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ABSTRACT: The nasal mucosa, serving as the primary interface of the respiratory tract, performs essential functions
including air conditioning, immune defense, and olfaction. However, traditional in vitro and animal models fail to
fully recapitulate its complex cellular composition and physiological microenvironment. The emergence of organoid
technology offers a revolutionary approach to construct high-fidelity bionic nasal mucosa models. This article reviews
recent progress in the establishment of nasal mucosa organoids established from adult stem cells and pluripotent
stem cells, outlining key culture conditions including extracellular matrix and specific growth factors. We further
discuss emerging bioengineering approaches for improving organoid sophistication, including multicellular co-culture
systems, microfluidic platforms, and organ-on-chip models, which facilitate the simulation of dynamic biological and
biomechanical conditions. The applications of these models in fundamental biological research, disease modeling,
including genetic airway diseases, viral and bacterial infections, and drug screening are comprehensively reviewed.
Finally, we address current challenges such as vascularization and immune cell integration, and propose future
directions for multidisciplinary convergence to advance nasal mucosa research from basic science to clinical translation.
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1 Introduction

The nasal mucosa is a specialized tissue comprehensively covering the surface of the nasal cavity and
extending into adjacent areas such as the paranasal sinuses and nasopharynx [1]. As the primary gateway
of the respiratory system, it performs critical physiological functions, including regulating the temperature
and humidity of inhaled air, forming a robust physical immune barrier, and facilitating delicate olfactory
perception [2]. Based on histological characteristics, this tissue can be divided into two major functional
regions. The olfactory mucosa, located in the middle portion, accomplishes the identification, conversion,
and neural transmission of odor signals through its pseudostratified columnar epithelial structure and
specialized cell populations, such as supporting cells and olfactory sensory neurons. Meanwhile, the
respiratory mucosa establishes an efficient mucociliary clearance mechanism through the coordinated
action of mucus secretion by goblet cells and ciliary beating by ciliated cells, continuously defending against
the invasion of external pathogens [3]. However, traditional research models exhibit significant limitations
when simulating these complex physiological and pathological processes. Although immortalized cell
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lines are convenient, they tend to lose cellular heterogeneity after prolonged passage [4]. Primary cells
face challenges like limited sources and dedifferentiation, while animal models struggle to accurately
reflect human-specific immune responses due to inherent species differences [5]. Therefore, these specific
requirements for modeling pseudostratified architecture, multicellular coordination, and barrier integrity
drive the demand for enhanced model capabilities and more advanced in vitro biomimetic platforms.

The emergence of organoid technology has revolutionized fundamental research and translational
applications concerning the human nasal mucosa. Nasal mucosa organoids are essentially sophisticated
three-dimensional self-organizing cultures established using different stem cell populations, such as pluripo-
tent and adult stem cells, which reconstruct miniature tissues in vitro. These highly structured organoids
fundamentally possess the key distinct cell types, complex spatial architecture, and essential physiological
functions of the original organ [6]. In this context, the innovative concept of “bionic nasal mucosa” proposed
in this paper emphasizes not only the precise simulation of the physical and morphological structure of
the nasal cavity but also focuses intensely on reproducing its dynamic physiological functions, cellular
heterogeneity, and complex tissue microenvironments involving epithelial-mesenchymal interactions. The
ultimate goal is to establish a long-term in vitro mucosal model system that more closely resembles human
functions [7]. General traditional two-dimensional cell cultures or simple transwell systems only serve
as temporary or overly simplified substitutes, which lack multicellular coordination and are less involved
in replicating the authentic host-pathogen interactions [8]. In comparison, such multifunctional bionic
organoid models can help to mimic the various pathological states of nasal diseases and accurately regulate
the physiological process of mucosal homeostasis, ultimately providing superior biomimetic performance
compared with conventional platforms. Hence, highly biomimetic nasal mucosa organoids serve as powerful
platforms for respiratory research and related drug development.

In this review, we summarize the advantages of organoid engineering and biofabrication technologies
in promoting human nasal mucosa research (Fig. 1). First, we introduce several fundamental concepts to
facilitate understanding of the principles of organoid construction using different seed cell sources, followed
by major factors affecting the reproduction of mucosal functions. Various preparation approaches and
typical bioengineering strategies for constructing bionic nasal mucosa organoids are then systematically
introduced. These advanced strategies encompass the integration of complex cellular compositions, the
incorporation of microfluidic technology, the development of sophisticated organ-on-a-chip platforms,
and the synergistic application of advanced biomaterials. Next, we highlight the remarkable application
progress of these functional models in fundamental biomedical research, emphasizing disease modeling
for conditions such as allergic rhinitis and viral infections, as well as high-throughput drug screening and
regenerative medicine. Finally, the possible developmental direction and current technical bottlenecks, such
as the distinct lack of vascularization networks and the insufficient functional integration of immune cells,
are also comprehensively analyzed. By envisioning future directions through multidisciplinary convergence
and biomaterial innovation, we aim to provide a robust theoretical framework and technical pathway. We
anticipate this review will provide readers with deeper insights into bionic nasal mucosa organoids while
facilitating future clinical applications for a wide range of nasal disorders.
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Figure 1: Overview of the construction and applications of organoid-based bionic nasal mucosa.

2 Cultivation and Expansion of Nasal Mucosa Organoids

The successful construction of nasal mucosal organoids hinges on simulating and reconstructing the
ecological niche of nasal mucosal stem cells in vivo within an in vitro environment [9,10]. This niche is
jointly defined by specific cell sources, extracellular matrix, growth factors, and signaling pathways, guiding
cells to self-organize into miniature organs that possess the key structural and functional characteristics
of their in vivo counterparts [11]. This section will systematically elaborate on the seed cell sources and
critical culture conditions for nasal mucosal organoids.

2.1 Sources of Nasal Mucosa Stem Cells

The cellular composition of the airway epithelium, including basal epithelial cells, secretory epithelial
cells, club cells, and tuft cells, provides the structural basis for selecting appropriate seed cells for nasal
mucosa organoid construction (Fig. 2a) [12].

2.1.1 Adult Stem Cells

The construction of nasal mucosal organoids begins with seed cells possessing self-renewal capacity
and multipotent differentiation potential. Based on their developmental stage and origin, these cells can be
generally divided into adult stem cells (ASCs) and pluripotent stem cells (PSCs) [13]. ASCs derived from
nasal tissue represent the most direct cell source for the generation of nasal mucosal organoids. Basal cells
expressing canonical markers such as p63 and KRT5, which can be isolated from nasal brushings or surgical
specimens, constitute the principal stem cell population [14-16]. Consistently, Chiu et al. established
expandable nasal organoids from nasal swab-derived epithelial cells and further induced them into three-
dimensional differentiated organoids or differentiated nasal organoid monolayers, demonstrating a practical
strategy for adult stem cell-derived nasal mucosa organoid generation (Fig. 2d) [17]. Under appropriate
three-dimensional (3D) culture conditions, these cells are capable of sustained proliferation and, upon
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exposure to specific differentiation media, can differentiate into all major respiratory epithelial lineages,
including ciliated cells, goblet cells, and basal cells [18].

Additionally, the olfactory mucosa contains two major basal cell subtypes, one being globose basal
cells (GBCs) and the other horizontal basal cells (HBCs) [19]. GBCs are the primary, actively proliferating
progenitors capable of generating olfactory sensory neurons and supporting cells, while HBCs function
as quiescent stem cells activated upon severe injury [20]. Although olfactory organoid development has
lagged due to the difficulty of precise tissue acquisition from the olfactory cleft, successful cultures of
organoids containing immature neurons from mouse and human samples hold great promise for modeling
neurodegenerative diseases and olfactory disorders. Meanwhile, Lin et al. established surface airway
epithelial and submucosal gland organoids from human bronchus tissue, showing that distinct airway
epithelial compartments can be separately isolated and expanded while retaining region-specific cellular
characteristics (Fig. 2c) [21].
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Figure 2: Cellular sources and culture routes for nasal mucosa organoids. (a) Major epithelial cell types in the airway
epithelium [12]. Copyright 2022, the authors. (b) Directed differentiation of human iPSCs into airway basal cells,
which possess self-renewal capacity and multilineage differentiation potential [22]. Copyright 2020, Elsevier Inc.
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(c) Schematic illustration of the isolation of surface airway epithelium and submucosal glands from human bronchial
tissue for organoid culture [21]. Copyright 2025, the authors. (d) Establishment of nasal mucosa organoids from nasal
swab-derived epithelial cells, followed by (i) expansion (x40) and (ii) differentiation (x40 for 3D organoids and x100
for organoid monolayers) [17]. Copyright, 2022 Chiu et al.

2.1.2 Pluripotent Stem Cells

PSCs encompass two major categories, one being embryonic stem cells (ESCs) and the other induced
pluripotent stem cells (iPSCs), which represent a promising alternative cell source for nasal mucosa
research [23]. The emergence of iPSC technology constitutes a breakthrough in the field. Hawkins et al.
demonstrated that human iPSCs can be directed stepwise into lung progenitors, airway progenitors, and
induced basal cells with self-renewal capacity, supporting PSC-based generation of airway epithelial stem
cells (Fig. 2b) [22]. Derived from somatic cell reprogramming, iPSCs address the ethical controversies
associated with human ESCs and the limitations of invasiveness and finite supply inherent in adult stem
cell sourcing [24,25]. iPSCs offer a virtually unlimited cell source while retaining the donor’s genetic
background, enabling the establishment of large-scale disease biobanks and facilitating personalized disease
modeling and drug screening [26,27].

The directed differentiation of PSCs toward nasal epithelial lineages follows developmental principles
associated with surface ectoderm specification. In contrast to endoderm-derived airway systems, this
process is thought to involve sequential transitions through non-neural ectoderm and pre-placodal ectoderm
(PPE), ultimately giving rise to olfactory or nasal placode progenitors [28]. This differentiation trajectory
is regulated by the coordinated modulation of key signaling pathways, including BMP, WNT, and FGF,
with precise temporal control of BMP activity being particularly critical for placodal specification [29,30].
Although current PSC-derived nasal organoid models do not fully recapitulate the complete developmental
hierarchy observed in vivo, these approaches provide a conceptual framework for reconstructing nasal
epithelial lineages. As such, PSC-based systems offer significant potential for investigating early lineage
specification, modeling congenital nasal disorders, and enabling scalable, patient-specific applications.
Therefore, while ASC-derived organoids more directly model adult tissue homeostasis, PSC-derived models
provide complementary advantages in developmental studies and genetic disease modeling.

2.2 Key Cultivation Conditions

The successful cultivation and long-term expansion of nasal mucosa organoids critically depend on a
culture system that accurately recapitulates the in vivo stem cell niche. This system primarily consists of an
extracellular matrix (ECM) that provides physical support and biochemical cues, together with a highly
specialized culture medium (Fig. 3).

