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Abstract 

The endometrium undergoes repeated regeneration, and menstrual cycling and embryo 
implantation depend on regulated angiogenesis. Endometrial organoids are in vitro models that 
reproduce selected features of endometrial biology. However, conventional systems consist largely 
of epithelial cells and lack the vascular networks needed to model tissue-level functions. 
Bioengineering approaches are beginning to address this limitation by incorporating vascular 
components. This review summarizes the biological rationale, engineering strategies, and potential 
applications of vascularized endometrial organoids. We discuss the endometrial vasculature and 
approaches to developing models for disease research, drug screening, and regenerative medicine. 
These models may improve understanding of endometrial physiology and pathology and support 
research into personalized diagnostic and therapeutic approaches in reproductive medicine. 

Keywords: endometrial organoids; vascularization; microfluidics; reproductive medicine; disease modeling; regenerative 
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Introduction 
The endometrium, the inner mucosal layer of the 

mammalian uterus, undergoes cycles of regeneration, 
differentiation, and shedding. Ovarian hormones, 
primarily estrogen and progesterone, regulate this 
process [1]. Its regenerative capacity and receptivity to 
embryo implantation are central to reproduction [2]. 
Endometrial proliferation is primarily driven by 
estrogen receptor (ER)-mediated nuclear 
transcription, together with paracrine/autocrine 
signaling networks. These include Wnt/β-catenin [3], 
Notch [4], PI3K/AKT [5] and MAPK/ERK [6] 
cascades, with additional regulation by transforming 
growth factor-β (TGF-β)/bone morphogenetic protein 
(BMP) [7] and Hippo pathways [8]. Spatiotemporal 

interactions among these pathways balance 
proliferation and differentiation. Their dysregulation 
is associated with endometrial hyperplastic disorders. 

The integrity, maintenance, and repair of the 
endometrial functional layer depend on vascular 
function [9]. The vascular network undergoes 
morphological and functional remodeling throughout 
the menstrual cycle [10]. These changes support 
endometrial repair, preparation for implantation, and 
the occurrence of menstruation. During the 
proliferative phase, estrogen promotes the 
proliferation of epithelial cells and stromal cells, 
accompanied by angiogenesis. The newly formed 
capillaries provide nutrients and oxygen to the dilated 
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tissues [11]. During the secretory phase, rising 
progesterone levels slow angiogenesis [12]. Existing 
vessels, particularly the spiral arteries, undergo 
remodeling, becoming more tortuous, dilated, and 
permeable in preparation for embryo implantation 
[12]. Vascular changes during the implantation 
window contribute to the establishment of the 
maternal-fetal interface. In the absence of pregnancy, 
corpus luteum regression causes hormone levels to 
decline. Hormone withdrawal contributes to 
vasoconstriction, tissue ischemia and hypoxia, 
vascular breakdown in the functional layer, and tissue 
shedding during menstruation. Repair and renewed 
angiogenesis then support endometrial regeneration. 
The perivascular microenvironment also contributes 
to this process, as decidualization begins around blood 

vessels [1]. Regulated vessel formation, remodeling, 
and regression therefore support reproductive health. 
Disruption of these processes can contribute to 
implantation failure, miscarriage, and endometrial 
disease (Figure 1). 

Conventional endometrial research models, 
including two-dimensional (2D) cell culture and 
animal models, have limitations in reproducing 
human three-dimensional (3D) tissue architecture, 
intercellular interactions, and the in vivo physiological 
microenvironment [13,14]. Animal models are also 
constrained by species-specific differences and by 
ethical considerations, costs, and difficulties with real-
time observation [15]. These limitations restrict 
investigation of human endometrial biology and 
disease mechanisms. 

 

 
Figure 1. Endometrial vascular dynamics across the menstrual cycle and their role in implantation success. 
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Endometrial organoids are self-organizing 3D 
cultures derived from endometrial tissue stem cells or 
induced pluripotent stem cells that reproduce selected 
structural and functional characteristics of the native 
tissue. Since their establishment in 2017, endometrial 
organoid methods have continued to develop [16,17]. 
These organoids express endometrium-specific 
markers and can respond to hormonal stimulation 
[16]. They can also reproduce some molecular events 
related to the menstrual cycle and the implantation 
window [18,19], providing models for the 
development, physiology, pathology, and drug 
response of the human endometrium. Organoids 
usually represent one major cellular component. In 
contrast, assembloids combine different organoids or 
cell populations to simulate the interactions among 
their components [20]. In this review, endometrial 
epithelial organoids thus refer to self-organizing 
structures containing only epithelium. The model that 
combines endometrial epithelial organoids with 
stromal cells is called an epithelial–stromal endome-
trial assembly. The model that integrates endothelial 
cells simultaneously is called a vascularized 
endometrial assembly. Platform-specific terms, such 
as endometrium-on-a-chip and vascularized 
organoid-on-a-chip, were retained when used in the 
original studies. The microfluidic “endometrium-on-
a-chip (EoC)” systems support the construction of 
patient-specific vascularized models under dynamic 
perfusion conditions [21,22], while 3D bioprinting has 
supported centimeter-scale vascularized endometrial 
cancer organoids for drug testing [23]. Assembloids 
integrating epithelial, stromal, and vascular 
components have expanded the research on embryo 
implantation and uterine regeneration to multicellular 
endometrial models [24-26]. 

Most existing endometrial organoid models only 
contain epithelial components and lack vascular 
networks [27,28]. This limits their ability to reproduce 
the physiological and pathological processes 
involving the vascular system [11]. Embryo 
implantation involves vascular remodeling and signal 
transduction at the maternal-fetal interface [29]. The 
establishment and growth of endometriotic lesions 
require neovascularization [30], and the progression of 
endometrial cancer is related to tumor angiogenesis 
[31]. When vascular networks are lacking, organoids 
rely on the diffusion of nutrients and oxygen, which 
may lead to central necrosis and limit long-term 
culture, expansion, size, and structural complexity 
[32]. Therefore, integrating functional vascular 
systems may improve the physiological relevance of 
endometrial organoid models and expand their 
application scope, supporting their eventual clinical 
translation [21]. 

This review examines advances, challenges, and 
future directions in vascularized endometrial 
organoid research. We discuss construction strategies 
and functional validation methods, then consider 
applications in embryo implantation, endometrial 
diseases modeling, drug screening, and regenerative 
medicine. We also identify technical and biological 
limitations that should guide further model 
development and evaluation for reproductive 
medicine. 

Methodological strategies for 
engineering vascularized endometrial 
organoids 

Vascularization strategies aim to generate 
branched, perfusable networks that respond to tissue 
demands. Standard endometrial organoid models 
generally lack functional vasculature, limiting the 
study of vascular-dependent processes such as 
embryo implantation. Developing vascularized 
models requires approaches from developmental 
biology, tissue engineering, vascular biology, and 
microfluidics. The main strategies described below 
provide different routes to improving endometrial 
model structure and function (Figure 2). Their clinical 
translation requires further validation and appropriate 
ethical oversight. 

