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SUMMARY

Oral and maxillofacial organoids, as three-dimensional study models of organs,
have attracted increasing attention in tissue regeneration and disease modeling.
However, traditional strategies for organoid construction still fail to precisely
recapitulate the key characteristics of real organs, due to the difficulty in control-
ling the self-organization of cells in vitro. This review aims to summarize the
recent progress of novel approaches to engineering oral and maxillofacial
organoids. First, we introduced the necessary components and their roles in
forming oral and maxillofacial organoids. Besides, we discussed cutting-edge
technology in advancing the architecture and function of organoids, especially
focusing on oral and maxillofacial tissue regeneration via novel strategy with de-
signed cell-signal scaffold compounds. Finally, current limitations and future pros-
pects of oral and maxillofacial organoids were represented to provide guidance
for further disciplinary progression and clinical application to achieve organ
regeneration.

INTRODUCTION

The treatment and repair of oral and maxillofacial defects remain challenging since it is difficult to regen-

erate tissues and restore their function and aesthetics.1 Typically, current approaches to restore maxillofa-

cial defects caused by cancer, trauma, and infection, primarily involve artificial prosthesis2 and autograft.3

However, considering the drawbacks of current ways in the morphological similarity, morbidity, and avail-

ability,4 a more eminent and biocompatible strategy is highly desirable for further optimizing the treatment

of oral and maxillofacial regeneration, which is a promising alternative in clinical application.

Organoids, three-dimensional (3D) structures generated from self-organizing stem cells, including pluripotent

stem cells (PSCs), adult stem cells (ASCs), and other specific cell lines, have high similarity to native organs in

architectural and functional complexity.5,6 Comparedwith a two-dimensional (2D) cell culture system, themore

sophisticated 3D organoids model can effectively simulate the structure and properties of original organs,

particularly in their gene and protein expression patterns, cell-matrix interactions, and metabolic functions.7

Moreover, the self-renewable ability and accessibility of genetic manipulation of organoidsmade them appro-

priate for studying organ development and pathophysiology in vitro. Therefore, organoids have been applied

in modeling organogenesis8 and developmental disorders,9 diagnosing diseases,10 and repairing defects.11

Recently, widely used organoids have been employed in the structure-complicated and disease-diverse

oral andmaxillofacial system, including tooth germ organoids,12 salivary gland organoids,13 oral cancer or-

ganoids,14 taste bud organoids,15 lingual epithelial organoids,16 and temporomandibular joint organo-

ids.17 As shown in Figure 1, the development of oral and maxillofacial organoids mainly involves stem cells

such as ASCs, PSCs, and the microenvironments (or niches) of different stem cells during organogenesis.

With the supplement of culture components such as extracellular matrix (ECM) and molecules, ASCs and

PSCs can reprogram and differentiate into different types of cells thereby forming various organoids.18 The

developed organoids serve as an excellent model for treating various oral and maxillofacial diseases

including oral cancer,19 teeth regeneration20 and salivary gland repair.21

However, the stochastic and uncertain nature of the self-organization of stem cells during organoid devel-

opment in vitro gives rise to immature morphology and incomplete functions. These limitations associated

with conventional oral and maxillofacial organoids should be addressed prior to their clinical applica-

tions.22 Efforts have been made to engineer organoids to ensure their morphology and functions similar
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Figure 1. Components and categories of maxillofacial and oral organoids
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to native organs. The advancements made in organoid culturing strategies could be attributed to genetic

editing,23–25 optimizing the composition of the ECM,26–28 and developing new scaffold materials.29–31

These techniques aid in regulating cell proliferation and differentiation. Remarkable progression has

been made in the bio-engineered organoids which have enhanced the therapeutic potential and clinical

value of oral and maxillofacial organoids.

Therefore, in this study, we have summarized the current techniques used for oral and maxillofacial

organoid development. We have also discussed the challenges associated with organoid development.

First, we shed light on the conventional methodology and the fundamental components required

for organoid development. In the second section, we have discussed and listed various strategies

used to engineer organoids. In the third section, we focus on specific bioengineering methods and

advancements in oral and maxillofacial organoid development. Finally, we have highlighted the chal-

lenges associated with organoid development and the future prospects of oral and maxillofacial

organoids.

Stem cells, scaffolds, and growth factors are essential components for generating oral and maxillofacial or-

ganoids, including tooth germ organoids, salivary gland organoids, lingual epithelia organoids, taste bud

organoids, oral cancer organoids, maxillofacial cartilage organoids.
CONVENTIONAL ORGANOIDS DESIGN

The development of organoids primarily involves the self-organization of different types of cells, which

are regulated by basic signal pathways. Therefore, three factors, including cell types, supporting

structure, and endogenous and exogenous signals, are fundamental requirements during the process

of organoid construction. Any changes in these factors may impact organoid development and its

functions.
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Cells

Cells for generating organoids derive from ASCs,10 PSCs,32 and somatic cells.33 Since the restriction of so-

matic cells on differentiation, these somatic cells are less extensively applied in organoid construction

versus stem cells, and will not be the focus here. Stem cells including PSCs and ASCs have the intrinsic

capability to assemble into complex structures with the presence of suitable exogenous factors and appro-

priate supporting structure, due to their multipotent differentiation and self-renewal capability. In general,

the behavior and fate of cells in the process of organoid formation involve proliferation, differentiation, and

self-organization, which contains cell sorting and architectural rearrangement.34 Therefore, the character-

istics of organoids partly rely on the starting cell type.

ASCs, known as tissue stem cells, are undifferentiated cells derived from specific tissues. Their sources and

self-renewal abilities enable them to differentiate into tissue-specific cell types.35 Tissue-specific ASCs can

spontaneously form corresponding organoids, which mitigate the uncertainty of cell differentiation when

cultured in the microenvironment, simulating the development of actual in vivo organs. Therefore, ASC-

derived organoids can be utilized to study tissue biology by efficiently imitating the homeostatic or regen-

erative conditions of corresponding original tissues.36 For example, dental pulp stem cells, as ASCs derived

from dental pulp tissues have outstanding odontogenic ability, which can generate tooth germ organoids

by simulating dental mesenchyme.37 However, the method to directly reconstruct organoids using ASCs

may be hard because of their unavailable source from some special tissues such as the heart and brain.

