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1. Introduction

End-stage organ failure, including liver cirrhosis, renal failure,
heart failure, and idiopathic pulmonary fibrosis, represents one of
the leading causes of mortality worldwide. Conventional clinical
management primarily relies on pharmacological interventions,
such as immunosuppressants and metabolic regulators, which,
although effective in slowing disease progression, cannot reverse
structural organ damage or restore lost physiological function.
Consequently, patients with end-stage diseases ultimately experi-
ence progressive deterioration, with organ transplantation remain-
ing the only definitive and potentially curative treatment.
However, the persistent shortage of donor organs remains the pri-
mary obstacle to transplantation. Currently, millions of patients
worldwide awaiting organ transplants face high mortality rates
during the waiting period, making donor scarcity one of the most
pressing medical challenges today. Although traditional allogeneic
transplantation offers important therapeutic benefits, it requires
lifelong immunosuppression and carries risks of rejection and
infection. Likewise, xenotransplantation faces substantial chal-
lenges, including biological incompatibility, interspecies immune
rejection, and zoonotic disease transmission [1].

In recent years, stem cell-based regenerative medicine has
emerged as a promising direction for organ transplantation. Orga-
noids are innovative three-dimensional (3D), self-organizing cell
cultures composed of cells from multiple lineages that enable the
study of diverse tissues and organs [2,3]. Research on human orga-
noids has substantially advanced our understanding of develop-
mental biology while demonstrating considerable potential for
regenerative cell therapies and organ transplantation. Neverthe-
less, organoids continue to face several challenges that limit their
application in transplantation, including insufficient vasculariza-
tion, limited immunocompatibility, incomplete functional matura-
tion, inadequate electrophysiological activity and functional
integration, challenges associated with transplantation and
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delivery strategies, and issues related to standardization and qual-
ity control [4,5]. Therefore, a paradigm shift from isolated orga-
noids to integrated organoid assembloids is urgently needed.

Importantly, this transition requires more than incremental
technical advances; it demands a redefinition of the field’s guiding
objective. Traditional organoid research prioritizes biological fide-
lity, namely the recreation of native organ morphology and devel-
opmental processes in vitro. Although this objective has substantial
value for studying organogenesis, it introduces three major bottle-
necks for transplantation applications. First, highly biomimetic tis-
sues are often avascular and undergo central necrosis once their
size exceeds diffusion limits. Second, developmental timelines do
not align with the practical timeframes required for clinical trans-
plantation. Third, interindividual variability in immune responses
renders universally “faithful” biomimetic organs inherently
immunogenic in allogeneic settings [6,7].

Accordingly, in this paper, we propose repositioning biological
fidelity as a design constraint while elevating engineered scalabil-
ity and transplantability as the primary objectives. This paradigm
shift is implemented through three interconnected dimensions.
First, we seek to construct pre-formed, perfusable vascular net-
works capable of rapid host anastomosis rather than merely gener-
ating capillary-like structures. Second, we aim to engineer immune
defense mechanisms during tissue construction to establish pre-
transplantation immunocompatibility. Third, we advocate achiev-
ing functional maturation through a spatiotemporally optimized
microenvironment rather than relying exclusively on developmen-
tal mimicry. Building upon this framework, we propose a strategy
that integrates biological self-assembly with precise engineering
control to generate standardized, clinically oriented organoid
assembloid grafts. Unlike a single organoid, organoid assembloids
are self-organizing 3D systems formed through the integration of
multiple organoids or cell types [8,9]. They are designed to recapit-
ulate the complex interactions that play critical roles in tissue and
organ development in vivo. In Fig. 1, we compare the construction
strategies and characteristics of organoids and organoid assem-
bloids. Currently, organoid assembloids are generated through
two distinct yet complementary technical approaches: biologically
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Fig. 1. Schematic diagram of conventional organoid and organoid assembloid construction. ECM: extracellular matrix.

