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As extensively distributed tissues throughout the human body, glands play a critical role in various
physiological processes. Therefore, the construction of biomimetic gland models invitro has aroused
greatinterest in multiple disciplines. In the biological field, the researchers focus on optimizing the cell
sources and culture techniques to reconstruct the specific structures and functions of glands, such as
the emergence of organoid technology. From the perspective of biomedical engineering, the generation
of biomimetic gland models depends on the combination of engineered scaffolds and microfluidics,
to mimic the invivo environment of glandular tissues. These engineered stratagems endowed gland
models with more biomimetic features, as well as a wide range of application prospects. In this review,
we first describe the biomimetic strategies for constructing different invitro gland models, focusing on
the role of microfluidics in promoting the structure and function development of biomimetic glands.
After summarizing several common invitro models of endocrine and exocrine glands, the applications
of gland models in disease modelling, drug screening, regenerative medicine, and personalized medicine
are enumerated. Finally, we conclude the current challenges and our perspective of these biomimetic
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gland models.

Introduction

Glands are organs or tissues that secrete or excrete specific sub-
stances such as hormones, enzymes, mucus, sweat, and saliva,
which are essential for the maintenance of normal functions of
various systems and organs in the human body [1-3]. The for-
mation of glands is a complex process involving differentiation
and maturation of glandular epithelial cells [4]. Such process
begins from the embryonic stage and continues through post-
natal growth and maturation, regulated by a complicated net-
work of signaling pathways and transcription factors [5-7]. In
general, glands can be categorized into 2 major types: exocrine
glands and endocrine glands. Exocrine glands discharge their
products into ducts leading to either the body surface or a cav-
ity, such as sweat glands, salivary glands, and mammary glands.
Conversely, endocrine glands directly release their products
into the bloodstream, including the thyroid gland, pituitary
gland, and adrenal gland, followed by transportation to targeted
cells throughout the body [8,9]. Because of their importance
in maintaining normal physiological processes, the malfunc-
tion or disease of glands may induce a broad range of health
issues, including diabetes, thyroid disease, and cancer [10-12].
Given that, the construction of biomimetic gland models
in vitro is vital for revealing the underlying mechanism of the
development and disease progression of glands [13,14]. During
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the construction process, various demands should be satisfied
including the replication of the complex cellular and structural
heterogeneity of actual glands, as well as the reproduction of
microenvironments containing multiple chemical and mechan-
ical cues [15,16].

Tremendous efforts have been devoted to developing biomi-
metic gland models from a biological perspective. To build
in vitro models that accurately represent the actual glands, it is
necessary to select the appropriate cell type referring to glands
[17-20]. For example, the mammary gland contains both func-
tional epithelial cells and muscle cells, while the liver consists
of liver cells and hepatic stellate cells [21,22]. Based on the
gland-derived cell models with secretory function in vitro, phar-
macological and toxicological evaluation could be conducted
by detecting the corresponding secretory products [23,24].
Although glandular cells can partially replicate certain gland
functions in vitro, the simplification of gland models often fails
to fully capture the critical shape and function features of the
gland tissue [25,26]. In contrast, self-organized organoid models
provide a promising solution to this challenge [27,28]. These
models are developed from patient-derived stem cells or tumor
tissues in a specific 3-dimensional (3D) extracellular environ-
ment, allowing the formation of miniaturized organoid models
with similar characteristics of real glands, such as microscale
size, together with genetic and epigenetic features [19,29,30].
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Although bioengineered gland models have achieved great
progress in recent years, it is still a challenge to completely
reconstruct real dynamic and complex microenvironments of
glands. Biomedical engineering provides a new approach to
simulate the internal environment of gland tissue, taking advan-
tage of the engineered biomaterial scaffolds and microfluidics
[31-34]. In this strategy, the scaffolds with gland similar archi-
tectures could provide topological cues to support cell growth
and differentiation, while the microfluidic system could simu-
late the in vivo fluid microenvironment for providing spatial
and temporal control of physical and mechanical cues [35-38].
Hence, organ-on-a-chip devices combined with biomimetic
scaffolds can accurately reproduce physiological and patho-
physiological processes of glands at the organ level [39-43].
Recently, the U.S. Food and Drug Administration has gradually
lifted restrictions on animal testing in preclinical drug trials
and approved the broader use of human cell-derived organ-
on-a-chip systems [44]. Therefore, these accurate biomimetic
gland models have been gradually utilized to simulate the gen-
eration of different disease models, drug screening, regenerative
medicine, etc.

Herein, we reviewed the development of in vitro gland mod-
els ranging from engineered stratagems to biomedical appli-
cations of them. After describing the methods of culturing
mammalian gland-derived cells in different kinds of patterns,
we focused on the achievement of functional modeling of gland
models based on engineering strategies such as organoid
and microfluidic technologies. Next, we introduced several
common endocrine and exocrine gland biomimetic models.
Subsequently, we outlined how understanding the interplay
between structure and function in different glands can be har-
nessed for biomedical purposes, including tasks like disease
modeling, drug screening, and tissue regeneration. Finally, we
will discuss the remaining challenges and provide forecast on
the future research directions of these biomimetic gland models.

In Vitro Gland Modeling

Various culture methods have been used to profile and study the
glandular microenvironment in vitro [45]. Combined with the
transwell culture chamber, the single-layer gland structure can
be separated from the culture environment to simulate the niche
gland environment [46,47]. Dissociated glandular cells can be
incorporated into various stromal scaffolds [48], including col-
lagen gels, matrigel, or decellularized extracellular matrices to
generate 3D structures for examining glandular function and
structure in vitro [49-53]. Alternatively, cells can be reconsti-
tuted without the need of scaffolds to form multicellular aggre-
gates using methods such as hanging droplet systems, U-wells,
suspension cultures, etc. [54-56]. These biomimetic gland mod-
els generated in vitro include key cell types and exhibit basic
functions. Based on the self-organization-based gland models
and microfluidic systems, the derived organ-on-chip provides
a wider range of microenvironmental complexity.

Two-dimensional patterns

As a pivotal role of glands, the examination of secretory func-
tion in in vitro glandular models has become a focal point of
research [57,58]. Among various culture patterns, traditional
2-dimensional (2D) cell culture has been used not only to study
different types of cells in vitro but also to model and test
cell absorption, distribution, metabolism condition, and other
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functions [59,60]. The advantages of the 2D cell model system
include convenient operation in the laboratory, lower costs, and
wider ethical acceptance compared to using animal models.
Considering this, in vitro gland models for hepatotoxicity stud-
ies often rely on 2D cell culture [61,62]. Because this method
cannot maintain constant concentration of culture activity over
aperiod of time, it is necessary to change the medium regularly
to remove accumulated catabolites and renew nutrients for
maintaining cell viability and function [63,64]. This allows the
preservation of communication between different hepatocytes
and liver-specific functions, enabling a wide range of applica-
tions, such as acute liver failure, drug interactions, etc. (Fig. 1A)
[65]. However, a major drawback of single-layer models is the
lack of reliability due to cell dedifferentiation and senescence
over time.

Transwell cell culture is an invasion assay technique that
enables crosstalk between different layers of cells, by seeding
cells in the upper or lower chamber. Because the membrane
between chambers is permeable (0.4 to 8 pm), the components
in the lower layer of the culture medium could affect the cells
in another chamber (Fig. 1B) [66]. Thus, this approach enables
improved examination of material transfer, cell-cell interac-
tions between disparate chambers, and related phenomena
(Fig. 1C) [66]. This unique culture technique can also be used
to study the secretory function of glandular cell monolayers.
During lactation, mammary acini produce a diverse array of
milk components. The establishment and maintenance of cel-
lular polarity within these acinar structures are critical for the
normal lactation pathway of mammary epithelial cells, allow-
ing for the efficient synthesis and secretion of milk constitu-
ents. To mimic these processes, the transwell technology can
establish a concentration gradient in the same culture system,
taking advantage of the tight junction (T]) between cells to
explore the secretion (Fig. 1D) [67]. T]s between monolayer
cells prevent the unidirectional diffusion of secreted milk com-
ponents, together with the external reabsorption of nutrients
such as amino acids and lactose by epithelial cells. Apical
secretory function with polarity is mimicked in vitro by using
TJs to segment the distinct apical and basolateral regions.