PSCs exhibit more excellent self-renewal and multipotent differentiation capability.38 Most PSC-derived

organoids are in the immature stage since the development toward mature cells needs a continuous cul-

ture period and intricate interaction with other co-culture cells.39 These procedures may be hard to control

in most PSCs due to the difficulty in reconstructing embryonic developmental processes in vitro. Neverthe-

less, tissue-specific organoids including teeth,40 brain,41 and liver42 can still be generated if the differenti-

ated PSCs are cultured in the suitable culture medium and supporting scaffold. Additional studies are

required to standardize the procedure for developing PSC-derived organoids prior to further clinical appli-

cation. Besides, this feature also allows the PSC-derived organoids to be widely used to explore cell-cell

interaction, organogenesis, and developmental defects.

Although both of ASCs and PSCs retain the genetic information from their primitive cells, ASC-derived or-

ganoids tend to sustain original tissue phenotype, so in vitro culturing of ASC-derived organoids is easier

compared with PSC-derived organoids. In contrast, even though the culturing conditions of PSC-derived

organoids are complex and time-consuming, the superior potential for PSCs to differentiate into various

types of cells enables them to generate unavailable tissues, which overcome the shortcomings of ASCs.

Culturing conditions

In vitro conditions for culturing and generating organoids should be similar to their in vivo microenviron-

ment to regulate the behavior and fate of cells.43 These conditions are mainly composed of supporting

structures in the culture system and endogenous and exogenous signals including different growth factors.

Multiple strategies have been designed to create appropriate niches for the development of organoids.

Supporting structure

ECM, the basic component which contributes to the growth and adhesion of cells during organogenesis,

plays an imperative role in providing 3D structural support during organoid morphogensis.44 Various nat-

ural and synthetic materials are used as scaffolds, providing structural support for organoid generation.

The scaffolds made of natural materials possess bioactive motifs such as Arg-Gly-Asp (RGD) and are used

for culturing organoids since they mimic conditions similar to in vivo microenvironments, which are

required for culturing stem cells. Matrigel, a natural source scaffold derived from Engelbreth-Holm-

Swarmmouse sarcoma, can efficiently mimic the natural basement membrane.45 It has been widely applied

in creating organoids such as intestinal,46 tooth,12 and gland47 organoids due to their excellent biocompat-

ibility, bioactivity, and biodegradability. However, there are disadvantages to solely using natural scaffolds

to advance the development of organoids. First, their insufficient mechanical stiffness limits the natural

scaffolds to be extensively applied in organoid development. Further, natural scaffolds have a low resis-

tance to changes in physical conditions such as pH and temperature. Hence, it is challenging to precisely

modulate the culturing conditions in vitro and modify natural scaffolds.48
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Compared with natural materials, synthetic scaffolds are characterized by their superior mechanical stiff-

ness and better resistance to changes in physical conditions. Polyethylene glycol (PEG), poly (lactic-co-gly-

colic acid) (PLGA), and polyurethane (PU)-modified hydrogels have been reported as more prominent 3D

scaffolds for their improved biocompatibility and mechanical properties to induce organoids.49 However,

synthetic scaffolds have an uncontrolled degradation rate and lack bioactive motifs such as RGD, which re-

stricts their use in organoid generation. Therefore, it is necessary to design techniques to modify synthetic

scaffolds for organoid culture.

Apart from the scaffold, various studies have used other techniques to provide a microenvironment condu-

cive to organoid development. Takasato et al. used an air-liquid interface method to create kidney organo-

ids by generating a cell pellet on a thin and microporous membrane.50 The cell pellet developed into a

multi-layered structure similar to the architecture of the actual kidney in vivo, despite the lack of scaffolds

for support. Besides, 3D suspension culture induces the transformation of cell aggregation to organoids

with spherical shape to generate cerebral,51 cerebellar,52 and optic cup organoids.53 Although some

low concentrations ofMatrigel have the capacity to efficiently generate polarized epithelial structures, scaf-

fold materials are not necessary for cell embedding owing to specific and controlled self-organization in

this suspension culture system.53

Various strategies and techniques are used to recapitulate in vivo microenvironments for generating and

culturing organoids. On the contrary, these techniques have not yet to be optimized to promote organoid

development. So, it is still necessary to make efforts to modify the scaffold and investigate a more suitable

culture system.

Endogenous and exogenous signals

Organoid formation is usually regulated by endogenous and exogenous signals including growth factors

and molecules, which play important roles in the self-renewal and differentiation of stem cells. All signaling

molecules and factors required for the self-organization of stem cells should be present in the culture me-

dium for the successful development of organoids. Therefore, in order to ensure proper self-organization,

missing signals should be exogenously supplied.

Regarding oral and maxillofacial organoids, signal molecules such as bone morphogenetic protein (BMP)

and fibroblast growth factor (FGF) and signal pathways including Wnt/b-catenin play an important role in

inducing orderly self-organization of stem cells.54 For example, epithelial cells supplemented with alterna-

tive exogenous growth factors including FGF2 and laminin-111 could form salivary gland organoids with

normal secretory function, compared with those treated with epidermal growth factor (EGF).55 Besides,

PSC-derived organoids were developed primarily relying on the exposure to exogenous signals at specific

times. McCracken et al. treated PSCs with the bioactivemolecule FGF4 to induce the formation of posterior

foregut spheroids. Exogenous signaling molecules such as EGF and retinoic acid were added after 3 days

of culturing PSCs to differentiate posterior foregut spheroids into gastric antrum organoids.38 On the con-

trary, few organoids’ derivations only depend on endogenous signals. Eiraku et al. reported that mouse

PSCs were cultured in a serum-free medium with a low concentration of growth factors which promoted

the generation of the neuroepithelium and subsequently developed into optic cup organoids without

additional exogenous signals.53 Hence, for meeting the need for spatial and temporal cues of self-organi-

zation of organoids, studies should focus on exploring tissue-specific developmental mechanisms to deter-

mine the exact exogenous factors to be applied.

Even though these factors are necessary for regulating the differentiation and organization of stem cells,

cell-autonomous self-organization, as the critical part of organoids generation, remains difficult to

manage.8 Therefore, approaches to bioengineering organoids have attracted increasing attention in order

to pursue well-organized organoids, and the specific strategies developed in recent years are described as

follows.

METHODS FOR ENGINEERING ORGANOIDS

Various strategies for engineering organoids include advancing the biochemical and biophysical proper-

ties of scaffolds, improving the self-organization of stem cells, and optimizing the components of the cul-

ture niches. The aim of engineering organoids is to narrow the gaps between in vitro and in vivomodel sys-

tems and recapitulate the important characteristics of actual organs. The generation of 3D organoids
4 iScience 26, 105757, January 20, 2023



Figure 2. Methods to engineer organoids
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involves the self-renewal and differentiation of cells and the process of self-organization.56 These behaviors

are mainly controlled by the components in the niches. Therefore, in order to create a spatially and tempo-

rally coordinated environment thereby realizing precise self-organization to form organoids, tremendous

efforts have been made to bioengineer the cells and culturing conditions used to generate organoids

(Figure 2).