Self-assembly approaches: Co-culture with 
endothelial cells 

Co-culture combines organoids with exogenous 
vascular components in a heterogeneous cell system 
(Figure 2A). Organoids are cultured with primary or 
immortalized human endothelial cells, such as human 
umbilical vein endothelial cells (HUVECs), within a 
3D matrix gel such as Matrigel [33,34]. Endothelial 
cells isolated from endometrial microvasculature 
provide greater tissue specificity, but limited 
availability, expansion capacity, and high culture costs 
favor the use of more accessible endothelial sources. 
Supporting cells (including pericytes, fibroblasts, or 
mesenchymal stem cells (MSCs)) are often added to 
improve network stability and function [35]. The 
microenvironment around the blood vessels of the 
endometrium contains different cell populations. 
CD146+ pericytes support microvessel stability, while 
CD34+ outer membrane cells (En-ADVs) occupy the 
outer wall of blood vessels and have regenerative and 
angiogenic properties [36,37]. Single-cell RNA 
sequencing (scRNA-seq) also identified a 
CD9+SUSD2+ subpopulation with unique 
transcriptional and functional characteristics [38]. 
Supporting cells secrete basement membrane 
components and surround new blood vessels, 
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providing mechanical and biochemical signals for 
maturation and stability. The proportion of cells varies 
depending on the model and construction strategy. Gu 
et al. mixed epithelial cells, stromal cells, and HUVECs 
in a ratio of 1:1:1 based on the volume of cell sediment 
[39]. Dai et al. employed two formulations: a 
vascularized endometrial assembloid containing 100 
endometrial epithelial organoids (EEOs), 5 × 10⁴ 
endometrial stromal cells (ESCs), and 1.5 × 10⁵ 
HUVECs per 30 μL of hydrogel; an avascular dual-
lineage control containing 100 EEOs and 2 × 10⁵ ESCs 
per 30 μL of hydrogel, but no HUVECs [21]. In these 
systems, endothelial cells can self-assemble around 
organoids to form capillary-like networks [34,40]. Co-
culture supports the interaction among cell 
populations and the formation of spontaneous 
networks. However, there are differences in the results 
among different batches. The matrix composition, cell 
ratio, inoculation sequence, and culture medium all 
need to be carefully optimized. Self-assembly also has 
relatively limited control over the network geometry 
and spatial distribution, which increases the difficulty 
of developing standardized disease models. 

Rodríguez-Eguren et al. [41] identified the 
integration of vascular and epithelial–stromal 
components as an important consideration in 
endometrial regeneration treatment in their systematic 
review. Endometrial assemblies containing epithelial, 
stromal, and endothelial cells can reproduce 
multicellular tissue structures beyond pure epithelial 
organoids [21,24,25]. 

Co-culture systems can be used to study the 
communication between endothelial and epithelial/ 
stromal cells, as well as the synergistic effects of 
estrogen and progesterone on angiogenesis. These 
studies may help clarify the disease mechanism and 
provide a basis for treatment development. 

The formation of vascular networks should be 
supplemented by functional maturity assessment. 
Barrier integrity can be evaluated by trans-endothelial 
electrical resistance (TEER) or the permeability of 
fluorescent tracers such as fluorescein isothiocyanate-
dextran (FITC-dextran) [41,42]. Responses to stimuli 
such as histamine or vascular endothelial growth 
factor (VEGF) can be evaluated through endothelial 
cell shape, junctional protein distribution, and 
permeability changes. VE-cadherin and claudin-5 
expression, together with pericyte coverage evaluated 
using markers such as NG2 and α-SMA, can provide 
additional evidence for vascular maturation [43]. 
These measurements help determine which vascular 
functions the model reproduces and whether it is 
suitable for studying the physiology or pathology of 
the endometrium. 

Bioengineering-driven strategies  

Microfluidic platforms (Organs-on-a-chip) for 
perfusable vasculature 

Organ-on-a-chip technology utilizes microfluidic 
control to create perfusable vascular channels and 
expose cells to fluid shear stress, providing a dynamic 
culture environment (Figure 2B) [26]. A typical design 
includes parallel microchannels separated by porous 
membranes. The endothelial-lined vascular channels 
are perfused, typically using a syringe or peristaltic 
pump at a flow rate of 0.1 to 10 μL/min to generate 
shear stress similar to blood flow [42,44]. Adjacent 
tissue channels contain endometrial organoids or 
epithelial and stromal cells. This arrangement allows 
the exchange of soluble factors (including hormones 
and cytokines) and cell migration (including immune 
cell movement) to occur among the components 
[45,46]. 

Dai et al. [21] developed a vascularized 
endometrial assembloid by integrating EEOs, stromal 
cells, and endothelial cells in a microfluidic chip with 
optimized hydrogel and dynamic perfusion culture. 
Animal studies subsequently evaluated endometrial 
repair and fertility restoration. Lee et al.[22] 
established a patient-derived vascularized EoC model 
using a polydimethylsiloxane (PDMS) chip with 
parallel microchannels separated by porous 
membranes. Patient-derived stromal cells, HUVECs, 
and EEOs were sequentially seeded into their 
respective channels. Under perfusion and hormonal 
stimulation, the model formed an epithelium-stroma-
vasculature trilayer structure reproducing selected 
features of the endometrial microenvironment. The 
endometrial receptivity scoring system (ERS²) was 
developed on this platform. It quantifies receptivity 
markers, integrin αvβ3/osteopontin (OPN), by 
immunofluorescence and angiogenic parameters by 
confocal microscopy. ERS² supports in vitro 
assessment of patient-specific endometrial function 
and monitoring of vascular responses to sequential 
platelet-rich plasma (PRP) therapy. Its clinical utility 
requires further validation. 

Microfluidic platforms can support real-time, 
high-resolution studies of immune cell migration 
under flow, including uterine natural killer cell (uNK) 
extravasation from the vascular lumen into 
endometrial tissue [47]. This approach may clarify 
immune regulation during embryo implantation. 
Chips also allow dynamic control of hormone 
concentrations to approximate menstrual cycle 
fluctuations. Biosensors can provide additional 
measurements of barrier integrity, metabolites, and 
oxygen levels within the same system. 
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Figure 2. Methods for vascularization of endometrial organoids. (A) Self-assembly by co-culture with endothelial cells (Purple: endometrial epithelial organoids (EEOs); 
Orange: stromal cells; Red: HUVECs). (B) Microfluidic platforms (Organs-on-a-chip) for perfusable vasculature. (C) 3D bioprinting for spatial patterning of vascular networks. 
(D) Vascularized endometrial assembloid. (E) Vascular network formation in mice. 

 

3D bioprinting for spatial patterning of vascular 
networks 

3D bioprinting deposits organoids, endothelial 
cells, supporting cells, and bioinks to produce 
vascularized tissue constructs with predefined 
architectures (Figure 2C) [48,49]. Extrusion-based and 
light-based methods have different strengths and 
limitations. Direct co-printing mixes endothelial and 
tissue cells in a single bioink, supporting self-assembly 
resembling angiogenesis [50], but often yields 
irregular networks with delayed lumen maturation 
[51]. Sacrificial mold printing uses removable 
templates to create defined, immediately perfusable 
channels [52]. This approach requires more complex 
fabrication and, for transplantation, subsequent 
integration with host vasculature [53]. The choice of 
method therefore depends on the required balance 
between cellular self-organization and geometric 
control. Printing can define the relative positions of 
vascular and glandular structures, which may be 

useful for developing constructs to repair extensive 
endometrial injury. Gong et al. [23] used projection 
micro-stereolithography (PμSL) 3D printing, a light-
based technique, with BIO-1 biocompatible resin to 
fabricate a microvascular network with 80 μm inner 
diameters, 20 μm wall thicknesses, and 400 μm 
spacing. The platform supported centimeter-scale 
endometrial cancer organoid culture and carboplatin 
sensitivity testing, illustrating its use for large tissue 
models in pharmacological research. 

