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Liver organoids have gained much attention in recent years for their potential applications to liver disease modeling 
and pharmacologic drug screening. Liver organoids produced in vitro reflect some aspects of the in vivo physiological 
and pathological conditions of the liver. However, the generation of liver organoids with perfusable luminal vasculature 
remains a major challenge, hindering precise and effective modeling of liver diseases. Furthermore, vascularization 
is required for large organoids or assembloids to closely mimic the complexity of tissue architecture without cell death 
in the core region. A few studies have successfully generated liver organoids with endothelial cell networks, but most 
of these vascular networks produced luminal structures after being transplanted into tissues of host animals. Therefore, 
formation of luminal vasculature is an unmet need to overcome the limitation of liver organoids as an in vitro model 
investigating different acute and chronic liver diseases. Here, we provide an overview of the unique features of hepatic 
vasculature under pathophysiological conditions and summarize the biochemical and biophysical cues that drive vascu-
logenesis and angiogenesis in vitro. We also highlight recent progress in generating vascularized liver organoids in vitro 
and discuss potential strategies that may enable the generation of perfusable luminal vasculature in liver organoids.
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Introduction 

  The liver is a vital organ that plays crucial roles in many 
physiological processes, including glucose and lipid me-
tabolism, plasma protein secretion, bile acid secretion, blood 

coagulation, and drug detoxification. The basic structural 
and functional unit of liver tissue is the liver lobule, which 
has a diameter of 1.0∼1.3 mm (1) and consists of hep-
atocyte plates, sinusoidal capillaries, and six hexagonally 
positioned portal triads, each comprising a portal vein, a 
hepatic artery, and a bile duct. The lobule receives nutrient- 
rich blood from the portal vein and oxygen-rich blood 
from the hepatic artery, which flows through the sinusoidal 
capillaries toward the central vein in the lobule. This com-
plex architecture and vascular system are essential for a 
wide spectrum of biological processes in the liver. Hepato-
cytes are responsible for the major functions of the liver 
However, the interplay between hepatocytes and various 
non-parenchymal cells (NPCs) such as endothelial cells 
(ECs), hepatic stellate cells (HSCs), and Kupffer cells 
(KCs) is crucial in normal and diseased liver as well as 
in processes of liver development (2, 3). Particularly, spe-
cialized liver sinusoidal endothelial cells (LSECs) that 
line the liver sinusoid are key drivers of physiological and 
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pathological processes of the liver (4). The liver vascula-
ture, and its relationships with the surrounding cells and 
structures, are key factors for accurate in vitro modeling 
of liver development and disease.
  Primary hepatocytes cultured under two-dimensional 
conditions are the traditional in vitro model used to inves-
tigate liver function and disease. However, primary hep-
atocytes cannot maintain their functions for long periods 
in conventional two-dimensional culture systems (5) and 
cannot be expanded in vitro. To overcome these limitations, 
expandable three-dimensional (3D) liver organoids were 
derived from leucine-rich repeat-containing G protein- 
coupled receptor 5 (LGR5)-positive liver stem cells (6). This 
strategy has been used to generate several types of liver 
organoids from liver-resident cells, including epithelial 
cell adhesion molecule (EpCAM)-positive ductal cells (7) 
and primary hepatocytes (8), and human pluripotent stem 
cells (hPSCs) (9-11). Liver organoids are emerging as an 
alternative to primary hepatocytes for drug toxicity 
screening and cell therapy. However, most organoids 
lack a complete set of NPCs, which limits their ability to 
exactly recapitulate the complex liver architecture and path-
ophysiological events that depend on the interactions be-
tween hepatocytes and NPCs.
  Recently, multi-lineage liver organoids containing at least 
one type of NPCs together with hepatocytes have been 
suggested as an efficient in vitro model to mimic the struc-
tural complexity and interplays between the different cell 
types in normal and diseased liver. The liver vasculature 
has special characteristics that enhance molecular exchange 
with other blood vessels (12) and are essential for liver de-
velopment (2) and disease progression (4). Several attempts 
have been made to produce blood vessels inside liver orga-
noids (13, 14). Particularly, the diffusion limit of oxygen 
and nutrients is generally considered to be 100∼200 μm 
in tissues or cellular spheroids (15), which hinders the in 
vitro formation or assembly of large organoids. Therefore, 
the generation of vasculature with perfusable lumens is 
crucial for the survival of organoids or assembloids that 
can recapitulate complex liver structures and pathological 
events in vitro. Moreover, the vascularization can improve 
the tissue resemblance and hepatic functions of liver orga-
noids compared to 2D-cultured hepatocytes or non-vascu-
larized liver organoids (13, 16, 17). This review focuses on 
the characteristics of liver vasculature under normal and 
disease conditions and discusses potential mechanisms 
and strategies that may enable the generation of vascula-
ture in liver organoids. We also highlight recent advances 
in the generation of vascularized liver organoids.