2.2.1 Extracellular Matrix

The ECM serves as a critical physical foundation for the three-dimensional growth of organoids. Beyond
providing a structural scaffold for cell aggregation, the ECM delivers complex biochemical signals through
integrin receptors, which are essential for regulating cell survival, proliferation, and the establishment of
apicobasal polarity. Currently, Matrigel remains the most commonly used ECM and is obtained from the
Engelbreth-Holm-Swarm (EHS) mouse sarcoma as a basement membrane extract [31,32]. This complex
mixture is highly enriched with laminin, collagen IV, and entactin, alongside various endogenous growth
factors, allowing it to closely mimic the physical and biochemical properties of the native sub-epithelial
basement membrane. Such an environment effectively promotes the self-organization and 3D structural
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assembly of nasal epithelial cells [33,34]. The standard initiation step involves embedding isolated nasal
mucosal stem cells or lineage-committed progenitor cells within a Matrigel droplet, which is then thermally
solidified to initiate organoid formation [35]. This Matrigel-embedding strategy is consistent with the
workflow summarized by Ekanger et al., who compared Matrigel-based airway organoid culture with ALI
Transwell culture and highlighted their differences in cell source, culture configuration, differentiation time,
and maintenance requirements (Fig. 4b) [36].

Despite its effectiveness, Matrigel exhibits significant limitations including batch-to-batch variabil-
ity, animal-derived origins, and an undefined molecular composition, all of which hinder experimental
reproducibility and complicate clinical translation in regenerative medicine [37]. Decellularized nasal
mucosa-derived extracellular matrix may provide an alternative scaffold for nasal mucosa organoid culture
by preserving tissue-specific ECM components and biochemical cues of the native mucosal microenviron-
ment. Such matrices may therefore offer a more physiologically relevant niche to support organoid growth
and differentiation, although further optimization and standardization are required for their application.
Consequently, the development of defined and tunable synthetic hydrogels has become a primary focus in
the field. These advanced biomaterials, such as recombinant protein scaffolds or polyethylene glycol-based
matrices, enable for fine regulation over mechanical stiffness and degradation rates [38]. Furthermore, they
can be functionalized with specific bioactive motifs, including RGD peptides and laminin-derived sequences,
to provide superior guidance for the functional maturation of nasal mucosa organoids [39,40].
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Figure 4: Culturing and characterization of human airway and nasal organoids. (a) Airway-on-chip culture system.

(i) Schematic of the airway-on-chip culture system and (ii) histological validation of bottom-channel anti-adhesive
coating. (scale bar, 50 um) [41]. Copyright 2023, the authors. (b) Comparison of ALI Transwell and Matrigel airway
organoid culture workflows. (i) ALI Transwell culture workflow. (ii) Matrigel culture workflow [36]. Copyright 2025,

the authors. (c) Characterization of airway epithelial architecture and cell-type composition. (i) Immunofluorescence

images of ALI Transwell cultures showing ZO-1, tubulin, Muc5AC, and CC10. (scale bars, 50 um) (ii) Immunofluores-
cence images of Matrigel cultures showing KRT5, ARL13B, Muc5AC, and CC10. (scale bars, 100 um) [36]. Copyright

2025, the authors.
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2.2.2 Specialized Culture Medium

The biochemical composition of the culture medium is the decisive factor in determining organoid
cell fate, necessitating a precise balance between stemness maintenance and directed differentiation [42].
Optimized media for nasal mucosa organoids generally utilize a nutrient-rich basal formulation, such as
DMEM/F12, supplemented with a specific combination of growth factors and signaling modulators. The
maintenance of the basal progenitor pool relies heavily on WNT pathway activation together with the
simultaneous suppression of pro-differentiation signals [43]. R-spondin 1 acts as a potent WNT enhancer by
stabilizing (3-catenin, which is essential for long-term expansion, while Noggin serves as a BMP signaling
antagonist to prevent premature differentiation [44]. Crucially, the inclusion of TGF-f3 inhibitors is often
required to sustain the proliferative capacity of p63-positive basal cells and prevent squamous metaplasia.
Furthermore, Epidermal Growth Factor (EGF) and Fibroblast Growth Factor-10 (FGF-10) are integrated to
stimulate epithelial cell survival and homeostatic growth [45]. To further support metabolic requirements,
the medium is enriched with N2 and B27 supplements, providing essential lipids, hormones, and trace
elements, alongside Nicotinamide to enhance cellular longevity [46]. During the vulnerable stages of
passaging or single-cell seeding, a ROCK inhibitor is routinely added to the medium to suppress the
Rho-associated coiled-coil kinase pathway, thereby preventing anoikis and significantly improving clonal
formation efficiency [47].

The standard cultivation protocol involves suspending cells in liquid Matrigel for plating, followed by
thermal polymerization at 37°C and the addition of the complete expansion medium [48]. Once the organoids
reach their optimal size, they are dissociated via mechanical or enzymatic methods for re-embedding and
passage. Functional maturation is subsequently achieved through a dedicated differentiation phase. By with-
drawing stemness-maintaining factors like Noggin and R-spondin 1, and introducing maturation-promoting
agents such as all-trans Retinoic Acid, the organoids are directed to develop specialized structures, includ-
ing motile cilia and secretory cells [49]. Ekanger et al. verified the expression of ZO-1, tubulin, ARL13B,
MUCS5AC, and CC10 in ALI- and Matrigel-cultured organoids by immuno- fluorescence staining, confirming
the formation of epithelial barrier structures, ciliated cells, goblet cells, and club cells (Fig. 4c) [36]. In
addition, to better mimic the in vivo airway microenvironment, Nawroth et al. established a microfluidic
airway-on-chip system that integrates airflow, medium perfusion, and cyclic mechanical stretching into
in vitro culture (Fig. 4a) [41]. This system introduces biomechanical cues and enables a more physiologically
relevant airway epithelial model. This modular culture strategy can also be used to model specific physio-
logical or pathological conditions. For example, the addition of interleukin-13 an inflammatory inducer, can
promote goblet cell hyperplasia [50]. Alternatively, exposure to allergens such as house dust mites on the
apical surface can be applied to establish in vitro organoid models of airway inflammation [51,52].

2.3 Characteristic Identification of Nasal Mucosa Organoids

To ensure that nasal mucosa organoids constructed in vitro can accurately mimic key features of the
native tissue, they need to be characterized from multiple aspects. This typically includes the evaluation of
their morphological structure, cellular composition, specific markers, and physiological functions [53,54].

2.3.1 Morphological and Ultrastructural Analysis

Morphological characterization is the basis for validating organoids. Light microscopy can be used
to dynamically observe overall structural features, including size and cystic or solid density, providing a
direct assessment of growth status [55]. For example, bright-field imaging can monitor the gradual growth
and expansion of nasal mucosa organoids at different culture stages. At the same time, differentiation
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is accompanied by clear morphological changes, such as increased organoid size, lumen formation, and
gradual structural maturation (Fig. 5a,b) [35,56]. To examine more detailed internal structures, histological
methods such as hematoxylin and eosin staining are commonly used to evaluate nuclear-cytoplasmic
distribution and tissue organization [57]. Immunofluorescence staining allows high-resolution localization
of cell-specific proteins [58]. In differentiated nasal mucosa organoids, commonly used markers include
acetylated o-tubulin for identifying mature ciliated cells, MUC5AC for secretory goblet cells, and ZO-1
or E-cadherin for visualizing intercellular junctions (Fig. 5c—e) [22,35,56,59,60]. Together, these markers
confirm the reconstruction of the pseudostratified epithelial structure and its barrier function. In addition,
scanning electron microscopy can be used to observe the density and distribution of cilia on the luminal
surface (or the outer surface in apical-out configurations) (Fig. 6a) [61]. Transmission electron microscopy
further reveals ultrastructural features, such as the typical “9 + 2” microtubule arrangement within cilia,
providing structural evidence for the functional maturity of nasal mucosa organoids (Fig. 6b) [62].

2.3.2 Analysis of Molecular Marker Expression

Molecular profiling is central to confirming cellular heterogeneity and differentiation states [63].
Common techniques include quantitative real-time PCR (qQRT-PCR), western blotting, and bulk RNA
sequencing, which are used to batch-detect the expression of specific markers (Fig. 5d(ii)) [60]. Markers for
nasal mucosa organoids include p63 and KRT5 for basal progenitor cells, FOXJ1 and DNAHS5 for ciliated
cells, and MUC5B or SPDEF for goblet cells [22,59]. Beyond bulk analysis, the application of single-cell RNA
sequencing enables precise dissection of transcriptomic features and the ratios of subpopulations within
the organoid at single-cell resolution [64]. Comparing these high-dimensional data with transcriptomic
profiles of native nasal mucosa tissue provides a comprehensive assessment of the model’s biomimetic
fidelity at the molecular level.

2.3.3 Functional Validation

Functional validation is an important step to tell whether a biomimetic nasal mucosa organoid model has
real physiological functions. In nasal mucosa organoids, mucociliary clearance is a key indicator. It is usually
assessed by recording ciliary beating frequency and coordination using high-speed video microscopy [65].
Clearance ability can also be measured quantitatively by tracking the movement of fluorescent microspheres
inside the organoid lumen [66]. Epithelial barrier function is another key parameter to evaluate whether
nasal mucosa organoids mimic the normal physiological state of nasal mucosa [67]. However, to measure
transepithelial electrical resistance (TEER), the organoid-derived cells usually need to be grown in a
Transwell system or a microfluidic chip, so that electrodes can touch both the top (apical) and bottom
(basolateral) sides [68]. In addition, permeability tests using tracer molecules such as FITC-dextran can be
used to directly see how well the barrier blocks large molecules. For olfactory organoid models, assessing
neural functional maturity requires more specialized methods [69]. For example, calcium imaging can
detect sensory neuron responses to odorant stimulation, or patch-clamp recording can measure action
potentials to check olfactory signal transmission [70].
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Figure 5: Characterization of nasal mucosa organoids. (a) Bright-field images showing the growth and expansion of
nasal mucosa organoids at different culture stages. (A) Non-CF; (B) G551D/Unknown (MF/RF); and (C) F508del/F508del
(MF/MF) (scale bars, 250 pm) [56]. Copyright 2020, the authors. (b) Morphological changes of nasal mucosa organoids
during epithelial differentiation. Copyright 2024, the authors [35]. (c) Characterization of mucus production, epithelial
polarity, and lumen formation in nasal mucosa organoids. (A) MUC5B granules; (B) bundled MUC5B mucin; (C) diffuse
MUC5AC mucin; (D) MUC5B secretion into the lumen; (E) cellular debris and/or mucus in the lumen; and (F) mucus
accumulation in the lumen. Scale bars: (A-C) 50 um, (D) 500 pm, and (E) 100 um [56]. Copyright 2020, the authors.
(d) (i) Identification of epithelial cell composition (scale bars, 20 pm) and (ii) barrier-related protein expression in nasal
mucosa organoids by immunostaining and western blotting [60]. Copyright 2022, the authors. (e) Immunofluorescence
images showing basal cells, ciliated cells, goblet cells, tight junctions, and three-dimensional organization during

organoid maturation [35]. Copyright 2024, the authors.
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(left) and 400 nm (right)) [62]. Copyright 2022, the authors.
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3 Strategies for Constructing Complex Bionic Nasal Mucosa from Simple Organoids

Although conventional nasal mucosa organoid systems have successfully recapitulated certain aspects
of the epithelial three-dimensional architecture and fundamental functions, they still face substantial
limitations regarding cellular diversity, spatial tissue hierarchy, and dynamic microenvironmental simulation.
To achieve higher fidelity tissue biomimicry, researchers have progressively introduced multicellular co-
culture systems, advanced bioengineering technologies, and microfluidic culture platforms [71]. These
innovations facilitate the transition of nasal mucosa models from simple epithelial spheres to complex
bionic tissue constructs [72,73]. This section systematically summarizes three major validated construction
strategies that represent the core directions for developing advanced nasal mucosa models.

