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Microvascularized tumor 
organoids-on-chips: advancing preclinical drug 
screening with pathophysiological relevance
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Abstract 

Recent developments of organoids engineering and organ‑on‑a‑chip microfluidic technologies have enabled the 
recapitulation of the major functions and architectures of microscale human tissue, including tumor pathophysiology. 
Nevertheless, there remain challenges in recapitulating the complexity and heterogeneity of tumor microenviron‑
ment. The integration of these engineering technologies suggests a potential strategy to overcome the limitations 
in reconstituting the perfusable microvascular system of large‑scale tumors conserving their key functional features. 
Here, we review the recent progress of in vitro tumor‑on‑a‑chip microfluidic technologies, focusing on the reconstruc‑
tion of microvascularized organoid models to suggest a better platform for personalized cancer medicine.
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1 Introduction
Cancer pathophysiology is extremely complex since 
the  tumor microenvironment (TME) incorporates 
diverse factors, including extracellular matrix (ECM) 
and vascular constructs, with multiple stromal cell types 
[1]. Reproduction of the multiplex in vivo-like TME has 
been challenging due to the complexity and heterogene-
ity. The development of preclinical models pertinent to 
the pathophysiology of human cancers has contributed to 
clinical research for cancer therapeutics, and their roles 
are becoming more important [2]. Conventional preclini-
cal animal models have been widely applied to anti-can-
cer drug development [3, 4]. However, they are restricted 
by a limited throughput, ethical issues, costly and time-
consuming processes, and, more importantly, differences 
between animal and human physiology.

Recent advancement in 3D cell culture techniques to 
recapitulate human organ-specific microenvironment 

in vitro, which is known as organoids [5] or organs-on-
a-chip [6], has shown great potential to overcome the 
limitations of conventional animal models. Organ-on-a-
chip technologies and organoid models have emerged to 
better mimic the TME with human cells and to improve 
the efficiency with greater throughputs for more effective 
translational research for cancer treatment. TME-on-
a-chip techniques have advantages for coculturing vari-
ous cell types in TME under highly controlled dynamic 
microfluidic flow profiles to recapitulate essential physi-
ological phenomena in TME, while organoid technolo-
gies enable the development and reconstitution of 3D 
tumors retaining the inherent traits and the function of 
intact tumor tissues and the patient-derived TME and 
address intra- and inter-patient heterogeneity. Neverthe-
less, these technologies remain to be further developed to 
better reconstruct the notorious perplexity of TME. For 
example, it remains elusive whether tumor cells construct 
vessel-like channels themselves and connect to normal 
blood vessels or growth factors secreted by tumor cells 
induce blood vessels to grow into the tumor tissue [7]. 
Elucidation of the mechanism of tumor vasculogenesis 
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will contribute to modify the prognosis and therapy in 
cancer [8].

Recently, attempts to integrate organoids and organ-
on-a-chip technologies have shown the potential to 
synergize with each other. Notably, microvasculature-
on-a-chip techniques facilitate the establishment of 
vascular systems that have functional in  vivo-like solid 
tumors created by organoid engineering methods. In 
this Review, we highlight recent developments of micro-
vasculature-on-a-chip and tumor organoid formation 
and discuss how these techniques play an essential role 
in the research of vascular biology and oncology and 
in the development of cancer therapeutics. We review 
representative approaches using tumor organoids and 
microvasculature-on-a-chip to reconstruct a microvas-
cularized tumor system. Finally, we discuss the future 
perspective and challenges of this integrative technology 
named “microvascularized tumor organoids-on-a-chip” 
in reflecting intrinsic cancer traits on the preclinical 
modeling to facilitate cancer research and therapeutics 
development.

2  Tumor organoid
Over the past decades, advances in preclinical cancer 
models have contributed to the development of can-
cer research and therapeutics. Despite the remarkable 
progress in cancer treatment, many regimens have pre-
sented disappointing outcomes due to the  incomplete 
elimination of cancer cells. This fact mainly stems from 
the lack of understanding of tumor heterogeneity, which 
incorporates intra- and inter-tumor differences in gene 
expression, proliferation, metastatic feature, morphology, 
phenotype, and mutational profiles [9]. To address the 
challenge, it is essential to translate knowledge of cancer 
development from bench to bedside.

Standard oncology models like animal models and two-
dimensional in  vitro culture systems have widely been 
used for innovative discoveries of pathogenesis and ther-
apeutics in oncology in vivo [10–12]. They allow for pro-
found exploration; however, most of them lack complex 
human cancer traits. Similarly, 2D in vitro cancer mode-
ling does not truly reflect the pathological characteristics 
of the human TME. Patient-derived tumor xenografting 
(PDTX) models, which have been successful in replicat-
ing the significant portions of tumor multiplexity, com-
promise immune systems [13, 14].

Organoid technologies, which are 3D in  vitro con-
structs developed from self-organizing stem cells or pri-
mary tissue emulating in vivo tissue, have advanced the 
development of more physiological human models for 
translational research, as well as developmental stud-
ies. Beyond the potential of organoids to mimic normal 
human tissue microenvironment, this technology has 

been employed in cancer research to facilitate under-
standing of oncology and cancer therapeutics, termed 
tumor organoid [15, 16]. To date, tremendous efforts 
using human cell sources have been made to develop 
preclinical tumor organoid models of human cancers, 
including gastrointestinal, prostate, brain, kidney, and 
breast cancers.

2.1  Gastrointestinal cancer
Globally, about one-third of the entire incidence and 
mortality of cancer is associated with gastrointestinal 
cancers, which incorporates colorectal cancer, gastric 
cancer, liver cancer, and pancreatic cancer. So far, gastro-
intestinal tumor organoids have been cultured to reca-
pitulate  the functions and architectures of these cancer 
types.

2.1.1  Colorectal cancer
Worldwide, colorectal cancer, which is a tumor that 
develops from the colon or rectum, is one of the most 
common cancers [17]. Colorectal cancer modeling via 
tumor organoid has been developed using culture con-
dition to enable the long-term culture of villus-like epi-
thelial architectures [18] and CRISPR-Cas9-editing 
techniques [19–21] from human patient-derived tis-
sue acquired by surgical resection or endoscopy biopsy, 
establishing an organoid library [22]; other colorectal 
tumor organoids derived from surgical resection were 
applied to high-throughput drug screening [23–25]. 
Furthermore, colorectal tumor organoids extracted by 
patient tissue biopsy of metastatic lesion were used to 
compare the reactions to anti-cancer agents with the 
responses to the patients in clinical trials [26] as well as 
stored in the collection [27, 28].

2.1.2  Gastric cancer
Gastric cancer remains the third most common cause 
of cancer-related deaths of all malignancies worldwide 
[29]. To emulate the pathophysiology of gastric cancer, 
a standard protocol for gastric tumor organoids forma-
tion was established to represent the traits of each of its 
four subtypes [30] and recapitulate most of the critical 
hallmarks of bacterial infection using surgically resected 
tissue of patients [31, 32]; CRISPR-Cas9-editing method 
was used to modify gastric cancer organoids to model 
each of the four subtypes of gastric cancer [33]. Using 
patient tissue specimen of the metastatic insult, a library 
of gastric tumor organoids to study chemosensitivity was 
demonstrated [26].

2.1.3  Liver cancer
Internationally, primary liver cancer is the fourth lead-
ing cause of cancer mortality [29]. The histological and 
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genetic features and metastatic characteristics of hepa-
tocellular carcinoma were replicated using surgically 
resected primary liver cancer patient tissue [34]. Besides, 
long-term hepatocellular carcinoma organoid cultures 
from tumor needle biopsies of liver cancer patients were 
established [35]. The organoids preserve the genetic 
heterogeneity, the tumor marker expression, and the 
morphology of the originating tumors presenting the 
application of the tumor organoids as a tool for testing 
cancer treatments.

2.1.4  Pancreatic cancer
The incidence of pancreas cancers continues to rise [17], 
one of the major causes of cancer death [36]. To estab-
lish pancreatic cancer modeling, surgically resected 
pancreatic cancer patient tissue derived from resected 
tumors or biopsies has been contributed to constructing 
pancreatic tumor organoids with retaining morphologi-
cal heterogeneity and histological structure and building 
tumor organoids biobanks [37, 38]; therapeutic profiling 
was performed through the tumor organoids as a tool 
[39, 40]. Moreover, CRISPR-Cas9 technology enabled the 
reconstitution of progression from pancreatic intraepi-
thelial neoplasia to adenocarcinoma using pancreatic 
cancer patient specimens [41, 42].

2.2  Prostate cancer
Prostate cancer incidence and deaths have increased 
in the recent past few years [43, 44]. As prostate cancer 
modeling tools, the prostate tumor organoids were gen-
erated using metastatic human prostate cancer lesions 
and circulating tumor cells [45, 46]. The studies for pros-
tate tumor organoids demonstrated that the organoids 
created from human patient tumor specimens with 
detailed characteristics were amenable to drug testing 
[45] and study of prostate cancer initiation [47].

2.3  Brain cancer
Among adolescents and children, brain cancers, includ-
ing glioma, glioblastoma, and medulloblastoma, are the 
most common cancer and one of the leading causes of 
cancer-specific death [48]. Brain tumor organoid mod-
els derived from human embryonic stem cells were 
built via tumorigenic mutations using transposon and 
CRISPR-Cas9 technologies to study the human brain 
tumor developmental process incorporating initiation 
and progression [49]. Resected tissues of glioblastoma 
patients were utilized to build glioblastoma organoids 
to reconstitute hypoxic gradients, and stem cell hetero-
geneity was constructed [50]. Interestingly, glioblastoma 
modeling was developed using human embryonic stem 
cells-derived cerebral organoids with invasion of patient-
derived glioma stem cells, which replicated the biological 

behaviors, genetic features, and phenotypes of human 
glioblastoma [51].

2.4  Kidney cancer
In the United States, at least 300,000 kidney cancer sur-
vivors have or will develop chronic kidney disease [52]. 
Renal carcinoma organoids recapitulating the pheno-
typic traits were generated using human tissue speci-
mens [53, 54]. Also, the pediatric kidney cancer tissues 
extracted through nephrectomy or biopsy were utilized 
to derive kidney tumor organoids from retaining phe-
notypic and histological characteristics of the parental 
tumor tissue [55].