driven self-assembly and engineering-driven guided assembly. The
former exploits intrinsic cellular properties to spontaneously gen-
erate ordered 3D structures through cell-cell interactions and
environmental cues, thereby mimicking organ development
in vivo. For example, Yin et al. [10] employed a co-differentiation
strategy to simulate the spatiotemporal coordination of multiple
germ-layer lineages during embryonic development, generating
neuromusculoskeletal tri-tissue organoids from human induced
pluripotent stem cells (hiPSCs). Using this approach, they produced
tri-tissue organoids containing distinct yet interconnected regions
without the need for prefabricated scaffolds [10]. In contrast, the
latter approach utilizes engineered methods, such as physical scaf-
folds, microfluidic chips, bioprinting technologies, and acoustic
tweezers, to precisely control cellular spatial organization and tis-
sue architecture [11]. These technologies guide cellular assembly
according to predefined patterns, enabling precise regulation of
organoid assembloid structure and function. For instance, Dai
et al. [12] integrated endometrial organoids, stromal cells, and
endothelial cells onto a microfluidic chip to construct a vascular-
ized endometrial assembloid composed of three cell types. This
assembloid exhibited robust growth and promoted endometrial
repair in immunodeficient mice with endometrial injury, high-
lighting its potential as a therapeutic strategy for endometrial
regeneration [12].

Importantly, the next generation of assembloids should move
toward the deep integration of these two approaches. This strategy
involves using engineering technologies to construct supporting
frameworks, including 3D-printed vascular channels and porous
matrices, that enhance the intrinsic self-assembly capacity of cells.
Within such frameworks, cells can autonomously establish complex
tissue architectures while refining microscopic functions through
biological self-organization. This combination of macroscopic engi-
neering guidance and microscopic self-assembly may represent a
key route for overcoming current limitations in assembloid size
and functionality. In Fig. 2(a), we present a schematic illustration
of this construction strategy for regenerative medicine applications.
In addition, Table 1 [12-19] summarizes current applications of
organoid assembloids in organ transplantation research.

2. Engineering perfusable vascular networks

The inability to establish effective blood circulation represents a
critical limitation in the transplantation of macroscopic tissues and
organs. Within human tissues, vascular networks function as far

more than passive conduits for nutrient delivery. During organ
assembly and transplantation, they first provide a physical route
for oxygen and nutrient transport while facilitating waste removal.
Second, endothelial cells secrete angiocrine factors that actively
regulate the proliferation, differentiation, and functional mainte-
nance of parenchymal cells. Finally, the vascular network itself
serves as a physical scaffold that directs tissue patterning, polarity,
and morphogenesis. In transplantable organoid assembloids, the
absence of a functional vascular system leads to rapid necrosis
caused by cellular hypoxia and nutrient deprivation [20-22].

Current organoid vascularization strategies primarily rely on
co-culture with endothelial cells and matrix-mediated self-organi-
zation to generate sparse capillary-like structures [23]. These sys-
tems recapitulate aspects of vascular morphogenesis during
development while preserving dynamic angiocrine communica-
tion with surrounding parenchymal tissues. However, the resulting
vascular networks are often structurally immature, poorly perfus-
able, and difficult to standardize, thereby limiting long-term stabil-
ity and translational scalability. In contrast, pre-vascularized
organoids and assembloids offer the advantage of connecting more
efficiently with the host circulatory system, supporting graft sur-
vival and preserving biological function. Tubbs et al. [14] achieved
a key technical advance by assembling human pancreatic islets
with hiPSC-derived vascular organoids, enabling spontaneous
fusion and enhanced expression of angiogenesis-related cytokines
(Fig. 2(b)) [14]. Unlike approaches that depend on host-driven
angiogenesis after transplantation, this pre-transplant vasculariza-
tion strategy better preserves islet function and prevents the
ischemic central necrosis that commonly limits conventional islet
transplantation. Using a similar strategy, Zhu et al. [24] generated
vascularized liver assembloids through co-culture of liver orga-
noids and vascular organoids. Their study demonstrated that pre-
formed vascular networks not only support graft survival but also
enhance parenchymal function through angiocrine signaling, as
reflected by rapid post-transplant vascularization and increased
albumin secretion, ultimately alleviating symptoms of acute kid-
ney failure [24].