3.1 Complexification of Cellular Composition

The nasal mucosa in vivo is a highly heterogeneous multicellular system composed of epithelial cells,
fibroblasts, immune populations, neuron cells, and perivascular components [74]. Through direct cell-cell
contact and paracrine signaling, these diverse populations cooperate to maintain mucosal homeostasis and
orchestrate stress responses [75]. Early models were predominantly epithelial-centric, lacking essential
stromal and immune constituents, which restricted their utility in studying complex processes such as
chronic inflammation, barrier repair, and neuroregeneration [76].

Fibroblasts were among the first non-epithelial components incorporated into these systems [77]. By
secreting extracellular matrix components including collagen and laminin, alongside paracrine factors such
as Fibroblast Growth Factor, Hepatocyte Growth Factor, and Transforming Growth Factor-beta, fibroblasts
significantly promote epithelial polarization and differentiation [78]. Within co-culture systems, their
presence enhances structural integrity and stabilizes the proportion of secretory goblet cells. Multiple
studies have confirmed that introducing well-characterized stromal cells, such as primary nasal fibroblasts
or mesenchymal stem cells, substantially improves tissue stability and physiological fidelity [79].

Furthermore, as an important immunological barrier, the nasal mucosa harbors innate immune cells
including macrophages, dendritic cells, and innate lymphoid cells, which play pivotal roles in allergic inflam-
mation and viral defense [80]. Current research primarily focuses on two strategies: short-term co-culture
with immune cells differentiated from peripheral blood mononuclear cells to reconstruct early immune
responses, and the stimulation of epithelial cells with cytokines such as Interleukin-4 and Interleukin-13 to
induce immune related activation [81,82]. Emerging evidence suggests that organoids can exhibit reversible
responses to inflammatory mediators including Tumor Necrosis Factor-alpha and Interleukin-6, providing
a novel platform for investigating immune dysregulation [83,84]. In the olfactory mucosa, the coexistence
of olfactory sensory neurons and supporting cells is crucial for sensory perception [85,86]. Recent findings
demonstrate that maintaining populations of basal and supporting cells within olfactory epithelial organoids
can successfully induce the differentiation of neuron-like cells that express synaptic markers and display
calcium signaling responsiveness [87,88].

3.2 Integration with Microfluidic Technology
3.2.1 Perfusion-Based Microfluidic Chips

In traditional static three-dimensional culture systems, the exchange of nutrients and metabolites
depends solely on passive diffusion, which fails to reproduce the continuous airflow, fluid shear stress,
and chemical gradients present in the nasal cavity. Microfluidic technology provides a controllable and
reproducible engineering solution to these limitations. Microfluidic chips, through precisely designed
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microchannels and pump controlled systems, enable the dynamic regulation of fluid velocity, shear stress,
and solute gradients. As an example, Koch et al. established a biomimetic nasal mucosa-on-chip platform
featuring distinct apical airflow and basal medium compartments separated by a porous membrane, allowing
regulated bidirectional airflow to mimic physiological conditions (Fig. 7a,e) [89].

In nasal mucosa research, embedding organoids within microfluidic chambers for continuous perfusion
culture markedly improves oxygen and nutrient supply while minimizing metabolite accumulation, thereby
extending viability and functional stability [90,91]. Importantly, microfluidic platforms can simulate dynamic
exposure to external stimuli [92]. By periodically introducing allergens, viral particles, or inflammatory
mediators, researchers can reconstruct physiologically relevant stimulation patterns that mimic natural
exposure [93]. Unlike static treatments, such dynamic exposures reveal time-dependent changes in epithelial
barrier disruption and repair processes [94]. Evidence from airway organ-on-chip studies suggests that
perfusion-based dynamic culture promotes airway epithelial differentiation and mucociliary maturation,
with barrier integrity assessable by TEER and ciliary activity measurable by ciliary beat frequency [41,95].
Furthermore, combining air-liquid interface configurations with microfluidic systems allows for a more
accurate recreation of air-exposed epithelial surfaces, enabling sophisticated studies on inhaled pathogen
infection and aerosol toxicology [96]. Walls et al. developed a nasal airway-on-chip model consisting of an
air channel and a basal medium chamber separated by a porous membrane. The system was designed to
mimic bidirectional airflow during normal breathing and to investigate how different airflow conditions
affect epithelial cell differentiation and maturation (Fig. 7b) [97].

3.2.2 Microfluidic Microcapsule Mediated Organoid Tissue Engineering

Besides perfusion-based microfluidic chips, microfluidic electrospray and microcapsule technologies
also provide another engineering strategy for building controllable organoid microenvironments [98]. Wang
et al. used a microfluidic electrospray microcapsule platform to construct biomimetic vascularized liver
organoids. In this system, hiPSC-derived hepatocytes were encapsulated in a carboxymethyl cellulose core.
Sodium alginate and hyaluronic acid methacryloyl formed a composite hydrogel shell. This allowed the
formation of size-controllable core—shell microcapsules and subsequent organoid assembly (Fig. 8a) [99].
Fluorescence staining showed that cell viability and proliferation were maintained (Fig. 8b(i)) [99]. SEM
images showed the internal structure and surface morphology of the microcapsule shell (Fig. 8b(ii)) [99].
Although this study was performed in liver regeneration and did not directly focus on nasal mucosa
organoids, it shows how microfluidic microcapsules can control organoid size, hydrogel structure, cell
spatial compartmentalization, and vascular cell integration. These engineering principles may be applied to
the future construction of bionic nasal mucosa organoids.

Similarly, microfluidic systems can also be used for the spatial assembly of different organoid types.
Zhu et al. encapsulated hiPSCs into microcapsules by microfluidic electrospray. They then induced them
into region-specific brain organoids and assembled them in a multilayered microfluidic chip. In this way,
they constructed human brain assembloids (Fig. 8c(i)) [100]. The chip consisted of a micropillar array and
a complementary microhole array. This design allowed microcapsules carrying different organoids to be
arranged in a preset order. Fluorescence imaging showed that organoids labeled with different colors could
be arranged in a controlled way. These organoids could also fuse later to form patterned brain assembloids
(Fig. 8c(ii)) [100]. This strategy shows that microfluidics can be used not only for organoid generation, but
also for the spatial assembly of multicellular and multi-organoid structures.
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In another example, Zhi et al. used microfluidic electrospray technology to construct self-organized
vascularized liver organoids in hydrogel microcapsules. This formed size-controllable self-organized
vascularized liver organoids with three-dimensional structures (Fig. 8d(i)) [101]. Bright-field images showed
that the organoids grew well inside the microcapsules (Fig. 8d(ii)) [101]. Fluorescence and SEM images
further confirmed the core-shell structure and surface morphology of the microcapsules (Fig. 8d(iii,iv)) [101].
Confocal imaging showed that HUVECs were distributed inside the organoid structures. This suggests
vascular cell integration and the formation of self-organized vascular networks (Fig. 8d(v)) [101]. Although
these studies were conducted in brain and liver organoid systems rather than nasal mucosa, the underlying
principles are transferable to the construction of bionic nasal mucosa organoids. Specifically, microfluidic
microcapsules provide controllable three-dimensional microenvironments for regulating organoid size and
spatial organization and for incorporating vascular or stromal cells, while microfluidic guided assembly
enables the patterned organization of distinct cellular or tissue components. These strategies may help
address current limitations of nasal mucosa organoids in cellular complexity, spatial organization, and
vascularization, thereby providing useful engineering references for constructing more physiologically
relevant bionic nasal mucosa models.

3.3 Integration with Organ-on-a-Chip Technology

Building upon microfluidic foundations, organ-on-a-chip technology represents an advanced biomimetic
platform designed to recreate spatial tissue compartmentalization and mechanical microenvironments
within a single device [90]. Integrating nasal mucosa organoids with organ-on-a-chip systems is a pivotal
strategy for overcoming the limitations of conventional organoids in spatial organization [102].

A typical nasal mucosa-on-chip design consists of two interacting but physically separated microenvi-
ronments: an apical chamber representing the air-exposed epithelial surface and a basal chamber mimicking
the vascular or stromal interface. For example, Gholizadeh et al. developed a dual-channel human nasal
epithelial mucosa-on-a-chip in which nasal epithelial cells were cultured at an air-liquid interface on a
permeable membrane, allowing aerosolized nasal formulations to be deposited through the upper channel
and drug transport to be monitored in real time through the basal channel (Fig. 7c,d) [97].