2.5  Breast cancer
Among females, breast cancer is the leading cancer and 
the main cause of cancer-related death [29]. Human 
breast tumor biopsies were applied to establish breast 
tumor organoids to reconstruct the basement mem-
brane [56] and identify drug response [57]. In addition, 
a living biobank of breast tumor organoids to maintain 
genetic and histological traits of parental tumors was 
built, which enabled high-throughput drug screening 
[58]. As one of the  breast cancer types, the papillary 
carcinoma organoids to mimic the histological fea-
tures and the biomarker expression were created using 
patient tumor tissues [59].

2.6  Others
Various types of tumor organoids have been engi-
neered to reconstruct specific microenvironments 
in tumors, such as the immune system. For instance, 
air-liquid interface tumor organoids derived from sur-
gically resected patient tumor tissue emulated the 
programmed cell death protein 1/ programmed death-
ligand 1 (PD-1/PD-L1)-dependent immune check-
point, which is a key regulatory physiological immune 
checkpoint [60]. Furthermore, the platform for the 
implementation of personalized high-throughput drug 
screening with whole-exome sequencing analysis was 
constructed via patient-derived multiple types of can-
cer organoids [61].

3  Microvasculature‑on‑a‑chip
Microvascular networks are composed of terminal 
arterioles, capillaries, and postcapillary venules, where 
the blood flow and drainage occur. The microvascu-
lar system is essential in human physiology as a cir-
culatory network to deliver nutrients and oxygen and 
eliminate the waste products and  CO2 by constructing 
inter-organ connections [68]. Since this circulatory sys-
tem plays an integral part in human metabolism and is 
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immensely associated with pathophysiology, it is cru-
cial to reconstitute the structure in preclinical mod-
els. Reconstructing the microvascular architecture and 
function, such as endothelial barriers and vascular per-
fusability, has been challenging for the development of 
conventional in vitro preclinical models.

To overcome the limitations, organ-on-a-chip sys-
tems provide for a controllable 3D tissue culture mod-
ule, allowing to emulate the microvascular network. 
The 3D microfluidic in vitro model has enabled the cul-
ture of microvasculature in a dynamic microenviron-
ment, termed microvasculature-on-a-chip. Recently, the 
dynamic stimulation, such as the blood flow-mimicking 
shear stress, advanced the physiological relevance in 
terms of its function, morphology, and junction expres-
sion. Here we reviewed microfluidic in  vitro models to 
reconstruct the microvasculature using human endothe-
lial cells (ECs) by categorizing them based on engineering 
aspects: self-assembled microvascular network, EC mon-
olayer, and tubular endothelial barrier.

3.1  Self‑assembled microvascular network
A network of blood vessels establishes the circulatory sys-
tem, regulating the systemic process by transporting vital 
substances. Through the circulatory path, drugs are dis-
tributed throughout the body. Of particular interest is the 
study to replicate the essential microvascular organiza-
tion related to multiple pathologies and drug treatment. 
The adjusted microenvironments by engineering cellular 
elements, extracellular matrix, mechanical stress, and 
other factors enable the reconstitution of the connected 
microvascular network with a lumenized structure via 
the self-organizing ability of ECs. This type of in  vitro 
model allows for the construction of blood vessels hav-
ing diameters in tens of micrometers. Also, this platform 
emulates fundamental mechanisms in microvasculature 

formation, known as angiogenesis and vasculogenesis, in 
the orchestrated microenvironment.

The gradient of soluble angiogenic factors generated by 
the microfluidic system induced sprouting angiogenesis 
via the self-organizing process of seeded ECs [69]. Using 
a strategy to promote vasculogenesis and angiogenesis 
via secreted agents from cellular components, 3D func-
tional microvascular networks can be built from ECs in 
microfluidic devices. For instance, a perfusable microvas-
culature was constructed through both vasculogenesis 
and angiogenesis of ECs embedded in fibrin gels sup-
ported by factors released from fibroblasts in the micro-
fluidic device compartmentalizing each cellular portion 
using gel-trapping micropost structure [62] (Fig. 1a). The 
microfluidic platform with microposts also enabled to 
measurement of the permeability of lumenized microves-
sels generated by angiogenesis [70]. With a similar gel-
trapping approach, the vasculogenesis-like process was 
supported by bone marrow-derived human mesen-
chymal stem cells, which release proangiogenic factors 
[71]. Also, the microvascular construct was generated 
by injecting fibrin gel loaded with normal human fibro-
blasts and endothelial colony-forming cell-derived ECs in 
each environmental condition: interstitial flow or hypoxic 
conditions [72]. The lumen structure constructed by 
this module was perfused by connecting to microfluidic 
channels to present an engineered anastomosis system 
[73, 74]. This platform exhibited flexibility to culture 
microvessels in high-throughput methods [75] integrat-
ing with multiple components, including tumor and car-
diac muscle tissues [5].

The self-morphogenic microvascular engineering 
method has been applied to the studies for the effects of 
various stimulations and constituents on the microvascu-
lature. The angiogenic sprouting response to mechanical 
cues, including shear stress [76], interstitial flow [77, 78], 
magnetic stimulation [79], and compression [80], was 
investigated using the self-organized microvasculature 

(See figure on next page.)
Fig. 1 Microvasculature‑on‑a‑chip technology. a Microfluidic platform to reconstruct a self‑organized microvascular network. Configurations and 
confocal microscopy images presenting the microvasculature constructed by (i) vasculogenesis (scale bar: 100 μm) and (ii) angiogenesis (scale bar: 
20 μm) at day 4. [62]. b Self‑assembled BBB microvascular network. Schematic diagram of BBB‑on‑a‑chip consisting of endothelial cells, astrocytes 
(ACs), and neurons (top). Confocal microscopy images of astrocytes (GFAP, white), neurons (Synaptophysin, green), and microvasculature (CD31, 
red) (bottom‑left). Immunostaining of CD31 (red) and tight junctions, ZO‑1 (green) of the vascular network—astrocyte interface (bottom‑right). 
[63]. c Microfluidic device to culture endothelial barriers. Configurations of blood‑lymphatic endothelial cells layer culture (top). Immunostaining 
of an endothelial‑specific protein, claudin‑5, and an endothelial‑specific adhesion molecule, VE‑cadherin (bottom). Scale bar, 100 μm. [64]. d BBB 
structure emulated by the microfluidic culture of endothelial cells monolayer. Schematic representation of the microfluidic BBB model (top). 
(i) Confocal image of the bottom of the chip with endothelium (ZO‑1, red) and network of astrocytes (GFAP, white). Scale bar, 50 µm. (ii) Tight 
endothelial monolayer (ZO‑1, red; DAPI, blue), pericytes cultured under the porous membrane (α‑SMA, green; DAPI, blue), and astrocytes labeled 
with GFAP (GFAP, white) and S100β (S100β, magenta). Scale bar, 50 μm [65]. e Tubular endothelial barrier‑on‑a‑chip. Schematic representation of 
the microfluidic system(top). Confocal microscopy images of the overall endothelialized ductal structure and the magnified section of network 
corner (red, CD31; blue, nuclei) (bottom). Scale bar, 100 μm [66]. f Ductal structure of BBB reproduced by microfluidic technology. Cross‑section 
view of the center of the chip for a three‑lane coculture system of endothelial cells, pericytes, and astrocytes (top). (i) Z‑stack confocal image of 3D 
reconstructed BBB (Calcein‑AM, green and magenta; PECAM‑1, red; nuclei, blue). (ii) Images of FITC‑dextran (20 kDa) perfused in the microchannels 
[67]
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models. In the microvascular environment, the angio-
genic sprouting was induced when a shear stress thresh-
old was surpassed [76]. The interstitial flow promoted 
angiogenic sprouting when the flow direction was oppo-
site from sprouting, while the flow given in the same 

direction inhibited the sprouting in the microfluidic plat-
form [77]. Also, low interstitial flow in the microfluidic 
system eliminated the spatial gradients of morphogen 
and maneuvered angiogenic growth [78]. Magnetic bead 
movement enhanced microvessels growth [79], while 
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compressive force increased reactive oxygen species and 
vascular leakiness [80]. The response of the microvascu-
lar plexus subjected to other types of stimulation caused 
by nanoparticles [81–83], anti-neovasculogenic agents 
[84], fine particulate matter [85], and airborne nanoscale 
particles [86] was examined using the microfluidic mod-
els. Furthermore, the cellular component and ECM are 
also important cues to modulate the microvascular envi-
ronment. For example, the mature and functional vascu-
lar network was established by the self-morphogenesis 
process of induced pluripotent stem cell (iPSC)-derived 
ECs in synthetic hydrogels [87] and the fibrin gel [88]. 
Also, this platform allowed to investigate the interaction 
between perivascular cells and microvascular constructs. 
Specifically, the microfluidic platforms demonstrated the 
contribution of pericytes to inhibiting the enlargement of 
microvessels and constructing a dense network [89] and 
the connecting mechanism between the vessel-like struc-
tures in the spheroid of human lung fibroblasts and the 
sprouts of microvessels [90].

Beyond engineering each component and stimula-
tion, the self-organized microvasculature-on-a-chip 
techniques were applied to recapitulating microvascu-
lar systems in multiple organs. For instance, angiogen-
esis in bone was reconstituted by culturing angiogenic 
sprouts in a mineralized ECM consisting of hydroxyapa-
tite [91] and inducing bone marrow angiogenic process 
by leukemia cells [92]. Besides, the subcutaneous blood 
vessels replicated by coculturing human ECs with der-
mal fibroblasts and keratinocytes exhibited enhanced 
angiogenesis during exposure to skin-irritation agents, 
which was proposed as an in vitro skin-irritation model 
[93]. The function of microvasculature in the brain, such 
as the  brain-blood barrier (BBB) and blood-retinal bar-
rier (BRB), was emulated using this type of microfluidic 
model [63, 94–98]. BBB-on-a-chip was developed by 
integrating various types of ECs with cellular constituents 
in the BBB microenvironment, such as astrocytes, peri-
cytes, and neurons. The microfluidic coculture system 
consisting of astrocytes, neurons, and human umbilical 
vein endothelial cells (HUVECs) enabled to the  repro-
duction of  low permeability of the vasculature, which is 
one of the critical physiological features of BBB by adjust-
ing media conditions [63] (Fig.  1b). Furthermore, BBB 
structures exhibiting physiological characteristics of BBB, 
including enhanced junction proteins, were engineered 
by combining astrocytes and pericytes with ECs such 
as human brain microvascular ECs [94] and iPSC-ECs 
[95]. Using this approach using iPSC-ECs, the transport 
of polymer nanoparticles across BBB was evaluated [96]. 
Moreover, the outer BRB mimicked in microfluidic chips 
shows the anatomical structure of outer BRB with higher 
trans-epithelial electronic resistance value than the value 

of the epithelial monolayer [97] and the pathophysiologi-
cal process of age-related macular degeneration [98].

