

hese results imply that the tumor-associated vasculature is closely 

ssociated with the delivery and efficacy of axitinib; hence, tumor 

ascularization is necessary to recapitulate tumor progression and 

rowth. 

However, there was also a limitation to analyze the phenom- 

na on VTS chips in a 3D context due to physical constraints im- 

osed by light scattering during 3D imaging. To overcome this 

ssue, we additionally suggested the on-chip CUBIC tissue clear- 

ng protocols to clearly obtain 3D in-depth confocal images of 

ur VTS chips (Supplementary Fig. S7a,b). Notably, the clear on- 

hip spheroid conditions allowed accurate 3D signal visualiza- 

ion and quantification of the VTS (Supplementary Fig. S7c–g 

nd Supplementary Video S1). As there was no attempt to on- 

hip clearing with fully vascularized tumor spheroid, it might be 

idely exploited in the fields of 3D imaging of microfluidic chip 

evices. 

In summary, our VTS model simulated some of the complexity 

f in vivo tumors, including the 3D spheroid structure with intra- 



J. Ahn, D.-H. Kim, D.-J. Koo et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; October 29, 2022;1:19 ] 

t

p

m

t

c

b

t

c

h

m

p

s

r

c

e

p

m

c

m

g

o

a

n

s

p

t

p

o

5

m

a

r

i

t

t

e

a

t

p

l

l

e

D

c

i

C

W

m

K

L

t

M

M

t

A

o

2

S

f

R

 

 

 

 

 

 

 

 

[  

 

[

umoral microvessels, interconnected blood vessels with increased 

ermeability around the tumor, a lymphatic vessel network, stro- 

al fibroblasts and the ECM. By extension, the VTS model in- 

roduced with patient-derived multicellular tumor spheroids and 

ancer-associated fibroblasts, instead of HepG2 cells and lung fi- 

roblasts, respectively, may be a bridge between in vitro cultured 

umor cells and in vivo pathological conditions, to promote clini- 

al applications in personalized medicine. Yet, our current model 

as some challenges. For instance, owing to the irregular and flat 

orphology, HepG2-only spheroids might not be exposed to hy- 

oxic conditions that are associated with pathological features of 

olid tumors. Thus, application of additional tumor-specific envi- 

onments, including hypoxic conditions, to VTS chips may over- 

ome the limitation of our spheroids, such as not displaying lay- 

red structures of multicellular tumor spheroids as previously re- 

orted [61] . In addition, the immune milieu associated with tu- 

ors can be reconstituted by coculturing immune cells on the 

hip to facilitate the advanced modeling of the pathological tu- 

or environment. Moreover, it is worthwhile to further investi- 

ate intravasation and extravasation of cancer cells for metastasis 

n our VTS chip as tumor-EC hybrid spheroids exhibit aggressive 

nd metastatic phenotypes. Considering that our VTS chip could 

ot completely verify the perfusion of reconstituted lymphatic ves- 

els, future studies regarding the reconstitution of perfusable lym- 

hatic vessels in the vascularized tumor chips would be valuable 

o understand cancer metastasis since the lymphatic system is a 

rimary mechanism for tumors to move, or metastasize to distant 

rgans [51] . 

. Conclusion 

We engineered an in vitro 3D vascularized tumor spheroid 

odel exhibiting pathologically relevant features. We first gener- 

ted a tumor-EC hybrid spheroid with varying cancer cell to EC 

atios. We found that 1:1 hybrid spheroids showed more spher- 

cal morphology and high aggressiveness due to interactions be- 

ween cancer cells and ECs. Then, we fabricated a VTS chip with 

umor-EC hybrid spheroids. Our VTS model also recapitulated fen- 

strated blood vessels, a hallmark of leaky tumor vasculature. We 

lso demonstrated the effects of axitinib on tumor spheroids and 

umor-associated angiogenesis depending on varying doses and ex- 

osure times. Finally, we engineered a complicated TME using both 

ymphatic and blood vessels within the VTS chip. Thus, the estab- 

ished VTS chip could serve as a valuable proof-of-concept for drug 

fficacy testing platforms. 
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