In vivo transplantation 
In vivo transplantation supports vascularization 

of endometrial organoids and assessment of host-graft 
integration (Figure 2D, 2E). Non-vascularized or pre-
vascularized constructs are implanted into 
immunodeficient mice beneath the renal capsule, 
subcutaneously, or in the uterine cavity. Host 
endothelial cells can enter the graft and form vessels 
with vascular precursor cells in the construct, 
connecting it to the host circulation [54]. 
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Transplantation therefore permits direct assessment of 
vascular integration and tissue function in vivo. 
Vascular density at the implantation site influences 
graft vascularization. For example, pre-vascularized 
organoids transplanted beneath the vascular-rich 
renal capsule can form stable, branched networks 
containing arteries and veins [55]. Site selection may 
thus affect vascular maturation and function. 

Ma et al. [56] provided early proof-of-concept 
evidence that transplanted EEOs could differentiate 
into functional glands and promote endometrial 
structural regeneration in recipient rats. Dai et al. [21] 
evaluated vascularized endometrial assembloids after 
subcutaneous implantation. Constructs containing 
epithelial, stromal, and endothelial cells formed 
vascular networks with human and mouse-derived 
endothelial cells within 14 days post-implantation and 
were perfused by the host circulation. These findings 
support early vascular integration in vivo. Sun-Young 
Hwang et al. [57] also investigated direct 
transplantation of human endometrial organoids into 
injured uterine tissue. The organoids survived and 
integrated with the host tissue, accompanied by 
endometrial proliferation, increased angiogenesis 
marker expression, and improved pregnancy 
outcomes. These studies provide preclinical methods 
and outcome measures for evaluating organoid-based 
intrauterine transplantation. 

A comparative framework for selecting 
vascularization strategies 

The choice of strategy depends on the 
experimental problem and the required level of 
structural and functional control. Table 1 compares the 
four main methods in terms of technical and biological 
parameters. Microfluidic platforms provide 
controllable shear stress and real-time monitoring, but 
they require dedicated equipment. In vivo 
transplantation can evaluate functional anastomosis 
but the controllability of the experiment is relatively 
low. These trade-offs should guide the selection of 
models in mechanism research, preclinical drug 
screening, and regenerative studies. 

Beyond VEGF: Non-canonical angiogenic 
pathways in the endometrial context 

In addition to the classic VEGF/VEGFR axis, 
multiple pathways are also involved in endometrial 
angiogenesis. The angiopoietin (Ang)/Tie2 system 
regulates vascular stability and remodeling, and the 
Ang-1/Ang-2 balance may be involved in vascular 
changes related to the menstrual cycle [58-61]. 
Semaphorin class 3 members (such as SEMA3A) and 
ephrin/Eph receptor signals also regulate 
angiogenesis and vascular modeling. Imbalances in 

these signaling pathways are associated with 
endometrial cancer and implantation defects [62,63]. 
Hypoxia-inducible factor-2α (HIF-2α) provides 
another transcriptional pathway that links metabolic 
regulation to vascular function during the secretory 
and menstrual phases [64]. These pathways may 
interact with VEGF during cyclical vascular 
remodeling. Incorporating them into vascularized 
endometrial models is helpful for identifying 
mechanisms and candidate therapeutic targets. 

Validation and functional 
characterization 

To support cross-study comparison and 
standardization, studies should report quantitative 
parameters of vascular maturity: (i) Vascular density, 
expressed as the total vascular length per unit area 
(mm/mm²) or the number of vessels per field of view; 
(ii) Pericyte coverage, expressed as the percentage of 
endothelial circumference or area covered by pericyte 
markers (such as platelet-derived growth factor 
receptor β (PDGFRβ), neuron-glial antigen 2 (NG2), 
and alpha-smooth muscle actin (α-SMA)), relative to 
CD31⁺ or vWF⁺ endothelium; (iii) Barrier integrity, 
assessed using TEER (Ω·cm²) or macromolecular 
permeability (such as FITC-dextran clearance rate); 
(iv) Lumen diameter (μm), measured by confocal Z-
axis tomography or electron microscopy. These 
indicators have been used in the research of vascular 
organoids and organ-on-a-chip [21,43,55,65], 
providing a basis for comparing the maturity under 
different construction methods and culture conditions. 

Morphological assessment: From macroscopic 
connectivity to ultrastructure 

Morphological verification utilizes 
complementary imaging methods to assess network 
integrity, maturity, and similarity to natural vascular 
structures. Fluorescence and bright-field microscopy 
can identify endothelial tube-like structures [21,25]. 
Endothelial marker staining (such as CD31 and vWF) 
combined with confocal 3D reconstruction and 
transmission electron microscopy (TEM) can evaluate 
connectivity and hollow lumen formation [21]. TEM 
can also show the connection between the basement 
membrane and endothelium, providing 
ultrastructural evidence related to barrier formation 
[43]. These structural observation results should be 
interpreted in combination with the measurement 
results of functional barriers. 

Functional validation: From perfusion capacity 
to physiological utility 

Morphological assessment establishes structural 
features, while functional testing determines whether 
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the network performs the vascular functions required 
for a specific application. Both are necessary for 
evaluating the physiological relevance of vascularized 
endometrial organoids. 

Perfusion, nutrient delivery, and barrier integrity 

Perfusion provides direct evidence of network 
function. Introducing fluorescent tracers (such as 
dextrans or FITC-albumin) into the vascular lumens 
on microfluidic chips or through in vivo intravenous 
injection can display the flow and extravasation 
conditions. These experiments evaluate patency and 
permeability [43]. Vascularization should also be 
evaluated for its impact on tissue activity. 
Comparative studies with avascular organoids have 
reported that vascularization can reduce central 
necrosis, which is consistent with improved nutrient 
and oxygen delivery, and is accompanied by changes 
in glucose consumption and lactic acid production 
[23]. These findings support the assessment of activity 
and metabolism, but should not replace direct 
functional assays. TEER and macromolecular 
permeability experiments can characterize the 
integrity of the endothelial barrier and selective 
transport [42]. 

Hormonal responsiveness: an endometrium-specific 
hallmark 

Responsiveness to ovarian hormones is a 
defining feature of endometrial models. Vascularized 
endometrial assembloids can reproduce selected 
hormone-dependent changes associated with the 
menstrual cycle. Turco et al. showed that EEOs 

responded to sequential estrogen and progesterone 
stimulation in vitro and expressed corresponding 
molecular markers [16]. Dynamic perfusion culture in 
microfluidic chips has also supported secretory-phase 
transformation in vascularized models [21]. Reported 
changes included upregulation of prolactin (PRL), 
progestagen-associated endometrial protein (PAEP), 
and secreted phosphoprotein 1 (SPP1). Protein and 
mRNA measurements were accompanied by epithelial 
morphological changes, including cytoplasmic 
secretory vacuoles, increased mucin 1 (MUC1) 
expression, and stronger periodic acid-Schiff (PAS) 
staining. Together, these observations are consistent 
with an early secretory phenotype. 

Hormone-driven vascular remodeling 

Hormonal responses have also been reported in 
statically cultured vascularized endometrial 
assembloids, suggesting that these responses are not 
restricted to perfusion culture. In addition to epithelial 
and stromal responses, vascular networks may 
undergo hormone-dependent remodeling. Under 
sequential estrogen (E2) and progesterone (P4) 
stimulation, endothelial changes can be assessed 
against vascular responses observed in vivo [12]. 
Relevant endpoints include sprouting during the 
proliferative phase and expression of permeability-
regulating proteins, such as vascular endothelial 
cadherin, during the secretory window. Evaluating 
interactions between hormones and vascular function 
may help investigate the vascular contributions to 
disorders associated with hormonal imbalance, 
including abnormal uterine bleeding and 
endometriosis [11]. 

