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Abstract
The vascular system, essential for human physiology, is vital for transporting nutrients, oxygen, and waste. Since vascu-
lar structures are involved in various disease pathogeneses and exhibit different morphologies depending on the organ, 
researchers have endeavored to develop organ-specific vascular models. While animal models possess sophisticated vascu-
lar morphologies, they exhibit significant discrepancies from human tissues due to species differences, which limits their 
applicability. To overcome the limitations arising from these discrepancies and the oversimplification of 2D dish cultures, 
microphysiological systems (MPS) have emerged as a promising alternative. These systems more accurately mimic the 
human microenvironment by incorporating cell interactions, physical stimuli, and extracellular matrix components, thus 
facilitating enhanced tissue differentiation and functionality. Importantly, MPS often utilize human-derived cells, greatly 
reducing disparities between model and patient responses. This review focuses on recent advancements in MPS, particularly 
in modeling the human organ-specific vascular system, and discusses their potential in biological adaptation.
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1 Introduction

The vascular system, comprising a vast network of arteries, 
veins, and capillaries, is essential to the proper function-
ing of the human body. These vessels ensure the efficient 
transport of oxygen, nutrients, hormones, immune cells, 
and even drugs to every tissue and organ while simulta-
neously facilitating the removal of waste products. They 
serve not only as simple nourishing components but are 
also specialized across various organs and tissues to fulfill 
unique roles. For instance, within similar microvessel sys-
tems, the blood–brain barrier of the neurovascular system is 
highly impermeable to block cytotoxic materials, whereas 
the tumor microvascular system is usually leaky [1, 2]. To 
understand the various features of vessel system, researchers 
have sought sophisticated vascular platforms that possess 
the morphological and physiological characteristics of each 
respective tissue.

Animal models have been conventionally employed 
as alternatives for 2D dish culture models to simulate the 
intricate morphologies of tissues. They have consistently 
revealed insights, especially arising from complex interac-
tions among fully differentiated cells, hardly observed in 
dish culture models. However, significant discrepancies 
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have persisted between animal models and human tissues, 
originating from species differences, even with the rigorous 
selection of model organisms. For example, while mice have 
been frequently used in retinal studies, their retinal thickness 
and developmental trajectories significantly differ from those 
of humans, leading to distinct responses [3]. Considering 
the reactions to biochemical agents and diverse stimuli, the 
discrepancy between animals and human becomes amplified 
[4]. Furthermore, compared to straightforward dish culture 
methods, manipulation in animal models is considerably 
more challenging, as it involves dealing with the entire liv-
ing organism, not just the target organ.

To compensate for the limitations associated with the 
oversimplification of 2D dish culture models and the com-
plexity and discrepancies of animal models, microphysi-
ological systems have been widely applied. These systems 
aim to replicate the microphysiological environment, encom-
passing cell interactions, physical stimuli, biochemical 
gradients, and extracellular matrix (ECM) surroundings, 
thereby improving tissue differentiation and functionality 
from 2D models. Also, microphysiological systems (MPS) 
are specifically designed with a focus on the target tissue and 
tailored for the experimental approach, resulting in easier 
manipulation and maintenance compared to animal models 
[5, 6]. Moreover, since these systems are often constructed 
using human-origin cells or even patient-derived cells, the 
discrepancies between the model and patient responses are 
substantially reduced. In this review, we summarize the vari-
ous models of vascular systems with particular emphasis 
on the recent advances of microphysiological systems, and 
categorize them by organs and fabrication method.

2  Conventional Experimental Platform 
for Blood Vessel‑Related Diseases 
and Drug Screening

2.1  In Vivo Models

Historically, animal models have been indispensable for 
disease modeling, drug efficacy, and toxicity testing. These 
models' strength lies in their anatomical and physiological 
similarities to humans, especially in terms of vasculature and 
organ systems [7]. They provide a comprehensive perspec-
tive on the entire organism and allow for versatile modeling 
of conditions through genetic manipulation [8]. Despite 
these advantages, animal models demand considerable time 
and financial resources, raise ethical issues, and exhibit 
disparities in size and genetics compared to humans [7]. 
Specifically, certain disease modeling methods in animals, 
like gene knockouts, might not accurately resemble human 
conditions. For instance, while genetic manipulations are 
able to induce atherosclerosis in mice, the plaque ruptures 