Meanwhile, engineering-guided vascularization strategies,
including microfluidic perfusion systems, predefined vascular scaf-
folds, and 3D bioprinting technologies, enable precise control of
vascular architecture, hemodynamics, and branching hierarchies.
Kim et al. [25] developed a mold-based pre-extrusion strategy that
converts organoids into millimeter-scale, sliceable organ building
blocks, enabling the standardized assembly of large-scale, hierar-
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Fig. 2. Development of organoid assemblioids for regenerative medicine research. (a) Schematic illustration of organoid assembly through biologically driven self-assembly
and engineering-driven guided assembly for organ transplantation. (b) Co-culture of pancreatic islets and vascular organoids achieves pre-transplant vascularization.
Adapted from Ref. [14]. (c) Immunosuppressive agents reduce immune rejection in multi-kidney organoid assembloids. Adapted from Ref. [18]. (d) Spatially patterned kidney
assembloids demonstrated robust vascularization and urine production capacity following transplantation. Adapted from Ref. [15]. hPSC: human pluripotent stem cell; iNPC:
induced nephron progenitor cell; iUPC: induced ureteric progenitor cell; UB: uretericbud; RV: renal vesicle; CD: collecting duct; DN: distal nephron; PT: proximal tubule;

PKD2: polycystic kidney disease 2; AA: arteriole; EA: arteriole.

chically vascularized tissues with 50-pm precision. This approach
overcomes the trade-off between extrusion-bioprinting resolution
and construct size, providing a reproducible, scalable, and clinically
translatable framework for generating vascularized organoids and
assembloids. Nevertheless, engineered vascular systems frequently
lack the cellular complexity and adaptive remodeling capacity
characteristic of native vascular networks. Consequently, future
transplantation-oriented organoid assembloids will likely require
integration of both approaches, combining the biological adapt-
ability of self-organized vascular systems with the structural preci-
sion and scalability of engineered vascular platforms.
Furthermore, standardization and increased vascular-system
complexity will be essential for bridging the gap between labora-
tory-scale constructs and clinically viable organ replacement. The
clinical translation of vascularized organoid assembloids requires
overcoming several engineering bottlenecks that extend well
beyond endothelial-cell incorporation. Future transplantation-
oriented assembloids must progressively achieve three major tech-
nical milestones: (D establishment of stable millimeter-scale per-
fusable vascular networks capable of sustaining continuous flow
under dynamic culture conditions; @ construction of centimeter-
scale hierarchical vascular architectures that support large tissue
masses and spatially organized perfusion; and @ rapid, functional
vascular anastomosis with the host circulatory system after trans-
plantation. More importantly, these challenges are fundamentally
bioengineering problems involving fluid dynamics, vascular
mechanical stability, and oxygen transport efficiency. Accordingly,
future vascularization strategies will require multidisciplinary
integration of microfluidic perfusion systems, 3D-bioprinted vas-
cular templates, biomaterial-guided branching architectures, and

angiocrine maturation signals to bridge the gap between in vitro
vascular mimicry and clinically transplantable living tissues. In
addition, robust quality-control metrics must be established,
including vascular density, perfusion efficiency, barrier integrity,
and the expression of angiocrine markers.