 

Table 1. Comparative analysis of vascularization strategies for endometrial organoids. 

Feature Self-Assembly (Co-culture) Microfluidic Platforms 
(Organs-on-a-Chip) 

3D Bioprinting In Vivo Transplantation References 

Core Principle Spontaneous endothelial 
organization in ECM 

Controlled perfusion in 
microchannels 

Precise deposition of 
cells/materials 

Integration with host 
vasculature 

[33,42,44,48,49,54] 

Vascular Patency Moderate (lumen formation 
variable) 

High (actively perfused) High (immediate if 
templated) 

High (anastomosis with 
host) 

[21,22,40,52,55] 

Shear Stress 
Integration 

Not applicable (static) High (physiological flow) Low (static post-printing) Physiological (host blood 
flow) 

[42,50,51,54,124] 

Spatial Control Low (random network) High (defined geometry) Very High (programmable) Low (host-dependent) [23,34,45,52,55] 
Scalability / 
Throughput 

High (well-plate compatible) Moderate (chip-based, 
limited) 

Low (slow fabrication) Very Low (labor-
intensive) 

[21-23,39] 

Biological 
Complexity 

Moderate (multiple cell types) High (multi-tissue, flow) High (defined multicellular 
geometry) 

Very High (full systemic) [21,23,25,54,56] 

Real-time 
Monitoring 

Limited (end-point assays) High (integrated biosensors) Limited (end-point assays) Low (invasive imaging) [16,21-23] 

Technical 
Difficulty 

Low High High High [21-23,33] 

Cost Low Medium Medium High [22,23,34,54] 
Key Applications Basic cell-cell interaction 

studies 
Drug screening, personalized 
medicine 

Constructing defined 
anatomical tissues 

Validating regenerative 
potential 

[21-23,25,56] 

Key Limitations Batch variability, no flow Specialized equipment, 
membrane barriers 

Complex fabrication, 
maturation 

Ethical concerns, low 
throughput 

[15,21,42,51] 

Abbreviations: 3D, three-dimensional; ECM, extracellular matrix. 
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Transcriptomic and proteomic signatures: 
Assessing maturation and similarity to in vivo 
endometrium 

Omics analyses can characterize molecular 
maturation and mechanisms in vascularized 
organoids. Transcriptome analysis (including scRNA-
seq) can identify subtypes of arterial, venous, and 
capillary endothelium. García-Alonso et al. [66] 
constructed a spatiotemporal map of the human 
endometrium during the menstrual cycle and 
identified groups of arterial and venous endothelial 
cells with different transcriptional characteristics. 
Venous cells are enriched with genes related to white 
blood cell migration, while arterial cells have different 
expression profiles, suggesting functional 
specialization. The perivascular cell population 
includes endometrial-restricted six-transmembrane 
epithelial antigen of prostate 4-positive perivascular 
cells (PV-STEAP4) and myometrial myosin heavy 
chain 11-positive perivascular cells (PV MYH11). 
These expression profiles provide reference data for 
evaluating engineered endothelial and perivascular 
cell populations and their participation in diseases 
such as endometriosis. Proteomics, including 
secretome analysis, can complement transcriptomics 
by characterizing paracrine signaling. Dong et al. [67] 
reported that endometrial organoids regulate 
trophoblast function through specific miRNA 
modules. In vascularized models, correlation analysis 
can characterize the vascular secretion profile: that is, 
the cytokines, chemokines, and growth factors 
released by vascular cells. This helps to clarify the 
contribution of blood vessels to maternal-fetal signal 
transduction during implantation and their role in the 
disease-related microenvironment [21,25]. 

Extracellular vesicles (EVs) may also mediate 
paracrine regulation of endometrial angiogenesis. EVs 
from endometrial organoids or endothelial cells 
contain miRNAs, proteins, and lipids that can affect 
recipient cells [67]. For instance, EVs from 
adenomyosis organoids contain unique miRNA 
profiles associated with angiogenesis and embryo 
implantation [68]. Direct evidence that endothelial-
derived or organoid-derived EVs regulate endometrial 
vascular networks remains limited. However, studies 
in other reproductive and cancer settings have shown 
effects on endothelial proliferation, migration, and 
tube formation through pro-angiogenic miRNAs, such 
as miR-126 and miR-210, and proteins, such as VEGF 
and Angs [69]. In vascularized endometrial models, 
EVs may mediate signaling between vascular and 
epithelial/stromal compartments and influence 
maturation, barrier integrity, and hormonal 
remodeling. Combining EV profiling with vascular 

functional assays could test these mechanisms and 
assess candidate biomarkers for endometrial 
disorders. 

Construction and validation methods establish 
which physiological and pathological questions a 
vascularized endometrial model can address. Patency, 
barrier integrity, hormonal responses, and molecular 
profiles should be assessed together. Perfusable, 
hormone-responsive networks may support 
investigation of implantation-associated vascular 
remodeling and diseases involving vascular 
dysfunction. Model suitability depends on validation 
of the specific function under study, rather than 
vascular morphology alone. 

Applications of vascularized endometrial 
organoids in modeling physiology and 
pathophysiology 

Vascularized endometrial models extend in vitro 
research to interactions involving the vascular 
compartment. This section considers applications in 
embryo implantation and menstruation, followed by 
disease models in which vascular dysfunction 
contributes to pathology. 

Modeling endometrial physiology 

Reflecting endometrial receptivity and mimicking 
menstruation 

Endometrial receptivity is a transient, 
hormonally defined state in the mid‑secretory phase 
that permits embryo attachment and early 
implantation [70]. It involves coordinated epithelial–
stromal–vascular signaling, morphological changes, 
adhesion molecule expression, and vascular 
remodeling [71-73]. Vascularized endometrial 
organoids may support investigation of receptivity 
and the initiation of menstruation, both of which 
involve vascular function. Sequential hormonal 
stimulation allows assessment of vascular changes 
associated with proliferative and secretory conditions. 
Progesterone withdrawal, a trigger for menstruation, 
could be used to test whether these models reproduce 
inflammatory responses and tissue breakdown. 
Relevant endpoints include pro-inflammatory 
cytokine and matrix metalloproteinase (MMP) 
expression by stromal and endothelial cells, 
extracellular matrix degradation, and features of tissue 
shedding [1,11]. Functional endothelial networks may 
also permit investigation of vasoconstriction and 
hypoxia-related signaling during repair and 
regeneration. The extent to which these models 
reproduce cyclical breakdown and regeneration 
requires direct validation. Such studies could clarify 
vascular contributions to endometrial homeostasis 
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and disorders such as abnormal uterine bleeding [74] 
(Figure 3A). 

Modeling embryo implantation and 
intercellular crosstalk  

Vascularized organoid models have been used to 
investigate vascular remodeling during embryo 
implantation in vitro. Co-culture studies have reported 
localized changes in vascular permeability and 
luminal dilation accompanying blastoid attachment 
under hormonally induced receptive conditions [25]. 
These platforms could also test how embryo-derived 
signals, including human chorionic gonadotropin 
(hCG), affect endothelial angiogenic responses, 
junctional organization, and barrier function. These 
specific endothelial responses require experimental 
validation and should not be assumed to be 
established features of current models. 