Engineering the cell

Organoids are composed of different cell populations arranged in 3D structures. Therefore, to improve the

organoids’ robustness, promote cell aggregation, and shorten the incubation period, it is necessary to

develop strategies that can modify the cells and change their inherent characteristics including advancing

cell surface and genome.

Engineering cell surface

The shape and size of the starting cell aggregation are significant determinants for the successful formation

of organoids, which can be achieved via modifying the cell surface.57 Appropriate cell aggregation neces-

sary for differentiation can be achieved via modifying the cell membrane to improve cell-cell adhesion.

Several proteins,58 peptides,59 nanoparticles,60 and bio-orthogonal chemical species61 have been applied

as functional molecules in the engineering cell membrane. Rogozhnikov et al. developed oxyamine and
iScience 26, 105757, January 20, 2023 5
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ketone moieties-loaded liposomes to deliver chemical functionality to the cardiac cell surface. This newly

developed liposome enabled the modified cardiac cells to aggregate and arrange among different cell

types to form 3D structures without any scaffolds.61 Fayol et al. reported that combined cell membrane

with magnetic nanoparticles and utilized external magnetic fields to manipulate cell aggregation and re-

arrangement thereby forming cartilage tissues.62 Besides, the program of cell-cell adhesion could be

changed and modified by binding the synthetic 3D DNA fragments into the cell surfaces.63

Genetic engineering

Apart from modifying cell surface, heritable genome editing is another effective approach for constructing

more sophisticated organoids by controlling the fate and behavior of cells.64 Various studies have success-

fully used genetic engineering to edit genomes for altering stem cell differentiation and self-organization

capability, as well as for the treatment of several genetic diseases.

The inherent response of cells generating organoids can bemodified with the application of targeted gene

editing technology, Clustered Regularly Interspaced Short Palindromic Repeats-associated 9 system

(CRISPR-Cas9). The modified genes trigger the expression of some substances beneficial for cell terminal

differentiation and promote organoids maturation. Velazquez et al. used a targeted CRISPR-Cas9-based

technique for the transcriptional activation of an enzyme superfamily to reprogram a tissue-regulated

network and promote PSC-derived organoid maturation.65 This gene modification was able to reprogram

a tissue-regulated network and improve the cell maturation in PSC-derived organoids. However, the use of

targeted genetic editing tools to control the self-organization of organoids is restricted by our limited un-

derstanding of cell behavior and regulatory networks. Further efforts to study how to precisely control the

development of organoids via gene editing remain important.

Besides, gene editing technology can also be employed in the treatment of single gene mutation-induced

diseases and explore different signals function in disease models. For example, CRISPR-Cas9 was used to

correct the mutation in the retinitis pigmentosa GTPase regulator gene, which could effectively repair

photoreceptor structure and restore the electrophysiological properties in retinal organoids.66 The expres-

sion of the adenomatous polyposis coli was knockdown by gene editing technology in Barrett epithelial

organoids to explore the role of WNT signal pathway in the neoplastic transformation of Barrett epithelial

cells. The result confirmed that the successful activation of the WNT signal pathway could induce

neoplastic phenotype.67

Engineering the culturing conditions

Although cell aggregation is required for organoid formation, the behavior of cells is highly dependent on

the culturing conditions which influence the spatiotemporal self-organization of organoids.68 In order to

engineer components of the culture conditions, various state-of-the-art approaches are applied to modify

the components and structure of the scaffolds. These will allow researchers to precisely control cell prolif-

eration and differentiation for its application.69–71

Engineering components of scaffolds

Conventional scaffolds such as animals-derived Matrigel are used in organoid generation with limited ap-

plications due to the risk of immunogenicity. Besides, their composition is heterogeneous, which made it

difficult to customize and design organoids-based experiments.72–74 Therefore, a number of polymer-

based synthetic hydrogels such as PLGA75 and PEG-based76 hydrogels have been developed to produce

designer ECM and customize niche structures. Several nanoparticles such as silica nanoparticles,77 metal,

and metal oxide nanoparticles78 have been incorporated to improve mechanical stiffness and strength and

enhance the magnetic property for engineering cell niches in vitro. However, the above-mentioned syn-

thetic hydrogels cannot control and manipulate the self-organization of stem cells, which only solve funda-

mental problems during the culture microenvironments. Hence, the purpose of engineering components

of scaffolds is to optimize the components of niches and promote the aggregation of stem cells in

scaffolds.

In recent years, various approaches to emulating in vivo microenvironments by modifying the developed

hydrogels have drawn increasing attention. In order to supply more exogenous signals to facilitate the

self-organization of stem cells, polymers-based synthetic hydrogels are decorated with different types of

bioactive molecules. PEG-based hydrogels modified with RGD peptides are developed to support the
6 iScience 26, 105757, January 20, 2023
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expansion and differentiation of intestinal stem cells. The susceptibility of soft RGD-functionalized syn-

thetic hydrogels toward matrix metalloproteinases renders them more physiological by degradation

over time to generate intestinal organoids.79 Besides, compared with natural basement membrane extract,

the synthetic fibrin-based hydrogels exhibited similar physical characterization to support stem cells as a

3D scaffold. For instance, the laminin-111-functionalized fibrin-based hydrogels possessed more robust

properties to form and expand intestinal organoids since the laminin contained the necessary chemical sig-

nals for cell self-organization.80

Growth factors, which are sequestered or immobilized in ECM macromolecules in vivo, can also be immo-

bilized and delivered by scaffolds instead of diffusible in a culture medium. Compared with free diffusible

growth factors, hydrogel-delivered growth factors possess a prolonged and stable presentation due to the

prevention of enzymatic growth factor degradation. Heparin, as an anionic polymer, can make electrostatic

interactions with different kinds of growth factors and protect them from losing bioactivity.81 Zieris et al.

created heparin-functionalized PEG hydrogels to immobilize the fibroblast growth factor and vascular

endothelial growth factor and regulate cell microenvironment thereby controlling the proliferation,

growth, and differentiation of endothelial cells.82 Wylie et al. used orthogonal chemistry of peptide binding

pairs to incorporate and fixed stem cell differentiation factors and ciliary neurotrophic factor to the

different locations of agarose hydrogels. This chemical scaffold had the capacity to realize spatially

controlled organoids development via regulating cell growth and differentiation.83