Characteristics of Hepatic Vasculature

Vasculature in the normal liver
  The liver is the main site for numerous physiological 
processes that are critical to human survival. Hepatocytes, 
the liver parenchymal cells, play crucial roles in these 
processes; however, the liver vasculature provides an es-
sential passageway for molecular exchange and contributes 
to liver regeneration (18). The liver vasculature is an inter-
connection of three major blood networks in which blood 
from the portal vein and hepatic artery is mixed and 
transported through the sinusoidal lumen to the central 
vein for drainage (19). During liver development, the vi-
telline vein, posterior cardinal vein, and umbilical vein are 
incorporated into the liver and give rise to the portal vein, 
the central vein, and the ductus venosus (20). LSECs have 
been proposed to originate from various types of cells, in-
cluding endodermal cells, sinus venosus-derived cells, cells 
of the large vessels adjacent to the developing liver bud, 
GATA binding protein 4 (GATA4)-positive hepatic pro-
genitor cells, and hemangioblasts (21, 22). Mature LSEC- 
specific characteristics are acquired through a three-step 
process that begins with laminin-rich basement membrane 
(BM)-encircled cells without fenestrae that express typical 
EC markers such as CD31 and CD34 (12, 23). Through 
progressive differentiation, these cells become fenestrated 
and secrete laminin-poor and tenascin-rich perisinusoidal 
extracellular matrix (ECM), after which the typical EC 
markers are gradually down-regulated while LSEC-specif-
ic markers such as CD4, CD14, CD32, and intercellular 
adhesion molecule-1 (ICAM-1) are up-regulated. At birth, 
the LSECs become zonated in terms of fenestrae size and 
number, with a general tendency for a decrease in fenes-
trae size (12, 23). The cellular and molecular signals that 
govern LSEC differentiation are not completely elucidated. 
However, vascular endothelial growth factor (VEGF) sig-
nals from liver epithelial and mesenchymal cells (24), trans-
forming growth factor beta (TGFβ) repression (25), Wnt 
signaling (26), and GATA4-mediated transcriptional pro-
grams (27) are known to promote LSEC differentiation and 
proliferation. LSECs are a type of highly permeable EC 
that lack BM and have fenestrae without diaphragms (Fig. 
1A) (22). The high permeability and endocytic capacity of 
LSECs, along with their spatial localization at the inter-
face of blood and hepatic cells, enable them to interact 
with other cell types and maintain normal liver physiology 
by regulating molecular and cellular trafficking, blood 
flow, immune function, and liver regeneration (22, 28). In 
particular, the reciprocal interaction between LSECs and 
pericyte-like HSCs is essential for both normal homeo-
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Fig. 1. Interactions between liver sinusoidal endothelial cells and other liver-resident cells in healthy (A) and pathological (B) conditions. LSEC: 
liver sinusoidal endothelial cell, qHSC: quiescent hepatic stellate cell, aHSC: activated hepatic stellate cell, NO: nitric oxide, eNOS: endothelial
nitric oxide synthase, DAMP: damage-associated molecular pattern, ECM: extracellular matrix, HH: hedgehog, ICAM-1: intercellular adhesion mole-
cule-1, VCAM-1: vascular cell adhesion molecule-1, VAP-1: vascular adhesion protein-1, IL-6: interleukin-6, TNFα: tumor necrosis factor alpha, 
MCP-1: monocyte chemoattractant protein-1.

stasis and disease progression because of the distinct roles 
of HSCs in quiescent and activated states (4).

Vasculature in the pathological liver
  Capillarization is a progressive phenotypic change in 
the liver sinusoidal epithelium characterized by loss of 
fenestrae and formation of BM that occurs early in a varie-
ty of chronic liver diseases (Fig. 1B) (4). LSEC perme-
ability can be lost as a direct mechanical effect of capilla-
rization, impeding the passage of oxygen, nutrients, and 
macromolecules across the blood and liver parenchyma. 
This eventually results in aggravation of steatosis through 
dysregulation of lipoprotein transport (29) and may pro-
mote liver fibrosis through the production of damage-ass-
ociated molecular pattern (DAMP) molecules driven by 
cellular hypoxia (30). From a biochemical standpoint, the 
major dysfunction associated with capillarized LSECs is 
impairment of endothelial nitric oxide synthase activity, 
resulting in the increased oxidative breakdown of the vaso-
dilator nitric oxide (NO) (29). This causes intrahepatic 
vascular resistance and portal hypertension because the 
decrease in NO levels causes constriction of the sinusoidal 
vasculature and may also trigger HSC activation, resulting 
in BM formation around the sinusoid (4). As NO is a key 

player in the inhibition of fatty acid synthesis, the promo-
tion of β-oxidation, and the attenuation of KC activation, 
reduced NO bioavailability appears to exacerbate steatosis 
and inflammation (29). Moreover, LSECs in injured liver 
tissue produce increased levels of vasoconstrictors that 
contribute to portal hypertension (31). In the context of 
liver fibrosis, capillarized LSECs are incapable of sup-
pressing HSC activation, which eventually leads to colla-
gen deposition in the space of Disse (32). In addition, se-
cretion of hedgehog signaling molecules reinforces LSEC 
capillarization (33), thereby creating a vicious cycle be-
tween LSECs and HSCs that promotes fibrotic progre-
ssion. LSECs also release various angiocrine signals in re-
sponse to acute or chronic injuries, which regulate liver fib-
rosis and regeneration (34). In chronic liver inflammation, 
such as non-alcoholic steatohepatitis, LSECs become acti-
vated and acquire pro-inflammatory phenotypes, includ-
ing progressive overexpression of the adhesion molecules 
ICAM-1, vascular cell adhesion molecule-1 (VCAM-1), and 
vascular adhesion protein-1 (VAP-1), which enhance leuko-
cyte infiltration, and production of pro-inflammatory media-
tors such as interleukin-6 (IL-6), tumor necrosis factor alpha 
(TNFα), and monocyte chemoattractant protein-1 (MCP-1), 
which activate KCs and recruit leukocytes (29).
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Fig. 2. Schematic illustration of angio-
genesis and related signaling path-
ways. (A) The angiogenesis process. 
(B) Signaling pathways in tip cell/stalk
cell specification. EC: endothelial cell,
BM: basement membrane, VE-cadher-
in: vascular endothelial cadherin, 
VEGF: vascular endothelial growth fac-
tor, VEGFR: VEGF receptor, DLL: 
Delta-like ligand, NICD: Notch in-
tracellular domain.