Three-dimensional scaffolds

Modeling the intricate structure of glands outside of their natural
environment poses a challenge due to their highly branched and
multicellular organization (Fig. 2A) [68,69]. To replicate this
complexity, the extracellular matrix (ECM) provides a 3D struc-
ture comprising decellularized proteins, both fibrous and non-
fibrous, that surround cells in multicellular organisms (excluding
circulating fluid) [70,71]. The ECM plays a critical role in both
embryonic development and cellular homeostasis, and has
wide-ranging implications for tissue engineering and regenera-
tive medicine [72]. Unlike 2D layers, the use of 3D scaffolds
enables the recreation of the gland's native ECM properties,
including their physical, biochemical, and mechanical features,
which further affects cell growth and function [73,74]. The mate-
rials used to prepare 3D scaffolds are usually collagen, alginate,
and other hydrogels [75-77]. These hydrogels are polymers that
retain large amounts of water within their 3D structure, which
is crucial for maintaining the integrity of cells and tissues.
To achieve in vitro mimicry of the ECM, various hydrogels,
including matrigel and collagen derivatives, have been employed
to cultivate mammalian cells. Hair follicle morphogenesis is a
typical model of glandular development. Kageyama et al. [69]
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Fig.1.(A) The method of simulating human alcohol-associated liver disease/steatohepatitis by exposing the organ-type liver chip to the blood alcohol concentration related to
human [65], Copyright 2021, CellPress. (B) Overall steps of epithelial cell culture on the transwell inserted hybrid chip [66], Copyright 2022, Springer Nature. (C) The application
provides an example of the established epithelial layer, which can be used to characterize cell differentiation and physiological research, and establish host microbial ecosystem
and disease modeling [66], Copyright 2022, Springer Nature. (D) Schematic images of transwell culture, and the images on the right shows the secretion of mammary epithelial
cells in each culture model and the immunostaining [67], Copyright 2020, Wiley-VCH.

reported that they achieved large-scale in vitro fabrication of
cells through self-assembly in collagen. The randomly distrib-
uted unicellular aggregates were formed during the first 3 days
of the culture period, which then separated spatially from each
other, exhibiting morphological features typical of hair follicles
(Fig. 2B).

In particular, the emerging 3D bioprinting technology could
combine stem cells with differentiation potential to generate
massively replicable glandular spheroids [78,79]. For instance,
dermal microvascular endothelial cells were employed to create
vascular niches by crafting a sacrificial template from poly
(e-caprolactone) (Fig. 2C and D) [80]. The model enables the
in vitro development of vascularized gland morphogenesis
that closely mimics physiological conditions. With the com-
bination of microarrays, such biomimetic model could further be
employed to study the development process of glands in vitro
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and the mechanism of reciprocal regulation. However, the
pre-structured scaffold's architecture may impede the mimicry
of tissue and glandular morphogenesis. In addition, the gen-
eration of dynamic luminal structures within these scaffolds
remains challenging. These problems pose a crucial hindrance
to glandular cell morphogenesis and physiological secretory
functions, which necessitate the presence of fluid shear forces.

Microfluidic platforms

Microfluidic platforms have emerged as powerful tools for cre-
ating in vitro models of various biological systems, including
gland models. These platforms enable researchers to mimic the
complex microenvironment of glands and study their func-
tionality, response to stimuli, and disease mechanisms in a
controlled and precise manner. The proper functioning of
glands is inseparable from a strong blood circulation system
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Fig.2.(A) Basic steps of morphogenesis in salivary gland [68], including (i) pre-bud, (ii) early bud, (iii) initial bud, (iv) initial gland, (v) immature gland, and (vi) terminal gland,
Copyright 2021, Elsevier. (B) Diagram (i) shows that hair follicle germs are embedded in collagen gel for transplantation on the 0 and 3 days of organoid culture [69], Copyright
2018, Elsevier. (i) Enzyme contrast images of salivary gland (top) and bioengineered gland (bottom); on the third day of organ culture, salivary glands were analyzed with
hematoxylin and eosin staining [190], Copyright 2013, Springer Nature. (C) Schematic diagram of establishing biomimetic sweat glands—vaculatory interaction model invitro.
(D) 3D reconstruction of (i) SG—vaculatory interaction model based on confocal z-stack. Dermal microvascular endothelial cells (DMECs) are replaced by the green sphere,
and the induced sweat gland cell (iISGC) sphere is replaced by the red rough surface. (ii) The depicted fluorescent image and three-dimensional reconstruction showcase the
iSGC globule in a representative manner. (iii) The arrow represents the 3D image analysis of each iSGC sphere [80], Copyright 2021, KeAi.
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[81,82]. In order to construct glands with accurate physiology,
itis important to examine the multilevel structure of the target
gland, as glandular cells do not function well in an unchanging
culture substrate [83,84]. For example, alveoli consisting of
distinct epithelial and endothelial cells include different micro-
environments, such as the gas-liquid interface and liquid-liquid
cross-section (Fig. 3A) [85]. For the construction of circulatory
systems, microfluidic culture technology offers the possibility
to address all these challenges, whether in 2D or 3D culture.
Organs-on-a-chip devices allowed the culture of living cells
under fluid flow, which can recapitulate physiology and patho-
physiology at the organ level with high fidelity. These physio-
logical processes can be explored in different glandular culture
models with the aid of microfluidic systems.

The incorporation of microfluidics into 3D cell culture sys-
tems enables the delivery of controlled mechanical, chemical,
and biological signals [86-88]. Several methods have been sug-
gested for controlling the spatial and temporal characteristics of
cellular microenvironments [89]. These techniques encompass
adjustments in stiffness, micropatterning, 3D arrangements, and
concentration gradients [90-92]. Specifically, cultured endothe-
lial cells can be induced to differentiate in a chamber, through
applying physiological shear stress and specific signaling stimuli.
Similarly, functional glandular cells seeded on viscoelastic ECM
gels can self-organize into polarized acinar structures [60]. Fluid
shear stress brought about by fluids can promote the matura-
tion of glandular tissues in vitro, while the development and
function of glands are restricted in static culture (Fig. 3B) [93].
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Fig. 3. (A) The reduction analysis of the target organ (lung) and the functional unit of alveolus composed of epithelial cells and endothelial cells, separated by stroma [85],
Copyright 2019, Science. (B) The developing renal organs are placed on an engineering microfluidic platform and a perfusion microfluidic chip [93], Copyright 2019, Springer
Nature. (C) Confocal images showcasing vascular markers in fully scaffolded organs cultured under varying conditions such as static U-shaped hole, static engineered
extracellular matrix (ECM), low flow stress, and high flow stress [93], Copyright 2019, Springer Nature.
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For example, the gene expression with the assistant of microflu-
idics observed in organoids composed of renal filtration-
associated epithelial cells reflects the same condition during
filtration in vivo (Fig. 3C) [93]. The maturity of the adult kidney
is relatively low. Under high fluid flow, the cultivation of in vitro
kidney organoids results in improved vascularization during the
process of nephrogenesis.

Self-organizing organoids
The progress in stem cell therapy and tissue regeneration has
facilitated the development of self-organizing organoids that
recapitulate the structure and function of native tissues [94,95].
These 3D structures arisen from the spontaneous assembly of
stem cells under optimized culture conditions could promote
cell-cell and cell-ECM interactions [96-98]. The growth fac-
tors, ECM components, and mechanistic cues that drive orga-
noid formation are carefully selected and tailored to the specific
tissue type being modeled [99]. Besides, self-organizing orga-
noids provide several advantages over traditional 2D cell cul-
ture and animal models for investigating glandular diseases
and drug responses [100,101]. Firstly, they better replicate the
intricate 3D structures and cellular heterogeneity of native
tissues, enabling more precise modeling of disease mecha-
nisms and drug effects [102,103]. Secondly, patient-derived
stem cells can be utilized for developing personalized medicine
approaches, and the investigation of rare or genetic disorders
that are difficult to simulate in animals [104,105]. Lastly, self-
organizing organoids can be readily scaled up for high-throughput
drug screening and toxicology testing [106,107].
Self-organizing organoids have been used to mimic a range
of glandular tissues, including liver, pancreas, salivary glands,
and mammary glands. These organoids can recapitulate key
aspects of gland development and function, including tissue
architecture, cellular heterogeneity, and physiological responses
to hormones and drugs (Fig. 4A and B) [108,109]. They are
spherical collections of self-organizing cells that resemble
natural tissues and exhibit organ function and 3D structure.
Organoids have several inherent advantages over traditional
models, including the establishment of macroscopic structures
similar as in vivo tissue in complex 3D environments. Besides,
the crosstalk between organoid cells can enhance the similarity
to podocytes in vivo compared with traditional 2D culture
methods. The 3D environment is critical not only during the
differentiation process but also in maintaining the differenti-
ated state, as organoid-derived podocytes de-differentiate in a
2D environment. Interestingly, when studying the functional
effects of some viruses on the gland, human organ model sys-
tems have some unique advantages compared to animal mod-
els. Since the COVID-19 pandemic, human airway organoids
faithfully mimic human airway epithelial cells, thus providing
a platform for rapid detection of infectivity of emerging influ-
enza viruses (Fig. 4C) [110]. A laboratory-generated salivary
gland model derived from human-induced human induced
pluripotent stem cells (hiPSCs) was found to be permissive to
COVID infection. The findings indicate that salivary glands
exhibit developmental characteristics similar to those observed
during embryonic stages and can serve as a valuable tool for
investigating gene function in development. Notably, the in vitro
salivary gland model sustained replication of the COVID
virus, suggesting its potential utility in studying viral infection
mechanisms. Therefore, organoids are promising models for
studying glands in vitro.
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Endocrine and Exocrine Gland Models

Glands are categorized into endocrine or exocrine types: endo-
crine glands release their secretions, including hormones, directly
into the bloodstream, whereas exocrine glands secrete sub-
stances into body cavities (such as the mouth) or external sur-
faces (like the skin) [111-113]. In recent years, in vitro glandular
models have garnered extensive attention as a substitute for
animal models in investigating glandular diseases [114,115].
These models are highly sought-after for their potential in drug
development and for studying glandular physiology, as they
provide a controllable and reproducible environment for inves-
tigating the physiology and pathology of glands in a setting that
mimics the human body [116,117]. The process of constructing
engineered gland models involves a combination of tech-
niques including cell culture, biomaterials, and microfabrica-
tion. Various methods have been employed to create glandular
structures such as 3D printing, microfluidics, and self-assembly,
which offer the ability to investigate glandular secretion, mor-
phogenesis, and cellular interactions [19,118]. Furthermore,
the incorporation of human stem cells and patient-derived
cells in these models has demonstrated promising outcomes
for simulating glandular diseases [119,120]. However, further
research is necessary to enhance the fidelity of these models to
in vivo systems. Here, we provide an overview of current com-
monly established in vitro glandular models for both endocrine
and exocrine glands (Table).