Engineering structure of scaffolds

Given the present deficiency of mechanical stiffness and morphology of natural scaffold materials, the con-

struction of organoids with designed structures remains difficult. To circumvent this limitation, a novel type

of scaffold called hybrid scaffolds was designed. Hybrid scaffolds, which are made of two or more scaffolds,

contain natural and synthetic scaffolds, thus combining the advantages of both systems, such as enhanced

biocompatibility and ease of modification.84 Therefore, hybrid scaffolds have bilayers and possess superior

mechanical and biological properties. Using suitable growth factors and cells, these hybrid scaffolds can pro-

mote the aggregation and differentiation of stem cells.76 Recently, hybrid scaffolds produced by 3D printing

technology have been utilized to engineer organoids since they can induce stem cell aggregation with prede-

fined shapes. Li et al. printed tubular composite scaffolds with defined shapes that were capable of guiding

the growth, proliferation, and differentiation of stem cells to generate bile duct organoids.85 Superparamag-

netic iron oxide nanoparticles loaded-gelatin methacryloyl hydrogel was fabricated and covered the above-

mentioned printed scaffolds to ensure the biocompatibility and stiffness of hybrid scaffolds for the require-

ment of organoid formation. Besides 3D printing, laser cutting is a material reduction process that can provide

artificial boundaries to the scaffold, thereby allowing the formation of morphologically controlled organoids.

Nikolaev et al. used a laser-shaped metric to form intestinal organoids to predefined tubular architecture, a

crypt-villus-like patterning. More importantly, the external pumping system continuously removes the dead

cells generated over time, which extended the lifespan of cells in organoids and enabled the interactions be-

tween tubes and niches. The crypt and villus regions control the growth and self-organization of stem cells,

thus indicating that scaffold geometry can provide morphogenic cues required for organoid development.86

Engineering organism-level environments

Organogenesis and disease progression involvemore than one specific organ and requires interaction with

other cells, tissues, and organs. Therefore, methods to engineer organism-level environments are impor-

tant during the process of organoid formation and application for tissue regeneration. Vascularization of

organoids and mimicking organism-level interaction via microfluidic devices can be realized by advancing

organism-level context.

Vascularization

Organoid maturation is limited by the lack of functional vascularization, which fails to meet the increased

metabolic demand of the culturing organoids, thus causing necrosis in the core of organoids. Hence,

various methods to form functional vascular attract more attention in order to promote organoid matura-

tion. The achievements mainly focus on developing pre-vascularizing organoids and functional capillary

beds for perfusable organoid platforms.

In recent years, several researchers have reported that seeding endothelial cells with organoids can form

vasculature. Rossen et al. co-cultured endothelial cells with mesenchymal stem cells to generate blood-vessel
iScience 26, 105757, January 20, 2023 7
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organoids with controllable size and structure by sacrificial hydrogels technology.87 In addition to endothelial

cells, mesodermal progenitor cells were also confirmed to promote organoid vascularization when co-

cultured stem cells, since the differentiation of mesoderm-derived angioblasts initiated the development of

the vascular system.88 Besides, mechanical factors such as flow and shear forces, which affected tissue homeo-

stasis and morphogenesis thereby promoting organoid vascularization, could also be adjusted by microfab-

ricated devices.89 For instance, the maturation of endothelial cells, which contributed to the formation of a

vascular network, could be triggered by blood-flow-induced shear stresses. Homan et al. employed the

controllable fluid flow in the microfluidic device to advance the maturation of kidney organoids with vascular

networks by the formation of perfusable lumens.90

The interaction between internal vasculature and external functional vessels in ECM is the key to forming

integrated perfusion structures in organoids to mimic organs in vivo. Hence, in addition to the generation

of pre-vascularizing organoids, methods to develop functional capillary beds also play an important role in

the vascularization of organoids and in vivo perfused vasculature.91 Chen et al. fabricated amicrofluidic de-

vice with three parallel fluidic channels and implanted human umbilical vein endothelial cells (HUVECs) to

fibrin gels in the middle region of the device to co-culture with human lung fibroblasts (HLFs).92 The capil-

lary beds could be generated after 3 days because endothelial cells in gels could simulate in vivo niches to

form vessels, which was confirmed by the perfusion of fluorescent beads. Besides, Nashimoto et al.

confirmed the capillary beds were able to integrate with vessel-like structures in large spheroids, which

weremade fromHLFs and HUVECs.93 Driven by factors secreted by HLFs, endothelial cells on the side walls

could reach the spheroid thereby integrating vessels between capillary beds and spheroids. However,

functional capillary beds have not yet established a stable connection with stem cell-derived organoids

via an entire perfusion platform to provide sustained nutrient supplements for organoid construction.

Therefore, more efforts remain required to form a better perfusion platform with organoids.

Engineering interactions at organism-level

The advent of microfluidic devices has created a powerful platform for mediating dynamic tissue-tissue

interaction and organ-level interaction in organoids. Some advantages provided by microfabricated de-

vices include: (1) They can dynamically simulate in vivo microenvironment by screening tissue and cellular

components using biosensors.94 (2) The devices make it convenient to co-culture organoids with other cells

such as endothelial cells in order to vascularize and neutralize organoids via cell-organoid interaction.95 (3)

A holistic understanding of physiology and organogenesis can be achieved by recapitulating physiological

interactions with multiple organoids via the microfabricated device.96 For example, Jin et al. co-cultured

liver, intestinal and stomach organoids in microfluidic devices to study the crosstalk among different orga-

noids during organogenesis.97 The flow of different culture media across the culture chambers enables

communication among these three organoids. The liver organoids were incubated with the primary bile

acid chenodeoxycholic acid, and the expression of the bile acid synthesis enzyme was evaluated to study

the influence of interaction between liver and intestinal organoids on bile acid homeostasis. A decrease in

bile acid synthesis enzyme expression was observed in liver organoids supplemented with bile acid cheno-

deoxycholic acid. This could be attributed to paracrine factors secreted by the intestinal organoid, which

indicates the crosstalk between the liver and intestinal organoids. Despite the advancement in the devel-

opment of oral and maxillofacial organoids, studies on the interactions among different oral organoids

have not been reported yet. Increasing attention has been paid to exploring the crosstalk of multiple or-

ganoids for understanding the onset of diseases and organogenesis. Zhao et al. generated oral cancer or-

ganoids from patients with oral squamous cell carcinoma (OSCC) and co-cultured them with cancer-asso-

ciated fibroblasts (CAF) to study the interaction between CAF and oral cancer organoids.14 The result

showed that CAF secreted lactate to promote the growth of oral cancer organoids, suggesting that inhib-

iting lactate production by CAF could prevent the progression of oral cancer.