For high-throughput culturing and drug screening sys-
tems of self-assembled microvascular network in  vitro 
models, facilitating 3D gel patterning to encapsulate 
endothelial and other cells is one of the most required 
manipulations. To allow for simple gel trapping, open 
microfluidics was employed to injection-molded micro-
fluidic chips, which enables to mimic the BBB construct 
[99], tumor microvasculatures [100], and the ocular neo-
vascularization [101].

3.2  Endothelial cell monolayer
One of the structural characteristics of the blood vessel 
is that ECs are aligned in a single layer in contact with 
circulating blood. A monolayer of ECs, known as the 
endothelium, is one of the essential architectures in the 
human body system. This structure regulates multiple 
physiological processes such as immune mechanisms, 
the transport of blood cells, and the control of vascular 
tone [102]. The input from the microenvironment such 
as biomechanical forces, including shear stress and cyclic 
strain, determines the endothelial phenotype [103]. To 
reflect the features of the endothelium on in vitro mod-
els, the microfluidic system which provides the dynamic 
environment has been employed to reconstruct the EC 
monolayer. Controlling the microfluidic condition in 
each EC culture system enabled a long-term culture of 
the ECs layer, which maintains cellular viability and pro-
motes the expression of the EC marker proteins as well as 
adhesion molecules elevated by the effects of the inflam-
matory cytokines [104].

Thanks to the strategy, a wide range of barrier func-
tions of numerous organs such as the  lung [105–108], 
lymphatic vascular system [64], placenta [109–113], skin 
[114], brain [65, 115, 116], and gut [117] has been emu-
lated in  vitro. A lung model is composed of an alveolar 
epithelium and an endothelium on the opposite sides of 
a porous membrane and is subjected to a respiration-
mimetic dynamic motion controlled by a vacuum system 
[105]. This microfluidic device facilitated reproducing the 
effects of physiological breathing on nanoparticles uptake 
[105] and drug-toxicity-induced pulmonary edema pro-
gression, incorporating the development of vascular leak-
age [106]. A lung-on-a-chip array was also developed by 
exposing the endothelial and epithelial layer on both sides 
of the porous membrane to cyclic strain using an elec-
tro-pneumatic set-up [107]. Using the alveolar-capillary 
interface barrier built by patterning human pulmonary 
alveolar epithelial cells and ECs on the opposite sides of 
the Matrigel membrane in the microfluidic chip, the pul-
monary response to air pollutant PM2.5 were assessed 
[108]. A microcirculation system consisting of blood and 
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lymphatic vessels was reproduced by coculturing both 
blood and lymphatic ECs on the porous membrane under 
flow conditions, which promote endothelial cell-cell junc-
tions [64] (Fig.  1c). Moreover, a multi-layered structure 
of human trophoblasts and ECs on a porous membrane 
subjected to dynamic flow mimics the architecture of the 
human placental barrier and physiological transport of 
glucose [109, 110] and drug [111] across the maternal-
fetal interface. The placental inflammatory responses 
with bacterial infection were investigated via the recon-
structed placental barrier using a similar approach [112]. 
Also, the placental transport of nanoparticles was exam-
ined using a placental barrier-on-a-chip fabricated by 
coculturing trophoblasts and ECs on the opposite sides 
of ECM [113]. The interlayer interaction provided by the 
microfluidic system allowed for the reconstitution of the 
complex skin structure consisting of epidermal, dermal, 
and endothelial layers, where inflammation and edema 
were induced in this model [114]. The neurovascular 
construct established by coculturing neurons, astro-
cytes, and ECs layers vertically patterned on gel walls 
under dynamic flow exhibited size-selective permeability 
[115]. Particularly, the function and morphology of BBB, 
including low permeability of the barrier and the expres-
sion of efflux pumps and transporters, were recapitulated 
by culturing ECs layers interfaced with astrocytes and 
pericytes under shear flow [65, 116]. The BBB structure 
engineered by brain-like microvascular ECs derived by 
iPSC technology demonstrated the improved barrier 
function under hypoxic conditions [116]. Besides, the 
barrier architecture consisting of human microvascular 
ECs allows for neuroinflammation modeling by establish-
ing an astrocytic network with reduced reactive gliosis 
markers while enables nanoparticles transport testing 
[65] (Fig.  1d). The human gut-vessel microenvironment 
with a peristaltic motion was reconstituted by culturing 
intestinal epithelial cells-ECs under a pneumatic pump-
ing system, which emulates the intestinal barrier damage 
and inflammatory reactions caused by E. coli [117].

Numerous microengineering technologies serve as 
a tool to construct microfluidic platforms to replicate 
endothelial barriers [118–120] and evaluate the barrier 
function [121, 122]. For instance, a semipermeable and 
optically transparent membrane created by a hydrogel 
engineering technology enabled to promote endothelial 
cellular adhesion and growth under microfluidic flow 
while compartmentalizing the microenvironments [118]. 
A pumpless microfluidic device designed for directional 
perfusion provided continuous fluid flow driven by grav-
ity to organize extensive endothelial barriers [119]. Also, 
a hydrophobic-patterning technique facilitated gel load-
ing in the microfluidic platform without microposts to 
guide the route, where a confluent EC monolayer was 

constituted on the patterned gel wall [120]. To assess the 
mechanical and chemical effects, including shear stress 
on the endothelial barrier culture, the microfluidic plat-
forms were designed to measure the permeability of the 
ECs layer using tracer molecules with varying sizes [121] 
and transendothelial electrical resistance [122]. Further-
more, the influence of external substances such as che-
moattractant [123] and gold nanoparticles [124] on the 
microenvironment of endothelium under fluid flow was 
investigated using engineered microfluidic platforms.

3.3  Tubular endothelial barrier
The microcirculation operated by distributing blood to 
tissues through ductal structures of vessels plays a vital 
role in human pathophysiology. Notably, the mechanical 
and rheological properties determined by multiple vari-
ables such as blood flow, blood cell behaviors, and inter-
action between blood cells and the vascular wall during 
ducal flow considerably affect the microcirculatory sys-
tem [125]. Thus, the tubular structure of microvascu-
lature is crucial to understand the hemodynamics [126] 
and the dysfunction of the system [127], which is impor-
tant for therapeutic developments. In  vitro microfluidic 
models to reconstruct the tubular lumen structures of 
endothelial barriers have been established to implement 
the strategies to explore unaddressed questions related to 
the pathophysiology [128].

Multiple types of engineering techniques were 
employed to fabricate fit-for-purpose microfluidic plat-
forms to build the ductal structure of the ECs layer. To 
reproduce the vascular disorders induced by pathologi-
cal oxygen stress and shear flow, the ECs layers on the 
fibronectin-coated walls of tubular microchannel were 
cultured in hypoxic conditions under fluid flow [129]. 
Through a hydrogel casting process using a 3D print-
ing technique, a confluent ductal layer of ECs was con-
structed on the microchannel walls consisting of gelatin 
methacrylate (GelMA) [130]. A microfluidic model to 
recapitulate angiogenesis, tubulogenesis, and anasto-
mosis developed from tubular microvascular structure 
also utilized a photo-crosslinkable material, GelMA 
[131]. On the other hand, ductal microvasculatures-on-
a-chip manufactured using photo-degradable hydrogels 
allowed for geometrical control [132]. A molding pro-
cess using the microwire also enabled the controllable 
design of tubular structure to emulate vascular compli-
ance and topography [133]. Moreover, the microfluidic 
tubular vasculature model, which can be applied to the 
anastomosis, was developed by integrating a synthetic 
biodegradable polymer with 3D stamping technology 
[134]. The in vivo-like ducts were also built by aligning 
smooth muscle cells and ECs on microwrinkled circular 
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microchannels constructed via the soft-lithographic 
molding process [135].

To examine the behavior of blood cells and blood flow 
during the microcirculation, a certain type of blood 
cells such as red blood cells (RBCs) and white blood 
cells were inserted in the tubular endothelial barriers-
on-a-chip. For example, RBCs were introduced to the 
perfusable capillary tube, which was created by fus-
ing migrating ECs from opposite ends along patterned 
fibrin gels in the microchannels [136]. Besides, the 
effects of endothelium on the behavior of RBCs around 
the endothelial wall under hydrodynamic resistance 
were examined using ductal endothelial microchannels 
built by the soft-lithography technique [137]. RBCs are 
also perfused in ECs layer-covered microchannel under 
mechanical stress to mimic damage on the pulmonary 
microvasculature that occurred during RBCs transfu-
sion and breathing [138]. Particularly, an agarose-gel-
atin interpenetrating polymer network hydrogel was 
utilized to fabricate a tubular endothelialized fluidic 
system, in which sickle RBCs were loaded in the chan-
nels to investigate the endothelial barrier dysfunction 
in sickle cell disease [139]. Moreover, neutrophil, one 
of the types of white blood cells, was introduced in the 
endothelial tubes constructed in microfluidic channels 
with varying bifurcation angles [140] and mold-casted 
microchannels [141, 142] to examine the interaction 
between endothelium and neutrophils. Beyond inject-
ing each type of blood cells, whole human  blood was 
infused into the tubular structure of endothelial bar-
riers. Whole blood was inserted through the cylindri-
cal ECs barriers on microchannels fabricated using a 
biocompatible sacrificial molding [143]. The collagen 
scaffolds to form tube-shaped microvessels were manu-
factured via a molding process and utilized to examine 
the prothrombotic state under the inflammatory stim-
ulation by injecting human blood into the ducts [66] 
(Fig.  1e). Likewise, more adhered monocytes on the 
inner endothelial surface of the lumen were investigated 
in the presence of an inflammatory cytokine than in the 
absence of the stimulation using the endothelial ducts 
in microfluidic channels manufactured by 3D stamp-
ing technology [144]. Also, platelet aggregation was 
observed when whole blood was perfused in 3D printed 
microfluidic chips with a stenotic geometry [145] and 
constricted microchannels generated by the  collagen-
patterning method emulating stenosis in atherosclero-
sis [146]. Interestingly, a bleeding model was developed 
by coupling the microfluidic chip fabricated by soft 
lithography with a pneumatic valve to induce vascular 
injury of endothelial barriers, which allowed for the 
investigation of the effect of antiplatelet agents on clot 
retraction and hemostatic plug formation [147].