Endocrine gland

Thyroid

The thyroid glands are mainly consisted of follicular cells and
parafollicular cells (C cells) [121]. Upon receiving the stimu-
lation of thyroid-stimulating hormone (TSH) secreted by the
thyroid gland, the follicular cells in the inner layer would syn-
thesize iodized thyroglobulin (Fig. 5A) [121]. The generated
TSH would be degraded in the thyroid cells, and the remaining
hormone enters the blood circulation. Former research on the
thyroid mostly focused on hormone metabolism and iodide
metabolism in animal models. In recent years, in order to sim-
ulate this metabolic process in an in vitro thyroid model, it is
crucial to establish cultures derived from monolayer cells, or
supplemented with TSH-containing medium and generate 3D
acinar structures. Romitti et al. [122] have reported a novel
technique, as depicted in Fig. 5B to D; they utilized stem cells
with reprogrammed and modified signaling pathways to pro-
duce a functional human thyroid gland in vitro that can mimic
the gland's function. The researchers demonstrated the crea-
tion of transplantable thyroid organoids derived from human
embryonic stem cells. These organoids successfully reinstated
plasma thyroid hormones in mice with an absent thyroid gland.
Notably, follicular cells can form 3D acinus-like structures
regardless of whether the 3D culture substrate is matrigel or
collagen; although organoids have been successful in repli-
cating the complex structures and functions of various organs,
they still lack a crucial component—vascularity. To ensure that
thyroid organoids are truly functional, both further vascular
development and indeed enhanced maturation of the orga-
noids are required. To promote vessel formation after (xeno)
transplantation, vessel-like structures could be constructed,
and in vitro biomaterials can also be utilized to create 3D
culture systems that incorporate both tissue-derived orga-
noids and vascular networks.
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Fig. 4. (A) Through the external control of engineering microenvironment on organoid development, based on the micro-engineering method, achieve precise micrometer-
scale control over the size and shape of (i) organoids, (ii) predictably and consistently control the geometric configuration of organoids to create patterns, and (iii) employ
geometry-mediated organoid models to generate a macro-intestinal surface featuring a crypt-villous structure [109], Copyright 2022, Science. (B) Liver organs are derived
from liver progenitor cells, primary hepatocytes, fibroblasts, or human pluripotent stem cells, encompassing a spectrum of cell sources [108], Copyright 2022, Springer Nature.
(C) (i) One gland phase contrast image on the 60th day. (ii) Representative images of human induced salivary glands separated on the 80th day. (iii) Representative stereo
microscope image of human induced salivary glands on the 80th day. (iv) Enlarged image [110], Copyright 2022, Springer Nature.

Tumor gland models can help researchers better understand
cancer biology, test potential therapies, and develop new treat-
ment strategies. Although there are fewer cancers generated by
C cells, their prognosis is worse than that of small papillary
carcinomas due to their low degree of differentiation. Medullary
thyroid cancer makes up around 5% of all thyroid cancer cases,
predominantly impacting C cells rather than follicular cells. So
far, studies on the establishment of thyroid C cells in vitro are
limited. In this scenario, Kwaku detailed an approach to con-
struct a model for thyroid C cells. Here, human embryonic stem
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cells undergo progressive differentiation into cells resembling
thyroid C cells, both in monolayer and within 3D matrigel
culture environments [123]. The procedure entails a stepwise
application of interferon as part of hormone treatment, mir-
roring the developmental sequence of the embryonic thyroid.
Moreover, aside from quantifying the expression of C cell and
related follicular lineage markers using qPCR (quantitative
polymerase chain reaction) and immunolabeling, these cells
exhibited functional attributes. This was evidenced by their
ability to release calcitonin upon calcium stimulation, a trait
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Table. The commonly established in vitro glandular models.

Glandular type

Glandular models

Engineering strategies

Applications

Endocrine gland
Endocrine gland

Thyroid
Medullary thyroid

Organoids

Two-dimensional patterns;
three-dimensional scaffolds

Hypothyroidism [117]
Modelling of medullary thyroid
carcinoma; drug screening [118]

Endocrine gland Adrenal Organoids Physiologic adrenal remodeling;
pathologic alterations [125]
Endocrine gland Uterus Two-dimensional patterns;  Angiogenesis and hormone response;
microfluidics simulate the proliferation and
secretion of menstrual cycle [126]
Endocrine gland Gonad Organoids Human gonad development [127]
Endocrine gland Thymus Organoids; three -dimen- Reconstitution of a functional human
sional scaffolds thymus [129]
Exocrine gland Liver Organoids; microfluidics Hepatic fibrosis models [135]
Exocrine gland Salivary Organoids Model SARS-CoV-2 infection and
replication [108]
Exocrine gland Sebaceous Three-dimensional scaffolds; Skin biology; model disease [138]
organoids
Exocrine gland Sweat gland Three-dimensional scaffolds; Recapitulated damaged skin [139]
organoids
Exocrine gland Mammary gland Organoids Breast cancer [140]

Three-dimensional scaffolds

Branching and alveologenesis of
mammary gland [141,142]

confirmed through enzyme-linked immunosorbent assay dur-
ing in vitro experiments.

Adrenal gland

In recent years, although researchers had gained much progress
about human adrenal development and function from human
(genetic) disease, the studies in adrenal gland have been ham-
pered due to its distinctive structure and functions [124-126].
Only higher primates like monkeys share a similar structure
and function of the adrenal cortex to humans, whereas rodents
exhibit marked structural and functional differences. Therefore,
there are many limitations when using animals such as mice
as models for building in vitro models. Much of the current
knowledge about adrenal development comes from mouse
models, yet we still do not understand the intricate details of
fetal adrenal development and function. According to existing
studies, the adrenal gland is a polyendocrine organ with a mes-
enchymal cortex producing steroids and an endocrine medulla
producing catecholamines of neuroendocrine origin [127-129].
Supported by a pool of stem/progenitor cells, this gland has a
strong regenerative capacity, enabling it to maintain physiolog-
ical regulation and meet hormonal demands.

Until now, benefiting from the single-cell sequencing tech-
nologies, spatiotemporal gene expression profiling of human
fetal material has provided additional insights into develop-
mental pathways. Besides, it is also a hot topic to construct
in vitro models by combining various biomaterials and repro-
grammed hiPSCs. Poli et al. [130] have created an adrenal gland
model using fetal adrenal specimens from various gestational
cycles. These cells demonstrated the ability to maintain their
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developmental processes in vitro and expressed markers indic-
ative of primitive fetal organs, including the zona pellucida.
Additionally, the cells spontaneously organized into 3D organ-
oids with structural similarities to fetal glands. While this in vitro
human adrenal system is preliminary in nature, it represented
a unique opportunity for investigating the pathophysiological
mechanisms underlying rational adrenal remodeling, organ

hypoplasia and hyperplasia, and cancer.

Gonad

Prior knowledge about human gonads was largely obtained
through histological analysis of tissue sections. Recently,
Yamaguchi et al. [120] (Fig. 6A) used modeled slices of human
endometrial tissue to study its morphology using 3D immuno-
histochemistry and layer analysis. Their findings showed that
endometrial glands formed a tufted network in the basal layer
and extended horizontally along the muscle layer. This in vitro
approach can be used to assess uterine diseases such as adeno-
myosis and observe the affected tissue's 3D morphology. However,
conducting research on human embryonic gonads is hindered
by ethical and legal constraints and limited tissue availability.
To overcome these limitations, in vitro models using stem-cell-
derived gonads are needed to further explore the mechanisms
underlying the development of gonads, the appearance of distinct
cell types, and the shaping of tissues.