Several co-culture systems have extended the 

study of implantation in vitro. Song J et al. [75] 
established a 3D post-implantation co-culture system 
supporting human embryo development up to day 14 
post-fertilization. Endometrial co-culture was 
associated with enhanced trophoblast differentiation 
and earlier emergence of extravillous trophoblasts 
(EVTs), suggesting that the maternal 
microenvironment influences trophoblast lineage 
specification. Molè MA et al. [76] developed cell-
engineered receptive endometrial scaffold technology 
(CREST), reproducing glandular architecture, 
hormone-responsive epithelium, and stromal 
decidualization. This system supported embryo 
attachment, invasion, and early post-implantation 
development in vitro. Microfluidic “artificial uterus” 
chips incorporating patient-derived EEOs and stromal 
cells have also been used to examine implantation and 
deficiencies in patients with recurrent implantation 
failure (RIF) [22]. 

 

 
Figure 3. Vascularized endometrial organoids for modeling endometrial physiology. (A) Hormone-regulated endometrial receptivity and menstruation-like 
remodeling. (B) Embryo implantation and maternal-fetal crosstalk. 
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Table 2. Shared and distinct vascular phenotypes of TE and IUA/Asherman’s syndrome. 

Feature TE IUA/Asherman’s syndrome References 
Core vascular defect Quantitative: reduced vessel density Mixed: reduced density + fibrosis-associated vascular 

distortion 
[84,144,145] 

Endothelial dysfunction Impaired tube formation, reduced VEGF response Impaired tube formation + EndMT [144,145] 
Extracellular matrix Relatively preserved Dense fibrotic matrix with aberrant collagen deposition [146,147] 
Pericyte/perivascular cell 
involvement 

Dysfunctional CD9⁺SUSD2⁺ perivascular cells with 
reduced proliferation and aberrant ECM remodeling 

Pericyte loss associated with vascular instability [38,145] 

Key mechanistic drivers Estrogen deficiency, reduced angiogenesis signaling Injury-induced inflammation, TGF-β-driven fibrosis, 
impaired stem cell niches 

[145,148] 

Investigated regenerative 
interventions 

PRP and experimental pro-angiogenic approaches Cell- and scaffold-assisted repair [149-151] 

Abbreviations: TE, thin endometrium; IUA, intrauterine adhesion; EndMT, endothelial-mesenchymal transition; TGF-beta, transforming growth factor beta; PRP, platelet-
rich plasma. 

 
 
These models also support investigation of 

intercellular communication in the endometrial 
microenvironment. Systems containing epithelial, 
stromal, and endothelial compartments have 
identified signaling networks, including epithelial 
VEGFA signaling to endothelial and stromal cells 
[21,25]. Human endometrial assembloids have been 
used to study the effects of decidual senescence on 
implantation [77]. Vascular responses during 
implantation can be assessed through TEER or 
impedance measurements alongside FITC-dextran 
permeability assays [78]. These platforms may also 
support studies of extracellular vesicle-mediated 
maternal–embryonic communication [67] (Figure 3B). 

Modeling vascular-related endometrial 
diseases 

Patient-derived vascularized organoids combine 
tissue architecture and cellular heterogeneity with a 
vascular compartment. These features may support 
studies of vascular contributions to endometrial 
disease and the evaluation of candidate therapies. 
Their usefulness depends on how well each model 
reproduces the disease phenotype of interest. 

Thin endometrium (TE) and intrauterine adhesion 
(IUA)/Asherman's syndrome (insufficient 
angiogenesis) 

TE and IUA/Asherman's syndrome impair 
fertility through structural and functional endometrial 
deficits [79,80]. TE is characterized by insufficient 
endometrial thickness (< 7 mm) during the 
implantation window [81], whereas IUA/Asherman's 
syndrome involves fibrotic adhesions after injury [82]. 
Impaired angiogenesis and inadequate blood supply 
contribute to reduced receptivity and implantation 
failure in both conditions [83-86]. Their vascular 
phenotypes also differ, as summarized in Table 2. 

Patient-specific vascularized organoids could be 
used to assess endothelial deficits associated with 
these conditions, including reduced tube formation 

and migration [87]. Peng et al. [88] suggested that 
oxygen-glucose deprivation-induced cytoskeletal 
abnormalities may impair vascular stability by 
disrupting endothelial-pericyte interactions. Delivery 
strategies for En-ADVs, including spheroid-loaded 
microneedle patches, are discussed in the regenerative 
medicine section [89]. Gu et al. [39] developed a 
microfluidic–engineered vascularized endometrial 
micro-organoid platform by co-encapsulating ESCs, 
epithelial organoids, and endothelial cells in hydrogel 
microspheres. The platform reproduced pathological 
remodeling and promoted endometrial regeneration 
and fertility recovery in a murine IUA model. 
Combining patient-derived vascularized models with 
scRNA-seq may help identify endothelial 
subpopulations associated with vascular dysfunction 
[82,90]. Hwang et al. [57] also found that endometrial 
organoids can act as reservoirs of functional 
mitochondria, suggesting an opportunity to examine 
links between energy metabolism and angiogenesis in 
vascularized models. 

Combining endometrial progenitor/stem cells 
(En-PSCs) with bioactive molecules such as 
hydroxysafflor yellow A (HSYA) has enhanced 
angiogenic and reparative effects in preclinical models 
[91]. However, transplanted human cells have shown 
limited survival and regeneration in some 
xenotransplantation settings, suggesting that 
paracrine mechanisms may contribute alongside 
direct engraftment [36]. Endometrial regeneration also 
requires remodeling of the fibrotic extracellular 
matrix. Xu et al. reported that matrix 
metalloproteinase-9 (MMP-9)-mediated collagen 
degradation was required for functional remodeling in 
the studied system [92]. Vascularization and matrix 
remodeling should therefore be considered together 
when developing regenerative approaches. 

Chronic endometritis (CE) (inflammation-induced 
vascular dysfunction) 

CE is a persistent inflammatory condition 
characterized by plasma cell infiltration into the 
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endometrial stroma and is associated with infertility 
and RIF [93,94]. Inflammation and angiogenesis can 
reinforce one another. Reported vascular 
abnormalities include increased microvessel density, 
endothelial proliferation and swelling, hyaline 
thickening of vessel walls, luminal occlusion, and, in 
some cases, microvascular thrombosis [95]. These 
findings indicate impaired vascular structure and 
function. Vascularized organoid models could test 
how CE-associated pathogens or inflammatory 
factors, including IL-1β and TNF-α, affect barrier 
integrity and neovessel permeability. Models 
incorporating appropriate immune populations could 
also examine neutrophil and macrophage migration 
across the endothelium into stromal tissue. Lindsay et 
al. [96] provide a basis for investigating CE 
immunopathology; vascularized models may extend 
this work to endothelial activation and vascular 
remodeling. These systems could be used to evaluate 
whether antibiotics such as doxycycline, anti-
inflammatory agents, or other treatments improve 
vascular function and receptivity. Their ability to 
reproduce CE-specific pathology and predict 
treatment responses requires validation. 