Recent studies have also presented the application of 
the tubular ECs layer-on-a-chip technology to replicat-
ing the microvascular system in other organs such as skin 
[148] and BBB [67]. For instance, a skin-equivalent model 
was established by constructing the ductal microchannel 
in the collagen scaffold containing dermal fibroblasts and 
epidermal keratinocytes, coating the inner surface of the 
channel with ECs and perfusing media using a pumping 
system [148]. Furthermore, tubular BBB structure with 
adherens and tight junctions was reproduced by cocul-
turing ECs, astrocytes, and pericytes in the commercially 
available microfluidic platform, which was utilized to test 
antibody transcytosis [67] (Fig. 1f ).

4  Microfluidic approach to reconstitute 
vascularized solid tumors

4.1  On‑chip tumor spheroids formation using 
microfluidics

A tumor spheroid is a 3D cell cluster with a spherical 
structure derived from a variety of tumor cell lines or 
even with other tumor-related cells [151]. Tumor sphe-
roid formation became of interest because they better 
recapitulate the in vivo TME, and resultantly, provides a 
more accurate platform for biological studies and thera-
peutic testing. Tumor cells are formed into spheroids to 
better replicate the in  vivo TME. This allows for more 
accurate biological studies and therapeutic testing. Con-
ventional tumor spheroid forming techniques include 
hanging drop [152], liquid overlay [153], spinner flask 
[154], and NASA’s rotating wall vessel (RWV) [155]. In 
addition to formation, these techniques also accommo-
date drug testing and performance analysis. Since tumor 
spheroids, Nevertheless, the conventional methods have 
their drawbacks as the dynamic culturing systems (spin-
ner flask and RWV) require large volumes of media, 
and the static culturing systems (hanging drop and liq-
uid overlay) are laborious and require frequent media 
exchanges [151]. To overcome these challenges, micro-
fluidics has become a popular solution that commonly 
includes hydrodynamics [149], hydraulic resistance [156], 
droplet [157], and microwells [150] for tumor spheroid 
culturing (Fig.  2). Microfluidics advanced spheroid cul-
turing techniques by providing higher controllability over 
spheroid size and growth parameters, continuous perfu-
sion, and faster formation [158].

4.2  Applying 3D tumor spheroids 
to microvasculature‑on‑a‑chip devices

Organs-on-a-chip approaches have extended their poten-
tials to reconstructing TME [159–161]. Furthermore, 
to replicate the crucial features of the microvascular-
ized tumor complex, such as tumor angiogenesis and 
metastasis [162–165], the microfluidic tumor-on-a-chip 
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incorporating a microvascular compartment has been 
developed [166]. The self-assembly microvascular engi-
neering approach has facilitated to reconstruct tumor 
angiogenesis [62, 167] and tumor vasculature for analysis 
of patient-derived tumor cellular behaviors on the net-
work [168] and anti-cancer drug testing [100, 169–171]. 
This self-organization method has also been applied 
to emulate metastatic cascade such as extravasation of 
tumor cells [172–175], including when the TME is in 
the bone matrix [176] or hypoxic condition [177]. As 
another technique to reconstitute microvasculature, the 
endothelial monolayer organized with tumor cells in the 
microfluidic platform has provided a reliable module to 
recapitulate tumor behaviors on the endothelial barrier 
[178], including metastatic response [179, 180] such as 
transendothelial invasion [181, 182], intravasation [183–
186], and extravasation [187]. Moreover, integrating 
tubular endothelial barriers-on-a-chip with cancer cells 
has enabled to  the investigation of transvascular migra-
tion of tumor cells [188] and assess anti-drug efficacy 
[189] and nanoparticle extravasation [190] in the micro-
fluidic model. As described above, considerable progress 
in translational research to understand vascular oncology 
has been achieved by combining single tumor cells with 
microvasculature-on-a-chip techniques.

Nevertheless, the aforementioned models present 
constraints in emulating the  pathophysiology of solid 
tumor tissue with microvascular plexus. To understand 
the microenvironment of solid tumor microvascula-
ture is crucial because solid tumor with the abnormal 
microvasculature leads to regions of hypoxia and acid-
ity [191, 192]. These unique physiological characteristics 
influence drug resistance to chemotherapy and anti-
angiogenic factors, which is critical in cancer treatment 
[193–196]. 3D tumor tissues assembled in a microsphere, 
known as tumor spheroids, have been orchestrated with 
microvasculature-on-a-chip to address the challenges. 
To date, the microfluidic platforms to culture engineered 

tumor spheroids with the microvascular system have 
been developed (Table. 1) to reconstitute microvascu-
larized solid tumors of numerous organ types, including 
lung, colon, brain, ovary, stomach, and breast. Unlike 
the microfluidic models depicted in Table. 1, where 3D 
tumor spheroids cultured in separate platforms were 
incorporated in microvasculature-on-a-chip, the tech-
nologies to assemble solid tumor tissue and construct 
a microvascular structure in the microfluidic platform 
at once have been developed [197–200]. The innovative 
combination of solid tumor tissue formation techniques 
and microvasculature-on-a-chip technologies has con-
tributed to translational cancer research.

5  On‑chip approaches for microvascularized 
tumor organoids

As previously described, exploring the physiological 
interaction of microvessels and solid tumor tissue is con-
siderably significant in understanding oncology and can-
cer therapeutics. Though the integration of 3D tumor 
spheroids with the microvascular system in  vitro con-
tributed to this understanding, the current unmet goals 
of the models are to recapitulate the highly complex 
TME and heterogeneity of each patient tumor. Beyond 
the in vitro system to encompass the cellular aggregates 
and the microvessels, multiplexed microfluidic systems 
have been developed by combining organoids technolo-
gies with microvasculatures-on-a-chip systems. The 
microvascularized 3D tissues retain their functions and 
features representing the original in  vivo tissues and 
increase the complexity of the microenvironments incor-
porating the microvascular system.

The microfluidic platform to engineer microvas-
cularized organoids was demonstrated by providing 
the controllable fluid perfusion on the collagen cylin-
ders consisting of liver cancer cells and surrounded by 
HUVECs [212] (Fig.  3a). Likewise, vascularized kidney 
organoids were constituted using pretubular aggregates 

Fig. 2 Microfluidic systems for tumor spheroid culturing. a A microfluidic device that utilizes hydrodynamics to guide cancer cells into U‑shaped 
traps and form tumor spheroids. This method highlights the controllability over the number of cells in each spheroid, the ability to sustain 
long‑term culturing, and on‑chip drug testing, which are features not present in conventional methods [149]. b A tumor spheroid culturing device 
that combines microfluidic principles and cell suspension techniques. The cell suspension injected through the PDMS channel was gathered in the 
pyramid‑like holes to be aggregated. The device supports spheroid formation and long‑term culture [150]
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differentiated from human pluripotent stem cell-derived 
metanephric mesenchyme cells under controllable flow 
on milifluidic chips [216]. The dynamic microenviron-
ment in the platform contributed to enhanced endothe-
lial maturity and vascularization with perfusable lumens 
as well as more mature podocyte and tubular portions. 
For a vascularized liver organoids modeling, induced 
hepatic cells were cocultured with HUVECs in a decel-
lularized liver extracellular matrix loaded in a microflu-
idic platform with a rocker system [213] (Fig. 3b). Under 
the gravity-driven flow in the system, the liver orga-
noids presented induced vascularization by HUVECs 

and extended albumin expression. In addition to the 
studies integrating normal organoids with vascular net-
works, patient-derived tumor organoids were loaded in 
the self-organized microvasculature-on-a-chip, although 
the tumor organoids lack the characteristics of 3D solid 
tumor tissue [214] (Fig. 3c). The microvascular network 
cultured with patient-derived tumor organoids presented 
highly angiogenic features. Using a customizable micro-
fluidic platform, ECM components and the culture media 
composition were adjusted to coculture patient-derived 
colon organoids and a self-assembled microvasculature 
under intravascular perfusion [215]. This device was 

Fig. 3 Modeling for vascularized organoids‑on‑a‑chip. a The approach for collagen‑HepG2 modules to build vascularized organoids. The HepG2 
cells collagen cylinders covered with human umbilical vein endothelial cells (HUVECs) were cultured in the flow circuit enabling perfusion with 
medium or blood to deliver nutrients to the assembly. Confocal microscopy image of (i) vascular endothelial (VE)‑cadherin staining of HUVEC 
layer on the construct and (ii) prelabeled viable HepG2 cells [212]. b 3D vascularized hepatic organoids in a rocker‑actuated microfluidic system. 
Confocal images for CD31 (green) and albumin (ALB; red) of the liver organoids consisting of induced hepatic cells, HUVECs, and a decellularized 
liver extracellular matrix cultured under each condition demonstrate increased albumin expression and vascular network of the liver organoids 
when cultured with media flow: under static conditions (iHE‑S) and dynamic conditions induced by the microfluidic system (iHE‑F). Scale bars, 
500 μm (white), 50 μm (yellow) [213]. c A microfluidic device to coculture patient‑derived tumor organoids (PDTO) and a perfusable microvascular 
networks. Fluorescently tagged PDTOs (red; scale bar, 50 μm) cultured in the microfluidic chip grow in the pre‑vascularized system. The vascular 
network (green; scale bar, 100 μm) cocultured with PDTOs show highly angiogenic features [214]. d A microfluidic platform to engineer vascularized 
colon organoids. Confocal microscopy images of vascularized colon organoids for F‐actin (red), DAPI (blue), and GFP‐endothelial cells (green). [215]
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applied to the reconstitution of a colorectal inflammation 
with an innate immune function in the circulatory system 
was reconstituted in this device by applying monocytes 
and inflammatory cytokines to the microenvironment.

Upon embedment of functional organoids into micro-
vasculature-on-a-chip, multiplexed microvascularized 
“on-a-chip” models will be constructed by addressing the 
key hurdles. Representation of an in vivo-like microenvi-
ronment using the platforms allows for the development 
of therapeutics and biological studies. Likewise, emulat-
ing vascularized TME by incorporating tumor organoids 
into microvascular beds contributes to the advance in 
cancer treatment and research (Fig. 4).

6  Conclusions
The current organoid and organ-on-a-chip technolo-
gies have contributed to the recapitulation of human 
cancer pathophysiology. Although the tumor organoids 
and TME-on-a-chip techniques have provided promis-
ing tools for preclinical studies, multiple challenges such 
as mimicking the systemic delivery of anti-cancer drugs 
remain for advanced applications. One of the recent 
strategies is the microvascularization of tumor orga-
noids, which allows to mimic a physiologically relevant 
molecular transport system to provide nutrients to tumor 

organoids or to deliver anti-cancer drugs, highlighting 
the importance of this technology integration.