  Angiogenesis is a common event in pathological liver 
tissue, where LSEC capillarization-induced hypoxia and 
pro-inflammatory mediators upregulate angiogenic gene 
expression (35). Data from in vivo studies of anti-angio-
genic therapies suggest that angiogenesis exacerbates in-
flammation and fibrosis, although further research is re-
quired to determine the precise impact of angiogenesis on 
the progression of chronic liver diseases (22, 29). Never-
theless, dynamic changes of intrahepatic vasculature play 
an essential role in the onset and progression of liver 
disease.

Biochemical and Biophysical Cues for Organoid 
Vascularization

  In order to develop strategies to produce vascularized 
liver organoids in vitro, it is important to first understand 
the mechanism regulating vasculature formation. In this 
section, we summarize the process of vascularization and 

highlight the signaling pathways and biological cues that 
may enable the formation of luminal vasculature inside 
liver organoids.

Vasculogenesis and angiogenesis
  Vasculogenesis and angiogenesis are the processes re-
sponsible for the formation of new blood vessels (36). During 
embryonic development, the first blood vessel is formed 
through vasculogenesis, which involves a series of events 
that include the formation of primitive blood islands, 
blood island fusion, tubular structure remodeling, and the 
development of the first primitive vascular plexus (37). 
After the first vascular networks are formed by vasculo-
genesis, new blood vessels are formed from pre-existing 
ones through a process known as angiogenesis, which can 
occur by EC sprouting or by vessel lumen splitting (Fig. 
2A) (37). VEGF, the key angiogenic molecule, causes ECs 
to secrete matrix metalloproteinases (MMPs), which de-
grade the BM (38), and angiopoietin-2 (ANG2), which de-
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taches pericytes from the BM (39). Tip cells and stalk cells 
are specialized ECs with different roles in blood vessel 
formation. Tip cells form filopodia in response to VEGF 
stimulation during angiogenesis and guide new sprouts to 
migrate from existing vessel walls (40). Following the tip 
cells, stalk cells proliferate, establish junctions with adjacent 
cells, and produce BM components, inducing the formation 
of new vascular lumen (37, 39). When two tip cells from 
neighboring sprouts make contact, the sprouts fuse and form 
a new blood vessel for perfusion, which is mediated by vas-
cular endothelial cadherin (VE-cadherin) (39). The resulting 
neovascular perfusion subsequently promotes vascular ma-
turation and stabilization by recruiting pericytes and de-
positing BM (39).

Signaling pathways for vascular formation
  The VEGF-A and Notch signaling pathways are essen-
tial for endowing ECs with the features of tip cells or stalk 
cells during angiogenesis (Fig. 2B). Tip cells express high 
levels of VEGF receptor 2 (VEGFR2) and VEGF receptor 
3 (VEGFR3) and produce Delta-like Notch ligand (DLL4) 
in response to VEGF stimulation (40). Subsequent inter-
action between DLL4 and its receptor Notch1 converts 
neighboring ECs into stalk cells by down-regulating 
VEGFR2, VEGFR3, and neurophilin1 (NRP1) and up-reg-
ulating VEGF receptor 1 (VEGFR1) (37). Stalk cell activ-
ity is suppressed in tip cells by NRP1, which inhibits the 
activin receptor-like kinase (ALK) signaling pathway.
  Recently, the hippo signaling pathway was suggested as 
a key player in angiogenesis. Yes-associated protein (YAP) 
activation, which is regulated by VE-cadherin via the pho-
sphoinositide 3-kinase (PI3K)-Akt pathway, increases ANG2 
expression in ECs during angiogenesis (41). In addition, 
the YAP/TAZ- TEA domain transcription factor (TEAD) 
complex upregulates the expression of amino acid trans-
porters in ECs, which activates the mechanistic target of 
rapamycin complex 1 (mTORC1) signaling pathway to reg-
ulate angiogenic growth (42).