Human pluripotent stem cell (hPSC)-based organoids are
3D structures that mimic the complexity and functionality of
human organs and tissues. These structures have shown great
potential for constructing developing organs and tissues, as
well as for modeling human diseases. In recent years, hPSC
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Fig.5.(A) The basic structural units of the thyroid gland and its hormone synthesis process [121], Copyright 2022, Terms. (B) Strategy for thyroid follicle differentiation [122],
Copyright 2022, Springer Nature. (C) Immunostaining revealing thyroid differentiation and cellular tissue changes [122], Copyright 2022, Springer Nature. (D) On the 58th
day of the differentiation protocol, visual insights were captured through confocal immunofluorescence images [122], Copyright 2022, Springer Nature.

organoids have emerged as a powerful tool for studying the
early stages of human reproductive development. With specific
culture conditions, hPSCs can differentiate into different cell
types, including those that form the gonads. This offers a unique
opportunity to study the pathways that lead to the formation
of male and female reproductive organs. Pryzhkova et al. [131]
(Fig. 6B) presented a novel approach to studying tissue and
organ development in vitro using 3D organoid technology of
hPSCs. The researchers used suspension bioreactors to culture
hPSC organoids, which allowed them to simulate the early
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stages of human reproductive development. The organoids
were able to self-organize and differentiate into cells that
express characteristic gonadal markers, indicating the potential
of organoid technology for simulating gonad development. In
addition, the researchers studied the influence of vascular cells
on testis-specific tissues and successfully detected Hedgehog-
BMP regulatory signals. This is important because these signals
play a critical role in gonad development. The results showed
that activated cells expressing tissue-specific morphogenesis
also emerged in culture, indicating that the organoid technology


https://doi.org/10.34133/research.0232

Research

Autofluo

Luminal epithelium,

aW""”'ﬁ

ve phase

( lands

Myametnum

Endometrium

Stroma. anglngm\l',

iannel (SC

Media channel 2 (MC2)
D1
’f) Endometrial
Y / - epithelial [
WN cells

Blood vessel
Endometrium-on-chip

After CUBIC

Media channel 1 (MC1)

D10-D16

== Endothelial cells
BB Tubules

W WT1+ cells

- SOXD+ colle e Steroidogenic cells,

DAyt Days . . Days
ST UTay kit T
A A i

e ! Ny RS

Fig. 6. (A) E2-targeted patient. (i) Site of human anatomy, and clearing performance of E2-targeted human anatomy, and specific clearing performance. (i) 3D images of
tissue from subject E2. (iii) Histologically enlarged 3D image reveals a large amount of glandular and luminal epithelial skin layer. (iv) Microscopic H&E-stained image and
double-layered image comparison after tertiary cleaning [120], Copyright 2021, Elsevier. (B) Indicative and representative images of the growth process of medial organs in
along-term period [131], Copyright 2022, Springer Nature. (C) Overview of membrane microenvironmental indicative images [132], Copyright 2022, Oxford University Press.

is capable of simulating complex organogenesis. The ability
to study the development of human reproductive organs using
hPSC organoids has important implications for understanding
the underlying mechanisms of reproductive disorders and
for developing new therapies to treat them. In the future, this
technology could also be used to generate transplantable tissues
and organs for patients who require them.

The precise role of cervical epithelium in maintaining cervi-
cal integrity during infection and inflammation in gynecological
diseases remains poorly understood. To investigate cell-cell
interactions, Ahn et al. [132] (Fig. 6C) developed an endocer-
vical epithelial organ-on-a-chip (EOC). The system consisted
of 2 co-culture chambers connected by microchannels, allowing
for the recapitulation of both endocervical and epithelial struc-
tures. Furthermore, the team evaluated the interactions between
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cells from different regions, together with their influence on
maintaining cervical integrity in response to inflammatory stim-
uli. Co-culturing of extracervical and endocervical cells facili-
tated the migration of both types of epithelial cells within
the microchannels. In comparison with the untreated control
group, the inflammatory factor stimulation group demonstrated
increased apoptosis, necrosis, and senescence of cervical epi-
thelial cells, as well as increased production of pro-inflammatory
cytokines. The EOC system serves as an in vitro model that
mimics the exocervical and cervical epithelial regions of the
cervix, which has the potential to be a powerful tool for research
in obstetrics and gynecology. For example, it can be used to
study cervical remodeling during pregnancy and childbirth, as
well as the dynamics of cervical epithelial cells in benign and
malignant lesions of the cervix.
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Thymus

The thymus is a major lymphoid organ located in the upper
mediastinum above the heart, which generates a diverse pop-
ulation of T cells to protect the body from pathogens (Fig. 7A)
[133]. Campinoti et al. [134] used an engineered approach to
generate in vitro thymic scaffolds in which the hematopoietic
and functionalized fractions were hPSCs (Fig. 7B). The research-
ers created a scaffold composed of 2 cell types that can be expanded
in a lab setting for extended periods. By combining thymic
stromal cells and decellularized thymic ECM, they were able to
reconstruct the thymus' natural anatomical surface. This struc-
tural modification enhanced T cell function and promoted the
development of mature T cells in immunodeficient mice after
transplantation. To summarize, constructing these in vitro
models has practical implications for treating both innate and
acquired immune diseases.

The development of thymus-based drugs for immune dis-
eases is an emerging field. While xenogeneic animals are com-
monly used in preclinical research and drug discovery to mimic
the human immune system, crafting operational human T cell
compartments in experimental settings presents challenges due
to variations between human and mouse thymus tissue. While
transplanting human fetal thymus tissue into mice has shown
potential for fostering robust T cell development, constraints
related to tissue availability and ethical considerations hin-
der its widespread application. A recent investigation led by
Zeleniak et al. introduced an alternative strategy involving
human thymic organoids generated from induced pluripotent
stem cells (iPSC-thymus). These organoids facilitated the
efficient generation of substantial functional human T cell
populations, capable of dampening humoral immune reactions,
including inflammatory responses stemming from T cell recep-
tor interactions (Fig. 7C) [133]. The authors outlined the fea-
sibility of T-cell-mediated personalized immunotherapy based
on individual patients. With further protocol refinement, it is
possible that artificial thymuses could be bioengineered from
patients' own iPSCs to treat immunodeficiency diseases in
the future.

Exocrine gland

Liver

Metabolic diseases are becoming a major threat to health in
modern society. In particular, the emerging obesity problem
also reflects the increase of metabolic diseases, which is usu-
ally associated with abnormal liver metabolism [135,136].
Although the metabolism of different types of cells at the tissue
level has been reported in succession, the specific structure
and spatial morphology of many cells and organelles may also
be related to metabolism at the single-cell or even subcellular
level [137]. The latest research shows that the subcellular struc-
ture of the liver is quite different under the conditions of health
and obesity, where structural regulation may be a prerequisite
for metabolic programming [108]. For example, studies have
shown the effect of increased endoplasmic reticulum tablets
on the metabolism of obese mice (Fig. 8A) [138]. The meta-
bolic factor that produces obesity is insulin resistance, which
may cause serious lipid buildup in the liver, disrupting normal
liver metabolism. Researchers have developed liver organ
models using a variety of stem cell types, including adult stem
cells, primary stem cells, and hPSCs. These platforms provide
new opportunities to analyze the potential mechanism of met-
abolic diseases and develop personalized drugs.
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In addition to obesity, high levels of alcohol consumption
would lead to the prevalence of alcoholic liver disease that
involved changes in liver function. To prevent this, inhibiting
the process from fatty liver to fibrosis to cancer is also a thorny
problem. Cho et al. [139] developed a liver-on-a-chip platform
using bioengineered multicellular liver microtissues (Fig. 8B and
C), incorporating 4 major types of hepatocytes (hepatocytes,
endothelial cells, Kupfter cells, and stellate cells) to model human
liver fibrosis resulting from nonalcoholic fatty liver disease
(NAFLD). By including stellate cells in a fat-supplemented liver-
on-a-chip model, they were able to observe elevated inflamma-
tory responses and upregulation of fibrotic markers. This model
provides a more natural representation of the pathology and
chronology of disease compared to the transforming growth
factor-induced liver fibrosis model, which can help in better
understanding the mechanism of liver disease fibrosis progres-
sion and identifying new drug targets.

Salivary

As the branching process occurs, the ECM composition under-
goes regional variation and plays a direct role in the maturation
of salivary glands (Fig. 9A) [140]. Saliva has many essential
functions, including helping to secrete digestive juices and
maintaining human health through the secreted water, mucus,
electrolytes, antimicrobial compounds, and various enzymes.
As the first line of defense against many pathogens that enter
through oral defenses, saliva can indicate a person's clinical
condition. Researchers have employed various tissue engineer-
ing approaches to restore salivary secretion (Fig. 9B) [16], such
as self-organization, low-adhesion culture plates, and 3D cul-
ture systems, to generate functional salivary gland organoids.
Designing a fully functional salivary gland requires complex
interactions between various cell types, including acini, ducts,
and myoepithelial cells, as well as providing appropriate hor-
monal stimulation and vasculature to the gland. Therefore,
engineered salivary glands must contain unique components
and functions. For this purpose, understanding the mecha-
nisms leading to the loss of secretion and involvement in the
regeneration of functional organs remains the focus of current
and future research.