However, several challenges still have to be overcome in 
microvascularized tumor organoids in terms of materials 
and design. First, media formulations and ECM compo-
nents should be adjusted to induce microvascularization 
in tumor organoids during their organogenesis. Moreo-
ver, the development of alternative materials is required 
because polydimethylsiloxane, which is the most widely 
used material in the manufacturing of microfluidic plat-
forms, severely adsorbs biomolecules to decrease the 
accuracy of drug testing. A new module for a highly 
controllable dynamic environment needs to be estab-
lished to precisely control the organogenesis and micro-
vascular growth. Following this, organ-on-a-chips with 
microfluidic systems could provide more precise control 
over the organogenesis than conventional methods. This 
microsystem can also directly lead to drug testing with-
out further transfer or disturbance of the spheroids with 
minimal waste by easily integrating biosensors.

Here, we highlighted tumor organoids cultures, micro-
vasculature engineering, and microfluidic techniques, 
which may serve as versatile tools to reproduce TME with 
pathophysiological relevance. The established perfus-
able tumor culture system incorporating microvascular 
networks with high functional resemblance to the patient 

Fig. 4 Microvascularized tumor organoids‑on‑a‑chips principles
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tumor may allow for continuous growth and maturation of 
tumor tissue via microcirculation. This synergistic strategy 
to reconstruct microvascularized tumors may play a criti-
cal role in the development of personalized cancer therapy. 
Consequently, we expect that further studies to integrate 
the microvascularized tumor model with a complex mech-
anism, such as an immune system, enable the close repro-
duction of cancer pathophysiology.

Abbreviations
TME: Tumor microenvironment; ECM: Extracellular matrix; PDTX: Patient‑
derived tumor xenografting; EC: Endothelial cell; HUVECs: Human umbilical 
vein endothelial cells; iPSC: Induced pluripotent stem cell; BBB: Brain‑blood 
barrier; BRB: Blood‑retinal barrier; GelMA: Gelatin methacrylate; RBC: Red blood 
cell; RWV: Rotating wall vessel; AC: Astrocyte; PC: Pericytes; HUVECs: Human 
umbilical vein endothelial cells; FSS: Fluid shear stress; iHE‑S: Under static 
conditions induced by the microfluidic system; iHE‑F: Dynamic conditions 
induced by the microfluidic system; PDTO: Patient‑derived tumor organoids; 
EMT: Epithelial‑mesenchymal transition; ECFC: Endothelial colony‑forming 
cell; HDMEC: Human dermal microvascular endothelial cells; HDLEC: Human 
dermal lymphatic endothelial cells; NHLF: Normal human lung fibroblast; 
ALB: Albumin; PD‑1: Programmed cell death protein 1; PD‑L1: Programmed 
death‑ligand 1.

Acknowledgements
Not applicable.

Authors’ contributions
JL, JY, and YK planned for this review article and contributed to the drafting of 
sections. JL and HC wrote the manuscript. JL, HC, JY, NJ, and YK contributed to 
discussions and editing of the manuscript. YK provided overall supervision. All 
authors read and approved the final manuscript.

Funding
This work was supported by the National Institutes of Health Director’s New 
Innovator Award 1DP2HL142050 (Y.K.) and the National Science Foundation 
under CAREER CMMI 1653006 (Y.K.).

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Mechanical and Aerospace Engineering, Seoul National University, 
Seoul 08826, Republic of Korea. 2 George W, Woodruff School of Mechani‑
cal Engineering, Georgia Institute of Technology, North Ave NW, Atlanta, GA 
30332, USA. 3 Institute of Advanced Machinery and Design, Seoul National 
University, Seoul 08826, Republic of Korea. 4 Institute of Bioengineering, Seoul 
National University, Seoul 08826, Republic of Korea. 5 Parker H. Petit Institute 
for Bioengineering and Bioscience, Georgia Institute of Technology, Atlanta, 
GA 30332, USA. 6 Wallace H. Coulter Department of Biomedical Engineering, 
Georgia Institute of Technology, Atlanta, GA 30332, USA. 7 Institute for Elec‑
tronics and Nanotechnology, Georgia Institute of Technology, Atlanta, GA 
30332, USA. 

Received: 25 November 2020   Accepted: 17 March 2021

References
 1. F.R. Balkwill, M. Capasso, T. Hagemann, J. Cell Sci. 125, 5591 (2012)

 2. G. Caponigro, W.R. Sellers, Nat. Rev. Drug Discov. 10, 179 (2011)
 3. A. Astashkina, B. Mann, D.W. Grainger, Pharmacol. Ther. 134, 82 (2012)
 4. P. McGonigle, B. Ruggeri, Biochem. Pharmacol. 87, 162 (2014)
 5. H. Clevers, Cell 165, 1586 (2016)
 6. S.N. Bhatia, D.E. Ingber, Nat. Biotechnol. 32, 760 (2014)
 7. M. Leslie, Science 352, 1381 (2016)
 8. G. Bergers, D. Hanahan, Nat. Rev. Cancer 8, 592 (2008)
 9. M.R. Junttila, F.J. de Sauvage, Nature 501, 346 (2013)
 10. N.E. Sharpless, R.A. DePinho, Nat. Rev. Drug Discov. 5, 741 (2006)
 11. J.L. Wilding, W.F. Bodmer, Cancer Res. 74, 2377 (2014)
 12. C.‑P. Day, G. Merlino, T. Van Dyke, Cell 163, 39 (2015)
 13. J.J. Tentler, A.C. Tan, C.D. Weekes, A. Jimeno, S. Leong, T.M. Pitts, J.J. Arca‑

roli, W.A. Messersmith, S.G. Eckhardt, Nat. Rev. Clin. Oncol. 9, 338 (2012)
 14. M. Cekanova, K. Rathore, Drug. Des. Devel. Ther. 8, 1911 (2014)
 15. J. Drost, H. Clevers, Nat. Rev. Cancer 18, 407 (2018)
 16. D. Tuveson, H. Clevers, Science 364, 952 (2019)
 17. R.L. Siegel, K.D. Miller, A. Jemal, CA Cancer J. Clin. 70, 7 (2020)
 18. T. Sato, D. Stange, M. Ferrante, R. Vries, J. Brink, W. Houdt, A. Pronk, J. 

Gorp, P. Siersema, H. Clevers, Gastroenterology 141, 1762 (2011)
 19. J. Drost, R. Jaarsveld, B. Ponsioen, C. Zimberlin, R. Boxtel, A. Buijs, N. 

Sachs, R. Overmeer, J. Offerhaus, H. Begthel, J. Korving, M. Wetering, G. 
Schwank, M. Logtenberg, E. Cuppen, H. Snippert, J. Medema, G. Kops, H. 
Clevers, Nature 521, 43 (2015)

 20. M. Matano, S. Date, M. Shimokawa, A. Takano, M. Fujii, Y. Ohta, T. Watan‑
abe, T. Kanai, T. Sato, Nat. Med. 21, 256 (2015)

 21. A. Fumagalli, J. Drost, S. Suijkerbuijk, R. Boxtel, J. Ligt, G. Offerhaus, H. 
Begthel, E. Beerling, E. Tan, O. Sansom, E. Cuppen, H. Clevers, J. Rheenen, 
Proc. Natl. Acad. Sci. USA 114, E2357 (2017)

 22. M. Fujii, M. Shimokawa, S. Date, A. Takano, M. Matano, K. Nanki, Y. Ohta, 
K. Toshimitsu, Y. Nakazato, K. Kawasaki, T. Uraoka, T. Watanabe, T. Kanai, T. 
Sato, Cell Stem Cell 18, 827 (2016)

 23. M. van de Wetering et al., Cell 161, 933 (2015)
 24. J. Kondo, T. Ekawa, H. Endo, K. Yamazaki, N. Tanaka, Y. Kukita, H. Okuy‑

ama, J. Okami, F. Imamura, M. Ohue, K. Kato, T. Nomura, A. Kohara, S. 
Mori, S. Dan, M. Inoue, Cancer Sci. 110, 345 (2019)

 25. Y. Yao et al., Cell Stem Cell 26, 17 (2020)
 26. G. Vlachogiannis et al., Science 359, 920 (2018)
 27. F. Weeber, M. Wetering, M. Hoogstraat, K. Dijkstra, O. Krijgsman, T. Kuil‑

man, C. Hooijdonk, D. Velden, D. Peeper, E. Cuppen, R. Vries, H. Clevers, 
E. Voest, Proc. Natl. Acad. Sci. USA 112, 13308 (2015)

 28. M. Schütte et al., Nat. Commun. 8, 14262 (2017)
 29. F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, CA 

Cancer J. Clin. 68, 394 (2018)
 30. Y. Wang, R. Kim, D. Gunasekara, M. Reed, M. DiSalvo, D. Nguyen, S. Bult‑

man, C. Sims, S. Magness, N. Allbritton, Cell. Mol. Gastroenterol. Hepatol. 
5, 113 (2018)

 31. S. Bartfeld, T. Bayram, M. van de Wetering, M. Huch, H. Begthel, P. Kujala, 
R. Vries, P.J. Peters, H. Clevers, Gastroenterology 148, 126 (2015)

 32. P. Schlaermann, B. Toelle, H. Berger, S.C. Schmidt, M. Glanemann, J. 
Ordemann, S. Bartfeld, H.J. Mollenkopf, T.F. Meyer, Gut 65, 202 (2016)

 33. K. Nanki et al., Cell 174, 856 (2018)
 34. L. Broutier et al., Nat. Med. 23, 1424 (2017)
 35. S. Nuciforo, I. Fofana, M.S. Matter, T. Blumer, D. Calabrese, T. Boldanova, S. 

Piscuoglio, S. Wieland, F. Ringnald, G. Schwank, L. Terracciano, C. Ng, M. 
Heim, Cell Rep. 24, 1363 (2018)

 36. J.P. Neoptolemos, J. Kleeff, P. Michl, E. Costello, W. Greenhalf, D.H. Palmer, 
Nat. Rev. Gastroenterol. Hepatol. 15, 333 (2018)

 37. S.F. Boj et al., Cell 160, 324 (2015)
 38. S.F. Boj, C.‑I. Hwang, L.A. Baker, D.D. Engle, D.A. Tuveson, H. Clevers, Mol. 

Cell. Oncol. 3, e1014757 (2016)
 39. L. Huang et al., Nat. Med. 21, 1364 (2015)
 40. H. Tiriac et al., Cancer Discov. 8, 1112 (2018)
 41. J. Lee, E.R. Snyder, Y. Liu, X. Gu, J. Wang, B.M. Flowers, Y. Kim, S. Park, G.L. 