do not occur, unlike human cases [9]. Similarly, there are 
also discrepancies in retinal tissue, such as the thickness of 
Bruch's membrane and the ratio of binucleated RPE [10]. As 
a result, drugs considered safe in animal trials occasionally 
demonstrate toxicity in humans; indeed, nearly half of the 
578 drugs withdrawn or discontinued in Europe and the US 
have shown toxicity to humans [11], whereas penicillin and 
aspirin, which are non-toxic and widely applied to humans, 
exhibit toxicity in certain animal models [11]. Due to plat-
form inherent limitations of the animal model, including 
genomic disparities, we categorize it within the conventional 
model framework, in spite of its significant enhancements 
and valuable achievements. Also, the current situation, that 
species-specific differences cannot be minimized through 
additional experimental approaches, supports this categori-
zation. Alternatively, advanced models discussed in the sub-
sequent section have addressed some of these limitations and 
are progressively overcoming remaining challenges through 
various improvements.

2.2  In Vitro Culture Models

To minimize the genomic differences between human and 
animal models, researchers have cultured human-derived 
cells. The two-dimensional (2D) in vitro model is the old-
est method and has long been applied in various studies, 
including pathogenesis unveiling and drug screening [12]. 
Typically, these 2D models were designed as a monolayer 
of specific cell types on Petri dishes or well plates. These 
models offer simplicity and high-throughput reproducibil-
ity at a relatively low experimental cost [13]. Nevertheless, 
2D models have inherent drawbacks, including inaccurate 
oxygen and nutrient distribution and, more importantly, the 
lack of interactions between cells in the 3D extracellular 
matrix [14].

Three-dimensional (3D) compartmentalized in vitro mod-
els encompass membrane models, notably represented by the 
Transwell system. The Transwell system easily facilitates 
the co-culture of multiple cell types in separated upper and 
lower compartments, divided by a porous membrane. This 
setup has been often applied to measure cell migration or 
barrier function. However, these 3D membrane models still 
exhibit certain limitations inherent in 2D in vitro models; 
the cells are cultured as a 2D monolayer on a rigid substrate 
rather than within a 3D extracellular matrix [15]. Particu-
larly, the endothelium cultured on Transwell shows a con-
siderably higher permeability compared to in vivo blood 
vessels [15, 16].

Another method is 3D cell culture within various 
hydrogels, which serve as scaffolds for 3D culture and 
promote cell differentiation, similar to the ECM sur-
rounding cells in vivo. In this model, researchers have 
utilized the native extracellular matrix (ECM) to enhance 
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cell differentiation and have also employed synthetic 
ECM to apply a range of mechanical and structural cues 
[17]. However, this technique is not ideally suited for vas-
cular research and associated diseases, as manipulating 
cellular positioning and perfusion is challenging without 
incorporating a microfluidic device.

Through the basic 2D dish culture models to sophis-
ticated 3D cell culture models that utilize novel ECM, 
in vitro culture models have addressed genomic dispari-
ties of animal models and provided valuable insights. 
These achievements in cell culture techniques and 
ECM design are now being incorporated into following 
advanced models. However, like animal models, these 
systems now encounter the limitations, particularly in 
applying additional experimental approaches to enhance 
in vivo similarity and differentiation levels. For instance, 
the application of physical stimuli such as flow, stress, 
and electric fields, which is essential for cell differen-
tiation, remains challenging in in vitro culture models 
without MPS integration. Given these considerations, we 
categorize both in vitro culture models and animal models 
within the conventional model framework.