Biochemical and biophysical cues in vascular 
formation
  VEGF and fibroblast growth factors (FGFs) are central 
factors in the formation of new blood vessels in various tis-
sues (39). VEGF plays a key role in angiogenesis initiation 
and promotes mitochondrial activities and activation of the 
Akt3 and mTOR pathways, both of which are involved in 
vessel formation (43, 44). Basic fibroblast growth factor 
(bFGF) supports angiogenesis by promoting EC migration 
and proliferation as well as mural cell wrapping (45, 46). 
Subsequent maturation of newly formed vessels requires 

angiopoietin-1 (ANG1), which maintains quiescent ECs 
and promotes vessel integrity (47). The hepatocyte growth 
factor also promotes the maturation of newly formed ves-
sels through cytoskeleton remodeling (48) without causing 
vascular inflammation (49).
  Hypoxia-inducible factors (HIFs) are induced by low 
oxygen tension in many tissues and are suggested as im-
portant biochemical mediators of EC sprouting (39). HIF- 
1–induced neovascularization requires VEGF, as demon-
strated by VEGF deletion in TetON-HIF-1 mice (50). 
ANG2 and sphingosine-1-phosphate (S1P) are also indu-
ced by hypoxia (51, 52) and promote vascular growth un-
der hypoxia. Particularly, ANG2 triggers vessel destabiliza-
tion to enable sprouting (53). In addition, platelet-derived 
growth factors (PDGFs), TGFs and ephrins all play a role 
in vessel remodeling and maturation (54).
  ECM produced by ECs, pericytes, and smooth muscle 
cells provides mechanical support for the vascular endothe-
lium and is essential for regulating EC migration and 
sprouting for blood vessel formation (45). Multiple ECM 
characteristics, such as density, stiffness, degradability, and 
key ECM adhesion peptides all need to be considered to 
precisely mimic blood vessel formation in vitro (55). High 
ECM density reduces the rates of neovascular growth and 
sprouting (56), whereas high ECM stiffness promotes ves-
sel sprouting and outgrowth of ECs (57). Additionally, 
ECM stiffness controls VEGF secretion (58) and stimulates 
tip cell development via YAP signaling (59).
  Blood flow is a key physical element that stabilizes vas-
cular assembly and new vessel networks. Because ECs are 
located inside blood vessels, they are constantly affected 
by shear stress, the force produced by blood flow (60). 
Laminar fluid shear stress induces Krȕppel-like factor fam-
ily 2 (KLF2) expression (61) in cultured human vascular 
ECs and inhibits YAP activity via autophagy and sirtuin 1 
(SIRT1) expression in human umbilical vein endothelial 
cells (HUVECs) (62). These flow-dependent modulations 
of intracellular signaling and gene expression are crucial 
for maintaining and remodeling blood vessels.

Vascularized Liver Organoids

  Multiple attempts have been made to produce vascularized 
liver organoids based on the understanding of biochemical 
and biophysical cues in vasculogenesis and angiogenesis. In 
this section, we categorize vascularized liver organoids ac-
cording to the major strategies employed to produce them: 
self-organization, bioprinting, and microfluidic device-based 
approaches. We also summarize the characteristics of organo-
ids produced using each strategy (Table 1, Fig. 3).
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Table 1. A brief summary of vascularized liver organoids

Generation method
Cell types at the 
generation stage

Vascularization method Vessel characteristics Perfusion Ref.

Self-organized
(condensation on 
Matrigel bed)

hiPSC-derived hepatic 
endoderm, HUVECs, MSCs

Spontaneous (mixture of 
EGM and HCM)

CD31＋ EC network (in vitro); 
CD31＋ vasculature 
connected to host vessels 
(after transplantation); 
blood and dextran perfusion 
(after transplantation)

In vivo (13, 14,
66-68)

Human fetal liver cells, 
HUVECs, MSCs

Spontaneous (EGM) HUVEC network (in vitro and 
after transplantation); 
dextran perfusion (after 
transplantation)

In vivo (63)

PHHs, LSECs, MSCs Spontaneous (mixture of 
LSEC growth medium 
and HGM)

CD31＋ EC (in vitro) - (64)

hiPSC-derived hepatic 
endoderm/ECs/STM cells or 
HUVECs, MSCs

Spontaneous (mixture of 
EGM and HCM)

EC sprouting (in vitro); 
iPSC-EC-derived vasculature 
connected to host vessels 
(after transplantation); blood 
and dextran perfusion (after 
transplantation)

In vivo (16)

hiPSC-derived 
hepatocytes/ECs/MSCs or 
human aortic ECs, 
dental-pulp MSCs

Spontaneous (mixture of 
EGM and HCM)

CD31 and VE-cadherin IF 
(in vitro)

- (69)

UCMSC-derived 
hepatocytes/LSECs/HSCs

Spontaneous CD31 IF (in vitro) - (65)

Self-organized 
(embedding in 
liver extracellular 
matrix and 
cultured in 
microfluidic 
device)

Induced hepatocytes/HUVECs Spontaneous (interstitial 
flow)

CD31＋ EC network (in vitro); 
decreased active caspase 3 in 
organoids cultured with fluid 
flow

- (70)

Self-organized 
(assembled in 
ultra-low 
attachment plate)

3D PHHs, HUVECs Spontaneous (mixture of 
EGM and HEM)

None - (71)

hiPSC-derived hepatocytes, 
primary human HSCs, 
primary human 
cholangiocytes, primary 
human LSECs or hiPSC-ECs

Spontaneous (40 ng/ml 
VEGF)

CD31＋ capillary-like structure - (72)

Self-organized 
(assembled in 
non-tissue culture 
treated plate)

Human or mouse liver 
progenitor cells, mouse 
primary LSECs or HUVECs

Spontaneous (mixture of 
WME and EGM, 
50 ng/ml VEGF, 
50 ng/ml bFGF)

CD31, LYVE-1, CD32b IHC 
(in vitro); LYVE-1 and CD32b 
IHC (after transplantation)

- (73)

Self-organized 
(assembled using 
microwell film)

hiPSC-hepatoblast/ECs/MSCs Spontaneous (40 ng/ml 
bFGF, 100 ng/ml VEGF)

CD31＋ EC network (in vitro); 
VE-cadherin, FVIII, and vWF 
IF (after transplantation); 
FVIII secretion (in vitro and 
after transplantation)

(74)
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Table 1. Continued

Generation method
Cell types at the 
generation stage

Vascularization method Vessel characteristics Perfusion Ref.