3. Engineering immunocompatibility

Immune rejection remains a major challenge in organ trans-
plantation and regenerative medicine. Rather than representing a
single immunological event, post-transplant immune rejection
should be viewed as a hierarchical and spatiotemporally coordi-
nated defense cascade. Immediately after transplantation,
ischemic injury and biomaterial-associated stress trigger innate
immune activation, characterized by complement activation, neu-
trophil infiltration, macrophage recruitment, and inflammatory
cytokine release. Subsequently, antigen presentation and lympho-
cyte priming initiate adaptive immune responses, including T cell-
mediated cytotoxicity and antibody-mediated rejection [26]. These
sequential yet interconnected immune barriers collectively deter-
mine graft survival. However, most current strategies remain
reductionist and fragmented. Systemic immunosuppressants
broadly suppress host immunity but fail to establish long-term
graft-specific tolerance, while increasing the risks of infection,
malignancy, and metabolic complications. Encapsulation-based
physical isolation can partially reduce immune exposure, yet diffu-
sion barriers often compromise oxygen delivery, nutrient trans-
port, and functional exchange. Likewise, gene-editing strategies
that eliminate major histocompatibility molecules may reduce
immune recognition but can simultaneously impair normal cellu-
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Table 1
Types of organoid assembloids studied in organ transplantation research.
Organoid assembloid Cell sources Construction Disease types Key results Ref.
type methods
nBM-cortical organoid Human nBM organoid; human Self-assembly Alzheimer’s A complete human nBM-cortical cholinergic projection [13]
cortical organoid (Matrigel) disease; down system was established in mice through a dual-
syndrome transplantation strategy. The model revealed
pathological features of Down syndrome, including
defective cholinergic projections, imbalanced neuronal
subtype ratios, and abnormal neural network function
Vascularized Endometrial stromal cells; Microfluidic chip Endometrial Significantly repaired endometrial damage in [12]
endometrial human umbilical vein damage immunodeficient mice, increased endometrial thickness
endothelial cells; endometrial and glandular number, and substantially improved
epithelial organoids pregnancy rates
Islet-blood vessel Human pancreatic islet cells; 3D  Self-assembly Type 1 diabetes Islet-vascular organoid assembloids maintained and [14]
organoid blood vessel organoid (ultralow enhanced insulin secretion during in vitro culture by
attachment 96- upregulating angiogenesis-related cytokine secretion,
well plates) providing a novel pre-vascularization strategy for islet
transplantation in type 1 diabetes
Human kidney Induced nephron progenitor Self-assembly Human Accurately recapitulated the cystic phenotype, molecular [15]
progenitor cells; induced ureteric progenitor  (Matrigel) autosomal and cellular characteristics, and associated cell-cell
cells dominant interactions of ADPKD
polycystic kidney
disease
Tendon organoid Human tendon stem/progenitor ~ Microspheres Tendon defect Following transplantation, achieved a 7.9-fold increase [16]

cells

Liver Induced hepatic stem cells;
induced endothelial cells; liver
organoid

Kidney organoid

Self-assembly
(Matrigel)
Kidney organoid Self-assembly
(Matrigel); 3D
bioprinting

Gastric multi-regional Funds organoid; body organoid;

antrum organoid

3D bioprinting;
PDMS-based
culture well

Cholestatic liver
fibrosis

End-stage renal
disease

PMM2-HIPKD-

in stem cell retention, promoting tendon regeneration

with a more compact structure and significantly

improved mechanical properties

Vascularized liver-like assembloids significantly [17]
ameliorated DDC-induced cholestatic liver fibrosis

in vivo without tumorigenic risk

Recapitulated human kidney transplant rejection [18]
responses, including infiltration of effector T cells, NK

cells, and monocytes, resulting in microvascular injury

and cellular apoptosis. Rapamycin treatment effectively
suppressed immune rejection and preserved

transplanted kidney tissue integrity

Following transplantation, gastric organoid assembloids [19]
survived for at least four weeks in vivo, maintaining

gastric epithelial integrity (lumen, mucus secretion, and
polarity) and regional identity

nBM: nucleus basalis of Meynert; ADPKD: autosomal dominant polycystic kidney disease; PDMS: polydimethylsiloxane; PMM2-HIPKD-IBD: phosphomannomutase 2-
associated hyperinsulinism with polycystic kidney disease and inflammatory bowel disease; DDC: 3,5-diethoxycarbonyl-1,4-dihydrocollidine; NK: natural killer.

lar signaling or trigger natural killer cell-mediated clearance. Col-
lectively, these limitations indicate that immune rejection cannot
be overcome through any single intervention layer alone.
Organoid assembloids introduce a fundamentally different
paradigm for regenerative transplantation: Immunocompatibility
can be engineered during tissue construction rather than managed
passively after transplantation. Unlike conventional donor organs,
organoid assembloids possess editable, designable, and modular
properties that enable immune programming at multiple stages
of fabrication. At the cellular level, low-immunogenicity stem cell
sources can be generated through human leukocyte antigen
(HLA) engineering or gene editing to minimize antigen presenta-
tion. At the microenvironmental level, co-culture with regulatory
immune cells, including regulatory T cells and tolerogenic macro-
phages, may actively establish local immune tolerance. At the bio-
material level, localized and sustained immunomodulatory
strategies may provide immune protection while avoiding the
systemic toxicity associated with lifelong immunosuppressive
therapy. Borges et al. [18] used 3D-printing and biomanufacturing
approaches to assemble hiPSC-derived kidney organoids into
scaled kidney tissues. Following transplantation into congenitally
immunodeficient mice, immune responses resulted in tissue dam-
age and cellular apoptosis. However, treatment with the immuno-
suppressant everolimus significantly reduced immune injury while
preserving tissue structure and function (Fig. 2(c)) [18]. The key
conceptual insight from these findings is that immune regulation