3  Advanced In Vitro Models for Vascular 
Study

3.1  Organoid Models

In this paper, we have defined advanced models as novel 
systems that overcome the traditional challenges of conven-
tional models by incorporating recently highlighted stimuli 
and experimental methods, and which still have room for 
extension. As an advanced 3D model, organoids are able to 
emulate organ functionalities more properly, using variety 
stimulation and manipulation. They are derived from self-
assembling pluripotent cells, or adult stem cells [8]. Orga-
noids vary from simple epithelial constructs to sophisticated 
structures that closely resemble in vivo organs. For instance, 
in case of in vitro microvessel construction, 3D hydrogel 
culture enables the formation of a microvascular network 
with in vivo similar aspects, including permeability, com-
paring to traditional 2D transwell models [16]. Furthermore, 
the blood vessel model produced by organoid systems can 
generate not only the endothelial cell (EC) vessel network 
but also the surrounding tissues and supportive cells, so 
that it can resemble in vivo tissue reactions properly [21]. 
They have provided invaluable observations in fundamental 

(A) Organoid models

TC/FB/EC/Dextran

(B) Bioprinted models (C) MPS models

Fig. 1  In vitro vessel models with tumor using advanced in  vitro 
system.  (A) Incorporating the mesodermal progenitor cells, vascu-
larized organoid was produced and the vessel network was validated 
by observing vessel-specific markers. (B) Using coaxial nozzle bio-
printing method, the brain artery metastasis environment was simu-

lated. (C)  By co-seeding tumor spheroids in the microvascular net-
work of MPS, the tumor microvascular niche was resembled. Figures 
are reprinted with permission from reference [18–20]. BEC brain 
endothelial cell, BPC brain pericyte, NPC neural progenitor cell, CTC  
circulating tumor cell, TC tumor cell, FB fibroblast
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biological investigations and potential pharmaceutical evalu-
ations (Fig. 1A) [8].

Practically, organoids have been known to be challeng-
ing to vascularize due to various reasons, including their 
size, the difficult spatial regulation of tissue, and the chal-
lenge of co-inducing endothelial cell (EC) supportive 
cells and organ-specific cells. However, recently several 
organoid studies have focused on modeling vasculature. 
Wimmer et al. constructed a self-organizing 3D vascular 
network organoid from pluripotent stem cells, which was 
more sophisticated and enhanced than the conventional 
transwell method [21]. In this method, cells were properly 
differentiated, and vessels were enveloped by pericytes and 
a basement membrane, mimicking in vivo conditions. The 
organoid was fully functional and could be transplanted into 
mice, forming a stable and perfusable vascular tree, includ-
ing arteries and arterioles. Under diabetic conditions, it 
exhibited in vivo-like reactions, such as basement membrane 
thickening. Researchers also constructed specific organs 
supported by vascular tissues. Lewis-Israeli et al. designed 
a self-assembling human heart organoid with self-nourishing 
blood vessels [22]. Stem cells were differentiated into vari-
ous cardiac cells, including the essential cardiomyocytes and 
endothelial cells. The endothelium formed vascular lumens 
that penetrated the myocardium and assembled into coronary 
vessels.

To apply the physical stimuli like perfusion, additional 
housing or chambers, such as MPS, are often adapted. 
Homan et al. constructed a kidney organoid with a perfus-
able vascular network, employing flow within the organoid 
[23]. This fluidic stimulus not only advanced the vascular 
network but also enhanced kidney-specific differentiation, 
such as podocyte maturity and cellular polarity. In this study, 
a millifluidic chip was used to introduce flow conditions.

3.2  Bioprinted Models

The last decade has witnessed significant contributions to 
vascular tissue engineering with the rise of 3D bioprint-
ing technology  (Fig. 1B). This cutting-edge technology 
involves the intricate process of printing cell-laden hydro-
gels and polymeric scaffolds. Blood vessels in the human 
body vary widely in size, ranging from microvessels with 
internal diameters less than 1mm to larger vessels with 
internal diameters exceeding 6 mm [24–26]. As the field 
is advancing with novel bioinks and stem cells, to simulate 
natural diversity of blood vessel, for creation of vascular 
models with variety of diameters and patterns through the 
precise compartmentalization of vascular cell types, such as 
endothelial cells and smooth muscle cells, 3D bioprinting 
technology is making it possible to fabricate the vascular 
models ranging from micrometer to millimeter size with a 
high precision at micron scale [27, 28].