Szot, R.H. Hruban, T.A. Longacre, S.K. Kim, Nat. Commun. 8, 14686 (2017)
 42. T. Seino et al., Cell Stem Cell 22, 454 (2018)
 43. R. Siegel, K. Miller, A. Jemal, CA Cancer J. Clin. 67, 7 (2017)
 44. R. Siegel, K. Miller, A. Jemal, CA Cancer J. Clin. 69, 7 (2019)
 45. D. Gao et al., Cell 159, 176 (2014)
 46. J. Drost, W.R. Karthaus, D. Gao, E. Driehuis, C.L. Sawyers, Y. Chen, H. Clev‑

ers, Nat. Protoc. 11, 347 (2016)



Page 14 of 16Lim et al. Nano Convergence            (2021) 8:12 

 47. W.R. Karthaus, P. Iaquint, J. Drost, A. Gracanin, R. Boxtel, J. Wongvipat, 
C. Dowling, D. Gao, H. Begthel, N. Sachs, R. Vries, E. Cuppen, Y. Chen, C. 
Sawyers, H. Clevers, Cell 159, 163 (2014)

 48. R.L. Siegel, K.D. Miller, A. Jemal, CA Cancer J. Clin. 66, 7 (2016)
 49. S. Bian, M. Repic, Z. Guo, A. Kavirayani, T. Burkard, J.A. Bagley, C. Krau‑

ditsch, J.A. Knoblich, Nat. Methods 15, 631 (2018)
 50. C.G. Hubert et al., Cancer Res. 76, 2465 (2016)
 51. A. Linkous et al., Cell Rep. 26, 3203 (2019)
 52. A. Chang, A. Finelli, J.S. Berns, M. Rosner, Adv. Chronic Kidney Dis. 21, 91 

(2014)
 53. C.A. Batchelder, M.L. Martinez, N. Duru, F.J. Meyers, A.F. Tarantal, PLoS 

ONE 10, e0136758 (2015)
 54. L. Grassi et al., Cell Death Dis. 10, 201 (2019)
 55. C. Calandrini et al., Nat. Commun. 11, 1310 (2020)
 56. O.W. Petersen, L. Rønnov‑Jessen, A.R. Howlett, M.J. Bissell, Proc. Natl. 

Acad. Sci. USA 89, 9064 (1992)
 57. A.J. Walsh, R.S. Cook, M.E. Sanders, C.L. Arteaga, M.C. Skala, Sci. Rep. 6, 

18889 (2016)
 58. N. Sachs et al., Cell 172, 373 (2018)
 59. X. Li, B. Pan, X. Song, N. Li, D. Zhao, M. Li, Z. Zhao, Cancer Cell Int. 20, 86 

(2020)
 60. J.T. Neal et al., Cell 175, 1972 (2018)
 61. C. Pauli et al., Cancer Discov. 7, 462 (2017)
 62. S. Kim, H. Lee, M. Chung, N.L. Jeon, Lab Chip 13, 1489 (2013)
 63. S. Bang, S.‑R. Lee, J. Ko, K. Son, D. Tahk, J. Ahn, C. Im, N.L. Jeon, Sci. Rep. 7, 

8083 (2017)
 64. M. Sato, N. Sasaki, M. Ato, S. Hirakawa, K. Sato, K. Sato, PLoS ONE 10, 

e0137301 (2015)
 65. S.I. Ahn, Y.J. Sei, H. Park, J. Kim, Y. Ryu, J.J. Choi, H. Sung, T.J. MacDonald, 

A.I. Levey, Y. Kim, Nat. Commun. 11, 175 (2020)
 66. Y. Zheng et al., Proc. Natl. Acad. Sci. USA 109, 9342 (2012)
 67. N.R. Wevers, D.G. Kasi, T. Gray, K.J. Wilschut, B. Smith, R. Vught, F. Shimizu, 

Y. Sano, T. Kanda, G. Marsh, S.J. Trietsch, P. Vulto, H.L. Lanz, B. Obermeier, 
Fluids Barriers CNS 15, 23 (2018)

 68. A.S. Popel, P.C. Johnson, A.S. Popel, P.C. Johnson, Annu. Rev. Fluid Mech. 
37, 43 (2005)

 69. Y. Shin, J.S. Jeon, S. Han, G.‑S. Jung, S. Shin, S.‑H. Lee, R. Sudo, R.D. Kamm, 
S. Chung, Lab Chip 11, 2175 (2011)

 70. H. Lee, S. Kim, M. Chung, J.H. Kim, N.L. Jeon, Microvasc. Res. 91, 90 
(2014)

 71. J.S. Jeon, S. Bersini, J.A. Whisler, M.B. Chen, G. Dubini, J.L. Charest, M. 
Moretti, R.D. Kamm, Integr. Biol. 6, 555 (2014)

 72. Y.‑H. Hsu, M.L. Moya, P. Abiri, C.C.W. Hughes, S.C. George, A.P. Lee, Lab 
Chip 13, 81 (2013)

 73. M.L. Moya, Y.‑H. Hsu, A.P. Lee, C.C.W. Hughes, S.C. George, Tissue Eng. 
Part C Methods 19, 730 (2013)

 74. X. Wang, D.T.T. Phan, A. Sobrino, S.C. George, C.C.W. Hughes, A.P. Lee, 
Lab chip 16, 282 (2016)

 75. Y.‑H. Hsu, M.L. Moya, C.C.W. Hughes, S.C. George, A.P. Lee, Lab Chip 13, 
2990 (2013)

 76. P.A. Galie, D.‑H.T. Nguyen, C.K. Choi, D.M. Cohen, P.A. Janmey, C.S. Chen, 
Proc. Natl. Acad. Sci. USA 111, 7968 (2014)

 77. S. Kim, M. Chung, J. Ahn, S. Lee, N.L. Jeon, Lab Chip 16, 4189 (2016)
 78. V.S. Shirure, A. Lezia, A. Tao, L.F. Alonzo, S.C. George, Angiogenesis 20, 

493 (2017)
 79. M.K. Sewell‑Loftin, S.V.H. Bayer, E. Crist, T. Hughes, S.M. Joison, G.D. 

Longmore, S.C. George, Sci. Rep. 7, 12574 (2017)
 80. J. Ahn, H. Lee, H. Kang, H. Choi, K. Son, J. Yu, J. Lee, J. Lim, D. Park, M. Cho, 

N.L. Jeon, Appl. Sci. 10, 2027 (2020)
 81. J. Ahn, C.‑S. Cho, S.W. Cho, J.H. Kang, S.‑Y. Kim, D.‑H. Min, J.M. Song, T.‑E. 

Park, N.L. Jeon, Acta Biomater. 76, 154 (2018)
 82. J. Ahn, Y.J. Sei, N.L. Jeon, Y. Kim, IEEE Trans. Nanotechnol. 17, 393 (2018)
 83. Y.J. Sei, J. Ahn, T. Kim, E. Shin, A.J. Santiago‑Lopez, S.S. Jang, N.L. Jeon, Y.C. 

Jang, Y. Kim, Biomaterials 170, 58 (2018)
 84. S. Zeinali, C.A. Bichsel, N. Hobi, M. Funke, T.M. Marti, R.A. Schmid, O.T. 

Guenat, T. Geiser, Angiogenesis 21, 861 (2018)
 85. Y. Li, Q. Pi, P. Wang, L. Liu, Z. Han, Y. Shao, Y. Zhai, Z. Zuo, Z. Gong, X. Yang, 

Y. Wu, RSC Adv. 7, 56108 (2017)
 86. Y. Li, C. Hu, P. Wang, Y. Liu, L. Wang, Q. Pi, Z. Gong, X. Yang, M. Mak, Y. Wu, 

J. Nanobiotechnology 17, 20 (2019)
 87. M.R. Zanotelli et al., Acta Biomater. 35, 32 (2016)

 88. Y.K. Kurokawa, R.T. Yin, M.R. Shang, V.S. Shirure, M.L. Moya, S.C. George, 
Tissue Eng. Part C Methods 23, 474 (2017)

 89. J. Kim, M. Chung, S. Kim, D.H. Jo, J.H. Kim, N.L. Jeon, PLoS ONE 10, 
e0133880 (2015)

 90. Y. Nashimoto, T. Hayashi, I. Kunita, A. Nakamasu, Y. Torisawa, M. 
Nakayama, H. Takigawa‑Imamura, H. Kotera, K. Nishiyama, T. Miura, R. 
Yokokawa, Integr. Biol. 9, 506 (2017)

 91. N. Jusoh, S. Oh, S. Kim, J. Kim, N.L. Jeon, Lab Chip 15, 3984 (2015)
 92. Y. Zheng, Y. Sun, X. Yu, Y. Shao, P. Zhang, G. Dai, J. Fu, Adv. Healthc. Mater. 

5, 1014 (2016)
 93. N. Jusoh, J. Ko, N.L. Jeon, APL Bioeng. 3, 036101 (2019)
 94. S. Lee, M. Chung, S.‑R. Lee, N.L. Jeon, Biotechnol. Bioeng. 117, 748 

(2020)
 95. M. Campisi, Y. Shin, T. Osaki, C. Hajal, V. Chiono, R.D. Kamm, Biomaterials 

180, 117 (2018)
 96. S.W.L. Lee, M. Campisi, T. Osaki, L. Possenti, C. Mattu, G. Adriani, R.D. 

Kamm, V. Chiono, Adv. Healthc. Mater. 9, 1901486 (2020)
 97. L.‑J. Chen, B. Raut, N. Nagai, T. Abe, H. Kaji, Micromachines 11, 79 (2020)
 98. M. Chung, S. Lee, B.J. Lee, K. Son, N.L. Jeon, J.H. Kim, Adv. Healthc. Mater. 

7, 1700028 (2018)
 99. S.‑R. Lee, S. Hyung, S. Bang, Y. Lee, J. Ko, S. Lee, H.J. Kim, N.L. Jeon, Biofab‑

rication 11, 035013 (2019)
 100. S. Lee, J. Lim, J. Yu, J. Ahn, Y. Lee, N.L. Jeon, Lab Chip 19, 2071 (2019)
 101. J. Ko, Y. Lee, S. Lee, S.‑R. Lee, N.L. Jeon, Adv. Healthc. Mater. 8, 1900328 

(2019)
 102. W.C. Aird, Circ. Res. 100, 158 (2007)
 103. W.C. Aird, J. Thromb. Haemost. 3, 1392 (2005)
 104. M. Raasch, K. Rennert, T. Jahn, S. Peters, T. Henkel, O. Huber, I. Schulz, H. 