Compared with the limitation of traditional organoids, including central necrosis, malformation and

dysfunction, different methods to engineer organoids are able to regulate self-organization to form orga-

noids with vascularization, normal function, and morphological similar to the counterparts in vivo. Three

main strategies for developing bioengineered organoids include engineering stem cells, engineering scaf-

folds, and engineering organ-level environments. First, stem cells can be engineered by genetic editing

and cell surface engineering. Genetic editing can be performed using the CRISPR/Cas9 technique to knock

out and overexpress genes, which can alter the fate and properties of stem cells. Cell surface engineering

uses nanoparticles, peptides, proteins, and chemical moieties to modify cell surfaces and facilitate cell
8 iScience 26, 105757, January 20, 2023



Table 1. Summary of various construction strategies for maxillofacial and oral organoids

Organoids types Cell types Main scaffolds

Culturing

niches

Advantages of

current strategies

Limitations of

current strategies

Tooth germ

organoids

Dental mesenchymal

cells; Hental epithelial

cells;

iPSCs; HUVECs

Collagen; GelMA;

PLGA hydrogel

DMEM; FCS Teeth with entire structure

and vascularization have

been formed

Difficult to maintain and

control different

shapes of teeth

Salivary gland

organoids

iPSCs; Human

epithelial cells

PEG hydrogel;

PLGA

Nanofibers-modified

elastin; Mat rigel;

BMP4; FGF7;

FGF10; FGF2

Structure-entire and

function-normal salivary

glands have been generated

Lack of vascularization;

the size of the organoid

generated was small

Oral cancer

organoids

Cells from patients

with OSCC

Matrigel; Silica

fiber scaffold;

Decellularized ECM

bFGF The migratory and invasive

ability of cells is similar

to OSCC

The inability of organoids to

precisely recapitulate the

tumor microenvironment

Taste bud

organoids

Lgr5+cells Matrigel;

Decellularized

ECM

DMEM/F12 Organoids can recapitulate

the taste epithelium

homeostasis

The inability of organoids to

dynamically analyze taste

signal transmission

Lingual epithelial

organoids

Lingual epithelial

cells

Matrigel EGF; Noggin;

R-spondin

Growing and maturating

in muscular layer of tongue

instead of only in

epithelial layer

Lack of components that

mimic in vivo niche and

control self-organization

to form a specific morphology

Maxillofacial

cartilage

organoids

Neural crest

stem cells

No scaffolds FGF8;

Ascorbic

acid

Organoids successfully

express cartilage

differentiation factors

Methods to regeneration

maxillofacial cartilage with

entire structure and stiffness

still unexplored

iPSCs, induced pluripotent stem cells; PLGA, poly(lactic-co-glycolic acid); HUVECs, human umbilical vein endothelial cells; GelMA, gelatin methacrylate; OSCC,

oral squamous cell carcinoma; FGF, fibroblast growth factor ; EGF, epidermal growth factor; BMP, bone morphogenetic protein; ECM, extracellular matrix; PEG,

polyethylene glycol; DMEM, dulbecco’s modified eagle medium.
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aggregation and differentiation. Second, scaffold engineering can be performed by engineering the com-

ponents and the structure of the scaffolds. Growth factors and RGD peptides are incorporated in the scaf-

folds to recapitulate the in vivomicroenvironment of their counterparts. Furthermore, 3D printing technol-

ogy has been used to create a scaffold for generating organoids with specific and defined morphology.

Third, the use of microfluidic devices guarantees a more sophisticatedmicroenvironment for multi-organo-

ids development by mimicking the interactions between different organs.

STRATEGIES FOR ENGINEERING ORAL AND MAXILLOFACIAL ORGANOIDS

The generation of oral and maxillofacial organoids is highly dependent on aggregation, differentiation,

and self-organization of stem cells with the supplement and guidance of scaffolds and various growth fac-

tors. Current progress made in forming oral and maxillofacial organoids for hard and soft tissues has been

listed as follows (Table 1).

Oral and maxillofacial hard tissues organoids

Tooth germ organoids

Tooth, as a complex tissue, is composed of hard tissues including enamel, dentin and cementum, and soft

tissues including dental pulp. These structures are formed under the control of the epithelial-mesenchymal

interactions and related signal molecules. Hence, the formation of tooth organoids is highly dependent on

the spatial and temporal interactions between epithelial and mesenchymal to form the complex structure.

In recent years, the generation of tooth germ organoids has raised more and more attention, which can be

used to repair tissue damage and make progress in tooth regeneration (Figure 3).

The first evidence of tooth germ organoid formation was reported by Tsuji et al. through co-culturing disso-

ciated embryonic tooth germ-derived dental epithelial (DE) and dental mesenchymal (DM) cells in a

collagen gel.20 The developed tooth germ organoids could generate entirely bioengineered tooth after

transplantation in alveolar fossa. The identical method has been used to successfully form tooth germ
iScience 26, 105757, January 20, 2023 9



Figure 3. Schematic diagram of generation of engineered tooth germ organoids and tooth regeneration

The construction of tooth germ organoids mainly involves dental mesenchymal cells and dental epithelial cells co-

culturing in collagen scaffolds and realizing self-organization with the stimulation of growth factors. In order to overcome

the limited source of stem cells, PSCs were induced by feeder cells and differentiated into mesenchymal and epithelial

cells. Besides, to further narrow the gap between actual tooth and tooth generated by organoids, various bioengineering

scaffolds including electrospinning PLGA hydrogel, HUVECs-based GelMA hydrogel, and GelMA-based hydrogel

microparticles have been utilized to advance tooth germ organoids. An entire tooth can be gained via implanting

organoids into animal alveolar pockets or developing with the electrospinning PCL membrane in vitro. iPSCs, induced

pluripotent stem cells; PLGA, poly(lactic-co-glycolic acid); HUVECs, human umbilical vein endothelial cells; GelMA,

gelatin methacrylate; PCL, polycaprolactone.
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organoids for whole tooth regeneration in canine98 and porcine99 model. However, given that the autog-

enous tooth germs are source-limited and most of them are derived from third molars, the generation of

anterior teeth may be impeded due to differences in genetic lineage. This prompted the use of PSCs in

developing the tooth-germ organoids. Under the co-culture condition of dulbecco’s modified eagle me-

dium (DMEM) and the guidance of mouse dental mesenchymal cells as feeder cells, the PSCs can differen-

tiate into DM and DE cells and thereby forming tooth germ organoids.40 After transplantation in alveolar

fossa, the tooth germ organoids developed into a tooth-like structure with stiffness and elastic modulus

similar to the actual teeth. Numerous studies have paid attention to bio-engineering tooth germ organoids

to regenerate well-structured tooth.