The introduction of an air-liquid interface allows the epithelial layer to be directly exposed to air
while receiving nutrients from the basal side. This setup is important for maintaining ciliary movement and
mucus secretion. In addition, these platforms can apply mechanical stimuli, such as cyclic pressure changes
and airflow-induced shear stress, to mimic the dynamic conditions that occur during normal breathing [103].
Using a human airway lung-on-chip model, Nawroth et al. found that breathing-like mechanical stimuli,
including dynamic medium flow, airflow, and cyclic stretch, accelerated mucociliary maturation of primary
human airway epithelial cells, promoted polarized mucociliary clearance, and changed the composition
of specific epithelial cell types [41]. These findings indicate that mechanical forces are crucial for the
regulation of airway epithelial differentiation and maturation.
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Figure 7: Representative microfluidic strategies for constructing organoid-based bionic nasal mucosa models. (a) Mi-
crofluidic nasal mucosa chip for dynamic airflow culture. (i) Exploded view of the chip structure with culture medium
and air channels separated by a porous membrane. (ii) Top view showing the air inlet/outlet and central cell culture
chamber. (iii) Side view of the chip architecture. (iv) Cross-sectional view showing epithelial cell culture under airflow
stimulation [89]. Copyright 2023, the authors. (b) Nasal airway-on-chip model. (i) Schematic design showing airflow
ports, media ports, air channel, media chamber, and membrane. (ii) Photograph of the assembled chip. (iii) Schematic
organization of differentiated nasal epithelium on a porous membrane under airflow [97]. Copyright 2024, IOP
Publishing Limited. (¢) Microfluidic nasal epithelial mucosa-on-a-chip model. (i) Device structure showing the donor
and acceptor channel inlets/outlets; (ii) Cross-sectional schematic showing ALI culture of nasal epithelial cells on a
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permeable membrane [97]. Copyright 2022, Elsevier B.V. All rights reserved. (d) Representative microscopic images
showing aerosol deposition in the chip under different airflow and formulation conditions [97]. Copyright 2022,
Elsevier B.V. All rights reserved. (e) Short-term dynamic airflow stimulation significantly promotes mucus production
and improves its spatial distribution homogeneity in a nasal mucosa-on-chip model ((g) Quantification of the mucus-
covered area under static air-liquid interface culture and dynamic nasal mucosa-on-chip culture conditions (* indicates
p < 0.05). (h) Alcian blue staining of mucus in the apical compartment of the nasal mucosa-on-chip model after 7 days
of air-liquid interface culture followed by dynamic cultivation [89]). Copyright 2023, the authors.
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Figure 8: Microfluidics-based strategies for organoid fabrication. (a) Generation of biomimetic microcapsules.
(i) Schematic illustration of the microfluidic fabrication process for microencapsulated organoids and their application.

(ii) SEM images showing the microcapsules with encapsulated organoids and their magnified internal details [99].
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Copyright 2024, the authors. (b) Characterization of microcapsules and organoids. (i) Fluorescence images (DAPI
in blue, PCNA in red) demonstrating the proliferative capacity of cells within the encapsulated spheroids. (ii) SEM
images detailing the interior porous structure (left) and surface topography (right) of the microcapsule shell [99].
Copyright 2024, the authors. (¢) Microfluidic chip-assisted organoid assembly. (i) Schematic diagram of assembling
region-specific brain organoids into complex assembloids using dynamic microfluidic flow. (ii) Fluorescence images
demonstrating the precise patterned arraying and fusion of multi-colored organoid microcapsules on the chip [100].
Copyright, 2023 Wiley-VCH GmbH. (d) Culture and characterization of organoids within microfluidic microcapsules.
(i) Schematic illustration of the construction of organoid microcapsules based on a core-shell structure. (ii) Bright-field
images showing the growth and morphological changes of organoids within the microcapsules. (iii) Fluorescence and
SEM images characterizing the core-shell structure of the microcapsules. (iv) SEM images showing the morphology
of the organoids. (v) Confocal fluorescence images showing the cellular distribution within the microcapsules, with
HUVECsS in red [101]. Copyright 2025, the authors.

4 Applications of Bionic Nasal Mucosa Organoid Models

The core value of bionic nasal mucosa organoid models lies in their ability to simultaneously reconstruct
the cellular heterogeneity of pseudostratified epithelium, establish clear apicobasal polarity, and develop
highly specialized apical structures [35]. These features, including motile cilia, microvilli, and functional
mucus layers, make them a unique platform for studying mucosal homeostasis, mucociliary clearance,
and pathogen-host interactions [104]. Such complex dynamics are often difficult to achieve or analyze
in traditional two-dimensional monolayer cultures. In the following sections, we provide a systematic
overview of their key applications in fundamental biological research, disease modeling, and infection
studies as summarized in Fig. 9.

4.1 Fundamental Biological Research

In recent years, nasal and airway epithelial organoid models have revealed that apical epithelial
structures actively participate in respiratory viral infection rather than serving only as passive barriers [105].
In reconstructed human bronchial epithelium, Robinot et al. showed that SARS-CoV-2 preferentially infects
ciliated epithelial cells and induces progressive loss of the ciliary layer, as evidenced by reduced [3-tubulin
staining, decreased (3-tubulin-positive areas, and deciliated epithelial regions observed after infection
(Fig. 10a) [106]. Similarly, Sano et al. used bronchial organoid-derived air-liquid interface (BO-ALI) cultures
to demonstrate that SARS-CoV-2 efficiently infects acetylated oc-tubulin-positive ciliated cells, whereas
KRT5-positive basal cells largely survive infection and contribute to epithelial repair. Notably, surviving
basal cells differentiated into acetylated a-tubulin-positive ciliated cells by day 15, and this regenerative
process was impaired when FGF10 was removed from the differentiation medium (Fig. 10b) [107]. These
findings suggest that organoid-derived airway epithelial models can capture both virus-induced ciliary
injury and subsequent epithelial regeneration.

Additionally, Wu et al. further clarified how SARS-CoV-2 breaches the mucociliary barrier in primary
nasal epithelial organoid cultures. They showed that removal of mucin barriers by StcE increased viral
infection, while SEM and TEM analyses revealed viral particles attached to motile cilia during the early stage
of infection (Fig. 10c) [104]. Mechanistically, SARS-CoV-2 was proposed to use motile cilia to traverse the
mucus layer and subsequently exploit microvillar remodeling for viral egress and dissemination, a process
involving cytoskeleton-related signaling pathways, particularly p21-activated kinases [104]. Together, these
findings indicate that cilia, mucus-associated structures, and microvilli are active regulators of viral entry,
spread, and epithelial repair dynamics.
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Figure 9: Applications of bionic nasal mucosa organoid in basic research, disease modeling, infection studies, drug

screening, and personalized medicine.

Beyond virology, nasal organoids serve as a platform for exploring epithelial homeostasis and dif-
ferentiation plasticity. Dreyer et al. established a submerged differentiation model using human nasal
epithelial cells obtained through minimally invasive nasal brushings. By targeting Notch and BMP signaling
with small-molecule inhibitors such as DAPT and DMH]1, they induced these cells to form differentiated
epithelial cultures containing basal, secretory, and ciliated populations, even under submerged culture
conditions [108]. This suggests that modulation of key developmental signaling pathways can partially
compensate for the absence of conventional air-liquid interface culture and provides a platform for studying

nasal epithelial differentiation and disease-relevant phenotypes.

4.2 Disease Modeling

Nasal organoids excel in disease modeling due to the feasibility of patient-derived studies and the
reproducibility of functional phenotypes. Compared to lower airway samples, nasal biopsies are minimally
invasive and can be repeatedly obtained, providing an ideal starting point for personalized research [109,110].

4.2.1 Patient-Derived Organoids for Genetic and Chronic Airway Diseases

Patient-derived nasal organoids provide a valuable system for modeling monogenic and chronic airway
diseases, particularly those involving epithelial transport or ciliary dysfunction. In models of primary
ciliary dyskinesia, patient-derived organoids stably recapitulate disease-associated phenotypes, including
reduced ciliary density, structural abnormalities, and decreased ciliary beating frequency. Importantly,
these phenotypes are maintained after extensive expansion, allowing genotype-dependent differences in
ciliary assembly and function to be investigated across different genetic backgrounds [111].
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In cystic fibrosis research, nasal organoids have shown strong translational potential. In submerged
differentiation systems, nasal epithelial cells can form cystic organoid structures within 48 h after embedding
in extracellular matrix. Functionally, forskolin-induced swelling assays demonstrate that organoids derived
from cystic fibrosis patients show markedly reduced swelling compared with healthy controls, directly
reflecting impaired CFTR-mediated ion and fluid transport. Moreover, organoids carrying different CFTR
genotypes display distinct responses to modulator combinations, including VX-809, VX-770, and VX-661, and
these responses correlate with clinical outcomes [112,113]. Thus, patient-derived nasal organoids provide a
high-fidelity platform for quantifying CFTR function and predicting individualized therapeutic responses.

4.2.2 Organoid Models for Respiratory Infectious Diseases

Respiratory infectious disease modeling represents another major application of nasal and airway
organoids, as the nasal cavity and proximal airway are often the initial sites of pathogen entry and
replication [114]. In viral infection studies, nasal and airway epithelial organoid systems have been used
to model SARS-CoV-2 and RSV infection under conditions that preserve epithelial polarity, mucociliary
differentiation, and apical barrier structures [106,107,114]. These models allow researchers to evaluate
not only viral replication, but also how viruses interact with the mucociliary barrier, exploit ciliary or
microvillar dynamics, and induce epithelial damage and repair. In this context, Chiu et al. established
optimized 2D airway organoids and showed that the Omicron variant exhibited higher infectivity and
replicative fitness than an ancestral WT strain, as demonstrated by NP and acetylated o-tubulin staining,
flow cytometric analysis of dsSRNA and ACTUB-positive cells, and increased viral genome copies and
TCID50 titers (Fig. 10d) [115]. These results illustrate the utility of airway organoid platforms for comparing
variant-specific infectivity, quantifying viral replication, and evaluating host epithelial responses in a
physiologically relevant setting.

Bacterial infection modeling further highlights the importance of organoid polarity [116]. A major
limitation of conventional basal-out organoids is that their apical surface is enclosed within the inter-
nal lumen, restricting access of bacterial pathogens such as pseudomonas aeruginosa to physiologically
relevant apical receptors [117]. Although mechanical disruption or microinjection can provide pathogen
access, these approaches may compromise tissue integrity or limit experimental throughput. In contrast,
suspension culture can induce polarity reversal and generate apical-out organoids with externally ex-
posed cilia and mucus-producing surfaces [118]. When combined with mucociliary differentiation, this
strategy enables controlled bacterial inoculation under submerged conditions, quantitative assessment of
infection-associated changes in ciliary motility, and evaluation of therapeutic interventions [119]. Therefore,
polarity engineering, especially the establishment of reliable apical access, is essential for improving the
physiological relevance of bacterial infection models.