For bioprinting vascular models with variety of sizes 
and patterns, various bioprinting technologies, including 
inkjet [29] and laser-assisted bioprinting [30], as well as 
extrusion-based printing [31], have been used. Bioprint-
ing technology has achieved a minimum internal diameter 
of approximately 400 microns, while the largest reported 
diameter is around 6 mm [32–34]. Notably, the simultane-
ous printing of diverse cell types and polymer systems is 
made more accessible through the use of integrated multi-
nozzle extrusion-based 3D bioprinters [35]. In one of the 
initial efforts, Xu et al. successfully generated 3D tubular 
structures, including both straight and zigzag configurations, 
with an approximate diameter of 3 mm by employing the 
inkjet bioprinting technique [29]. This effort paved the way 
for the possibility of bioprinting blood vessels with intricate 
geometries and structures. Using laser-assisted bioprinting 
method that involves the precise deposition of living cells 
directly from cell culture suspensions at specific locations, 
achieving a remarkable resolution of ± 5 μm on 2D or 3D 
substrates [36], Xiong et al. [30] achieved the fabrication 
of straight and Y-shaped hollow channels using cell-laden 
bioink, entirely without the need for support structures. This 
successful demonstration underscores the feasibility of this 
technique for creating overhanging structures.

For mimicking the native blood vessel’s anatomy, micro-
extrusion based multi-axial nozzle system has been widely 
explored [35, 37–39]. This method allows straightforward 
printing of cell-laden bioinks in accordance with the natural 
structure of blood vessels, with desired diameter. In 2016, 
Jia et al. made a multi-axial nozzle extrusion bioprinting 
system and achieved the successful production of various 
cell-laden vascular constructs using hydrogel blend com-
prising gelatin methacryloyl (GelMA), alginate, and poly(-
ethylene glycol)-tetra-acrylate (PEGTA) and confirmed the 
biocompatibility of bio-printed channels [33]. To closely 
mimic the native vascular system, Gao et al. employed a 
multi-nozzle system in using a bioink derived from porcine 
aortic tissue [35]. Using tissue-specific bioink, Gao et al. 
successfully printed a multi-layered blood vessel model that 
featured a smooth muscle layer enveloping the endothelium 
[40]. This study demonstrated excellent patency, the reten-
tion of a well-formed endothelium, the maturation of smooth 
muscle, and successful integration with host tissues as well. 
Wu et al. used this multi-axial nozzle system to 3D bioprint 
a micro-sized vascular channel that was both biocompatible 
and mechanically robust [41]. This was achieved by utiliz-
ing an unique formulation of bioink comprised of GelMA, 
methacrylated‐silk (SilkMA), and alginate. The resulting 
composite bioink facilitated the swift endothelialization of 
the channel, while also imparting it with excellent mechani-
cal strength. This multi-axial nozzle bioprinting technology 
is now being used for advanced disease modeling of vas-
cular pathologies. Gao et al. successfully demonstrated the 
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fabrication of a novel atherosclerotic model utilizing this 
technology [35]. This triple-layered atherosclerotic blood 
vessel model has significantly expanded the horizons of 3D 
bioprinting technologies in the realm of biomedical applica-
tions, particularly in investigating the pathophysiology of 
cardiovascular diseases and for the development of drugs 
aimed at more effective therapies.

4  Microphysiological Systems as Vascular 
Models

To address the shortcomings of conventional in vitro models 
and mitigate the drawbacks of animal models, microphysi-
ological systems (MPS) are garnering interest as a promising 
in vitro alternative. These systems, also known as organ-
on-a-chip, can recreate three-dimensional tissues and blood 
vessels by integrating various types of human-derived cells 
into a spatially compartmentalized microfluidic chip with 
ECM and diverse mechanical properties (Fig. 1C). Since 
MPS incorporate an unprecedented variety of stimuli and 
variables to achieve enhanced human-similarity, they can 
be classified as advanced models. For instance, it allows 
to replicate the physiological concentration gradients of 
cytokines, chemicals, and drugs through three-dimensional 
diffusion [42]. Also, it can emulate physiological physical 
stimuli on organs and blood vessels, such as perfusion and 
stretching, through a microfluidic system [43, 44]. Some of 
these stimuli could be applied in conventional models, but 
we believe MPS have enhanced the ease of this process. 
Furthermore, unlike animal models, MPS can incorporate 
a variety of cell types, including human cells, genetically 
engineered cells, and even patients derived sample to resem-
ble the subject-specific features. By combining the advances 
of the MPS, researchers can design in vitro platforms that 
closely resemble physiological conditions, potentially miti-
gating the constraints of the conventional models.