It is anticipated that organoid culture models will prove
suitable for in vitro demonstrations of coronavirus infection of
salivary glands. Salivary glands are known to serve as reservoirs
for various infectious diseases and have been identified as tar-
gets of severe acute respiratory syndrome coronavirus. To this
end, Tanaka et al. [141] had successfully generated functional
salivary gland organoids from hiPSCs by modifying the method
used to induce organoids of salivary glands originating from
mouse embryonic stem cells (Fig. 9C). These hiPSC-derived
salivary gland organoids exhibited specific cell lineages, mor-
phological characteristics, and physiological functions charac-
teristic of salivary glands. The researchers had confirmed that
coronavirus can infect and replicate within these salivary gland
organoids. The in vitro model developed in this study provides
a promising approach to investigate the salivary gland's role as
a viral reservoir. hiPSC-derived salivary gland organoids, in
particular, are a valuable tool for this purpose.

Sweat and sebaceous glands

The skin, being the largest and outermost organ of our body,
plays a crucial role in protecting our body from external harms.
This protective function is supported by its appendages, including
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Did-labeled CD34" TECs and DiR-labeled iPSC-TECs changed within 10 days of culture [133], Copyright 2022, Springer Nature.
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[139], Copyright 2021, Wiley-VCH. (C) On the 4th day, the representative confocal images of bioengineered multicellular liver microtissues (BE-MLMs) among the groups and

the corresponding measurement scores of each cell type contained in BE-MLMs composed of 4 different types of cells [139], Copyright 2021, Wiley-VCH.

hair follicles, sebaceous glands, sweat glands, and others (Fig.
10A) [142]. To date, the primary focus of in vitro skin-derived
strategies has been on generating keratinocytes and fibroblasts
from distinct cultures and then combining them to form a
skin-like bilayer. Regrettably, these models fail to consider the
inclusion of glands, which severely limits their biological and
structural features. Consequently, designing a complete human
skin model capable of generating all components, including
appendages, continues to pose great challenges for the scien-
tific community.

The sebaceous glands play a vital role in the skin's protective
function by secreting oil into the ducts at the hair follicle junc-
tion, which aids in preventing water loss from the interfollicular
epithelium and contributes to thermoregulation. To construct
sebaceous glands, Lee et al. [142] have outlined a compre-
hensive procedure for cultivating hPSC populations into 3D
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in vitro culture systems, resulting in the development of hairy
skin tissue (Fig. 10B). Through the implementation of precise
culture conditions, PSCs were effectively directed to undergo
differentiation into surface ectoderm. This ectoderm then gave
rise to the epidermis and dermis within individual organoid
units. With extended incubation, these skin organoids also
proceeded to generate hair follicles. In the late stages of devel-
opment, the skin organoids exhibited a highly biomimetic and
complex structure, even including sensory nerves, and formed
a cell composition and structure similar to fetal skin tissue at
around 5 months. These skin organoids can be maintained
in culture for up to 6 months. Additionally, they captured
phase-contrast images of hair follicles in striking mouse skin
organoids at different differentiation time points. Using these
images, they were able to measure and quantify the length of
the prominent pilosebaceous unit. This breakthrough makes
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Fig.9.(A) Schematic diagram of branching morphogenesis of salivary gland [140],
Copyright 2022, Springer Nature. (B) The mRNA expression in gingiva confirmed by
using gingival tissue sections of healthy volunteers [16], Copyright 2022, Springer
Nature. (C) Transmission electron microscope images of uninfected (simulated) and
infected HISGs. The vesicles in the infected cells are filled with virus particles. On
the right is the 50% tissue culture infectious dose (TCIDs,) detection of SARS-CoV-2
[141], Copyright 2022, Springer Nature.

organoids a useful tool for studying basic skin biology, model-
ing diseases, and reconstructing or regenerating skin tissue in
the future.

Patients with large skin defects often face challenges because
of the limited number of stem cells present in the wound bed,
which makes it difficult to form sufficient sweat glands. However,
great progress has been made in patient-specific glandular tissue
engineering by utilizing reprogrammed cells for regenerative
therapy. In this regard, Sun et al. [143] presented a novel strategy
for constructing human skin sweat glands in vitro (Fig. 10C).
Initially, the researchers induced the expression of specific sig-
nals in human epidermal keratinocytes (HEKs) by binding them
to a specific sweat gland medium, which efliciently converted
the HEKs into sweat glands cells. These sweat glands cells exhib-
ited the characteristic morphology, gene expression patterns,
and functions similar to primary human sweat gland cells.
Subsequently, sweat gland organoids with native sweat gland
structure and biological properties were obtained by culturing
sweat glands cells in a unique 3D culture system. Finally, these
in vitro constructed sweat glands were successfully transplanted
into a mouse skin injury model and developed into fully func-
tional sweat glands in vivo. The regeneration of functional sweat
gland organoids from reprogrammed HEKSs represents a great
advancement in personalized sweat gland regeneration and
highlights the enormous translational potential of this approach
for treating large skin defects.

Mammary

The morphological changes of mammary cells involve the
occurrence of branching morphology, the formation of polar
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acini, etc. In vitro models have enabled the study of these phe-
nomena, revealing the crucial role of different culture sub-
strates in shaping the resulting morphologies (Fig. 11A, i and
ii) [144]. For instance, mammary epithelial cells cultured in
common matrigel tend to form acinar structures, whereas
highly oriented collagen promotes elongation and branching
morphogenesis of mammary ducts through the mechanical
anisotropy generated by the fibrous domains. These observa-
tions were further supported by a micropatterning method
developed by Nelson et al. in 2004. They determined that it is
the geometry of the tubules that determines the location of
the branches, while the sites with the lowest concentrations
of local autocrine growth factors do not inhibit mammary
morphology (Fig. 114, iii and iv) [145]. To delve deeper into
this phenomenon, Buchmann and colleagues employed mod-
els involving floating, attached, and partially detached colla-
gen gels. These models were utilized to investigate the influence
of the ECM on the morphogenesis of mammary epithelial cells
(Fig. 11B) [146]. Their investigation unveiled a spatially and
temporally controlled orchestration of epithelial morphogen-
esis within 3D collagen gels. Within this context, collagen
emerged as a pivotal factor in the initiation of mammary duct
formation and branching. Intriguingly, human mammary epi-
thelial MCF10A cells embedded in collagen displayed acinar
and tubular structures exclusively when the gel disengaged
from the culture wells, facilitating cellular contraction. In stark
contrast, MCF10A cells nurtured within attached gels adopted
a sheet-like arrangement, reminiscent of epithelial cell struc-
tures grown on plastic surfaces, rather than those encountered
within breast tissues. These findings emphasize the impor-
tance of carefully choosing culture substrates and geometry
in in vitro models to accurately recapitulate mammary gland
morphogenesis, providing valuable insights into the underly-
ing mechanisms of this complex process.

The use of organoid technology has enabled the generation
of ample quantities of breast cancer organoids, while human
mammary epithelial cells can be cultured as organoid cultures
without requiring immortalization. 3D in vitro cell culture
models have been employed to deconstruct the structural and
functional mimicry of mammary epithelial tissue. In a recent
study by Rosenbluth et al. [144], it was observed that mammary
epithelial cells exhibited self-organization into multiple struc-
tural types within organoid cultures. Plenty of the structures
were observed to be acinar, possessing a lumen that was either
isolated or associated with budding organoids. Additionally,
solid spheres were also detected alongside branched tubular
structures. The occurrence of branching or budding structures
was noted in only 1 out of 102 organoids. The latter was seen
predominantly in early passages, becoming less frequent with
repeated dissociation and extended growth. Luminal cells, basal
cells, or a combination of both cell types were found to be
present within the organoids, indicating that the culture retained
both basal and luminal cells.