Self-organized 
(layer-by-layer 
coating of cells)

PHHs or HepG2 cells, 
HUVECs, normal human 
dermal fibroblasts

Spontaneous CD31+ EC network with lumen 
(in vitro); quantification of 
vessel length and branching 
points (in vitro); blood 
perfusion (after 
transplantation); CD31, vWF, 
and CD34 IF (after 
transplantation); aSMA+ 
pericyte-like cells covering 
vessel (after transplantation)

In vivo (75)

Self-organized 
(pulsed 
overexpression of 
GATA6 in hPSC)

Genetically modified hiPSCs Spontaneous CD31, CD34, CD146＋ EC 
network (in vitro);
quantification of vessel length 
and branching points (in vitro); 
single-cell RNA-sequencing 
(EC markers including PDGFB, 
NOTCH1, ANGPT2, TIE1, 
DLL4, KDR, CDH5 and ERG); 
blood perfusion (after 
transplantation); CD31＋ 

vasculature connected to host 
vessels (after transplantation)

In vivo (17, 76)

Bio-printed PHHs, HUVECs, human lung 
fibroblasts

Prepatterned (EGM) CD31＋ EC network (in vitro) (77)

EA.hy926 (human ECs), 
HepG2/C3A cells

Prepatterned CD31＋ vessel with lumen 
(in vitro)

(78)

Self-condensed liver organoids 
derived from PHHs, HUVECs, 
MSCs

Spontaneous (bFGF, 
VEGF)

CD31 IF and IHC (in vitro), 
CD31 IHC (after 
transplantation)

(79)

Microfluidic device 
(liver sinusoid-like 
chip)

HepaRG, HUVECs, human 
HSCs (LX2), human primary 
macrophages

Prepatterned (EGM, 
interstitial flow)

VE-cadherin IF (in vitro) In vitro 
(microflui
dic chip)

(80)

PHHs, primary human LSECs 
or HUMECs, human HSCs 
(LX2), human KCs (THP-1)

Prepatterned (interstitial 
flow)

VE-cadherin IF (in vitro), 
SEM (LSEC fenestrae, in vitro), 
fluorescent albumin perfusion 
and permeability analysis 
(in vitro)

In vitro 
(microflui
dic chip)

(81)

Microfluidic device 
(AngioChip)

Primary rat hepatocytes or 
hESC-derived 
hepatocytes,HUVECs, MSCs

Prepatterned (EGM, 
interstitial flow)

CD31 IF (in vitro), 
FITC perfusion (in vitro), 
immune cell (THP-1 and RAW 
267 macrophage) perfusion 
(in vitro)

In vitro 
(microflui
dic chip)

(82)

Re-seeding in 
decellularized liver

Human fetal liver cells, 
HUVECs

Prepatterned vWF and eNOS IF (in vitro), 
dextran perfusion (in vitro), 
TEM (vascular lumen, in vitro)

In vitro (83)

hiPSC: human induced pluripotent stem cell, HUVEC: human umbilical vein endothelial cell, MSC: mesenchymal stem cell, EC: endothelial 
cell, STM: septum transversum mesenchyme, UCMSC: umbilical cord-derived mesenchymal stem cell, LSEC: liver sinusoidal endothelial 
cell, HSC: hepatic stellate cell, IF: immunofluorescence staining, IHC: immunohistochemistry, VE-cadherin: vascular endothelial cadherin, 
LYVE-1: lymphatic vessel endothelial hyaluronan receptor 1, FVIII: Factor VIII, vWF: von-Willebrand factor, αSMA: alpha-smooth muscle 
actin, eNOS: endothelial nitric oxide synthase, SEM: scanning electron microscopy, TEM: transmission electron microscopy, EGM: endothe-
lial cell growth medium, HCM: hepatocyte culture medium, HEM: hepatocyte expansion medium, HGM: hepatocyte growth medium, 
VEGF: vascular endothelial growth factor, WME: Wiliam’s E medium, bFGF: basic fibroblast growth factor.
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Fig. 3. Current approaches used for generating vascularized liver organoids. (A) Self-organized liver organoids with vasculature by assembling
different cell types derived from multiple cell sources. (B) Two different approaches used for printing liver tissue-like architectures from hepatocytes,
fibroblast, and ECs. (C) Illustrations representing the strategies for generating microfluidic device-based liver organoids with perfusable vessels. 
iPSC: induced pluripotent stem cell, iPSC-HE: iPSC-derived hepatic endoderm, iPSC-EC: iPSC-derived endothelial cell, HUVEC: human umbilical 
vein endothelial cell, LSEC: liver sinusoidal endothelial cell, MSC: mesenchymal stem cell, HSC: hepatic stellate cell, iPSC-STM: iPSC-derived
septum transversum mesenchyme, ECM: extracellular matrix, ULA: ultra-low attachment, GATA6: GATA binding transcription factor 6, PROX1:
Prospero homeobox 1, ATF5: activating transcription factor 5, CYP3A4: cytochrome P450 3A4, PHH: primary human hepatocyte, 3D: three dimen-
tional, KC: Kupffer cell, Mф: macrophage.