4.1  Categorization of Vascular MPS by Geometry

The vascular models using MPS can be categorized into 
two main groups based on their vascular structure. These 
groups can further be divided into subgroups based on their 
fabrication methods (Fig. 2). The first group is referred to as 
the “endothelium covering a channel” group, in which the 
shape of the blood vessel is determined by the configuration 
of the channel within the device. This group can be further 
subdivided into three subgroups. First, in case of "Multi-
layered", the device is constructed with multiple layers of 
channels separated by semi-permeable membranes, similar 
to Transwell system [45]. These membranes are typically 
made of polymers and are coated with ECM proteins such 
as fibronectin. Endothelial cells are injected into one of these 

channels, while another cell types, such as smooth muscle 
cells for an artery model, are injected into the remaining 
channels. The second subgroup within this category is the 
"Parallel-patterned" model, which consists of parallel chan-
nels featuring micro-pillars or guide-edges [46]. Those 
structures provide a 100 μm scale gap, thereby establish-
ing surface tension on the interface of injected ECM and 
compartmentalizing the channels. One channel is filled with 
hydrogel to compartmentalize, and endothelium are injected 
into the adjacent channel to form a vascular structure with 
ECM wall. The last subgroup is the "Cylindrical blood ves-
sel" model, which the channel comprises a cavity within the 
ECM chamber [47, 48]. This cavity is created by the pro-
cess, injecting hydrogel into the device within the cylindrical 
sacrificial mold, typically a needle. After the gelation, the 
mold is removed, and endothelial cells are injected into the 
cylindrical cavity.

The second main group is "microvascular networks 
(μVNs)." This group can also be divided into two subgroups. 
The first subgroup is referred to as "self-organized μVNs," 
which fabricated by injection of endothelium-laden ECM, 
typically fibrinogen [49]. Inside the 3D fibrin gel, cells pro-
liferate and automatically assemble into microvascular net-
works. To promote this process, extraneous growth factors 
can be added, or stromal cells can be co-seeded. The other 
subgroup within this category is "angiogenesis μVNs." In 
this case, endothelial cells are placed on the lateral side of 
the fibrin gel, and angiogenesis is also induced by growth 
factor or fibroblasts [45, 50].

While all types of vascular models using MPS can accom-
modate the abovementioned advantages of MPS, the differ-
ent groups are used depending on the main aim or require-
ment of each studies. The first group models are usually 
utilized to generate vascular structures that are typically in 
the order of hundreds of micrometer or larger and also when 
compartmentalization of different cell types are needed. On 
the other hand, the microvascular network groups are used 
for generating microvasculature, representing a more physi-
ologically relevant approach, as these vasculature structures 
form naturally through self-organization or angiogenesis.

4.2  Organ‑Specific Vascular MPS

4.2.1  Artery Models

Recent studies have achieved the development of "Artery-on-
a-chip" systems by co-culturing endothelial cells and smooth 
muscle cells within microphysiological platforms (Fig. 3A). 
Some researchers adopted a “Multi-layered” platform and 
cultured endothelial and smooth muscle cells in each chan-
nel [52, 53]. Youn et al. rather than employing a PDMS 
membrane, devised a membrane fabricated by silk fibroin 
(SF) and polycaprolactone (PCL) to enhance the structural 
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and physiological resemblance to in vivo arteries [54]. These 
models offer the benefit of ease in controlling physical stim-
uli and cellular arrangement. On the other hand, certain 
studies have employed “Parallel-patterned” system. These 
models are advantageous as they allow variations in blood 
vessel geometry [55] and observation of smooth muscle 
cell migration [56]. Su et al. examined the early atherogenic 
characteristics of endothelial cells, smooth muscle cells, and 
monocytes introducing the oxidized LDL and inflammatory 
cytokines [56]. They further assessed the athero-protective 
impacts of vitamin D and metformin within the disease 
model. Cho et al. designed an artery model with enhanced 
morphological similarity by circumferential wrinkles on a 
PDMS substrate [57, 58]. This aligned the smooth muscle 
cells and facilitated the axial alignment of endothelial cells 
during perfusion. Other research has utilized the "Cylindri-
cal blood vessel" system, integrating smooth muscle cells 
into the extracellular matrix [59, 60]. Specifically, Zhang 
et al. evaluated vasoactivity, monocyte adhesion, and vessel 