Biomechanical factors, specifically stiffness, play a crucial
role in limiting organoid generation. Epithelial cells struggle
to form round and polar acinar structures in a 3D environment.
Furthermore, differences in the spatial distribution of acini and
ducts within the gel in matrices with differences in stiffness sug-
gest that mechanical factors also influence the formation of
mammary cell morphology (Fig. 11C and D) [147]. Collagen
fibrous organization also contributes to epithelial morphogen-
esis, with cells most likely organizing collagen fibers by applying
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Fig.10. (A) The process of skin development in the body. The ectoderm produces the final germ layer, ectoderm, mesoderm, and endoderm [142], Copyright 2022, Springer
Nature. (B) (i) Representative image of dermal condensates and dermal papillae. (i) Representative immunohistochemistry images of skin organs on day 140. (iii) A depicted
dark-field snapshot of skin organs derived from 125WA25hesc origin (left) and (iv) a perspective of human fetal facial skin tissue at 18 weeks (right). (v to vii) Noteworthy
whole-mount immunostaining visuals of hair follicles encompassing dermal papilla and melanocytes on the 85th day. (viii) MITF also marked outer root sheath (ORS) fluid
to counteract melanocytes onto epithelial cells. (ix) A comprehensive illustrative image capturing whole immunostaining of hair follicles within skin organs on the 110th day
[142], Copyright 2022, Springer Nature. (C) lllustrated depiction outlining the procedural journey. The starch-iodine sweat test, conducted on the paw skin of mice subjected
to heat injury, revealed a distinctive reaction solely in the paws of mice that had been treated with sweat gland organoids. This reaction became evident on the 21st day post-

transplantation [143], Copyright 2021, Wiley-VCH.

traction in early stages. This differentiated fibrous organization
ultimately controls the formation of ductal or acinar structures
by determining epithelial morphology. While the progression
from tubular ducts to terminal spherical acini is a widespread
occurrence in the developmental journey of advanced organ-
isms, the mammary gland stands out as a unique illustration. It
relies on distinct hormonal triggers across various developmen-
tal phases to orchestrate alterations in acinar configuration. This
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transformation, at its core, stems from a localized shift in intra-
cellular tension within evolving human mammary organoids—
shifting from anisotropic to isotropic tension. The morphological
shift in alveolar generation within these organoids can be com-
prehended as a sprouting instability set in motion by a reduction
in tension anisotropy. This intricate mechanism operates as
a comprehensive feedback loop, ultimately influencing tissue
shape through the lens of hydrodynamics.
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Fig.11.(A) (i and ii) Organoids stained with actin (red) and cysteamine pase3 (green) to show lumen clearance, or CK8 (green), CK14 (red), actin (white), and DAPI (blue) [144],
Copyright 2021, Springer Nature. The culture image of (iii) multiple types of organ structure, Copyright 2021, Springer Nature, and (iv) breast branching morphology, Copyright
2004, Science. (B) (i) lllustration depicting the 3D culture framework; (ii) solitary primary human basal mammary epithelial cells were nurtured within a buoyant collagen
gel environment in different times [146], Copyright 2021, Springer Nature. (C) (i) Alterations in displacement field due to cutting; (i) organoids cultured within fluorescent
collagen exhibit complete encirclement by a compacted collagen layer; (iii) for the purpose of delineating branch morphology, the introduction of the shape index («) arises,
characterized by axial and circumferential curvature [147], Copyright 2021, Springer Nature. (D) The observation of cellular dynamics during the formation of acini showed
that the rotation was limited to the far end in space and was related to the position of the new alveoli [147], Copyright 2021, Springer Nature.
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The Application of Biomimetic Gland Models

Biomimetic gland models have important potential for both
basic and applied research. They replicate the intricate struc-
tural and functional characteristics of native glandular tissue,
providing crucial insights into the cellular and molecular mech-
anisms governing gland development, function, and disease
[148,149]. Specifically, they are useful for investigating the
impacts of environmental factors, genetic mutations, drug
treatments, toxins, pathogens, and other stressors on gland
function [150]. Recent advancements in microfluidic systems
and organ-on-a-chip technologies have introduced new bioin-
spired engineering approaches to miniaturize these interfaces.
These advancements facilitate meticulous in vitro investiga-
tions into the orchestrated interplays among parenchymal and
stromal cells within controlled surroundings. The progress in
biomimetic engineering offers new prospects for studying glan-
dular tissue and its complex interactions with the microenvi-
ronment in vitro, which can improve our comprehension of
glandular development, function, and disease. Furthermore,
these models are valuable for screening potential therapeutic
agents for glandular diseases such as cancer, diabetes, and
endocrine disorders, as well as for studying complex signaling
pathways and crosstalk between different cell types within glan-
dular tissue.

Modeling diseases

Animal models' inability to accurately predict treatment
responses in humans raises concerns about their use in basic
research. During the COVID-19 pandemic, researchers devel-
oped in vitro physiological models to replicate the effects of
the SARS virus on various organs and glands [151]. Yang et al.
[152] utilized directed differentiation of hPSCs to generate
pancreatic endocrine cells and other organoids representing
all 3 germ layers (Fig. 12A). Infected hPSC-derived pancreatic
endocrine cells exhibited upregulation of apoptosis-associated
genes and downregulation of cell survival-associated genes in
response to SARS infection. The results suggested that SARS-
CoV-2 induced chemokine induction in pancreatic endocrine
cells, similar to what is observed in COVID-19 postmortem
samples. The researchers also successfully infected primary
human organoids mainly composed of cholangiocytes with
SARS, providing evidence of the model's efficacy in studying
the effects of diseases on human organs. Thus, this study suc-
cessfully established an in vitro biomimetic gland model for
investigating the impact of diseases on human organs, miti-
gating the issue of relying solely on animal models in basic
research.

The mammary gland, a notably dynamic and well-vascularized
tissue undergoing subsequent transformations in both regular
developmental processes and disease conditions, demands a
thorough examination of the intricate interplay between epi-
thelial cells and the vascular system at the molecular and cel-
lular levels. Co-culturing glandular epithelial cells with other
cell types, such as stromal or endothelial cells, can provide
researchers with a more comprehensive understanding of the
complex interplay among these cell types and their contribution
to glandular function. Kutys et al. [153] developed a 3D micro-
fluidic platform that allows for the co-culture of human mam-
mary ducts and perfused endothelial vessels (Fig. 12B and C).
The framework faithfully replicated the consistent structural
attributes of natural mammary tissue and its capacity to engage

Linet al. 2023 | https://doi.org/10.34133/research.0232

in diverse manifestations of branching morphogenesis. Using
this system enables the simulation of mutations in specific dis-
ease signaling pathways, facilitating the observation of dramatic
differences in morphogenetic and behavioral outcomes. Unlike
traditional 3D acinar models where cells aggregate to form
empty acini that undergo apoptosis, the recently devised plat-
form stands apart. It adeptly captures the evolution and invasive
tendencies of mammary epithelial cells across different devel-
opmental stages. This innovation provides a visual avenue for
tracking alterations in cellular and tissue arrangements, the
dynamics of tissue branching and invasion, and the functional
transformation of the vasculature. Impressively, the model
accurately reproduces distinct morphogenetic phenotypes in
response to specific soluble growth factors, mirroring real-
world observations and other systems. While the partial apical
maturation of MCF10A cells might contribute to these out-
comes, the exclusive morphogenic responses tied to growth
factor sensitivity hint at an inherent diversity within mammary
gland morphogenesis, further enriching our grasp of mammary
gland development and the mechanisms governing its control
in various diseases.

Drug screening

Advances in high-throughput screening for drug toxicity, drug
response, and metabolic disease have been facilitated by the
development of functional human stem organoids [154]. The
in vitro gland model provides a valuable tool for evaluating
the efficacy and toxicity of drugs, especially those that may
affect glandular function [155-157]. Traditional cell culture
systems lack the complex interactions and functional charac-
teristics of native tissues, making them unsuitable for drug
evaluation [158]. Engineered in vitro gland models, on the
other hand, aim to recapitulate the architecture, cell compo-
sition, and functional properties of glandular tissues in a con-
trolled laboratory setting. For instance, the lack of liver biopsies
from patients with liver diseases, as well as suitable cell and
animal models, hampers targeted drug strategies for corre-
sponding diseases. As mentioned before, hepatic organoid
systems have become attractive models for preclinical or clin-
ical drug screening due to their similarity to liver tissue and
their ability to screen drug effects on liver phenotypes before
testing in patients [159-161].

Reduced salivation is a common side effect of various med-
ications, which can be worsened by co-administration of mul-
tiple drugs. Additionally, radiation-based cancer therapies can
lead to permanent loss of saliva, with a side effect of permanent
impairment on salivary gland function. However, there is
currently no appropriate in vitro model for conducting sal-
ivary gland experiments within normal radiation dose ranges.
Additionally, formulating defensive strategies to avert the swift
decline of the secretory acinar cell phenotype during cultivation
has been a focus. To address this challenge, Song et al. [162]
introduced a modular salivary gland tissue chip platform (Fig.
13A), which maintained the secretory acinar cell phenotype
in vitro and provided a controllable microenvironment for
long-term cell culture. These chips have been utilized for radi-
ation response studies and for screening radioprotective drugs
to alleviate xerostomia. Importantly, this methodology stands
independent of stem cells or iPSCs, given that protocols for
deriving salivary gland cells from iPSCs are still in the devel-
opmental phase. The outcome of this endeavor is a salivary
gland tissue-on-a-chip system, which proves invaluable for
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Fig.12.(A) (i) Confocal imaging of SARS-CoV-2 virus infected 24 h post-infection in adult hepatocyte-like organs. (ii) Confocal imaging of human bile duct cell-like organs when
SARS-CoV-2 virus infects 24 h post-infection [152], Copyright 2021, Springer Nature. (B) (i) Schematic diagram of engineering mammary gland construction composed of
2 types of cells (endothelial cells and lumen cells). (ii) A micrograph presenting the maximum intensity projection of the combined suture situated at the base of the tissue
within the mammary epithelial duct (displayed in cyan, representing adiponectin) and neighboring vessels (depicted in green, also representing adiponectin) [153], Copyright
2021, Springer Nature. (C) The structural gradient orchestrated by growth factors via non-cellular vascular conduits [153], Copyright 2021, Springer Nature.