Several efforts and progress have been made in bio-engineering tooth germ organoids by modifying scaf-

folds. Nano-hydroxyapatite-contained electrospinning PLGA scaffolds were developed to study the effect

of novelty-engineering scaffolds on generating tooth germ organoids and structure-distinct teeth in vitro.

After seeding DM and DE cells, the fiber in the scaffolds guided the cell aggregation with planned orien-

tation, and nano-hydroxyapatite promoted stem cell differentiation and ECM production. Although the ef-

fects of hybrid scaffolds in tooth generation have not been studied in vivo, it provides a valuable strategy to

form spatially controlled tooth germ organoids.100

Gelatin methacrylate (GelMA)-based hydrogel, a photo-crosslinking hydrogel with outstanding porosity,

degradation rates, and suitable stiffness has been applied in organoid development, compared with poly-

mer-based hydrogels. The RGD sequence contained in GelMA, a natural cell-binding motif, also contrib-

utes to cell adhesion and matrix metalloproteinase secretion. This bioactive motif plays a significant role in

natural ECM structure and organogenesis.101 Nevertheless, the teeth formed in GelMA hydrogels were

small and diffused in the pores of scaffolds. So, HUVECs-loaded GelMA hydrogels were fabricated.

Compared with GelMA hydrogels, HUVEC-encapsulated hydrogels enabled DE and DM cells to form tooth

germs with predictable sizes and shapes and promote the functional vascularization of tooth germ organo-

ids.102 To further improve this model, various modifications were made to the GelMA scaffolds, like opti-

mizing cell density, cell culture duration, and culture medium to achieve a bioengineered tooth bud.103

However, the distinctive enamel and dentin structure remain unavailable, which means the GelMA method

still requires more progression and modification. Therefore, in order to further improve this model, Bektas
10 iScience 26, 105757, January 20, 2023
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et al. fabricated GelMA-derived hydrogel microparticles to provide superior surface area for cell attach-

ment and cell-cell interaction, which were beneficial for self-organization. The human dental pulp stem cells

and porcine dental epithelial cells were seeded into the engineering scaffold and co-cultured to form tooth

germ organoids in vitro.104

Moreover, Zhang et al. fabricated decellularized tooth bud scaffold which retainedmore components and archi-

tecture of natural ECM. After the reseeding of DE cells, DMcells, andHUVECs, the newly developed tooth germ

organoids were able to generate bio-engineered entire teeth with specific sizes and shapes. The bioengineered

teeth contained correct enamel, pulp, dentin, and tooth roots under the guidance of decellularized scaffold.12

In addition to different approaches to modifying scaffolds, the culture microenvironment also plays a

crucial role in the development of organoids. Eap et al. created a polycaprolactone (PCL) membrane by

electrospinning and functionalized it with various growth factors to closely mimic in vivomicroenvironment

of the actual organ. The tooth-germ organoids were coated with this newly developed membrane, which

secreted appropriate signals and simulated the microenvironment during organogenesis to generate a

vascularized tooth both in vitro and in vivo.105

In conclusion, the above-mentioned progress represents the current advanced methods to perfect the

whole structure and function of teeth generated by tooth germ organoids. Although the application of

PSCs may mitigate the problem in a limited number of embryonic tooth cells, it is necessary to explore

more efficient and effective approaches to bio-engineer niches, which will contribute to the generation

of the entire structures of teeth.
Oral and maxillofacial soft tissues organoids

Salivary gland organoids

Thedevelopment of salivary glands is dependent on epithelium andmesenchyme interaction. The key to struc-

turing the salivary gland organoids with the secretary function is tomimic themicroenvironment of organogen-

esis, particularly the endogenous and exogenous signals.106 Compared with other oral andmaxillofacial orga-

noids, research related to the bio-engineered salivary gland organoids is relatively more sophisticated. Thus,

numerous efforts have been made to accelerate the pace of clinical application (Figure 4).

In the former study, entire 3D salivary gland organoids were successfully structured in vitro by seeding hu-

man salivary gland cells in the Matrigel scaffold.107 Besides, Tanaka et al. found the indispensable role of

sex-determining region Y box 9 (Sox9) and forkhead box protein C1 (Foxc1) in the formation of salivary

gland organoids. The PSCs were seeded into Matrigel and incubated with various molecules including

BMP4 and FGF2 to differentiate into oral ectoderm. Subsequently, after the infection of recombinant

adenovirus encoding Sox9 and Foxc1, the outer layer of the oral ectoderm was further cultured with

FGF10 and FGF7 to develop into salivary gland organoids.13 After transplantation in mice, the induced sali-

vary gland organoids exhibited not only similar morphology and gene expression with normal organs, but

also possessed the saliva secretion ability. Nevertheless, the nonhuman-derived scaffolds limited the clin-

ical application to repair and regenerate salivary glands in humans. Hence, these scaffolds could only be

applied to study the protein expression pattern of the salivary glands.74

Alternatively, complex hydrogel scaffolds have been created for the generation of salivary gland organoids

for clinical application. The bio-engineered salivary gland organoids were developed by a niche-indepen-

dent method with the guidance of PEG hydrogel-incorporated PCL nanofibrousmicrowell scaffolds.108 The

generation process involved two steps: priming and differentiation. After seeding on the scaffolds and

forming aggregation, single clonal salivary gland stem cells further differentiated to generate salivary

gland organoids, whereas the size of the 3D structure is relatively limited. Moreover, membrane protein-

combined hydrogels also raise muchmore attention. Elastin, as an ECM protein beneficial for cell adhesion

and stem cell differentiation, was modified with PLGA nanofibers via electrospinning.109 The hybrid scaf-

folds could advance the nanofibers in elasticity, wettability, and chemical nature and mimic the niches giv-

ing rise to better epithelial cell line self-organization. However, prior to clinical application, several studies

have reported immunogenicity and tumorigenesis concerns about these protein-fabricated hybrid hydro-

gels as scaffolds to form salivary gland organoids.110,111 Besides, the byproducts generated by degrading

these scaffolds could alter the pH and increase the temperature of niche, which could have serious adverse

effects on the body.112
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Figure 4. Schematic diagram of generation of engineered salivary gland organoids

(A) Stem cells source to generate salivary gland organoids containing PSCs, salivary gland cells and, magnetic

nanoparticles modified iPSCs.