permeability in their artery model, depending on the pres-
ence of enzyme-modified LDL [60]. They also tested the 
effects of lovastatin and the P2Y11 inhibitor NF157 within 
this model. Using a distinct approach, Gu et al. developed an 
arterial model by layering smooth muscle cells, extracellular 
matrix, and endothelial cells on a stretchable microfluidic 
device, to observe the circumferential stretch induced dif-
ferentiation and disease condition [61]. Some studies, while 
not involving co-cultures of smooth muscle cells, also inves-
tigated the reactions of endothelial cells under various flow 
conditions. They simulated disturbed flow by utilizing bifur-
cating geometries [62], ridge-shaped impediments [63], and 
oscillatory perfusion [64].

4.2.2  Neurovascular Model

Numerous studies have employed MPS to resemble the 
blood–brain barrier (BBB) and associated neurovascular dis-
eases, and those can be categorized based on the employed 

Fig. 2  Classification of microphysiological system based vascular 
models. The vascular system within the MPS was created by coating 
the interior of the cavity formed through compartmentalization (A1, 
A2) or using a sacrificial mold (A3). By harnessing the intrinsic abili-

ties of ECs, microvessels can also be constructed through vasculari-
zation (B1) and angiogenesis(B2), involving ECM degradation. Fig-
ures are reprinted with permission from reference [45, 46, 48, 49, 51]
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cells and MPS type (Fig. 3B, Table 1). In basic models, 
researchers incorporate endothelial cells and astrocytes; 
more complex studies also include stromal cells, microglia, 
and neurons.

Applying these BBB models, people has simulated patho-
logic conditions such as ischemic stroke [65] and Alzhei-
mer's disease, by adapting patient-derived cells [66] or high 
glucose concentrations [67]. Additionally, studies have also 
explored the impacts of inflammatory cytokines [68, 69], 
particulate matter [70, 71], and neurotoxic substances [72, 
73] on the neurovascular system. For instance, Lyu et al. 
emulated an ischemic condition by culturing their neurovas-
cular model under nutrient-deficient and low-oxygen condi-
tions [65]. Various studies have also examined the therapeu-
tic effects of different stem cells on damaged neurovascular 

environment, focusing on endogenous recovery. Shin et al. 
highlighted pathological characteristics in an Alzheimer's 
disease model, including the β-amyloid (Aβ) peptides dep-
osition in the endothelium and the therapeutic effects of 
Etodolac on barrier restoration [66]. Jang et al. examined 
the relationship between hyperglycemia, Alzheimer’s dis-
ease, and sirtuin 1 (SIRT1) using their BBB model [67]. 
They further observed that glucose level restoration and the 
resveratrol (a SIRT1 activator) counteracted the neurodegen-
erative process. Yang et al. reported the anti-inflammatory 
effects of omega-3 fatty acids in a BBB model exposed to 
IL-1β [69]. Matthiesen et al. [73] explored BBB disruption 
by linsidomine and the protective effects of the antioxidant 
N-acetylcysteine amide. Seo et al. [74] demonstrated that 
diesel exhaust particle (DEP)-induced neurodegeneration 

Fig. 3  Organ-specific vascular models based on microphysiological 
system. (A) Coronary artery was reproduced by adapting the coaxial 
bioprinting method using ECs and SMCs. (B) Inducing vasculariza-
tion of ECs, with neurovascular cells (PCs  and ACs) resulted in a 
highly non-permeable microvessel network, similar to the in  vivo 
blood-brain barrier. (C) By co-seeding the RPE monolayer on the EC 
microvessel network, the outer blood-retinal barrier was constructed 

and resembled the retina's neovascularization through hypoxic stress. 
(D) To replicate the glomerulus barrier, podocytes and ECs were 
cultured on the GBM layer. Membranous nephropathy was also 
observed under conditions involving patient-derived serum. Figures 
are reprinted with permission from reference  [60,  75,  86,  95]. EC 
endothelial cells, PC pericyte, AC astrocyte, RPE retinal pigment epi-
thelial cell, GBM glomerular basement membrane)
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stemmed from a cascade through granulocyte–macrophage 
colony-stimulating factor secreted by endothelial cells. This 
circumstance, in turn, activated microglia, which then pro-
duced reactive oxygen species (ROS). They proposed that 
disrupting the individual steps could mitigated the detrimen-
tal effects of this cascade.