conducting extensive and detailed screenings. Its application
extends to mechanistic investigations and drug evaluation.
Parathyroid disease is a pathological condition characterized
by abnormal calcium homeostasis and disturbances in para-
thyroid hormone secretion. The use of in vitro models may
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facilitate targeted therapy of parathyroid disease. In one study,
Noltes et al. [163] created human parathyroid organoids to
mimic human parathyroid tissue (Fig. 13B). Various organoids
have been obtained by isolating and culturing glandular cells.
The model demonstrates responses and correlated responses
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to changes in calcium concentrations and drug treatments.
Under normal physiological conditions, parathyroid hormone
secretion is negatively regulated by increased extracellular cal-
cium levels. When exposed to high levels of calcium, human
parathyroid organoids showed a significant reduction in para-
thyroid hormone secretion, compared to normal culture con-
ditions. Subsequently, when human parathyroid organoids
returned to basal calcium levels, a significant increase in par-
athyroid hormone secretion was observed. These findings
suggest that human parathyroid organoids have a complete
functional response. To assess the usefulness of patient-derived
human parathyroid organoids in testing new therapeutic tar-
gets, validated therapeutic compounds were used to assess drug

g 4

PEG 4 arm-NH-Norbornene MMP-degradable

crosslinker

A % LAP initiator
v

effects on human parathyroid organoid secretion. The results
demonstrated that parathyroid hormone secretion was signif-
icantly reduced in parathyroid organoids with the treatment
of various concentrations of cinacalcet compared to dimethyl
sulfoxide controls. Additionally, the parathyroid organoids
effectively recreated the genetic and protein profiles of the
native tissue. This model provides a useful tool for investigating
potential therapeutic targets and imaging agents for parathyroid
diseases.

Tissue regeneration
The in vitro construction of glands for tissue regeneration is a
promising approach for addressing glandular dysfunction

~5 mW/cm?
365 nm

Polymerization

MB seeding

WR1065

Fig.13.(A) Images of (i) isolated acinar cell clusters, (i) immunofluorescence staining images with arrows indicating the striated duct complex, (iii) image of microbubble chip,
and (iv) a cross-sectional depiction capturing the singular microbubble. (v) An illustrative diagram outlining the encapsulation of hydrogel within the chip configuration [163],
Copyright 2021, Springer Nature. (B) (i) Prolactin-inducible protein immunohistochemical staining on day 0 and day 14, and (i) immunohistochemical staining of amylase (Amy1)
on day O and day 14; (iii) IHC staining showed the effect of irradiation and (iv) amifostine thiol on DNA damage (p53-binding protein) [163], Copyright 2021, Springer Nature.
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caused by injury, disease, or aging [164]. One approach to glan-
dular tissue regeneration is tissue engineering techniques, which
involve the combination of cells, scaffolds, and signals to create
functional tissue substitutes [165]. Tissue engineering glands
incorporate the isolation and expansion of glandular cells, fol-
lowed by the seeding of these cells onto a scaffold that mimics
the architecture of the native gland [166]. The scaffold can be
made from natural or synthetic materials with a design to pro-
vide mechanical support [167], promote cell adhesion and
proliferation, and allow for the exchange of nutrients and waste
products [168]. Several studies have successfully employed tis-
sue engineering to regenerate different types of glands, includ-
ing salivary glands, lacrimal glands, and mammary glands
[169]. For example, researchers have used 3D printing technol-
ogy to create customized hydrogel scaffolds that promote the
formation of functional acinar units in cultured human salivary
gland cells. Other approaches have involved the use of decel-
lularized glandular tissue as a scaffold, which provides a natural
microenvironment for seeded cells to regenerate functional
glandular tissue.

In the field of tissue engineering, the reconstruction of
appendage skin in both cultured cells and bioengineered trans-
plants has shown promising results, particularly in the use of
in vitro gland construction. The researchers developed a model
to study how different glandular structures in human skin
change during development (Fig. 14A) [170]. Among them, the
hair follicle models can reproduce the same change process of
hair follicles with that of human development. In addition, these
cutaneous organs are periodically distributed throughout the
epidermis, indicating the retention of accessory structure pat-
terning mechanisms (Fig. 14B) [170]. However, after about
150 days of cultivation, accumulation of epithelial cells in the
central part of the skin organ and abnormal morphology of hair
follicles were observed, suggesting that this time point may rep-
resent the limit of skin organ cultivation. Implanting constructed
skin organoids with hair into incisions on the backs of nude mice
showed that 55% of the xenografts developed hair, although
about 22% did not develop sweat glands. Nonetheless, skin organ
models can be used to simulate a range of genetic skin diseases
and cancers, providing a more complete tissue-engineered skin
model for drug screening. In addition, by manipulating other
cell lineages, these skin organoid models could be used to rec-
reate skin tissue in burn or wound patients.

The majority of tear secretion, pivotal in preserving the sta-
bility of the ocular surface, is attributed to tear glands. Despite
this, there remains limited insight into the diverse cell makeup
and origins of tear fluid components. To enhance our compre-
hension of lacrimal gland disorders and unlock the prospects
of regenerative therapies, it becomes imperative to cultivate fully
developed human lacrimal gland epithelial cells. Addressing
this need, Bannier-Helaouet and collaborators successfully ini-
tiated the development of lacrimal gland ductal organoids using
both mouse and human tissue samples. Notably, these orga-
noids demonstrated responsiveness to neurotransmitter stim-
ulation and exhibited post-transplantation expansion (Fig. 14C)
[171]. Tissue and organoid analysis through single-cell nRNA
sequencing has brought to light the intricate cellular diversity
within the lacrimal gland. This newly created organoid system
stands poised as a potent screening tool for identifying agents
that induce tear flow, given its propensity to elicit water secre-
tion upon neurotransmitter exposure. However, it is important
to note that the current organoid model predominantly mirrors
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the ductal segment of the tissue. To attain a more comprehen-
sive grasp of acinar cell regeneration, further enhancements are
requisite, particularly in the development of organoids derived
from acinar cells. In vitro construction of glands for tissue
regeneration shows promise as an approach for the treatment
of glandular dysfunction. By combining tissue engineering tech-
niques with advances in stem cell biology and biomaterials,
researchers can create functional glandular substitutes that may
one day be used to restore glandular function in patients with
various glandular disorders.

Bioreactor

In vitro glands can be utilized in bioreactor systems to produce
large quantities of functional glandular tissue for research, drug
discovery, and therapeutic applications. Bioreactors provide a
controlled environment in which cells and tissues can be cul-
tured under conditions that mimic the in vivo microenviron-
ment. One application of in vitro glands in bioreactors is in the
production of glandular secretions for use in drug development
and testing. For example, salivary glands can be cultured in
bioreactors and stimulated to produce saliva, which can then
be collected and used to test the efficacy of drugs designed to
stimulate or inhibit salivary gland function.

The mammary gland bioreactor uses the mammary glands
of transgenic animals to express genetically engineered medic-
inal proteins. It is currently the most widely used animal
bioreactor with the most in-depth research, the most foreign
protein production, and the earliest approval for commercial
production in the world. The salivary glands of animals have
the potential to be highly efficient bioreactors, because they can
synthesize and secrete a variety of bioactive proteins into
saliva throughout the animal's life. Salivary glands can specif-
ically express some important exogenous protein factors and
enzymes, such as nerve growth factor, so these exogenous target
proteins can be obtained from the saliva of transgenic animals
by constructing engineered salivary gland models. Zeng et al.
employed the pig salivary gland as a bioreactor, using trans-
formed pigs from gene editing technology. These transgenic
pigs specifically express and secrete functional growth factor
proteins at high levels in their salivary glands. Furthermore,
they developed surgical and non-surgical methods to efficiently
collect porcine saliva, and successfully isolated purified func-
tional growth factor proteins from the collected saliva and
confirmed their biological activities. This new approach to
animal medicine holds promise for improving human health
and biomedical research.

The snake venom gland, a specialized epithelial organ ded-
icated to toxin production, holds dual significance: not only
does it fulfill its toxin-producing role, but it also serves as a
valuable reservoir for identifying bioactive compounds with
potential in drug development. Each year, millions of people
endure snakebite-related complications. Nonetheless, snake
venom also stands as a prolific source of bioactive molecules,
acknowledged or potentially promising for therapeutic use.
Organ-like structures that closely resemble the snake venom
gland can be created from embryonic specimens or freshly
obtained glands of adult snakes via biopsies. Biopsies collected
from late-stage embryos, following removal from the egg, offer
a reduced risk of bacterial contamination during culture, as
opposed to organoids originating from early-stage adult snake
biopsies in the developmental stages of new organ-like struc-
tures. The protocol has been successfully applied using both
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late-stage embryonic and recently deceased adult snake glands.
The resulting organoids preserve the cellular diversity inherent
to the venom gland and can be manipulated concerning cell-type
composition by modifying the culture medium. Puschhof et al.
[172] offer a comprehensive guide on how to derive and nurture
these organoids, how to dissociate them into individual cells,
and how to freeze-preserve and steer their differentiation into
entities capable of toxin production (Fig. 15). Furthermore,
comprehensive instructions are included for carrying out essen-
tial downstream analyses, encompassing quantitative real-time
PCR, bulk and single-cell RNA sequencing, and immunofluo-
rescence and immunohistochemistry techniques.