Overall, nasal organoids integrate patient-specific genetic background, epithelial architecture, api-
cobasal polarity, and functional phenotypes within a single experimental platform. These features make
them particularly valuable for modeling both inherited airway disorders and respiratory infections, thereby
providing a critical bridge between mechanistic research and clinical translation.
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Figure 10: Airway organoids for disease modeling. (a) SARS-CoV-2 targets ciliated cells and damages the ciliary
layer. (i) Confocal images of SARS-CoV-2-infected epithelium. (ii) f-tubulin staining in mock and infected epithelia.
(iii) Quantification of 3-tubulin-positive area. (iv) Quantification of spike-positive cells [106]. Copyright 2021, the
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authors. (b) Immunofluorescence staining of acetylated «-tubulin and KRT5 at day 15 after SARS-CoV-2 infection [107].
Copyright 2022, the authors. (c) SARS-CoV-2 targets ciliated nasal epithelial cells during early infection. (i) Mucin
removal increases infection (* indicates p < 0.05; scale bars, 5 um (upper images) and 50 um (lower images)). (ii) SEM
and TEM images show that cilia are an early site of viral attachment (scale bars: SEM, 1 um; TEM, 200 nm). Red
dashed boxes indicate magnified regions, and red arrowheads indicate viral particles [104]. Copyright 2022, the
authors. (d) WT and Omicron infection in airway organoids. (i) NP and ACTUB staining at 24 hpi (scale bar, 20 um).
(ii) Flow cytometry of dsRNA and ACTUB. (iii) Viral load and TCIDs, assay [115]. Copyright 2022, the authors.

5 Conclusion and Outlook

With the deepening understanding of nasal mucosal physiology and the rapid evolution of bioengineer-
ing, the development of in vitro nasal models is no longer limited to traditional 2D cell cultures or animal
models. More and more high-fidelity bionic nasal mucosa organoids have been proposed and applied to
respiratory research [120]. In this review, we have systematically summarized the principles of cultivating
nasal mucosa organoids from different stem cell sources, as well as the key identification methods for their
morphological and functional validation [35]. To overcome the limitations of simple epithelial organoids,
advanced strategies such as multicellular co-culture, microfluidics, and organ-on-a-chip technologies have
been integrated to reconstruct the complex physiological microenvironment of the nasal cavity [121]. These
bionic models provide powerful platforms for studying fundamental biology, disease modeling (e.g., PCD,
CF, and viral/bacterial infections), and personalized drug screening. However, despite these remarkable
achievements, several challenges remain in practical applications and clinical translation.

Firstly, while adult stem cell derived organoids excel in reflecting patient-specific phenotypes, and
(PSC)-derived models offer unparalleled advantages in studying embryonic development and genetic
diseases, the long-term stability and standardization of these cultures require further optimization. Current
cultivation systems still rely heavily on animal-derived matrices like Matrigel, which introduces batch-
to-batch variability and limits clinical applications in regenerative medicine [34,122]. The development
of defined, tunable synthetic hydrogels or recombinant protein scaffolds remains a critical direction to
improve experimental reproducibility and safety. Secondly, although current bionic nasal mucosa models
can recapitulate the pseudostratified epithelial architecture and mucociliary clearance functions, they
often lack essential “non-epithelial” components. The natural nasal mucosa is a highly integrated system
containing vascular networks, innate immune cells (such as macrophages and dendritic cells), and sensory
nerve endings. Future research should focus on the “complexification” of cellular composition-specifically,
integrating vascularization to provide nutrient exchange and incorporating immune cells to simulate early
inflammatory responses and host-pathogen interactions more accurately [123]. Thirdly, the convergence of
organoid technology with organ-on-a-chip and microfluidic platforms represents a paradigm shift. While
we have summarized how these hybrid systems simulate dynamic airflow, fluid shear stress, and air-liquid
interfaces, most current “nasal-on-a-chip” models are still in the laboratory stage. Enhancing the throughput
of these systems and integrating real-time biosensors (for monitoring TEER, pH, or cytokine release) will
be crucial for large-scale drug toxicity testing and rapid viral neutralization assays, as demonstrated in
recent studies on SARS-CoV-2 and RSV [93]. Last but not least, the polarity engineering of organoids such
as the generation of “apical-out” structures has effectively addressed the technical bottleneck of “apical
accessibility” in bacterial and viral infection modeling. However, the regulatory strategies within these
graded bionic constructs, such as the use of specific signaling modulators (Notch or BMP inhibitors) to
balance ciliary vs. goblet cell differentiation, are expected to be combined with 3D bioprinting [117]. This
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will enable the precise spatial assembly of cells and scaffolds to create more powerful, anatomically accurate
biomimetic nasal substitutes.

Importantly, integrating nasal mucosa organoids with microfluidic and organ-on-a-chip technologies
may further enhance their translational potential by providing physiologically relevant platforms for
disease modeling and drug screening. In particular, combining these technologies with patient-derived
organoids may facilitate individualized assessment of disease phenotypes and therapeutic responses, thereby
supporting future personalized medicine applications. In general, although organoid-based bionic nasal
mucosa has made significant strides in bridging the gap between basic science and clinical application, there
is still a long way to go toward a fully “total bionic” system. We hope that this review will help researchers
understand the current state of nasal organoid engineering and provide inspiration for the multidisciplinary
convergence of biology, materials science, and micro-nanotechnology to develop more efficient respiratory
disease models and therapeutic strategies.

Acknowledgement: None.

Funding Statement: This work was supported by grants from the National Natural Science Foundation of China
#U23A20440.

Author Contributions: Ming Xia and Wenwen Qi provided the review topic and revised the review. Xiaochen Gao
and Chengcheng Liu designed the review framework, conducted the literature review, and wrote the paper. Xiaojiao
Tan, Shengjie Ge and Zara M. Patel assisted with writing and discussion of the review. Xiaodong Zhao and Hongjie
Du participated in the grammar modification of the paper. All authors reviewed and approved the final version of
the manuscript.

Availability of Data and Materials: Not applicable.
Ethics Approval: Not applicable.
Conflicts of Interest: The authors declare that they have no competing interests.

References

1. LiC,Huang], YuY, Wan Z, Chiu MC, Liu X, et al. Human airway and nasal organoids reveal escalating replicative
fitness of SARS-CoV-2 emerging variants. Proc Natl Acad Sci U S A. 2023;120(17):€2300376120. [CrossRef].

2. Wellford SA, Moseman EA. Olfactory immunology: the missing piece in airway and CNS defence. Nat Rev
Immunol. 2024;24(6):381-98. [CrossRef].

3. Roth D, Sahin AT, Ling F, Tepho N, Senger CN, Quiroz EJ, et al. Structure and function relationships of mucociliary
clearance in human and rat airways. Nat Commun. 2025;16(1):2446. [CrossRef].

4. Nunez-Manchoén J, Cap6 J, Martinez-Pifieiro A, Juanola E, Pesovic J, Mosqueira-Martin L, et al. Immortalized
human myotonic dystrophy type 1 muscle cell lines to address patient heterogeneity. iScience. 2024;27(6):109930.
[CrossRef].

5. Sheridan MA, Fernando RC, Gardner L, Hollinshead MS, Burton GJ, Moffett A, et al. Establishment and differen-
tiation of long-term trophoblast organoid cultures from the human placenta. Nat Protoc. 2020;15(10):3441-63.
[CrossRef].

6. Wang L, Owusu-Hammond C, Sievert D, Gleeson JG. Stem cell-based organoid models of neurodevelopmental
disorders. Biol Psychiatry. 2023;93(7):622-31. [CrossRef].

7.  Zhao Z, Chen X, Dowbaj AM, Sljukic A, Bratlie K, Lin L, et al. Organoids. Nat Rev Methods Prim. 2022;2:94.
[CrossRef].

8.  Puschhof ], Pleguezuelos-Manzano C, Clevers H. Organoids and organs-on-chips: insights into human gut-
microbe interactions. Cell Host Microbe. 2021;29(6):867-78. [CrossRef].


https://doi.org/10.1073/pnas.2300376120
https://doi.org/10.1038/s41577-023-00972-9
https://doi.org/10.1038/s41467-025-57667-z
https://doi.org/10.1016/j.isci.2024.109930
https://doi.org/10.1038/s41596-020-0381-x
https://doi.org/10.1016/j.biopsych.2023.01.012
https://doi.org/10.1038/s43586-022-00174-y
https://doi.org/10.1016/j.chom.2021.04.002

Smart Biotechnol. 2026;1(1):2 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Rossi G, Manfrin A, Lutolf MP. Progress and potential in organoid research. Nat Rev Genet. 2018;19(11):671-87.
[CrossRef].

Kim J, Koo BK, Knoblich JA. Human organoids: model systems for human biology and medicine. Nat Rev Mol
Cell Biol. 2020;21(10):571-84. [CrossRef].

Gjorevski N, Sachs N, Manfrin A, Giger S, Bragina ME, Ordofiez-Moran P, et al. Designer matrices for intestinal
stem cell and organoid culture. Nature. 2016;539(7630):560—4. [CrossRef].

Erb A, Zissler UM, Oelsner M, Chaker AM, Schmidt-Weber CB, Jakwerth CA. Genome-wide gene expression
analysis reveals unique genes signatures of epithelial reorganization in primary airway epithelium induced by
type-L-II and-III interferons. Biosensors. 2022;12(11):929. [CrossRef].

Clevers H, Watt FM. Defining adult stem cells by function, not by phenotype. Annu Rev Biochem. 2018;87:1015-27.
[CrossRef].

Huch M, Bonfanti P, Boj SF, Sato T, Loomans CJM, van de Wetering M, et al. Unlimited in vitro expansion of
adult bi-potent pancreas progenitors through the Lgr5/R-spondin axis. EMBO J. 2013;32(20):2708-21. [CrossRef].
Ren W, Wang L, Zhang X, Feng X, Zhuang L, Jiang N, et al. Expansion of murine and human olfactory epithe-
lium/mucosa colonies and generation of mature olfactory sensory neurons under chemically defined conditions.
Theranostics. 2021;11(2):684-99. [CrossRef].

Barker N, Huch M, Kujala P, van de Wetering M, Snippert HJ, van Es JH, et al. Lgr5""¢ stem cells drive self-renewal
in the stomach and build long-lived gastric units in vitro. Cell Stem Cell. 2010;6(1):25-36. [CrossRef].

Chiu MC, Li C, Liu X, Song W, Wan Z, Yu Y, et al. Human nasal organoids model SARS-CoV-2 upper respiratory
infection and recapitulate the differential infectivity of emerging variants. mBio. 2022;13(4):e0194422. [CrossRef].
Tran BM, Grimley SL, McAuley JL, Hachani A, Earnest L, Wong SL, et al. Air-liquid-interface differentiated human
nose epithelium: a robust primary tissue culture model of SARS-CoV-2 infection. Int ] Mol Sci. 2022;23(2):835.
[CrossRef].

Senf K, Karius J, Stumm R, Neuhaus EM. Chemokine signaling is required for homeostatic and injury-induced
neurogenesis in the olfactory epithelium. Stem Cells. 2021;39(5):617-35. [CrossRef].

Schwob JE, Jang W, Holbrook EH, Lin B, Herrick DB, Peterson JN, et al. Stem and progenitor cells of the
mammalian olfactory epithelium: taking poietic license. ] Comp Neurol. 2017;525(4):1034-54. [CrossRef].