Self-organization
  In 2013, Takebe et al. (13) generated vascularized liver 
bud-like organoids by culturing and aggregating human in-
duced pluripotent stem cell (hiPSC)-derived hepatic endo-

derm (HE) cells, HUVECs, and human mesenchymal stem 
cells (MSCs) on a Matrigel bed. They used a mixture of com-
mercially available culture media to support survival and dif-
ferentiation of both ECs and hepatocytes in organoids. The 
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three types of cells self-organized under the MSC-driven force 
of condensation into 3D aggregates, or liver bud-like organo-
ids, after 48 hours. EC sprouting was also detected in the 
organoids. The successful generation of organoids were ach-
ieved only on the Matrigel bed, but not on agarose, collagen 
I, or laminin bed, suggesting that ECM is a critical element 
for self-condensation of the three cell types. FGF and bone 
morphogenic protein (BMP) signals derived from HUVECs 
and MSCs were also essential for the organoid condensation, 
EC network formation, and hepatocyte maturation. After the 
organoids were transplanted to a mouse cranial window mod-
el, they produced extensive networks of human CD31＋ vas-
culature that were connected to mouse CD31＋ host vessels 
in the graft. Dextran perfusion assays showed that the vascu-
lature in the organoids was fully functional after transplan-
tation. The organoid transplants consisting of three different 
cell types were more similar to the normal liver architecture 
compared to transplants of HUVEC and MSC aggregates. 
Because the functional vasculature was generated after trans-
plantation of the organoids, the angiogenic cues derived from 
host tissues might involve in the vascularization of organoids 
and are needed to be investigated (13). Based on this strategy, 
different types of liver organoids were later produced from 
various cell sources, including fetal liver cells (63), adult pri-
mary cells (64, 65), and hPSC-derived cells (14, 16, 66-69). 
The differentiation of HE, ECs, and septum transversum 
mesenchyme entirely from hiPSCs, together with the 
large-scale production of organoids composed of the three 
cell types, suggested that liver bud-like organoids might 
be useful for drug testing and cell therapy (16). Incorporating 
hiPSC-derived ECs and septum transversum mesenchyme 
(STM), instead of HUVEC and MSCs, increased the hep-
atic functions of liver bud-like organoids, implying that 
liver-specific NPCs are important elements for hepatic 
maturation of the organoids. Moreover, features of organo-
ids with hiPSC-derived EC and STM were more similar to 
the human liver tissue when compared to the organoids as-
sembled with HUVEC and MSCs, emphasizing that liv-
er-specific NPCs are also crucial for recapitulating the liver 
tissues (16). The establishment of liver bud-like organoids 
containing LSECs, instead of HUVECs, was also reported, 
although further studies are needed to access LSEC-specific 
features of the ECs in these organoids (64, 65). 
  Studies have shown that communication among cells of 
different lineages is essential for liver bud formation from 
hPSCs and hepatocyte maturation in liver organoids, sug-
gesting that the multi-lineage organoid models might be 
useful for investigations of cell–cell interactions in liver 
development (14, 67). Interestingly, ECs in liver bud-like 
organoids showed increased expression of HIF-1α, a key 