should be integrated into the design logic of organoid assembloids
themselves rather than addressed solely through post-transplant
systemic immunosuppression. Accordingly, organoid assembloids
may usher organ transplantation into an era of redefined immuno-
suppression, in which rationally engineered grafts inherently pos-
sess immunocompatible properties. This paradigm shift is enabled
by the editable, designable, and controllable nature of organoid
assembloids. Ultimately, the goal is to transition from broad sys-
temic immunosuppression toward a localized, sustained, and engi-
neered state of immunocompatibility.

4. Spatiotemporal coupling and functional maturation

Organoids and assembloids are regarded as promising alterna-
tives for organ transplantation and tissue repair, yet they currently
face two fundamental challenges: limited size and incomplete
functional maturation. Their millimeter-scale dimensions differ
substantially from those of native human tissues and organs,
restricting their clinical applicability in transplantation. At the
same time, functional maturity is a critical determinant of post-
transplant survival, vascular integration, and resistance to injury
and rejection. Consequently, the generation of physiologically
scaled, functionally mature, and transplantable large-scale orga-
noid assemblies has emerged as a major bottleneck requiring
urgent resolution. Importantly, these challenges should not be
viewed as independent processes but rather as components of a
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coordinated developmental framework termed spatiotemporally
coupled functional maturation. The central concept of this frame-
work is that structural growth and functional maturation evolve
synchronously across spatial and temporal dimensions. Size is
not merely a geometric parameter, nor is functional maturation
simply a terminal developmental state. Instead, the two continu-
ously interact and reinforce one another throughout organoid
assembloid development and post-transplant integration. On the
one hand, sufficient size provides the structural foundation neces-
sary for functional maturation and the establishment of complex
tissue architectures. On the other hand, functional maturation pro-
vides the biological basis for continued size expansion by enabling
organoid assembloids to rapidly establish blood supply, respond to
host-derived signals, and withstand physiological demands after
transplantation, thereby preventing graft atrophy or immune
rejection resulting from functional insufficiency.

In recent years, several strategies have advanced size expansion
in organoid assembloids. For example, Fang et al. [16] engineered
transplantable, self-assembled tendon organoids exceeding 3 cm
in length. Unlike conventional organoid cultures that rely primarily
on biochemical signals, their key innovation was the simultaneous
incorporation of mechanical stimulation, including physiological
tension and stretching, together with biochemical cues [16]. This
approach enabled both structural expansion and functional
enhancement, providing direct support for the concept of spa-
tiotemporally coupled functional maturation. Furthermore, follow-
ing transplantation into animal models, these organoids
demonstrated therapeutic efficacy in repairing large tendon
defects [16]. Similarly, Huang et al. [15] developed spatially pat-
terned kidney assembloids capable of recapitulating the self-orga-
nization of kidney progenitor cells. Following transplantation into
mice, these assembloids integrated seamlessly with the host circu-
latory system and continued to grow, develop, and form functional
kidney structures. Notably, vascularization and urine production
capacity emerged synchronously (Fig. 2(d)) [15]. Collectively, these
studies suggest that the coordinated achievement of structural
scaling and functional maturation represents a critical pathway
for transitioning organoid assemblies from in vitro models to
in vivo transplantation. Unlike conventional organ transplantation,
which relies on the passive acceptance of donor organs, the matu-
ration trajectory of organoid assembloids can be actively designed,
regulated, and optimized. This process involves spatiotemporal
reconstruction of the developmental microenvironment, coordi-
nated vascularization, optimization of transplantation timing, and
dynamic monitoring of functional maturity.