RIF (functional vascular insufficiency) 

RIF is a multifactorial clinical syndrome in which 
local endometrial “functional vascular insufficiency” 
may contribute to pathology [97,98]. This refers to 
inadequate vascular remodeling during the 
implantation window rather than necessarily a 
reduction in vessel number [72]. Potential defects 
include insufficient changes in permeability and 
perfusion. Patient-derived vascularized models could 
help assess these deficits. Co-culture with blastocysts 
or blastoids may permit investigation of vascular 
responses to embryonic signals [25,99], including 
downstream VEGF/VEGFR signaling. These systems 
could also be used to test therapies intended to 
improve vascular function, such as pathway agonists. 
Findings on decidual senescence and implantation 
[77], and on BMP2 deficiency and trophoblast invasion 
[100], provide questions for studies of vascular aging 
and BMP2-dependent vascular regulation. The 
patient-derived vascularized EoC with ERS² offers a 
quantitative research approach. It combines patient-
specific epithelial and stromal compartments with a 
vascular compartment and measures integrin 
αvβ3/OPN expression and angiogenic parameters. In 
RIF patients, low cumulative scores, such as 5–9 
points, were associated with poor vascular 
connectivity and reduced adhesion molecule 
expression, consistent with failed in vitro fertilization 
(IVF) cycles. The platform also monitored responses to 
sequential PRP treatment, including increases in ERS² 

scores and restoration of molecular receptivity 
markers [22]. These findings support further study of 
dynamic patient-specific assessment. Prospective 
validation is needed before the platform can guide RIF 
diagnosis or individualized treatment. 

Endometriosis and adenomyosis (pathological 
angiogenesis in ectopic/invasive growth) 

Endometriosis is an estrogen-dependent chronic 
inflammatory disorder involving ectopic growth, 
invasion, and cyclical bleeding of endometrial glands 
and stroma outside the uterine cavity. It is often 
associated with pelvic pain and infertility [101,102]. 
Lesion survival and growth depend on 
neoangiogenesis and neurovascular interactions [103-
105]. Vascularized models may clarify the role of 
angiogenesis in lesion establishment. Patient-derived 
constructs can be assessed for abnormal vessel density, 
organization, and permeability associated with ectopic 
lesions [106]. Such models could test angiogenic and 
immune-tolerance programs identified by single-cell 
sequencing and examine how ectopic cells affect 
endothelial function through factors such as VEGF and 
IL-8 [107]. They may also support screening of anti-
angiogenic agents, including VEGF inhibitors, 
provided that disease-specific phenotypes and drug 
responses are validated [106,108]. 

Adenomyosis involves invasion of endometrial 
glands and stroma into the myometrium, 
accompanied by smooth muscle cell hyperplasia and 
hypertrophy [109]. Angiogenesis supports ectopic 
tissue establishment and survival within the 
myometrium [109,110]. Vascularized patient-derived 
adenomyosis models could be used to examine 
interactions between invading endometrial tissue and 
vessels during basement membrane penetration and 
myometrial invasion. They may also help investigate 
the formation of dilated, tortuous vessels and the 
contribution of vascular disorganization to lesion 
growth, inflammation, menorrhagia, and 
dysmenorrhea [111]. Juárez-Barber et al. [68] 
characterized EV miRNA cargo from patient-derived 
adenomyosis organoids and identified miRNAs 
associated with implantation and pregnancy. Wang et 
al. [112] separately reported that exosomal miR-4466 
from ectopic endometrial mesenchymal stem cells 
promotes endothelial angiogenic responses through 
the RUNX1/VEGFA axis. Research has also 
implicated endometrial basalis populations, including 
SFRP5+ epithelial cells, in local angiogenesis through 
signals such as IHH, supporting a microenvironment 
for glandular and stromal invasion [113]. Vascularized 
models could test whether disease-associated EVs 
alter endothelial homeostasis and help evaluate 
candidate therapeutic mechanisms. 
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Endometrial hyperplasia (EH) without atypia (vascular 
abnormalities in a pre-cancerous lesion) 

EH without atypia arises from prolonged 
unopposed estrogen stimulation and involves 
epithelial proliferation accompanied by remodeling of 
the supporting vasculature [114,115]. Vascular 
changes can meet the nutritional requirements of 
proliferating tissues. Patient-derived vascularized EH 
models are helpful for studying these abnormalities 
before malignant progression. Comparisons with 
models derived from normal endometrium may reveal 
the angiogenesis mechanisms in estrogen-dominant 
environments and candidate biomarkers for vascular 
dysfunction. Angiogenesis has also been proposed as 
a therapeutic target for endometrial hyperplasia [116]. 
The elevated expression of angiogenesis-related genes 
may promote vascular remodeling within lesions. 
These models can simultaneously assess the effects of 
treatment on epithelial proliferation and vascular 
abnormalities, providing information for intervention 
studies aimed at limiting disease progression. 

Endometrial cancer (tumor angiogenesis in 
malignancy) 

Endometrial cancer is a common gynecological 
malignancy. Abnormal tumor angiogenesis promotes 
its occurrence and progression [117]. Tumor blood 
vessels exhibit structural and functional 
heterogeneity, including morphological distortion, 
increased permeability, and low perfusion efficiency 
[118,119]. These abnormalities lead to hypoxic and 
acidotic conditions and can promote malignant 
proliferation, invasion, and treatment resistance [120]. 
Vascularized endometrial cancer organoids may be 
helpful for studying the interaction between tumor 
cells and vascular components. The related processes 
include leakage related to VEGF and Ang-2, 
disordered angiogenesis, and feedback between 
vascular abnormalities and the tumor 
microenvironment [121]. These models can also 
evaluate the distribution, activity, and resistance 
mechanisms of anti-angiogenic therapies such as 
bevacizumab and lenvatinib. The antisense 
oligonucleotide strategy targeting small nucleolar 
RNA, C/D Box 14E (SNORD14E) proposed by Chen et 
al. [122], and the progesterone-response study by Thiel 
et al. [123] provide candidate solutions for combined 
testing with vascular normalization strategies. Gong et 
al. [23] combined 3D printing with microfluidic 
technology to construct a “vascularized organoid-on-
a-chip”, which supported the long-term culture of 
centimeter-scale endometrial carcinoma organoids 
and the detection of carboplatin sensitivity. This 
establishes a cultivation and detection capability, but 
the fidelity of natural vascular function still needs to 

be verified separately. Models containing immune 
components could further explore tumor-vascular-
immune interactions related to the combined 
application of anti-angiogenic drugs and immune 
checkpoint inhibitors [47]. These applications may 
provide support for the research on the mechanism 
and the treatment of endometrial cancer. 

Translational potential and regenerative 
medicine 
A platform for drug screening and toxicity 
testing: Evaluating therapies for endometrial 
disorders 

Vascularized endometrial organoids may 
support drug development and safety assessment 
(Figure 4). They can be used to evaluate the impact of 
treatment on epithelial/stromal cells and vascular 
networks within the same system. For endometriosis, 
the relevant endpoints include the inhibition of ectopic 
epithelial proliferation and changes in vascular tissue 
and function. Toxicity studies could assess vascular 
barrier damage caused by environmental exposure 
(including micro- and nanoplastics) or 
pharmaceuticals, as well as the impact on 
implantation-related functions. Biobanks containing 
different patient models could also support the 
detection of patient-specific drug responses [28]. 
Whether these responses can predict clinical treatment 
outcomes still requires prospective assessment. 

In microfluidic vascularized endometrial models, 
fluid shear stress should be regarded as an active 
mechanical signal rather than merely a perfusion 
parameter [124]. Shear stress regulates endothelial 
barrier integrity, vascular gene expression, and 
paracrine signaling, and thus may indirectly affect 
epithelial receptivity through endothelial–stromal–
epithelial crosstalk. However, direct evidence that 
specific shear stress levels regulate classical receptivity 
markers (LIF, ITGAV/ITGB3, HOXA10, MUC1) 
remains limited. Future research should 
systematically alter shear stress and simultaneously 
evaluate endothelial barrier function and the 
expression of epithelial receptivity markers to clarify 
the interaction between mechanical force and 
biochemical signals. 