driving factor of angiogenesis, compared to 2D-cultured 
ECs (14). In silico receptor-ligand pairing suggests that ex-
tensive multi-lineage communications are occurred be-
tween HE, EC and MSCs in liver bud-like organoids. This 
study revealed that VEGF signaling is a major factor that 
promote both the EC network formation and hepatoblast 
differentiation in the organoids (14). Furthermore, co-cul-
ture of HUVECs and MSCs with hiPSC-derived HE in-
duced the expression of multiple proteins which are re-
lated to hypoxia, TGFβ signaling, angiogenesis, and hep-
atic differentiation (67). Therefore, these studies indicate 
that paracrine signals from different cell types affect the 
maturation and vascularization of liver bud-like organoids. 
Multi-lineage liver organoids with vasculature can also be 
generated by embedding induced hepatocytes, generated 
by direct reprogramming of fibroblasts, with ECs in de-
cellularized liver ECM (70). This model demonstrated 
that the combination of a physical cue (media flow) in the 
culture together with the incorporation of ECs signifi-
cantly enhances the self-organization, survival, and matu-
ration of liver organoids with complex EC networks. 
Collectively, the multi-lineage interactions between differ-
ent cell types, ECM, and interstitial flow, all regulate the 
maturation and vascularization of self-condensed liver 
organoids. The self-condensed liver organoids can recapi-
tulate the cell-cell communications that occurs during the 
liver developmental processes (14, 67), and improve sur-
vival of liver-injured mice (13, 16), suggesting the poten-
tial use of these organoids as a model system of liver de-
velopment and a source of cell replacement therapy.
  In other approaches, liver organoids were produced by 
aggregating different cell types on non-tissue-culture-treated 
or ultra-low-attachment (ULA) multi-well plates (71-74). 
Liver organoids with EC networks and bile canaliculi were 
generated by self-aggregation of hiPSC-derived hepatocytes 
with primary human HSCs, primary human cholangiocytes, 
primary human LSECs in 96-well ULA plates in the pres-
ence of VEGF (72). Other studies used the VEGF and bFGF 
to induce the EC network formation in organoids by ag-
gregating mouse liver progenitor cells and mouse primary 
LSECs (73), and iPSC-hepatoblasts, ECs, MSCs (74). All 
these approaches emphasized the importance of ECs in or-
ganoids by showing that ECs 1) enhance the differentiation 
and maturation of liver progenitor cells (73) and hiPSC- 
derived hepatocytes in 3D culture (72) and 2) form ves-
sel-like structures that express the LSEC-specific markers 
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) 
and CD32b both in vitro and in vivo after transplantation 
(73). Other approaches produced vascularized liver tissues 
in vitro by assembling primary human hepatocytes (PHHs), 
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normal human dermal fibroblasts, and HUVECs using a 
fibronectin/gelatin-based layer-by-layer cell coating tech-
nique (75). The artificial liver tissues produced by this 
method developed luminal vasculature that expressed CD31, 
von-Willebrand factor (vWF) and CD34 and was perfusable 
after transplantation. Additionally, the vessels were covered 
with alpha-smooth muscle actin (α-SMA) ＋ pericyte-like 
cells. Serial coating of each cell type with fibronectin and 
gelatin before the aggregation increased vessel length and 
branching points and enhanced VEGF secretion in liver or-
ganoids, leading to the formation of complex luminal vascu-
lature in vitro without extrinsic angiogenic factors (75). 
  Liver organoids with blood vessels were also generated 
from hPSCs by transient overexpression of GATA-binding 
protein 6 (GATA6) (17, 76). Transient GATA6 overexpre-
ssion in 2D-cultured hiPSCs spontaneously generated com-
plex liver organoids consisting of hepatocytes, ECs, chol-
angiocytes, stromal cells, and hematopoietic cells with vas-
cular networks that expressed CD34, CD31 and CD146 in 
vitro (76). Particularly, C-X-C chemokine receptor type 4 
(CXCR4) ＋ cells in the organoids expressed key angio-
genic factors, VEGF-A and bFGF, suggesting that VEGF-A 
and bFGF secreted from CXCR4＋ cells enabled the vas-
cular network formation in the organoids without addi-
tional treatment of exogenous angiogenic factors (76). The 
hepatic function of the hPSC-derived organoids was im-
proved by clustered regularly interspaced short palindromic 
repeats (CRISPR)-based transcriptional activation of cyto-
chrome P450 3A4 (CYP3A4) combined with overexpression 
of Prospero homeobox 1 (PROX1) and activating tran-
scription factor 5 (ATF5) (17). The genetically engineered 
organoids produced CD31＋ and CD34＋ vessels covered 
with Nestin＋ pericyte-like cells. The complex vasculature 
was connected to host vessels and perfusable upon trans-
plantation. The overexpression of CYP3A4, PROX1, and 
ATF5 increased the expression of key growth factors and 
receptors involved in angiogenesis and eventually en-
hanced vascular complexity of the organoids. The CellNet 
liver gene regulatory network analysis indicated that the 
organoids generated by overexpressing GATA6, CYP3A4, 
PROX1 and ATF5 mimic the gene expression profile of 
human liver tissues better than other liver organoids, in-
cluding EPCAM＋ endoderm-derived organoids (17).

Bioprinting
  3D cell printing is a promising technique to reca-
pitulate in culture the complex architecture of liver tissue. 
There are several approaches to constructing liver-like 3D 
cellular clusters using bioprinting. Infusion of collagen bi-
oink containing PHHs, HUVECs, and lung fibroblasts in-

to the pre-patterned canals of a hydrogel framework with 
endothelial growth medium induced the formation of ca-
pillary-like networks (77). Furthermore, the heterotypic 
interaction between the hepatocytes and ECs substantially 
increased the survival and function of liver cells in the 3D 
printed construct, emphasizing the importance of vascula-
ture in liver-mimicking microtissues and organoids (77). 
A different type of 3D bioprinting with a pre-set cartridge 
designed to resemble the hexagonal structure of liver lo-
bules was used to fabricate hepatic-lobule-like constructs 
(78). Lobular constructs made by this method had ECs 
surrounding liver cell clusters as well as the outside of the 
construct, which eventually became interconnected. The 
lobular constructs also had enhanced hepatic functions, 
including drug metabolism and albumin production (78). 
Large-scale production of 3D liver microtissues or organo-
ids is required for applications in drug screening and 
cell-based therapy. 3D bioprinting systems equipped with 
multiple cartridges or needle arrays enable the scalable 
manufacture of 3D liver-like constructs or organoids that 
comprise multiple cell types and different biomaterials 
(13, 79). Although the bioprinting enables the generation 
of prepatterned vascular and hepatic structures which par-
tially mimic the liver architecture, the potential applica-
tion of these model for disease modeling and drug screen-
ing needed to be further investigated.