Lin L, Pou Casellas C, Dost AFM, Begthel H, Korving J, van den Brink S, et al. Human airway submucosal gland
organoids to study respiratory inflammation and infection. Cell Stem Cell. 2025;32(7):1170-82.e7. [CrossRef].
Hawkins FJ, Suzuki S, Beermann ML, Barilla C, Wang R, Villacorta-Martin C, et al. Derivation of airway basal
stem cells from human pluripotent stem cells. Cell Stem Cell. 2021;28(1):79-95.8. [CrossRef].

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al. Single Lgr5 stem cells build
crypt-villus structures in vitro without a mesenchymal niche. Nature. 2009;459(7244):262-5. [CrossRef].
Yamanaka S. Two decades of induced pluripotent stem cell research: from discovery to diverse applications. Cell
Stem Cell. 2026;33(3):372-81. [CrossRef].

Cerneckis J, Cai H, Shi Y. Induced pluripotent stem cells (iPSCs): molecular mechanisms of induction and
applications. Sig Transduct Target Ther. 2024;9(1):112. [CrossRef].

Vandana JJ, Manrique C, Lacko LA, Chen S. Human pluripotent-stem-cell-derived organoids for drug discovery
and evaluation. Cell Stem Cell. 2023;30(5):571-91. [CrossRef].

Kim H, Im [, Jeon JS, Kang EH, Lee HA, Jo S, et al. Development of human pluripotent stem cell-derived hepatic
organoids as an alternative model for drug safety assessment. Biomaterials. 2022;286:121575. [CrossRef].
Koontz A, Urrutia HA, Bronner ME. Making a head: neural crest and ectodermal Placodes in cranial sensory
development. Semin Cell Dev Biol. 2023;138:15-27. [CrossRef].

Conti E, Harschnitz O. Human stem cell models to study placode development, function and pathology. Devel-
opment. 2022;149(20):dev200831. [CrossRef].

Yan Y, Wang Q. BMP signaling: lighting up the way for embryonic dorsoventral patterning. Front Cell Dev Biol.
2021;9:799772. [CrossRef].

Kim S, Min S, Choi YS, Jo SH, Jung JH, Han K| et al. Tissue extracellular matrix hydrogels as alternatives to
Matrigel for culturing gastrointestinal organoids. Nat Commun. 2022;13(1):1692. [CrossRef].


https://doi.org/10.1038/s41576-018-0051-9
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1038/nature20168
https://doi.org/10.3390/bios12110929
https://doi.org/10.1146/annurev-biochem-062917-012341
https://doi.org/10.1038/emboj.2013.204
https://doi.org/10.7150/thno.46750
https://doi.org/10.1016/j.stem.2009.11.013
https://doi.org/10.1128/mbio.01944-22
https://doi.org/10.3390/ijms23020835
https://doi.org/10.1002/stem.3338
https://doi.org/10.1002/cne.24105
https://doi.org/10.1016/j.stem.2025.05.013
https://doi.org/10.1016/j.stem.2020.09.017
https://doi.org/10.1038/nature07935
https://doi.org/10.1016/j.stem.2026.02.003
https://doi.org/10.1038/s41392-024-01809-0
https://doi.org/10.1016/j.stem.2023.04.011
https://doi.org/10.1016/j.biomaterials.2022.121575
https://doi.org/10.1016/j.semcdb.2022.06.009
https://doi.org/10.1242/dev.200831
https://doi.org/10.3389/fcell.2021.799772
https://doi.org/10.1038/s41467-022-29279-4

24

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Smart Biotechnol. 2026;1(1):2

Prakash A, Malviya R, Sridhar SB, Othman RQA, Agarwal A, Wadhwa T, et al. Organoid-based systems for biomed-
ical innovation: advances in disease modeling, drug screening, and precision medicine. Naunyn Schmiedeberg’s
Arch Pharmacol. 2026;399(6):7763-98. [CrossRef].

Heo JH, Kang D, Seo SJ, Jin Y. Engineering the extracellular matrix for organoid culture. Int J Stem Cells.
2022;15(1):60-9. [CrossRef].

Kozlowski MT, Crook CJ, Ku HT. Towards organoid culture without matrigel. Commun Biol. 2021;4:1387.
[CrossRef].

Li L, Jiao L, Feng D, Yuan Y, Yang X, Li J, et al. Human apical-out nasal organoids reveal an essential role of
matrix metalloproteinases in airway epithelial differentiation. Nat Commun. 2024;15(1):143. [CrossRef].
Ekanger CT, Dinesh Kumar N, Koutstaal RW, Zhou F, Beukema M, Waldock ], et al. Comparison of air-liquid
interface transwell and airway organoid models for human respiratory virus infection studies. Front Immunol.
2025;16:1532144. [CrossRef].

Teng Y, Chi J, Huang J, Li Z, Li S, Wu X, et al. Hydrogel toughening resets biomedical application boundaries.
Prog Polym Sci. 2025;161:101929. [CrossRef].

Kopyeva I, Goldner EC, Hoye JW, Yang S, Regier MC, Bradford JC, et al. Stepwise stiffening/softening of and
cell r ecovery from reversibly formulated hydrogel interpenetrating networks. Adv Mater. 2024;36(44):2404880.
[CrossRef].

Hernandez-Gordillo V, Kassis T, Lampejo A, Choi G, Gamboa ME, Gnecco JS, et al. Fully synthetic matrices for
in vitro culture of primary human intestinal enteroids and endometrial organoids. Biomaterials. 2020;254:120125.
[CrossRef].

Gan Z, Qin X, Liu H, Liu J, Qin J. Recent advances in defined hydrogels in organoid research. Bioact Mater.
2023;28:386—401. [CrossRef].

Nawroth JC, Roth D, van Schadewijk A, Ravi A, Maulana TI, Senger CN, et al. Breathing on chip: dynamic flow
and stretch accelerate mucociliary maturation of airway epithelium in vitro. Mater Today Bio. 2023;21:100713.
[CrossRef].

Vazquez-Armendariz Al, Tata PR. Recent advances in lung organoid development and applications in disease
modeling. J Clin Investig. 2023;133(22):€170500. [CrossRef].

Maimets M, Rocchi C, Bron R, Pringle S, Kuipers J, Giepmans BNG, et al. Long-term in vitro expansion of salivary
gland stem cells driven by Wnt signals. Stem Cell Rep. 2016;6(1):150-62. [CrossRef].

de Lau W, Peng WC, Gros P, Clevers H. The R-spondin/Lgr5/Rnf43 module: regulator of Wnt signal strength.
Genes Dev. 2014;28(4):305-16. [CrossRef].

Bailey AP, Bhattacharyya S, Bronner-Fraser M, Streit A. Lens specification is the ground state of all sensory
Placodes, from which FGF promotes olfactory identity. Dev Cell. 2006;11(4):505-17. [CrossRef].

Forni PE, Bharti K, Flannery EM, Shimogori T, Wray S. The indirect role of fibroblast growth factor-8 in defining
neurogenic niches of the olfactory/GnRH systems. ] Neurosci. 2013;33(50):19620-34. [CrossRef].

Matsumoto T, Kim MH, Kino-Oka M. Effect of rho-associated kinase inhibitor on growth behaviors of human
induced pluripotent stem cells in suspension culture. Bioengineering. 2022;9(11):613. [CrossRef].

Fujii M, Sato T. Somatic cell-derived organoids as prototypes of human epithelial tissues and diseases. Nat Mater.
2021;20(2):156-69. [CrossRef].

Qu N, Jeffcoat B, Maity P, Christensen RK, Munera JO. Retinoic acid promotes the in vitro growth, patterning
and improves the cellular composition of human pluripotent stem-cell-derived intestinal organoids. Int ] Mol
Sci. 2022;23(15):8624. [CrossRef].

Barrera-Lopez JF, Cumplido-Laso G, Olivera-Gomez M, Garrido-Jimenez S, Diaz-Chamorro S, Mateos-Quiros CM,
et al. Early Atf4 activity drives airway club and goblet cell differentiation. Life Sci Alliance. 2024;7(3):e202302284.
[CrossRef].

Jacquet A. Characterization of innate immune responses to house dust mite allergens: pitfalls and limitations.
Front Allergy. 2021;2:662378. [CrossRef].

Woo LN, Guo WY, Wang X, Young A, Salehi S, Hin A, et al. A 4-week model of house dust mite (HDM) induced
allergic airways inflammation with airway remodeling. Sci Rep. 2018;8(1):6925. [CrossRef].

Tang XY, Wu S, Wang D, Chu C, Hong Y, Tao M, et al. Human organoids in basic research and clinical applications.
Sig Transduct Target Ther. 2022;7(1):168. [CrossRef].


https://doi.org/10.1007/s00210-025-04848-8
https://doi.org/10.15283/ijsc21190
https://doi.org/10.1038/s42003-021-02910-8
https://doi.org/10.1038/s41467-023-44488-1
https://doi.org/10.3389/fimmu.2025.1532144
https://doi.org/10.1016/j.progpolymsci.2025.101929
https://doi.org/10.1002/adma.202404880
https://doi.org/10.1016/j.biomaterials.2020.120125
https://doi.org/10.1016/j.bioactmat.2023.06.004
https://doi.org/10.1016/j.mtbio.2023.100713
https://doi.org/10.1172/jci170500
https://doi.org/10.1016/j.stemcr.2015.11.009
https://doi.org/10.1101/gad.235473.113
https://doi.org/10.1016/j.devcel.2006.08.009
https://doi.org/10.1523/JNEUROSCI.3238-13.2013
https://doi.org/10.3390/bioengineering9110613
https://doi.org/10.1038/s41563-020-0754-0
https://doi.org/10.3390/ijms23158624
https://doi.org/10.26508/lsa.202302284
https://doi.org/10.3389/falgy.2021.662378
https://doi.org/10.1038/s41598-018-24574-x
https://doi.org/10.1038/s41392-022-01024-9

Smart Biotechnol. 2026;1(1):2 25

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

Xu H, Jiao Y, Qin S, Zhao W, Chu Q, Wu K. Organoid technology in disease modelling, drug development,
personalized treatment and regeneration medicine. Exp Hematol Oncol. 2018;7(1):30. [CrossRef].

Shafiee A, Sun J, Ahmed IA, Phua F, Rossi GR, Lin CY, et al. Development of physiologically relevant skin
organoids from human induced pluripotent stem cells. Small. 2024;20(16):2304879. [CrossRef].

Liu Z, Anderson JD, Deng L, MacKay S, Bailey J, Kersh L, et al. Human nasal epithelial organoids for therapeutic
development in cystic fibrosis. Genes. 2020;11(6):603. [CrossRef].