4.2.3  Retinal Model

There have been relatively limited studies using MPS to 
simulate the inner blood–retinal barriers (iBRBs). One 
study employed a microfluidic device comprising chan-
nels with microgrooves to facilitate intercellular interac-
tion [79]. This system also integrated electrodes to measure 
the barrier function by transepithelial electrical resistance 
(TEER) assay. Within each channel, primary human retinal 
endothelial cells, SH-SY5Y cells (a neuroblastoma cell line), 
and ARPE-19 cells (an RPE cell line) were cultured to con-
struct the iBRB. The model's barrier function was assessed 
using permeability assays, TEER measurements, and ZO-1 
expression evaluation. Another research utilized a “parallel-
patterned” model and applied perfusion to the endothelium 
[80]. The barrier integrity of blood vessels was also evalu-
ated using permeability tests, depending on the endothelial 
cell types, the presence of perfusion, various cytokines, and 
their inhibitors.

Additionally, there is a body of work focused on modeling 
the outer blood–retinal barrier (oBRB) and its associated 
diseases (Fig. 3C). MPS of oBRB and choroidal blood ves-
sels can be grouped into two categories: oBRB models that 
culture RPE and EC in a "multi-layered" system [81–85] and 
the "self-organized μVNs" model [86–89]. Several studies 

have resembled choroidal neovascularization via conditions 
believed to induce wet AMD, such as mechanical stress 
[84], hypoxia [85, 86], or VEGF [88]. Notably, Chung et al. 
introduced a drug into their disease model, which success-
fully inhibited choroidal vessel angiogenesis [88]. Another 
investigation observed the reduced barrier function of the 
oBRB and degeneration of choroidal vessels under diabetic 
conditions [89]. Further studies have induced inflammation 
in the choroidal layer using biochemicals like CCL19 [82] 
or hydrogen peroxide [83]. Notably, Cipriano et al. exam-
ined immune cell recruitment in their model and evaluated 
the efficacy of the immunosuppressive drug Cyclosporine 
(CsA) [82].

4.2.4  Renal Model

The kidney-on-a-chip has been designed utilizing both the 
“multi-layered” and “parallel-patterned” models (Fig. 3D). 
These models have successfully recapitulated essential kid-
ney components, such as the Bowman’s capsule-glomerulus, 
the proximal tubule-peritubular capillary, and the combined 
nephron structure. A summary of kidney models, based on 
MPS, is provided in the accompanying table (Table 2).

The relevant literature examined the nephrotoxicity trig-
gered by various compounds including anti-cancer drugs 
[90–94], antibiotics [94, 95], and other medications [94, 96]. 
Furthermore, studies have also explored the nephron dys-
function arising from pathologic conditions, such as diabetes 
mellitus [95, 97] and protein overloading [98].

Specifically, Yin et al. assessed the toxicity of agents 
like cisplatin, gentamycin, and cyclosporin A within their 
peritubular capillary model [94]. Notably, they elucidated 

Table 1  Classification of microphysiological neurovascular models

BBB model Microphysiological system

Multi-layered Parallel-patterned Cylindrical blood 
vessel

Self-organized 
μVNs

Angiogenesis 
μVNs

Cell types Endothelial cell
Astrocyte

– Matthiesen, I., 
et al. (2021) 
[73]

– – Li, Y. et al., 
(2020) [71]

 + Stromal cell Yang, T., et al. 
(2023) [69]

– Seo, S., et al. 
(2022) [74]

Campisi, M., et al. 
(2018) [75]

Kim, S., et al. 
(2021) [76]

Lee, S., et al. 
(2020) [77]

 + Neuron – Shin, Y., et al. 
(2019) [66]

Adriani, G., et al. 
(2017) [78]

Jang, M., et al. 
(2022) [67]

Adriani, G., et al. 
(2017) [78]

 + Microglia
Neuron

Koo, Y., et al. 
(2018) [72]

– Seo, S., et al. 
(2023) [70]