Furthermore, transplantation-oriented organoid assembloids
will require standardized and quantitative criteria for evaluating
functional maturation before transplantation. Unlike conventional
organoids used primarily for disease modeling, transplantable
assembloids must meet organ-specific functional benchmarks that
reflect their capacity for physiological integration and long-term
performance in vivo. For liver organoid assembloids, albumin
secretion, urea synthesis, cytochrome P450 activity, and metabolic
detoxification capacity represent important functional indicators
[27]. Kidney organoid assembloids may be evaluated through fil-
tration selectivity, tubular transport activity, and urine production
capacity [15]. Cardiac and neuromuscular assembloids, by contrast,
require assessment of electrophysiological synchronization, con-
tractile force generation, conduction velocity, and mechanical
endurance as indicators of maturation [28,29]. More importantly,
these parameters should not be evaluated in isolation but inte-
grated into multidimensional quality-control systems encompass-
ing tissue architecture, vascular integration, immune
compatibility, and organ-specific functional outputs. Such stan-
dardized maturation-scoring systems may provide a critical foun-
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dation for the reproducibility, transplantation readiness, and
future clinical translation of organoid assembloids.

5. Current limitations and future perspectives

Advances in organoid assembloids for organ transplantation
represent a fundamental paradigm shift. The field is progressing
beyond simplified organ models toward structurally and function-
ally sophisticated bioengineered organs, while transitioning from
passive reliance on donor-derived tissues to the active construc-
tion of transplantable living grafts. Nevertheless, several major
challenges continue to hinder the clinical translation of organoid
assembloids. One of the most significant bottlenecks is the maxi-
mum achievable tissue size. Although recent studies have success-
fully generated centimeter-scale constructs, further scaling
remains constrained by insufficient vascular hierarchy, limited
oxygen diffusion, metabolic waste accumulation, and inadequate
mechanical stability. Increasing tissue size is inherently a sys-
tems-level challenge that requires the coordinated integration of
vascular, immune, neural, and parenchymal components. Without
stable perfusable vasculature and dynamic microenvironmental
regulation, large assembloids remain vulnerable to local hypoxia,
structural collapse, and functional heterogeneity following
transplantation.

Long-term biosafety represents another major concern for
transplantation-oriented applications. Prolonged in vitro culture
and repeated passaging may induce genomic and epigenetic alter-
ations, resulting in aberrant differentiation and functional variabil-
ity. Residual undifferentiated cells further increase the risk of
tumorigenicity after transplantation. Accordingly, future assem-
bloid platforms intended for clinical translation must incorporate
standardized genomic surveillance systems and real-time func-
tional monitoring strategies to ensure long-term safety and stabil-
ity. Moreover, as neural assembloids and human-animal chimeric
assembloids become increasingly complex, ethical and regulatory
considerations are attracting growing attention.

Looking forward, advances in multidisciplinary technologies,
particularly artificial intelligence, are expected to drive organoid
assembloid engineering toward programmable and intelligent liv-
ing systems. Through the integration of multi-omics datasets and
developmental models, predictive optimization of cellular compo-
sition, spatial architecture, vascular topology, and maturation tra-
jectories may become possible [30,31]. At the same time,
synthetic biology and advanced biomaterials can provide dynami-
cally adaptive microenvironments and engineered regulatory cir-
cuits for the programmable control of vascularization,
immunocompatibility, and tissue maturation. In the near term,
organoid assembloids are likely to function primarily as replace-
ment therapies for organ support and tissue repair. Over the longer
term, organ biomanufacturing may enable the generation of fully
functional, patient-tailored tissues capable of long-term replace-
ment of failing organs. This transition from microscopic biological
models to macroscopic functional assembloids has the potential to
transform organ transplantation from a donor-dependent proce-
dure into a manufacturing-driven therapeutic strategy based on
laboratory-grown living organs. Ultimately, the convergence of
stem cell biology, bioengineering, artificial intelligence, and syn-
thetic biology is expected to establish organoid assembloids as a
foundational platform for next-generation regenerative transplan-
tation and organ biomanufacturing.
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