Del Dosso A, Urenda JP, Nguyen T, Quadrato G. Upgrading the physiological relevance of human brain organoids.
Neuron. 2020;107(6):1014-28. [CrossRef].

Jonkman J, Brown CM, Wright GD, Anderson KI, North AJ. Tutorial: guidance for quantitative confocal
microscopy. Nat Protoc. 2020;15(5):1585-611. [CrossRef].

Salahudeen AA, Choi SS, Rustagi A, Zhu ], van Unen V, de la O SM, et al. Progenitor identification and SARS-CoV-2
infection in human distal lung organoids. Nature. 2020;588(7839):670-5. [CrossRef].

Ramezanpour M, Bolt H, Hon K, Shaghayegh G, Rastin H, Fenix KA, et al. Characterization of human nasal
organoids from chronic rhinosinusitis patients. Biol Open. 2022;11(8):bi0059267. [CrossRef].

Sachs N, Papaspyropoulos A, Zomer-van Ommen DD, Heo I, Béttinger L, Klay D, et al. Long-term expanding
human airway organoids for disease modeling. EMBO J. 2019;38(4):€100300. [CrossRef].

Wijesekara P, Yadav P, Perkins LA, Stolz DB, Franks JM, Watkins SC, et al. Engineering rotating apical-out
airway organoid for assessing respiratory Cilia motility. iScience. 2022;25(8):104730. [CrossRef].

Krieger TG, le Blanc S, Jabs J, Ten FW, Ishaque N, Jechow K, et al. Single-cell analysis of patient-derived
PDAC organoids reveals cell state heterogeneity and a conserved developmental hierarchy. Nat Commun.
2021;12(1):5826. [CrossRef].

Li W, Wu T, Zhu K, Ba G, Liu J, Zhou P, et al. A single-cell transcriptomic census of mammalian olfactory
epithelium aging. Dev Cell. 2024;59(22):3043-58.e8. [CrossRef].

Franca CN, Bachi ALL, Kosugi EM, Pezato R, Machado Santelli GM, do Amaral JB. Three-dimensional cell culture
for the study of nasal polyps. Braz J Otorhinolaryngol. 2022;88:569—-74. [CrossRef].

Becker ME, Martin-Sancho L, Simons LM, McRaven MD, Chanda SK, Hultquist JF, et al. Live imaging of airway
epithelium reveals that mucociliary clearance modulates SARS-CoV-2 spread. Nat Commun. 2024;15:9480.
[CrossRef].

Liu J, Zhang Y, Yu Y. Establishment of nasal and olfactory epithelium organoids for unveiling mechanism of
tissue regeneration and pathogenesis of nasal diseases. Cell Mol Life Sci. 2025;82(1):33. [CrossRef].

Sun XY, Ju XC, Li Y, Zeng PM, Wu ], Zhou YY, et al. Generation of vascularized brain organoids to study
neurovascular interactions. eLife. 2022;11:€76707. [CrossRef].

DuH, Yuan F, Qi W, Zhu F, Liu J, Li C, et al. Research advances in nasal epithelial organoids and challenges in
clinical disease applications. Mater Lab. 2025;4:250004. [CrossRef].

Kikuta H, Tanaka H, Ozaki T, Ito J, Ma J, Moribe S, et al. Spontaneous differentiation of human induced pluripotent
stem cells to odorant-responsive olfactory sensory neurons. Biochem Biophys Res Commun. 2024;719:150062.
[CrossRef].

Prondzynski M, Berkson P, Trembley MA, Tharani Y, Shani K, Bortolin RH, et al. Efficient and reproducible
generation of human iPSC-derived cardiomyocytes and cardiac organoids in stirred suspension systems. Nat
Commun. 2024;15(1):5929. [CrossRef].

Harrison SP, Siller R, Tanaka Y, Chollet ME, de la Morena-Barrio ME, Xiang Y, et al. Scalable production of
tissue-like vascularized liver organoids from human PSCs. Exp Mol Med. 2023;55(9):2005-24. [CrossRef].
Escudero M, Vaysse L, Eke G, Peyrou M, Villarroya F, Bonnel S, et al. Scalable generation of pre-vascularized
and functional human beige adipose organoids. Adv Sci. 2023;10(31):e2301499. [CrossRef].

Bernstein JA, Bernstein JS, Makol R, Ward S. Allergic rhinitis: a review. JAMA. 2024;331(10):866-77. [CrossRef].
Bousquet J, Anto JM, Bachert C, Baiardini I, Bosnic-Anticevich S, Walter Canonica G, et al. Allergic rhinitis. Nat
Rev Dis Prim. 2020;6:95. [CrossRef].

Wheatley LM, Togias A. Allergic rhinitis. N Engl ] Med. 2015;372(5):456-63. [CrossRef].


https://doi.org/10.1186/s40164-018-0122-9
https://doi.org/10.1002/smll.202304879
https://doi.org/10.3390/genes11060603
https://doi.org/10.1016/j.neuron.2020.08.029
https://doi.org/10.1038/s41596-020-0313-9
https://doi.org/10.1038/s41586-020-3014-1
https://doi.org/10.1242/bio.059267
https://doi.org/10.15252/embj.2018100300
https://doi.org/10.1016/j.isci.2022.104730
https://doi.org/10.1038/s41467-021-26059-4
https://doi.org/10.1016/j.devcel.2024.07.020
https://doi.org/10.1016/j.bjorl.2021.11.001
https://doi.org/10.1038/s41467-024-53791-4
https://doi.org/10.1007/s00018-024-05557-w
https://doi.org/10.7554/eLife.76707
https://doi.org/10.54227/mlab.20250004
https://doi.org/10.1016/j.bbrc.2024.150062
https://doi.org/10.1038/s41467-024-50224-0
https://doi.org/10.1038/s12276-023-01074-1
https://doi.org/10.1002/advs.202301499
https://doi.org/10.1001/jama.2024.0530
https://doi.org/10.1038/s41572-020-00227-0
https://doi.org/10.1056/nejmcp1412282

26

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Smart Biotechnol. 2026;1(1):2

de Hilster RHJ, Reinders-Luinge MA, Schuil A, Borghuis T, Harmsen MC, Burgess JK, et al. A 3D epithelial-
mesenchymal co-culture model of the airway wall using native lung extracellular matrix. Bioengineering.
2024;11(9):946. [CrossRef].

Griinert S, Jechlinger M, Beug H. Diverse cellular and molecular mechanisms contribute to epithelial plasticity
and metastasis. Nat Rev Mol Cell Biol. 2003;4(8):657-65. [CrossRef].

Yamaya M, Nishimura H, Shinya K, Hatachi Y, Sasaki T, Yasuda H, et al. Inhibitory effects of carbocisteine on
type A seasonal influenza virus infection in human airway epithelial cells. Am J Physiol Lung Cell Mol Physiol.
2010;299(2):L160-8. [CrossRef].

Hammad H, Lambrecht BN. Barrier epithelial cells and the control of type 2 immunity. Immunity. 2015;43(1):29-40.
[CrossRef].

Liu J, Li YY, Andiappan AK, Yan Y, Tan KS, Ong HH, et al. Role of IL-13Rx2 in modulating IL-13-induced
MUCS5AC and ciliary changes in healthy and CRSwWNP mucosa. Allergy. 2018;73(8):1673-85. [CrossRef].

Liao B, Cao PP, Zeng M, Zhen Z, Wang H, Zhang YN, et al. Interaction of thymic stromal lymphopoietin,
IL-33, and their receptors in epithelial cells in eosinophilic chronic rhinosinusitis with nasal polyps. Allergy.
2015;70(9):1169-80. [CrossRef].

Pavlidis P, Tsakmaki A, Treveil A, Li K, Cozzetto D, Yang F, et al. Cytokine responsive networks in human colonic
epithelial organoids unveil a molecular classification of inflammatory bowel disease. Cell Rep. 2022;40(13):111439.
[CrossRef].

Xing C, Liang G, Yu X, Zhang A, Luo X, Liu Y, et al. Establishment of epithelial inflammatory injury model using
intestinal organoid cultures. Stem Cells Int. 2023;2023(3328655):13pages. [CrossRef].

Yu ZL, Gao RY, Lv C, Geng XL, Ren YJ, Zhang J, et al. Notoginsenoside R1 promotes Lgr5* stem cell and epithelium
renovation in colitis mice via activating Wnt/[3-Catenin signaling. Acta Pharmacol Sin. 2024;45(7):1451-65.
[CrossRef].

van der Flier LG, Clevers H. Stem cells, self-renewal, and differentiation in the intestinal epithelium. Annu Rev
Physiol. 2009;71:241-60. [CrossRef].

Unzueta-Larrinaga P, Barrena-Barbadillo R, Ibarra-Lecue I, Horrillo I, Villate A, Recio M, et al. Isolation and differ-
entiation of neurons and glial cells from olfactory epithelium in living subjects. Mol Neurobiol. 2023;60(8):4472-87.
[CrossRef].

Child KM, Herrick DB, Schwob JE, Holbrook EH, Jang W. The neuroregenerative capacity of olfactory stem cells
is not limitless: implications for aging. ] Neurosci. 2018;38(31):6806—24. [CrossRef].

Koch EV, Bendas S, Nehlsen K, May T, Reichl S, Dietzel A. The path from nasal tissue to nasal mucosa on chip:
part 2-advanced microfluidic nasal in vitro model for drug absorption testing. Pharmaceutics. 2023;15(10):2439.
[CrossRef].

Leung CM, de Haan P, Ronaldson-Bouchard K, Kim GA, Ko J, Rho HS, et al. A guide to the organ-on-a-chip. Nat
Rev Methods Prim. 2022;2:33. [CrossRef].

Alonso-Roman R, Mosig AS, Figge MT, Papenfort K, Eggeling C, Schacher FH, et al. Organ-on-chip models for
infectious disease research. Nat Microbiol. 2024;9(4):891-904. [CrossRef].

Paratore F, Bacheva V, Bercovici M, Kaigala GV. Reconfigurable microfluidics. Nat Rev Chem. 2022;6(1):70-80.
[CrossRef].

SiL, Bai H, Rodas M, Cao W, Oh CY, Jiang A, et al. A human-airway-on-a-chip for the rapid identification of
candidate antiviral therapeutics and prophylactics. Nat Biomed Eng. 2021;5(8):815-29. [CrossRef].

Muniraj G, Tan RHS, Dai Y, Wu R, Alberti M, Sriram G. Microphysiological modeling of gingival tissues and
host-material interactions using gingiva-on-chip. Adv Healthc Mater. 2023;12(32):e2301472. [CrossRef].

Park E, Kim BY, Lee S, Son KH, Bang J, Hong SH, et al. Diesel exhaust particle exposure exacerbates ciliary
and epithelial barrier dysfunction in the multiciliated bronchial epithelium models. Ecotoxicol Environ Saf.
2024;273:116090. [CrossRef].