(B) Matrigel, 3D microwell, and elastin-loaded PLGA nanofibers are needed to structure salivary gland organoids.

Moreover, instead of the utilization of scaffolds, a 3D bioprinting platform is also able to organize magnetic nanoparticle-

modified PSCs to form specific morphology of organoids.

(C) In culture systems, different growth factors are of necessity for cell self-organization to form organoids.

(D) Salivary gland organoids can be generated by seeding the stem cells onto scaffold with the supplement of

appropriate growth factors. iPSCs, induced pluripotent stem cells; PLGA, poly (lactic-co-glycolic acid).
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To overcome this shortcoming, a scaffold-free strategy is developed to culture the salivary gland organoids by

the modification of the cell surface. Cell-based bioprinting has emerged as a promising platform to generate

salivary gland organoids. Adine et al. fabricated a magnetic 3D bioprinting platform to spatially control the

self-organization and formed bio-engineered innervated salivary gland organoids with bio-functional secre-

tory epithelia.113 The surface membrane of human dental pulp stem cells (hDPSCs) was tagged with magnetic

nanoparticles and subsequently seeded in 96-well plates to form cell aggregation. After the incubation with

FGF10, the 3D spheroids grew into 3D salivary gland organoids with better neuronal compartments and excel-

lent secretory function; however, these salivary gland organoids had limited vascularization. The samemethod

was also applied in studying the role of exosomes derived from salivary gland organoids. The salivary gland

organoids were developed by stable magnetic 3D bioprinting platforms, which provided a promising alterna-

tive to repair and regenerate the damaged salivary gland.114

Besides, glandular diversity and heterogeneous cell types would be successfully maintained in developed

salivary gland organoids via modulating culture niches. Yoon et al. reported that compared to conventional

culture components such as EGF and WNT signals, neuregulin 1 had the capacity to promote stem cell dif-

ferentiation and avoid single-cell dissociation. This culture component could effectively develop organoids

with stable and recapitulative cell diversity as opposed to generating excessive keratinized core.115 The

advanced research for alternative components of the microenvironments may be promising in generating

cell-type-specific organoids for salivary gland regeneration.

Despite the advancement in bioengineering salivary gland organoids, the vascularization of salivary gland

organoids and the identification of essential and crucial signals for the successful generation of organoids

are a few concerns that should be addressed. Therefore, in order to repair and regenerate damaged sali-

vary glands for clinical application, future studies are supposed to concentrate on optimizing the size and

function of organoids.
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Oral cancer organoids

Oral cancer has been the sixth most malignant cancer worldwide due to the rising incidence, severity and

prognosis.116 Mainstream therapy of oral cancer mainly contains surgery, radiotherapy, and chemotherapy,

which may fail to completely treat refractory oral cancer due to relatively limited research on oral cancer

mechanisms. However, oral cancer organoids, which mimic in vivo tumor microenvironments, have been

developed, which could be used to study the underlying mechanism of tumorigenesis. This could provide

a suitable platform for developing therapeutic strategies, specifically personalized treatment.

Tanaka et al. successfully generated head and neck cancer organoids by modifying protocols to generate

tumor-derived spheroids. The tissues of patients with cancers were cultured in DMEM and transferred to

Matrigel supplemented with bFGF to generate 3D spheroids. Versus the original tumor, head and neck

cancer organoids possessed similar biochemical and biophysical characteristics, particularly the tumor pro-

tein p53 mutational status.13 Further, cancer stem cells harvested from patients and cultured in Matrigel

could generate oral cancer organoids, which exhibit histopathology and cellular heterogeneity of the tu-

mor sample. However, cancer stem cell properties such as enrichment and expansion may be hard to main-

tain in vitro. In order to solve the present problem and prolong the lifespan of cancer organoids, Zhao et al.

bioengineered the niches of organoids by co-culturing cancer-associated fibroblast with oral cancer orga-

noids to explore the function of fibroblast in tumorigenesis.14 Results demonstrated that the co-culture of

cancer-associated fibroblast with organoids successfully promoted stem cell properties and improved the

organoids-forming ability by secreting lactate.

Although there are few advantages of using conventional methods to generate oral cancer organoids,

several methods have been developed to bioengineer oral cancer organoids by simulating in vivo tumor

microenvironments. Decellularized tongue extracellular matrix is fabricated as a scaffold to form tongue

squamous cell carcinoma (TSCC) organoids by seeding TSCC cells.117 After decellularization, ECM still re-

tained components such as laminin and collagen, which simulates the TSCC microenvironment and pro-

mote the formation of TSCC organoids, retaining themigratory and invasive properties of the original cells.

Moreover, Noi et al. fabricated a non-woven silica fiber sheet as a novel scaffold to support human oral

squamous cell-3 cells for the generation of oral cancer organoids.118 The silica fiber scaffold structure

was similar to the loose connective tissue structure in vivo, which would not inhibit cell growth and migra-

tion. Compared with animal-derived Matrigel, silica fiber scaffold is easy to be modified.

The present progress achieved in oral cancer organoids development is still inadequate. The inability of

current oral cancer organoids to precisely recapitulate the tumor microenvironment still plagues the appli-

cation in personalized cancer therapy and drug screening. More advancedmethods to engineer organoids

deserve to be studied in the future.

Taste bud organoids

Taste buds, as effective taste receptors existing in fungiform, foliate, and circumvallate papillae, are impor-

tant for maintaining the quality of life. Taste bud organoids are able to explore the underlying mechanism

of taste function and contribute to taste bud regeneration in vitro. Leucine-rich repeat-containing G pro-

tein-coupled receptor 5 (Lgr5) cells are ASCs in posterior tongue. Ren et al. seeded Lgr5+ cells on the Ma-

trigel to generate taste bud organoids with mature taste receptor cells.119

However, taste bud organoids constructed by conventional methods are unable to form accessible local-

ization of taste receptor cells. These cells are enclosed inside the organoid and play an imperative role in

evaluating taste response via the application of calcium imaging. So, Adpaikar et al. utilized a suspension

combined Matrigel method to culture taste bud organoids, which could recapitulate the taste epithelium

homeostasis.120 The epithelium of circumvallate and foliate papillae-derived cell pellets were cultured in