– –

 + Stromal cell
Microglia
Neuron

Pediaditakis, I., 
et al. (2022) 
[68]

Lyu, Z., et al. 
(2021) [65]

– – –
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the protective effect of cimetidine against cisplatin-induced 
nephrotoxicity. Another study by Petrosyan et al. docu-
mented glomerular dysfunction induced by the puromycin 
aminonucleoside, serum from membranous nephropathy 
patients, and high glucose concentrations [95]. In addition, 
they demonstrated that the introduction of α-melanocyte-
stimulating hormone reduce albumin leakage of disease 
model, thereby proving its potential as a diagnostic and 
drug screening platform. Liu et al. resembled proteinuria 
in their model through an excessive protein load into the 
renal tubule, leading to trans-differentiation and apoptosis 
of endothelial cells and pericytes [98]. Furthermore, they 
discovered that inhibiting FUT8 could mitigate these del-
eterious effects associated with proteinuria.

5  Conclusion

There has been significant growth and improvement in 
in vitro vascular models due to their ease of experimental 
manipulation and enhanced in vivo resemblance. In particu-
lar, these platforms have diversified across various tissues 
by coculturing different cells and inventing distinct fabri-
cation methods. While these models have broadened our 
understanding of numerous diseases and organs associated 
with the vascular system, several aspects remain open to 
improvement.

First, the fabrication and experimental processes of 
MPS have not been standardized. It necessitates a certain 
level of proficiency among researchers attempting to uti-
lize these models. As demonstrated in this review, particu-
larly for the last 10 years, MPS has evolved into extremely 
varied structures. This diversification has expanded the 
range of tissues that can be mimicked using MPS; how-
ever, the variability of design could present obstacles 

for users who are trying to simply adapt these systems 
rather than creating entirely new structures. This issue 
gains greater significance in biological industries, which 
demand high reproducibility compared to pioneering bio-
logical research. In response, recently emerged models 
have improved robustness and user convenience, and some 
have even achieved commercialization. We anticipate that 
the vascular models discussed in this review can undergo 
similar improvements, which will further enhance their 
economic value and utility.

Second, there is still room to incorporate a broader 
range of analytical tools, and recent MPS studies have 
already been adapting. Conventionally, MPS has concen-
trated on modeling the environment and cell differentia-
tion of the target tissue, frequently relying on image-based 
validations such as immunostaining and cell morphology 
measurements. The small sample volume of MPS often 
limits the use of conventional biological assays, although 
it can be advantageous in fabrication perspective. How-
ever, current studies actively utilize a range of tools, from 
relatively conventional ones like RT-PCR, western blot, 
and ELISA to more advanced techniques like cytokine 
arrays, RNA sequencing, and even atomic force micros-
copy (AFM). Looking forward, there is an expectation that 
the integration of emerging AI technologies can facilitate 
exploration into areas that have not been elucidated so far.

In summary, there have been substantial recent advance-
ments in in vitro vascular models. They have successfully 
achieved a balance between the complexity of the animal 
model and the oversimplified nature of the 2D culture 
model, while also minimized a genetic discrepancy using 
human-derived cells. The ability to emulate various human 
structures, including functional vascular systems, holds 
promise for significantly expanding our understanding of 
numerous diseases.

Table 2  Classification of microphysiological renal vascular models

*The study used cells derived from animal

Renal vascular model Microphysiological system

Multi-layered Parallel-patterned

The part of kidney recapitulated Bowman’s capsule-glomerulus Roye, Y., et al. (2021) [92]
Musah, S., et al. (2017) [93]

Petrosyan, A., et al. (2019) [95]
Wang, L., et al. (2017) [97]*

Proximal tubule-peritubular capillary Yin, L., et al. (2020) [94]
Vedula, E.M., et al. (2017) [96]

Liy, A., et al. (2022) [98]
Imoaoka, T., et al. (2021) [99]
Chapron, A., et al. (2020) [100]

Nephron (both) Zhang, S. Y., et al. (2023) [91]
Menéndez, A.B.-C., et al. (2022) 

[101], Zhang, S.Y., et al. (2021) 
[102]

Sakolish, C.M., et al. (2017) [103]
Petrosyan, A., et al. (2019) [90]*

–
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