Microfluidic devices
  Microfluidic systems can be used to simulate many as-
pects of biological events and are capable of creating bio-
chemical or biophysical microenvironments in vitro. Several 
attempts have been made to use these features to reca-
pitulate the structure and physiology of normal liver vas-
culature by sequentially seeding different cell types in pre-
patterned microfluidic devices. A microfluidically per-
fused biochip that mimics the luminal structure of liver 
sinusoids was developed by seeding two different mixtures 
of cells, the first composed of HUVECs and macrophages 
and the second composed of HepaRG cells and LX2 cells, 
on each side of a membrane in a microfluidic chip to gen-
erate 3D liver organoids (80). In this microfluidic device, 
perfusion of the medium at an optimal speed increased 
oxygen supply and improved EC polarization and hep-
atobiliary functions, probably by inducing flow-mediated 
shear stress (80). Similarly, a microfluidic chip-based vas-
cularized liver acinus model was developed by sequentially 
seeding LSECs, THP-1-derived macrophages, LX2 stellate 
cells, and PHHs with liver ECM (81). In this model, the 
presence of typical fenestrae structures and the high per-
meability of the LSEC layer were confirmed by scanning 
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electron microscopy and fluorescent albumin perfusion. 
By controlling the flow rates, continuous oxygen zonation 
was created in the chip, and differential HSC activation 
was observed across the zone, suggesting the potential ap-
plication of microfluidic chip-based model for investigat-
ing hepatic zone-specific drug metabolism and diseases 
(81). In a different approach, a prepatterned angiogenesis 
scaffold (AngioChip) harboring an open-vessel lumen 
coated with ECs was used to recapitulate the vascular in-
terfaces of the liver (82). Vascularized hepatic tissues en-
gineered using the AngioChip can be produced in a scal-
able manner and used to monitor the processing of clin-
ically relevant drugs in vitro (82). Decellularized liver tis-
sues that preserve ECM and vascular trees can also be 
used to generate vascularized liver organoids (83). When 
exogenous ECs and human fetal liver cells were perfused 
into decellularized liver tissue, the perfused cells were in-
corporated into their native locations and displayed typi-
cal features of each cell type, creating a liver tissue-like 
construct (83).

Conclusions and Future Perspectives

  Strategies to generate vascularized liver organoids have 
greatly advanced in the last decade. Each method de-
scribed in this review has advantages and limitations. For 
instance, self-organized liver organoids recapitulate some 
of the processes of liver development and vessel formation. 
However, they do not have a luminal vasculature that is 
perfusable in vitro and cannot accurately mimic the com-
plex architecture of mature liver tissues. Moreover, the 
unique features of hepatic vasculature, including fenestra-
tion, have not been fully analyzed in self-organizing liver 
organoids. Microfluidic devices provide interstitial flow 
through channels, thereby enhancing tissue maturation and 
providing a flow model of the liver sinusoid, but they have 
limited ability to recapitulate the developmental processes 
of the liver. Bioprinting can partially mimic hepatic lobu-
lar and vascular structures. However, the bioink used in 
3D bioprinting needs to be developed further to overcome 
issues related to tissue specificity, cell viability, shape fi-
delity, resolution, supportive ability, and biocompatibility.
  There are a few reports demonstrating tissue-specific 
features of blood vessels, including marker expression, char-
acteristics of fenestrae and permeability in liver orga-
noids. However, to our knowledge, there is no report in-
vestigating pathobiological changes of the vasculature us-
ing liver organoids. As mentioned earlier, LSECs interplay 
with other liver cells under pathological conditions, losing 
fenestrae and NO synthesis activity and secrete proin-

flammatory cytokines and ECM in injured liver. These 
pathological changes of LSECs are critical for disease pro-
gression because they lead to portal hypertension in 
chronic liver disease and impaired liver function, activat-
ing HSCs and KCs. Thus, the investigation of vascular 
changes in liver organoids is urgently required to precisely 
model the chronic liver diseases.
  Tissue engineering techniques have been evolving to 
produce 3D liver tissues that more precisely mimic the liv-
er architecture and physiology in the human body. A ma-
jor limitation of these techniques is that the diffusion of 
oxygen and nutrients is limited by the thickness of the 
tissues. Therefore, integrated studies of the vascularization 
of 3D tissues are urgently needed to generate bigger and 
more complex artificial liver tissues, organoids, and as-
sembloids that recapitulate in vivo conditions. Recently, 
substantial glomerular networks with perfusable lumens 
were achieved in hPSC-derived kidney organoids by com-
bining self-organization and microfluidic approaches (84). 
In another study, brain organoids derived from hPSCs could 
generate perfusable vasculature with blood-brain barrier 
characteristics in vitro after incorporation of inducible 
ETS variant 2 (ETV2)-overexpressing hPSCs (85). Other 
studies vascularized brain organoids by fusing them with 
blood vessel organoids composed of ECs and perivascular 
cells and then inducing directed angiogenesis toward the 
brain organoids (86, 87). The manufacture and engineer-
ing of tissue-specific ECM for organoids is another prom-
ising strategy to recapitulate tissue-specific features (88).
  Vascularized liver organoids provide advanced models 
for investigations of multi-lineage communication in nor-
mal and pathological conditions. The presence of func-
tional luminal vasculature enables even distribution of nu-
trients, oxygen, drugs, and pathological stimuli to the core 
of the organoids. Therefore, vascularized liver organoids 
will allow more accurate screening for drug efficacy and 
toxicity. In addition, pre-vascularization of organoids in 
vitro may improve the survival and function of grafts after 
transplantation, contributing to more successful therapeu-
tic outcomes for patients with liver disease.
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