The future horizon: Vascularized organoids as 
building blocks for endometrial regeneration 
and transplantation 

Tissue-engineered endometrial transplantation is 
being studied for IUA and infertility related to severe 
endometrial injury. Establishing a functional vascular 
system remains a core challenge. Pre-vascularization 
strategies combine endometrial organoids with 
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biocompatible hydrogels (including gelatin 
methacryloyl (GelMA) and endometrial decellularized 
extracellular matrix (dECM) hydrogels) to form 
constructs containing vascular networks [125,126]. 
After transplantation, preformed vessels can connect 
to the host circulation and improve graft survival, 
integration, and recovery in experimental systems 
[54]. Endometrial organoids and their derivatives 
(including conditioned medium, EVs, and functional 
mitochondria) have also promoted repair and 
improved reproductive outcomes in animal models 
[57,69]. Combining these components with pro-
angiogenic strategies and injectable sustained-release 
hydrogels may support local epithelial regeneration 
and angiogenesis [127]. In preclinical studies, 
transplanted organoids have colonized the recipient’s 
uterus, differentiated into glandular structures, and 
restored fertility [56]. Further optimization should 
evaluate transplantation efficiency, durable function, 
and safety. Clinical translation also requires 
compliance with good manufacturing practice (GMP), 
regulatory assessment, and ethical oversight of 
human-derived materials. 

 

Long-term graft survival and function may 
depend on stable neurovascular integration and 
control of fibrosis. Pre-vascularization does not 
guarantee the continuous existence of the engineered 
network. Implanted vessels may undergo remodeling 
and degeneration, connect to host vessels through 
vascular anastomosis, or be partially replaced by the 
host vascular system. These outcomes depend on 
perfusion stability, inflammation, pericyte coverage, 
and host-graft vascular competition. Therefore, pre-
vascularization may mainly accelerate early perfusion 
and improve initial survival. Sustained efficacy 
requires stable anastomosis, maturation, and 
appropriate endothelial identity in the host 
environment [128]. Microneedles loaded with En-
ADV spheres offer a minimally invasive approach for 
local delivery of angiogenic cells and may address 
some limitations of intrauterine infusion [89]. 
Regenerative effects may also involve EVs and 
mitochondrial transfer rather than relying solely on 
long-term cell implantation. Distinguishing paracrine 
activity from cell replacement will help guide 
experimental design and regulatory evaluation. 

 

 
Figure 4.  Personalized drug screening in vascularized endometrial organoid models of vascular-related diseases. The outer portion shows organoid models 
derived from patients with Thin Endometrium (TE)/Intrauterine Adhesion (IUA), associated with insufficient angiogenesis; Chronic Endometritis (CE), associated with 
inflammatory vascular dysfunction; Recurrent Implantation Failure (RIF), associated with functional vascular insufficiency; and Endometriosis (EM)/Adenomyosis (AM), associated 
with pathological angiogenesis. The proposed workflow screens pro-angiogenic factors, such as G-CSF; anti-inflammatory agents and antibiotics; immunomodulators; and anti-
angiogenic therapies, such as bevacizumab and VEGF inhibitors. Organoid response profiles could inform patient stratification and candidate individualized treatments aimed at 
restoring vascular function (center) and improving reproductive outcomes. Clinical prediction and treatment selection require validation. 
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Current challenges, limitations, and 
future directions 
Technical challenges: Scalability, 
reproducibility, and long-term stability 

Vascularized endometrial organoids face 
technical obstacles in their wider application. Batch 
variability of cell sources, matrix lots, and culture 
conditions (including medium composition and fluid 
shear stress) can affect the results. The addition of 
vascular and immune cell populations further 
increases variability. Therefore, it is necessary to 
standardize and quantitatively characterize features 
such as vascular density and permeability [65]. 
Complex preparation methods and costs also limit 
large-scale expansion and high-throughput screening, 
prompting efforts to develop automated culture and 
measurement workflows. Maintaining vascular 
stability for longer than several weeks remains 
difficult. Preventing degeneration and excessive 
fibrosis is necessary for reliable long-term 
experiments. 

Biological limitations: Achieving full maturity, 
incorporating immune cells, and replicating 
hormonal cycling 

Current models have several biological 
limitations. Endothelial cells of non-uterine origin, 
such as HUVECs, may not be able to fully reproduce 
the microvascular features of the endometrium, 
including hormone responses and expression of 
adhesion molecules. Endometrial endothelial cells 
have tissue-specific characteristics, including ERβ and 
progesterone receptor membrane components, and 
respond to decidualization signals that regulate 
permeability and remodeling. It remains uncertain to 
what extent HUVECs can reproduce these reactions. 
Models based on HUVECs and those based on human 
endometrial microvascular endothelial cells 
(HEMECs) should be directly compared under the 
same estradiol and progesterone conditions to assess 
permeability and angiogenesis. Alternative options 
include patient-derived HEMEC cultures and co-
assembly of vascular organoids with endometrial 
organoids or stromal–epithelial models. These 
methods may better preserve donor-specific responses 
and support the study of endothelial identity, 
remodeling, and vascular–immune interactions under 
hormone regulation [129-131]. It remains difficult to 
obtain patient-specific and functionally mature 
HEMECs. Directed differentiation of induced 
pluripotent stem cells (iPSCs) into uterus-specific 
populations is another strategy that needs to be 
evaluated [132]. Studies on immunodeficient mice 

provided proof-of-concept evidence, but failed to 
establish immune compatibility for human 
transplantation. In allogeneic constructs, endothelial 
cells may become immune targets because they 
express MHC/HLA class I and can upregulate 
MHC/HLA class II and adhesion molecules during 
inflammation. These changes can promote T cell 
activation, leukocyte adhesion, and antibody-
mediated damage. Autologous, HLA-matched, or 
iPSC-derived endothelial sources may reduce 
immunogenicity but they introduce challenges related 
to manufacturing, scale-up, quality control, and long-
term safety [133]. Current models are also unable to 
fully reproduce the interactions between immune cells 
(including uNKs and macrophages) and vascular, 
epithelial, and stromal populations. Immune-
vascularized assembloids may fill this gap [134]. Static 
hormonal conditions cannot reproduce the dynamic 
28-day cycle, and lack of neural innervation limits the 
research on the contribution of neurovascular systems 
to homeostasis and disease. 

Extrapolation from murine systems to human 
endometrial biology is another limitation. Mice lack 
spontaneous menstruation and the related periodic 
vascular disintegration and remodeling [1]. Therefore, 
rodent models cannot fully reproduce the hypoxia-
reoxygenation, shedding, and inflammatory-
angiogenic interactions during the human menstrual 
period. Although the VEGF/VEGFR, Ang/Tie2, and 
Dll4/Notch signaling pathways are conserved, there 
may be differences in angiogenic rates, microvascular 
density, pericyte coverage, extracellular matrix 
composition, and hemodynamic regulation among 
different species [1]. Differences in inflammatory 
responses may also affect the formation of new blood 
vessels. When interpreting mouse data, these factors 
should be taken into account, and the use of human 
models as supplementary experimental systems 
should be supported. 