Becker, S. Lorkowski, H. Funke, A. Mosig, Biofabrication 7, 015013 (2015)
 105. D. Huh, B.D. Matthews, A. Mammoto, M. Montoya‑Zavala, H.Y. Hsin, D.E. 

Ingber, Science 328, 1662 (2010)
 106. D. Huh, D.C. Leslie, B.D. Matthews, J.P. Fraser, S. Jurek, G.A. Hamilton, K.S. 

Thorneloe, M.A. McAlexander, D.E. Ingber, Sci. Transl. Med. 4, 159ra147 
(2012)

 107. A.O. Stucki, J.D. Stucki, S.R.R. Hall, M. Felder, Y. Mermoud, R.A. Schmid, T. 
Geiser, O.T. Guenat, Lab Chip 15, 1302 (2015)

 108. C. Xu, M. Zhang, W. Chen, L. Jiang, C. Chen, J. Qin, A.C.S. Biomater, Sci. 
Eng. 6, 3081 (2020)

 109. J.S. Lee, R. Romero, Y.M. Han, H.C. Kim, C.J. Kim, J.‑S. Hong, D. Huh, J. 
Matern, Fetal Neonatal. Med. 29, 1046 (2016)

 110. C. Blundell, E.R. Tess, A.S.R. Schanzer, C. Coutifaris, E.J. Su, S. Parry, D. Huh, 
Lab chip 16, 3065 (2016)

 111. C. Blundell, Y.‑S. Yi, L. Ma, E.R. Tess, M.J. Farrell, A. Georgescu, L.M. Alek‑
sunes, D. Huh, Adv. Healthc. Mater. 7, 1700786 (2018)

 112. Y. Zhu, F. Yin, H. Wang, L. Wang, J. Yuan, J. Qin, A.C.S. Biomater, Sci. Eng. 4, 
3356 (2018)

 113. F. Yin, Y. Zhu, M. Zhang, H. Yu, W. Chen, J. Qin, Toxicol. in Vitro 54, 105 
(2019)

 114. M. Wufuer, G. Lee, W. Hur, B. Jeon, B.J. Kim, T.H. Choi, S. Lee, Sci. Rep. 6, 
37471 (2016)

 115. G. Adriani, D. Ma, A. Pavesi, R.D. Kamm, E.L.K. Goh, Lab Chip 17, 448 
(2017)

 116. T.‑E. Park et al., Nat. Commun. 10, 2621 (2019)
 117. B. Jing, Z.A. Wang, C. Zhang, Q. Deng, J. Wei, Y. Luo, X. Zhang, J. Li, Y. Du, 

Front. Bioeng Biotechnol. 8, 1 (2020)
 118. M.J. Mondrinos, Y.‑S. Yi, N.‑K. Wu, X. Ding, D. Huh, Lab Chip 17, 3146 

(2017)
 119. Y.I. Wang, M.L. Shuler, Lab Chip 18, 2563 (2018)
 120. S. Han, J. Kim, R. Li, A. Ma, V. Kwan, K. Luong, L.L. Sohn, Adv. Healthc. 

Mater. 7, 1800122 (2018)
 121. A. Thomas, S. Wang, S. Sohrabi, C. Orr, R. He, W. Shi, Y. Liu, Biomicrofluid‑

ics 11, 024102 (2017)
 122. Y.J. Sei, S.I. Ahn, T. Virtue, T. Kim, Y. Kim, Sci. Rep. 7, 10019 (2017)
 123. W.‑H. Wu, T.H. Punde, P.‑C. Shih, C.‑Y. Fu, T.‑P. Wang, L. Hsu, H.‑Y. Chang, 

C.‑H. Liu, Sens. Actuators, B Chem. 209, 470 (2015)
 124. Y.Y. Chen, A.M. Syed, P. MacMillan, J.V. Rocheleau, W.C.W. Chan, Adv. 

Mater. 32, 1906274 (2020)
 125. A.S. Popel, P.C. Johnson, Annu. Rev. Fluid Mech. 37, 43 (2005)
 126. D. Hu, D. Cai, A.V. Rangan, PLoS ONE 7, e45444 (2012)
 127. D. Tousoulis, C. Simopoulou, N. Papageorgiou, E. Oikonomou, G. Hatzis, 

G. Siasos, E. Tsiamis, C. Stefanadis, Pharmacol. Ther. 144, 253 (2014)



Page 15 of 16Lim et al. Nano Convergence            (2021) 8:12  

 128. L.L. Bischel, K.E. Sung, J.A. Jiménez‑Torres, B. Mader, P.J. Keely, D.J. Beebe, 
FASEB J. 28, 4583 (2014)

 129. D.M. Lewis, H.E. Abaci, Y. Xu, S. Gerecht, Biofabrication 7, 045010 (2015)
 130. L. Yang, S.V. Shridhar, M. Gerwitz, P. Soman, Biofabrication 8, 035015 

(2016)
 131. K.A. DiVito, M.A. Daniele, S.A. Roberts, F.S. Ligler, A.A. Adams, Biomateri‑

als 138, 142 (2017)
 132. C.K. Arakawa, B.A. Badeau, Y. Zheng, C.A. DeForest, Adv. Mater. 29, 

1703156 (2017)
 133. M.L. Rathod, J. Ahn, N.L. Jeon, J. Lee, Lab Chip 17, 2508 (2017)
 134. B. Zhang, B.F.L. Lai, R. Xie, L. Davenport‑Huyer, M. Montgomery, M. 

Radisic, Nat. Protoc. 13, 1793 (2018)
 135. J.S. Choi, T.S. Seo, Biomicrofluidics 13, 014115 (2019)
 136. J.H. Yeon, H.R. Ryu, M. Chung, Q.P. Hu, N.L. Jeon, Lab Chip 12, 2815 

(2012)
 137. D. Tsvirkun, A. Grichine, A. Duperray, C. Misbah, L. Bureau, Sci. Rep. 7, 

45036 (2017)
 138. J. Seo, D. Conegliano, M. Farrell, M. Cho, X. Ding, T. Seykora, D. Qing, N.S. 

Mangalmurti, D. Huh, Sci. Rep. 7, 3413 (2017)
 139. Y. Qiu, B. Ahn, Y. Sakurai, C.E. Hansen, R. Tran, P.N. Mimche, R.G. Mannino, 

J.C. Ciciliano, T.J. Lamb, C.H. Joiner, S.F. Ofori‑Acquah, W.A. Lam, Nat. 
Biomed. Eng. 2, 453 (2018)

 140. G. Lamberti, F. Soroush, A. Smith, M.F. Kiani, B. Prabhakarpandian, K. 
Pant, Microvasc. Res. 99, 19 (2015)

 141. P.N. Ingram, L.E. Hind, J.A. Jiminez‑Torres, A. Huttenlocher, D.J. Beebe, 
Adv. Healthc. Mater. 7, 1700497 (2018)

 142. P.H. McMinn, L.E. Hind, A. Huttenlocher, D.J. Beebe, Lab chip 19, 3697 
(2019)

 143. J.S. Miller, K. Stevens, M.T. Yang, B.M. Baker, D.T. Nguyen, D.M. Cohen, E. 
Toro, A.A. Chen, P.A. Galie, X. Yu, R. Chaturvedi, S.N. Bhatia, C.S. Chen, Nat. 
Mater. 11, 768 (2012)

 144. B. Zhang et al., Nat. Mater. 15, 669 (2016)
 145. P.F. Costa, H.J. Albers, J.E.A. Linssen, H.H.T. Middelkamp, L. van der Hout, 

R. Passier, A. van den Berg, J. Malda, A.D. van der Meer, Lab Chip 17, 
2785 (2017)

 146. N.V. Menon, H.M. Tay, S.N. Wee, K.H.H. Li, H.W. Hou, Lab Chip 17, 2960 
(2017)

 147. Y. Sakurai, E.T. Hardy, B. Ahn, R. Tran, M.E. Fay, J.C. Ciciliano, R.G. Mannino, 
D.R. Myers, Y. Qiu, M.A. Carden, W.H. Baldwin, S.L. Meeks, G.E. Gilbert, 
Sh.M. Jobe, W.A. Lam, Nat. Commun. 9, 509 (2018)

 148. N. Mori, Y. Morimoto, S. Takeuchi, Biomaterials 116, 48 (2017)
 149. L.Y. Wu, D. Di Carlo, L.P. Lee, Biomed. Microdevices 10, 197 (2008)
 150. Y.‑S. Torisawa, A. Takagi, Y. Nashimoto, T. Yasukawa, H. Shiku, T. Matsue, 

Biomaterials 28, 559 (2007)
 151. J. Friedrich, R. Ebner, L.A. Kunz‑Schughart, Int. J. Radiat. Biol. 83, 849 

(2007)
 152. G.M. Keller, Curr. Opin. Cell Biol. 7, 862 (1995)
 153. J. Carlsson, J.M. Yuhas, in Spheroids in Cancer Research: Methods and 

Perspectives. ed. by H. Acker et al. (Springer, Berlin Heidelberg, Berlin, 
Heidelberg, 1984), p. 1

 154. J.M. Yuhas, A.P. Li, A.O. Martinez, A.J. Ladman, Cancer Res. 37, 3639 
(1977)

 155. B.R. Unsworth, P.I. Lelkes, Nat. Med. 4, 901 (1998)
 156. J. Ruppen, L. Cortes‑Dericks, E. Marconi, G. Karoubi, R.A. Schmid, R. Peng, 

T.M. Marti, O.T. Guenat, Lab Chip 14, 1198 (2014)
 157. L. Yu, M.C.W. Chen, K.C. Cheung, Lab Chip 10, 2424 (2010)
 158. M.E. Katt, A.L. Placone, A.D. Wong, Z.S. Xu, P.C. Searson, Front. Bioeng. 

Biotechnol. 4, 1 (2016)
 159. J. Ahn, Y.J. Sei, N.L. Jeon, Y. Kim, Bioengineering 4, 64 (2017)
 160. H.‑F. Tsai, A. Trubelja, A.Q. Shen, G. Bao, J.R. Soc, Interface 14, 20170137 

(2017)
 161. A. Sontheimer‑Phelps, B.A. Hassell, D.E. Ingber, Nat. Rev. Cancer 19, 65 

(2019)
 162. J. Folkman, Nat. Med. 1, 27 (1995)
 163. P. Bruce R. Zetter, Annu. Rev. Med. 49, 407 (1998).
 164. G. Bergers, L.E. Benjamin, Nat. Rev. Cancer 3, 401 (2003)
 165. S.M. Weis, D.A. Cheresh, Nat. Med. 17, 1359 (2011)
 166. X. Wang, Q. Sun, J. Pei, Micromachines 9, 493 (2018)
 167. H. Lee, W. Park, H. Ryu, N.L. Jeon, Biomicrofluidics 8, 054102 (2014)
 168. Y. Xiao, D. Kim B. Dura, K. Zhang R. Yan, H. Li, E. Han, J. Ip, P. Zou, J. Liu, A. 