Personalized medicine

Cancer is a complex disease with considerable variation in stag-
ing, genetic background, and molecular behavior [173]. As an
effective tool in capturing this heterogeneity, patient-derived
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organoids (PDOs) represent a more comprehensive model of
human disease than a single genetic summary, providing a
potential superior approach to clinical therapeutic decision-
making compared to genomic guidance [174,175]. Patient-
derived xenografts (PDXs) have been the specific model in
cancer drug discovery and personalized medicine for decades
[176]. They offer many benefits, including preservation of
clonal architecture within tumors over repeated passaging,
faithful recapitulation of patient drug response, and capture of
genetic diversity of patient tumor types [177]. However, PDXs
are both time-consuming and expensive, which greatly limit
their further applications [178]. By contrast, PDOs offer supe-
rior cost-effectiveness, higher establishment success rates, and
greater throughput. As larger-scale studies continue to establish
the potential of PDOs in predicting drug responses and cap-
turing patient heterogeneity, organoids are rapidly becoming
one of the most powerful tools in our arsenal for simulating
human physiology.
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Fig.15. (A) Isolating the venom gland tissue from late-stage embryos (approximately 5 days prior to hatching) under sterile conditions. (B) Capturing a bright-field image of
a diverse assortment of organs within the roughly 15-pl liquid droplet. (C) Presenting a well of a 24-hole plate alongside 3 liquid droplets of basement membrane extract from
above. (D) Displaying a merged immunofluorescence image. (E) Depicting animmunofluorescence image showcasing SOX2 (in red). (F) Offering a confocal microscope image
of F-actin (green, representative of stem protein) within the late embryo venom gland, followed by fluorescence insitu hybridization. (G) The color blue corresponds to DAPI,
while the color red corresponds to PDI (peptide disulfide isomerase), a vital protein for toxin folding, RNA [172], Copyright 2022, Springer Nature.

In recent years, preclinical breast cancer research has heavily
relied on cell lines to represent a complex and diverse disease
affecting millions of patients [179,180]. Despite being useful
for high-throughput screening, breast cancer cell lines have
limitations in capturing the full spectrum of breast cancer and
are not clinically relevant for individual patients. Addressing
this challenge, Sachs and colleagues have devised a remedy by
formulating culture parameters for human breast epithelial orga-
noids. Their efforts yielded a remarkable outcome: a collection
of more than 100 primary and metastatic breast cancer organoid
cell lines, effectively encapsulating the expansive spectrum of
the disease's diversity (Fig. 16A to C) [181]. Importantly, the
organoids exhibit no significant deviation from the original
tumors in any aspect, even after prolonged passage. Using
classical Cas9 gene editing, functional TP53 mutant clones
were generated in the mammary organoids, which were largely
retained. The breast cancer organoids managed to infiltrate all
important gene expression-oriented classification frameworks.
Moreover, they facilitated drug screening within an in vitro
setting and mirrored patient responses that aligned seamlessly
with outcomes observed in vivo, as corroborated by xenograft
experiments. To demonstrate the predictive potential of breast
cancer organoids, 2 organoid cell lines were selected and their
differential responses to drugs that block signaling were exam-
ined. The results showed that breast cancer organoids responded
to model drugs similar to in vivo models, successfully demon-
strating the feasibility of using organoids to mimic glandular
diseases.
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Other applications

In vitro gland models can be used to study the biology of cancer
and to develop new cancer therapies. For example, researchers
can use in vitro models of prostate glands to study how prostate
cancer cells interact with the surrounding tissue [182-184].
Interestingly, natural foods have shown potential in inhibiting
cancer, and glandular models can be used to quickly screen
their effects. For example, broccoli is a widely recognized veg-
etable for its nutritional value and chemoprotective potential
[185]. In vitro models have been used to evaluate the effects of
freeze-dried broccoli sprout extracts on normal and thyroid
tumor cells, as well as their anti-inflammatory and antioxidant
potential. To test the potential toxicity of broccoli sprout extract
on normal nonneoplastic thyroid follicular epithelial cells, a
preliminary in vitro assessment was conducted [185]. Results
showed that even after prolonged exposure for up to 72 h, broc-
coli sprout extract was not toxic to non-neoplastic thyroid cells.
This demonstrated the potential of broccoli sprouts to reduce
thyroid cancer cell viability and prevented associated inflam-
mation using an in vitro thyroid model.

Biomimetic bioartificial liver systems are emerging as a
potential solution for end-stage liver disease, providing an alter-
native to liver transplantation [186,187]. This technology is sim-
ilar to dialysis equipment for kidney disease patients, allowing
for the exchange and renewal of metabolic waste back into the
human body [188]. While still incomplete, this type of artificial
liver system can offer patients with a bridge to transplantation
for liver failure. Our team has developed a novel biomimetic
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selection, and the subsequent growth of clonal populations. (C) The schematic diagram shows the experimental setup of organogenesis from metastatic breast patients. The
response of patients to standard care (tamoxifen here) was recorded and compared with the invitro response (dose-response curve on the right side) of mammary organs

derived, respectively [181], Copyright 2018, Cell Press.

bioartificial liver system by integrating microparticles and hol-
low fiber tubes loaded with stem-cell-derived hepatocytes into
a miniaturized artificial liver platform [189]. This system mimics
the functional unit of the human liver, the hepatic lobule,
with microcarriers simulating the structure and semipermeable
microtubules simulating large blood vessels. Compared to planar
culture, experiments show that the cell retention rate on micro-
carriers is much higher and metabolic activity is enhanced.
Further miniaturization of the equipment scale is expected to
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lead to better results, ultimately achieving a complete simulation
of the human liver.

Conclusions and Future Perspectives

In conclusion, biomimetic glandular models especially the
glandular organoids have emerged as a powerful tool for reca-
pitulating both the structural and functional aspects of glands
in vitro. During the development process, stem cell research
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enables the utilization of ideal cell sources like patient-spe-
cific stem cells, while the microfluidic technique could pro-
vide a more realistic microenvironment for cell culture. Here,
we have reviewed the progress of engineering strategies for
accurate construction of gland models with similar structure,
function, and microenvironment features to that of actual
glands, from traditional 2D cell culture to novel organoid-
on-a-chip technology. Based on different glandular models,
their applications such as drug screening and disease mod-
eling have been presented.

The development of organoid chip platforms for modeling
glandular health and pathological phenotypes has been remark-
able. However, their further advancement has been hindered by
material complexity and safety concerns in their fabrication. The
traditional photolithographic silicon technology suffers from
the variability and inconsistency between different manufactur-
ing lots and on-wafer capping models produced in different
laboratories, while the commonly used polydimethylsiloxane
(PDMS) poses a challenge in simulating the ECM environment
of glands accurately. Therefore, it is essential to achieve a balance
between safety and the need to create scalable, cost-effective
commercial platforms, which may be realized by designing
materials that can sufficiently mimic the complexity of natural
substrates for controlling cell fate. Furthermore, to enable clin-
ical use, it is crucial to identify materials that are free of any
components derived from animals (Matrigel) and that can be
fully characterized.

One of the primary concerns surrounding the development
of gland models pertains to the creation of increasingly intricate
glandular structures. While current models predominantly
concentrate on relatively simple glandular tissues, such as the
mammary gland or salivary gland, researchers are currently
striving to fabricate more complex glandular tissue models,
such as those of the pancreas, thyroid, and pituitary. This aspi-
ration necessitates an accurate comprehension of the gland's
biological growth and development processes from a biological
perspective. Furthermore, a critical developmental domain is
the adept integration of microfluidic systems into gland models,
given their capacity to create more realistic tissue environ-
ments. The utilization of microfluidic systems enables researchers
to analyze the effects of physical forces and chemical gradients
on glandular tissues.

The utilization of 3D printing methods is expected to further
advance the field of in vitro gland model development. A prom-
ising prospect for the application of 3D printing gland model
development lies in its ability to generate models that faithfully
replicate the structure and functionality of human glands.
Additionally, 3D printing can facilitate the fabrication of gland
models that are more intricate and elaborate than those gener-
ated by conventional methods. For instance, models that incor-
porate diverse cellular types and structures, or accurately mimic
the glandular microenvironment, can be generated by 3D print-
ing. It is anticipated that 3D printing technology will be increas-
ingly leveraged in the future to create gland models that are
more precise and tailored to individual patients, to be utilized
in research and clinical field.
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