Bai H, Si L, Jiang A, Belgur C, Zhai Y, Plebani R, et al. Mechanical control of innate immune responses against
viral infection revealed in a human lung alveolus chip. Nat Commun. 2022;13:1928. [CrossRef].

Walls AC, van Vegchel M, Lakey A, Gauri H, Dixon J, Ferreira LA, et al. A nasal airway-on-chip model to
evaluate airflow pre-conditioning during epithelial cell maturation at the air-liquid interface. Biofabrication.
2024;16(4):045021. [CrossRef].


https://doi.org/10.3390/bioengineering11090946
https://doi.org/10.1038/nrm1175
https://doi.org/10.1152/ajplung.00376.2009
https://doi.org/10.1016/j.immuni.2015.07.007
https://doi.org/10.1111/all.13424
https://doi.org/10.1111/all.12667
https://doi.org/10.1016/j.celrep.2022.111439
https://doi.org/10.1155/2023/3328655
https://doi.org/10.1038/s41401-024-01250-7
https://doi.org/10.1146/annurev.physiol.010908.163145
https://doi.org/10.1007/s12035-023-03363-2
https://doi.org/10.1523/JNEUROSCI.3261-17.2018
https://doi.org/10.3390/pharmaceutics15102439
https://doi.org/10.1038/s43586-022-00118-6
https://doi.org/10.1038/s41564-024-01645-6
https://doi.org/10.1038/s41570-021-00343-9
https://doi.org/10.1038/s41551-021-00718-9
https://doi.org/10.1002/adhm.202301472
https://doi.org/10.1016/j.ecoenv.2024.116090
https://doi.org/10.1038/s41467-022-29562-4
https://doi.org/10.1088/1758-5090/ad663d

Smart Biotechnol. 2026;1(1):2 27

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

SuH, Chen Y, Xuan Z, Ren H, Lu P, Zhao M, et al. Permeable hydrogel encapsulated osteosarcoma-on-a-chip for
high-throughput multi-drugs screening. Smart Med. 2025;4(3):e70013. [CrossRef].

Wang J, Huang D, Ren H, Zhao Y. Biomimetic vascularized iPSC-hepatocyte spheroids for liver regeneration.
Adv Sci. 2025;12(6):2405662. [CrossRef].

Zhu Y, Zhang X, Sun L, Wang Y, Zhao Y. Engineering human brain assembloids by microfluidics. Adv Mater.
2023;35(14):€2210083. [CrossRef].

Zhi Y, Wang J, Huang D, Zhao Y. Self-organized vascularized hepatic organoids in microcapsules for liver
regeneration. Research. 2025;8:898. [CrossRef].

Ingber DE. Human organs-on-chips for disease modelling, drug development and personalized medicine. Nat
Rev Genet. 2022;23(8):467-91. [CrossRef].

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, Ingber DE. Reconstituting organ-level lung
functions on a chip. Science. 2010;328(5986):1662—-8. [CrossRef].

Wu CT, Lidsky PV, Xiao Y, Cheng R, Lee IT, Nakayama T, et al. SARS-CoV-2 replication in airway epithelia
requires motile Cilia and microvillar reprogramming. Cell. 2023;186(1):112-30.e20. [CrossRef].

Edwards CE, Tata A, Baric RS. Human lung organoids as a model for respiratory virus replication and counter-
measure performance in human hosts. Transl Res. 2022;250:36-45. [CrossRef].

Robinot R, Hubert M, de Melo GD, Lazarini F, Bruel T, Smith N, et al. SARS-CoV-2 infection induces the dediffer-
entiation of multiciliated cells and impairs mucociliary clearance. Nat Commun. 2021;12(1):4354. [CrossRef].
Sano E, Suzuki T, Hashimoto R, Itoh Y, Sakamoto A, Sakai Y, et al. Cell response analysis in SARS-CoV-2 infected
bronchial organoids. Commun Biol. 2022;5(1):516. [CrossRef].

Dreyer HHM, Ithakisiou GN, Spelier S, Iwanski MK, Katrukha E, Terstappen J, et al. Small molecule-directed
differentiation of submerged-cultured human nasal airway epithelia for respiratory disease modeling. Cell Rep
Med. 2026;7(4):102692. [CrossRef].

Sette G, Cicero SL, Blacona G, Pierandrei S, Bruno SM, Salvati V, et al. Theratyping cystic fibrosis in vitro in ALI
culture and organoid models generated from patient-derived nasal epithelial conditionally reprogrammed stem
cells. Eur Respir J. 2021;58(6):2100908. [CrossRef].

Ramalho AS, Amato F, Gentzsch M. Patient-derived cell models for personalized medicine approaches in cystic
fibrosis. J Cyst Fibros. 2023;22:532-8. [CrossRef].

van der Vaart J, Bottinger L, Geurts MH, van de Wetering WJ, Knoops K, Sachs N, et al. Modelling of primary
ciliary dyskinesia using patient-derived airway organoids. EMBO Rep. 2021;22(12):52058. [CrossRef].
Amatngalim GD, Rodenburg LW, Aalbers BL, Raeven HH, Aarts EM, Sarhane D, et al. Measuring cys-
tic fibrosis drug responses in organoids derived from 2D differentiated nasal epithelia. Life Sci Alliance.
2022;5(12):¢202101320. [CrossRef].

Rodenburg LW, van der Windt IS, Dreyer HHM, Smits SMA, den Hertog-Oosterhoff LA, Aarts EM, et al. Protocol
for generating airway organoids from 2D air liquid interface-differentiated nasal epithelia for use in a functional
CFTR assay. STAR Protoc. 2023;4(3):102337. [CrossRef].

Gamage AM, Tan KS, Chan WOY, Liu J, Tan CW, Ong YK, et al. Infection of human Nasal Epithelial Cells with
SARS-CoV-2 and a 382-nt deletion isolate lacking ORF8 reveals similar viral kinetics and host transcriptional
profiles. PLoS Pathog. 2020;16(12):e1009130. [CrossRef].

Chiu MC, Li C, Liu X, Yu Y, Huang J, Wan Z, et al. A bipotential organoid model of respiratory epithelium
recapitulates high infectivity of SARS-CoV-2 Omicron variant. Cell Discov. 2022;8(1):57. [CrossRef].

Lyon K, Eng KY, Boccellato F, D’Amore A. Organoids and derived models to study the microenvironments of
bacterial infections. Curr Opin Biomed Eng. 2025;35:100595. [CrossRef].

CoJY, Margalef-Catala M, Monack DM, Amieva MR. Controlling the polarity of human gastrointestinal organoids
to investigate epithelial biology and infectious diseases. Nat Protoc. 2021;16(11):5171-92. [CrossRef].

Aguilar C, Alves da Silva M, Saraiva M, Neyazi M, Olsson IAS, Bartfeld S. Organoids as host models for infection
biology—a review of methods. Exp Mol Med. 2021;53(10):1471-82. [CrossRef].

Grubwieser P, Bock N, Soto EK, Hilbe R, Moser P, Seifert M, et al. Human airway epithelium controls Pseudomonas
aeruginosa infection via inducible nitric oxide synthase. Front Immunol. 2024;15:1508727. [CrossRef].


https://doi.org/10.1002/smmd.70013
https://doi.org/10.1002/advs.202405662
https://doi.org/10.1002/adma.202210083
https://doi.org/10.34133/research.0898
https://doi.org/10.1038/s41576-022-00466-9
https://doi.org/10.1126/science.1188302
https://doi.org/10.1016/j.cell.2022.11.030
https://doi.org/10.1016/j.trsl.2022.07.002
https://doi.org/10.1038/s41467-021-24521-x
https://doi.org/10.1038/s42003-022-03499-2
https://doi.org/10.1016/j.xcrm.2026.102692
https://doi.org/10.1183/13993003.00908-2021
https://doi.org/10.1016/j.jcf.2022.11.007
https://doi.org/10.15252/embr.202052058
https://doi.org/10.26508/lsa.202101320
https://doi.org/10.1016/j.xpro.2023.102337
https://doi.org/10.1371/journal.ppat.1009130
https://doi.org/10.1038/s41421-022-00422-1
https://doi.org/10.1016/j.cobme.2025.100595
https://doi.org/10.1038/s41596-021-00607-0
https://doi.org/10.1038/s12276-021-00629-4
https://doi.org/10.3389/fimmu.2024.1508727

28

120.

121.

122.

123.

Smart Biotechnol. 2026;1(1):2

Li C, Yu Y, Wan Z, Chiu MC, Huang J, Zhang S, et al. Human respiratory organoids sustained reproducible
propagation of human rhinovirus C and elucidation of virus-host interaction. Nat Commun. 2024;15(1):10772.
[CrossRef].

Zhao Y, Landau S, Okhovatian S, Liu C, Lu RXZ, Lai BFL, et al. Integrating organoids and organ-on-a-chip
devices. Nat Rev Bioeng. 2024;2(7):588-608. [CrossRef].

Zhao G, Ge Y, Jin Y, Gan J, Yao W, Bi Y, et al. Research progress and potential of organoids based on biomimetic
hydrogel materials. Colloids Surf B Biointerfaces. 2026;257:115168. [CrossRef].

Han Y, Yang L, Lacko LA, Chen S. Human organoid models to study SARS-CoV-2 infection. Nat Methods.
2022;19(4):418-28. [CrossRef].


https://doi.org/10.1038/s41467-024-55076-2
https://doi.org/10.1038/s44222-024-00207-z
https://doi.org/10.1016/j.colsurfb.2025.115168
https://doi.org/10.1038/s41592-022-01453-y

	Introduction
	Cultivation and Expansion of Nasal Mucosa Organoids
	Sources of Nasal Mucosa Stem Cells
	Adult Stem Cells
	Pluripotent Stem Cells

	Key Cultivation Conditions
	Extracellular Matrix
	Specialized Culture Medium

	Characteristic Identification of Nasal Mucosa Organoids
	Morphological and Ultrastructural Analysis
	Analysis of Molecular Marker Expression
	Functional Validation


	Strategies for Constructing Complex Bionic Nasal Mucosa from Simple Organoids
	Complexification of Cellular Composition
	Integration with Microfluidic Technology
	Perfusion-Based Microfluidic Chips
	Microfluidic Microcapsule Mediated Organoid Tissue Engineering

	Integration with Organ-on-a-Chip Technology

	Applications of Bionic Nasal Mucosa Organoid Models
	Fundamental Biological Research
	Disease Modeling
	Patient-Derived Organoids for Genetic and Chronic Airway Diseases
	Organoid Models for Respiratory Infectious Diseases


	Conclusion and Outlook
	References