Chen, A. O. Vortmeyer, J. Zhou, R. Fan, Adv. Sci. 6, 1801531 (2019).

 169. A. Sobrino, D.T.T. Phan, R. Datta, X. Wang, S.J. Hachey, M. Romero‑López, 
E. Gratton, A.P. Lee, S.C. George, C.C.W. Hughes, Sci. Rep. 6, 31589 (2016)

 170. D.T.T. Phan, X. Wang, B. Craver, A. Sobrino, D. Zhao, J. Chen, L. Le, S.C. 
George, A.P. Lee, C.C.W. Hughes, Lab Chip 17, 511 (2017)

 171. S. J. Hachey et al., bioRxiv, 2020.03.03.973891 (2020).
 172. M.B. Chen, J.A. Whisler, J.S. Jeon, R.D. Kamm, Integr. Biol. 5, 1262 (2013)
 173. J.S. Jeon, S. Bersini, M. Gilardi, G. Dubini, J.L. Charest, M. Moretti, R.D. 

Kamm, Proc. Natl. Acad. Sci. USA 112, 214 (2015)
 174. M.B. Chen, J.M. Lamar, R. Li, R.O. Hynes, R.D. Kamm, Cancer Res. 76, 2513 

(2016)
 175. M.B. Chen, J.A. Whisler, J. Fröse, C. Yu, Y. Shin, R.D. Kamm, Nat. Protoc. 12, 

865 (2017)
 176. A. Marturano‑Kruik, M.M. Nava, K. Yeager, A. Chramiec, L. Hao, S. Rob‑

inson, E. Guo, M.T. Raimondi, G. Vunjak‑Novakovic, Proc. Natl. Acad. Sci. 
USA 115, 1256 (2018)

 177. J. Song, A. Miermont, C.T. Lim, R.D. Kamm, Sci. Rep. 8, 17949 (2018)
 178. B.A. Hassell, G. Goyal, E. Lee, A. Sontheimer‑Phelps, O. Levy, C.S. Chen, 

D.E. Ingber, Cell Rep. 21, 508 (2017)
 179. Z. Xu, E. Li, Z. Guo, R. Yu, H. Hao, Y. Xu, Z. Sun, X. Li, J. Lyu, Q. Wang, A.C.S. 

Appl, Mater. Interfaces 8, 25840 (2016)
 180. H. Xu, Z. Li, Y. Yu, S. Sizdahkhani, W.S. Ho, F. Yin, L. Wang, G. Zhu, M. 

Zhang, L. Jiang, Z. Zhuang, J. Qin, Sci. Rep. 6, 36670 (2016)
 181. Q. Zhang, T. Liu, J. Qin, Lab Chip 12, 2837 (2012)
 182. S. Mi, Z. Liu, Z. Du, X. Yi, W. Sun, Biotechnol. Bioeng. 116, 1731 (2019)
 183. I.K. Zervantonakis, S.K. Hughes‑Alford, J.L. Charest, J.S. Condeelis, F.B. 

Gertler, R.D. Kamm, Proc. Natl. Acad. Sci. USA 109, 13515 (2012)
 184. J.S. Jeon, I.K. Zervantonakis, S. Chung, R.D. Kamm, J.L. Charest, PLoS ONE 

8, e56910 (2013)
 185. S. Bersini, J.S. Jeon, G. Dubini, C. Arrigoni, S. Chung, J.L. Charest, M. 

Moretti, R.D. Kamm, Biomaterials 35, 2454 (2014)
 186. Z. Du, S. Mi, X. Yi, Y. Xu, W. Sun, Biofabrication 10, 034102 (2018)
 187. H. Mollica, R. Palomba, R. Primavera, P. Decuzzi, A.C.S. Biomater, Sci. Eng. 

5, 4834 (2019)
 188. X.‑Y. Wang, Y. Pei, M. Xie, Z.‑H. Jin, Y.‑S. Xiao, Y. Wang, L.‑N. Zhang, Y. Li, 

W.‑H. Huang, Lab Chip 15, 1178 (2015)
 189. S. Pradhan, A.M. Smith, C.J. Garson, I. Hassani, W.J. Seeto, K. Pant, R.D. 

Arnold, B. Prabhakarpandian, E.A. Lipke, Sci. Rep. 8, 3171 (2018)
 190. M.N. Vu, P. Rajasekhar, D.P. Poole, S. Khor, N.P. Truong, C.J. Nowell, J.F. 

Quinn, M. Whittaker, N.A. Veldhuis, T.P. Davis, A.C.S. Appl, Nano Mater. 2, 
1844 (2019)

 191. N. Makrilia, T. Lappa, V. Xyla, I. Nikolaidis, K. Syrigos, Eur. J. Intern. Med. 
20, 663 (2009)

 192. C. Belli, D. Trapani, G. Viale, P. D’Amico, B.A. Duso, P. Della‑Vigna, F. Orsi, G. 
Curigliano, Cancer Treat. Rev. 65, 22 (2018)

 193. J.M. Brown, A.J. Giaccia, Cancer Res. 58, 1408 (1998)
 194. R.K. Jain, Science 307, 58 (2005)
 195. O. Trédan, C.M. Galmarini, K. Patel, I.F. Tannock, J. Natl. Cancer Inst. 99, 

1441 (2007)
 196. R.K. Jain, T. Stylianopoulos, Nat. Rev. Clin. Oncol. 7, 653 (2010)
 197. Z. Dereli‑Korkut, H.D. Akaydin, A.H.R. Ahmed, X. Jiang, S. Wang, Anal. 

Chem. 86, 2997 (2014)
 198. P. Agarwal, H. Wang, M. Sun, J. Xu, S. Zhao, Z. Liu, K. Gooch, Y. Zhao, X. Lu, 

X. He, ACS Nano 11, 6691 (2017)
 199. S.W. Lee, H.S. Kwak, M.‑H. Kang, Y.‑Y. Park, G.S. Jeong, Sci. Rep. 8, 2365 

(2018)
 200. Y. Chen, D. Gao, Y. Wang, S. Lin, Y. Jiang, Anal. Chim. Acta 1036, 97 (2018)
 201. A.R. Aref, R. Huang, W. Yu, K. Chua, W. Sun, T. Tu, J. Bai, W. Sim, I.K. Zervan‑

tonakis, J. Thiery, R.D. Kamm, Integr. Biol. 5, 381 (2012)
 202. S.M. Ehsan, K.M. Welch‑Reardon, M.L. Waterman, C.C.W. Hughes, S.C. 

George, Integr. Biol. 6, 603 (2014)
 203. S. Oh, H. Ryu, D. Tahk, J. Ko, Y. Chung, H.K. Lee, T.R. Lee, N.L. Jeon, Lab 

Chip 17, 3405 (2017)
 204. M. Chung, J. Ahn, K. Son, S. Kim, N.L. Jeon, Adv. Healthc. Mater. 6, 

1700196 (2017)
 205. H.‑F. Wang, R. Ran, Y. Liu, Y. Hui, B. Zeng, D. Chen, D.A. Weitz, C.‑X. Zhao, 

ACS Nano 12, 11600 (2018)
 206. J. Ahn, J. Lim, N. Jusoh, J. Lee, T.‑E. Park, Y. Kim, J. Kim, N.L. Jeon, Front. 

Bioeng Biotechnol. 7, 1 (2019)
 207. J. Ko, J. Ahn, S. Kim, Y. Lee, J. Lee, D. Park, N.L. Jeon, Lab Chip 19, 2822 

(2019)
 208. J. Paek et al., ACS Nano 13, 7627 (2019)



Page 16 of 16Lim et al. Nano Convergence            (2021) 8:12 

 209. J.M. Ayuso et al., Oncoimmunology 8, 1553477 (2019)
 210. Y. Nashimoto, R. Okada, S. Hanada, Y. Arima, K. Nishiyama, T. Miura, R. 

Yokokawa, Biomaterials 229, 119547 (2020)
 211. K. Haase, G.S. Offeddu, M.R. Gillrie, R.D. Kamm, Adv. Funct. Mater. 30, 

2002444 (2020)
 212. A.P. McGuigan, M.V. Sefton, Proc. Natl. Acad. Sci. USA 103, 11461 (2006)
 213. Y. Jin, J. Kim, J.S. Lee, S. Min, S. Kim, D.‑H. Ahn, Y.‑G. Kim, S.‑W. Cho, Adv. 

Funct. Mater. 28, 1801954 (2018)
 214. V.S. Shirure, Y. Bi, M.B. Curtis, A. Lezia, M.M. Goedegebuure, S.P. Goedege‑

buure, R. Aft, R.C. Fields, S.C. George, Lab Chip 18, 3687 (2018)

 215. S. Rajasekar, D.S.Y. Lin, L. Abdul, A. Liu, A. Sotra, F. Zhang, B. Zhang, Adv. 
Mater. 32, 2002974 (2020)

 216. K.A. Homan, N. Gupta, K.T. Kroll, D.B. Kolesky, M. Skylar‑Scott, T. Miyoshi, 
D. Mau, M. Valerius, T. Ferrante, J.V. Bonventre, J.A. Lewis, R. Morizane, 
Nat. Methods 16, 255 (2019)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Microvascularized tumor organoids-on-chips: advancing preclinical drug screening with pathophysiological relevance
	Abstract 
	1 Introduction
	2 Tumor organoid
	2.1 Gastrointestinal cancer
	2.1.1 Colorectal cancer
	2.1.2 Gastric cancer
	2.1.3 Liver cancer
	2.1.4 Pancreatic cancer

	2.2 Prostate cancer
	2.3 Brain cancer
	2.4 Kidney cancer
	2.5 Breast cancer
	2.6 Others

	3 Microvasculature-on-a-chip
	3.1 Self-assembled microvascular network
	3.2 Endothelial cell monolayer
	3.3 Tubular endothelial barrier

	4 Microfluidic approach to reconstitute vascularized solid tumors
	4.1 On-chip tumor spheroids formation using microfluidics
	4.2 Applying 3D tumor spheroids to microvasculature-on-a-chip devices

	5 On-chip approaches for microvascularized tumor organoids
	6 Conclusions
	Acknowledgements
	References