Biomaterials also restrict clinical translation. 
Matrigel is widely used in organoid culture, but its 
murine sarcoma origin, batch variability, mechanical 
mismatch with human endometrium, and immuno 
genicity concerns limit its clinical applicability 
[135,136]. Semi-synthetic hydrogels such as GelMA 
have the advantages of controllable mechanical 
properties and repeatable preparation and have 
supported the growth of endometrial cells and 
organoid formation [126]. Endometrial dECM 
hydrogels retain tissue-specific composition and 
bioactive signals, have supported micro 
vascularization and have been reported to have low 
immunogenicity [137]. However, GelMA cannot 
reproduce the full complexity of natural ECM, and the 
preparation of dECM varies from donor to donor, 
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making it difficult to standardize. Clinical-grade 
formulations customized for vascularized endometrial 
constructs still need further development and safety 
assessment. 

Future directions: Integrating the nervous 
system, co-culture with embryos, and 
personalized medicine approaches 

Future research can develop higher-order 
“uterine assembloids” by integrating vascularized and 
immune-functional endometrial models with 
myometrial and neural components. Such constructs 
can help build multi-organ chips of the female 
reproductive tract for studying organ-level 
interactions [138]. 

We propose a phased method for gradually 
integrating immune cells into a vascularized 
endometrial model [1,139,140]. First, a baseline model 
including epithelial, stromal, and endothelial 
compartments should be established under E2/P4 
stimulation to evaluate vascular density, pericyte 
coverage, barrier integrity, and receptivity markers. 
Subsequently, uterine natural killer (uNK) cells could 
be introduced during the secretory phase given their 
role in spiral artery remodeling [1,139], to detect 
remodeling, extravasation, and cytokine secretion. The 
next step is to add macrophages and study their 
polarization and interaction with uNK cells in vascular 
regulation [140]. Subsequently, T cells can be 
incorporated to simulate the participation of adaptive 
immunity in diseases such as CE. This phased design 
can evaluate the contribution of each immune cell 
population to immune–vascular–stromal signaling 
and vascular function. 

Multi-organ chips and immune-vascularized 
models address the issue of complementarity. The 
former captures the interactions between the 
reproductive tract and related systems. The latter adds 
cellular and molecular details to the endometrial 
compartment. The integration of the two can support 
research on systemic and multi-system diseases 
including endometriosis-related inflammation and 
hormone-dependent diseases. 

Neural components could expand models of 
neurovascular interactions associated with 
endometriosis-related pain and adenomyosis. The 
sensory and sympathetic nerve fibers of the 
endometrium affect vascular tension, permeability, 
and angiogenesis through mediators such as substance 
P and CGRP. Potential methods include co-
differentiating neural crest, endometrial, and 
endothelial lineages; incorporating dorsal root ganglia 
for pain-signaling research; and using microfluidic 
systems to achieve intercompartmental 
communication among neural, vascular, and 

endometrial compartments. Neurovascular 
endometrial models could be helpful for studying 
nerve-dependent vascular remodeling, pathological 
nerve budding and candidate treatment methods 
[141]. 

Integrating multi-omics data (including scRNA-
seq and spatial transcriptomics) with AI-assisted 
image analysis provides a way to associate molecular 
profiles with organoid function and identify candidate 
biomarkers and therapeutic targets [65]. Machine 
learning can be used to comprehensively analyze 
vascular density, barrier integrity, and metabolic 
indicators, aiming to characterize drug responses and 
explore differences among patients. Physics-based 
models offer a complementary approach that can 
guide the selection of cell ratios, hydrogel properties, 
and culture conditions for experimental testing [142]. 
Clinical translation will also rely on scalable, 
repeatable and GMP-compliant automated culture 
methods. As these systems become increasingly 
complex, especially through co-culture with 
embryonic models, ethical oversight will need to keep 
pace with their development [76]. 

Patient-derived vascularized endometrium-on-a-
chip systems equipped with biosensors and 
automated imaging offer opportunities to track 
hormonal responses, implantation-related changes, 
and treatment outcomes over time. Whether these 
measurements can predict clinical outcomes remains 
to be established. Incorporating nerve cells and tissue-
specific immune cell populations (such as uterine NK 
cells) will enable researchers to examine the 
interactions that are lacking in the current models. Co-
culture with human embryonic stem cell-derived 
blastoids or donated embryos could extend these 
studies to the early implantation stage, but 
appropriate ethical approval is required. Endometrial 
assembloids, vascularized platforms containing 
immune components, and stem cell-based embryo co-
cultures can address issues related to receptivity, 
immune tolerance, and vascular remodeling. 
Combining uterine assembloids with blastoid-like 
structures requires particularly careful review. Such 
studies should clearly define developmental 
endpoints and justified culture durations, prohibit 
reproductive use or transfer of the resulting 
constructs, and comply with local regulations and 
updated ISSCR guidelines [143]. 

Together, patient-specific cells, controllable 
perfusion, multi-omics measurements, and machine-
learning analyses provide an experimental basis for 
studying functional variations of the endometrium 
[22,75,76]. This work can provide a basis for patient-
specific drug screening and, with further verification, 
offer a reference for diagnosis and treatment 



Int. J. Biol. Sci. 2027, Vol. 23 
 

 
https://www.ijbs.com 

336 

strategies. Progress toward clinical application will 
depend on reproducible results, functional 
comparison with human tissue, and prospective 
evidence that model findings are relevant to patient 
outcomes. 

Conclusion 
Vascularized endometrial organoids bring the 

vascular components into multicellular models of the 
human endometrium. Combining developmental 
biology with tissue engineering, microfluidics, and 
biomaterials makes it possible to study the 
physiological and disease-specific aspects of the 
endometrium that cannot be captured by simple 
epithelial culture. 

Patient-derived models retain the genetic 
background of their source cells and can reproduce 
certain donor-associated phenotypes. They provide a 
means of examining individual differences and 
studying processes such as implantation failure. Their 
suitability for diagnostic, therapeutic, or regenerative 
applications must be evaluated for each intended use. 

Several obstacles remain, including endothelial 
cell specificity, incomplete cellular composition, 
variable culture outcomes, and difficulties with scale-
up. Further work should establish reliable perfusion, 
improve reproducibility, and compare model function 
with primary human tissue. These systems have value 
for mechanistic studies, patient-specific drug testing, 
and regenerative research; their role in clinical care 
remains to be determined through prospective 
evaluation. 
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cell; IUA: Intrauterine adhesion; IVF: In vitro 
fertilization; iPSC: Induced pluripotent stem cell; 
MMP: Matrix metalloproteinase; MSC: Mesenchymal 
stem cell; MUC1: Mucin 1; NG2: neuron-glial antigen 
2; OPN: Osteopontin; PAEP: Progestagen-associated 
endometrial protein; PAS: Periodic acid-Schiff; PDMS: 
Polydimethylsiloxane; PDGFRβ: platelet-derived 
growth factor receptor beta; PRL: Prolactin; PRP: 
Platelet-rich plasma; PV MYH11: myometrial myosin 
heavy chain 11-positive perivascular cells; PV-
STEAP4: six-transmembrane epithelial antigen of 
prostate 4-positive perivascular cells; PμSL: Projection 
micro-stereolithography; RIF: Recurrent implantation 
failure; scRNA-seq: Single-cell RNA sequencing; 
SNORD14E: small nucleolar RNA, C/D Box 14E; 
SPP1: Secreted phosphoprotein 1; TE: Thin 
endometrium; TEER: Trans-endothelial electrical 
resistance; TEM: Transmission electron microscopy; 
TGF-β: Transforming growth factor-β; TNF-α: Tumor 
necrosis factor-α; uNK: Uterine natural killer; VEGF: 
Vascular endothelial growth factor; VEGFR: Vascular 
endothelial growth factor receptor; vWF: von 
Willebrand factor; PGR: progesterone receptor gene; 
PR: progesterone receptor. 
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