DMEM/F12 medium with the supplement of various epidermal growth factors and guidance of Matrigel

as a scaffold. After 4 days of culture, 3D spherical structure was re-suspended in a culture medium without

Matrigel to develop into engineered taste bud organoids. An increased number of stem cells and taste re-

ceptor cells were observed in the newly developed taste bud organoids and can benefit regenerative med-

icine. Besides, Lee et al. used decellularized tongue matrix as scaffolds on microfluidic devices to fabricate

an artificial tongue device, which could efficiently mimic in vivo taste budmicroenvironment and serve as an

efficient and sensitive taste sensor system.121 After seeding appropriate stem cells, the developed device

could be used to generate taste bud organoids similar to taste buds in vivo. The advantage of this device
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was to yield stable substance exchange and apply decellularized tongue-derived matrix promoting cell

adhesion and providing growth factors necessary for organogenesis. More efficient and functional sensors

for taste detection may also be realized by the microfluidic system via dynamically analyzing signal trans-

mission. Even though taste bud organoids have not been generated by this method yet, this device indeed

constructs a strategy for precisely mimicking niches in vivo and applicating in taste tissue regeneration.

Overall, current methods to generate advanced taste bud organoids with increased taste receptor cells still

lack more sensitive taste sensor platforms to verify the effectiveness of taste sensors of organoids

compared with their in vivo counterparts. Therefore, in order to achieve clinical taste bud regeneration, mi-

crofluidic devices, which can provide a more stable system to standardly monitor the taste sensation of

taste bud organoids, are supposed to be applied in the development of taste bud organoids.

Lingual epithelial organoids

Due to the epidemic of tongue cancer around the world, researchers studying the mechanism of lingual

epithelial renewal and regeneration through organoids draw more and more attention. Hisha et al. gener-

ated lingual epithelial organoids using B cell-specific Moloney murine leukemia virus insertion site 1 pos-

itive lingual epithelial cells, which were seeded in Matrigel and supplemented with growth factors such as

EGF, noggin, and R-spondin1. These organoids were round in shape and had concentric cell arrange-

ment.122 After transplantation, the grafted organoids grew and maturated in the muscular layer of the

tongue instead of only in the epithelial layer, indicating the potential application in lingual regeneration.

However, the limitation of this method is the difficulty of organoids to form specific morphology even

though culture conditions are identical. This may attribute to insufficient culture components to mimic

niches in vivo and uncontrollable self-organization to generate organoids with similar shapes and sizes.

Although current lingual epithelial organoids have repaired tongues in the muscular layer rather than only

in the epithelial layer, there is an urgent need to develop innovative approaches to bio-engineer organoids.

Studies should focus on controlling the self-organization of stem cells in organoids by evaluating complex

niches and using shape-controlled devices to develop fully functional lingual epithelial organoids with

morphology similar to actual organs for clinical regeneration.
Maxillofacial cartilage organoids

Maxillofacial cartilage is comprised of hyaline cartilage of the nose, developing bones of the head, and fi-

brocartilage of temporomandibular joints. In order to generate hyaline cartilage organoids, Crispim et al.

used spinner flasks to culture bovine chondrocytes with the supplement of notochordal cell-derivedmatrix,

which was a decellularized biologic matrix similar to cartilage in composition.17 Subsequently, the newly

developed hyaline cartilage organoids were encapsulated in hydrogel alginate with suitable elastic prop-

erty which could enhance the proliferation of cells and simultaneously sustain the expression of sex-deter-

mining region Y-box 9, indicating the excellent chondrocytes activity after in vitro culture for 24 days. This

research guaranteed the mass production of cartilage organoids with appropriate chondrocyte activity,

showing the potential for large-scale cartilage regeneration. However, whether this method is suitable

for human cartilage regeneration requires to be verified by using human chondrocytes to construct carti-

lage organoids.

Currently, even though advanced cartilage organoids with superior chondrogenic activity and potential for

mass production, the clinical application of organoids for maxillofacial cartilage regeneration still faces

challenges including source-limited human embryonic stem cells and xenogeneic immune rejection.

Therefore, more research should be encouraged to employ PSCs and ASCs derived from humans as cell

sources in developing maxillofacial cartilage organoids before clinical therapy.
LIMITATIONS OF CURRENT ORAL AND MAXILLOFACIAL ORGANOIDS DESIGN AND

PROSPECTS

Although oral and maxillofacial organoids have been successfully used for tissue regeneration in past de-

cades, functional and morphological differences exist in organoids formed in vitro and actual organs. Em-

bryonic stem cells are widely used to develop mature organoids; however, their source is limited and has

ethical concerns, thereby restricting their clinical application.
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Apart from the source of cells, there is still uncertainty regarding the underlyingmechanisms of organogen-

esis and components required for culturing the organoids, which play an important role in regulating the

self-organization of stem cells. These factors pose a major challenge in organoid culturing and develop-

ment. As an alternative to embryonic stem cells, PSCs are utilized in generating various organoids. How-

ever, PSCs have diverse differentiation potential, resulting in immature organoid formation. It is difficult

to precisely control the self-organizing ability of PSCs in vitro unless the cells are cultured in optimized con-

ditions in the presence of supporting niche and suitable growth factors, which can effectively mimic in vivo

microenvironment. Therefore, different technologies for developing organoids by simulating the chemical

and physical characteristics of the culture microenvironment and allowing spatiotemporal modulation of

bioactive factors become an emerging strategy. Tremendous advancements have beenmade in modifying

intestinal123 and neural124 organoids by bioengineering organoids. However, only a few studies have

focused on improving the functions andmorphology of oral andmaxillofacial organoids. Thus, considering

various methods to engineer other organoids and specific properties of oral and maxillofacial organoids,

several feasible approaches deserving to be implemented for improving oral and maxillofacial organoids

are listed as follows.

Most current methods to modify oral and maxillofacial organoids rely on simulating the stiffness and archi-

tecture of ECM through 3D bioprinting and novel biomaterials as scaffolds. However, precise spatiotem-

poral regulation and control of self-organization need to be attained by utilizing microfluidic devices and

further engineered scaffolds. For instance, multiple growth factors facilitating stem cell differentiation can

be spatially immobilized in modified hydrogels.83 The scaffolds developed using photochemistry could be

used to promote hydrogel degradation on light stimulation in a time-dependent manner. This fabricated

scaffold could mimic the degradation of the enamel matrix for regulating the architecture of tooth germ

organoids for tooth regeneration.125 Besides, the stable and sufficient cues provided by microfluidic de-

vices can mimic in vivo microenvironment, which can control the self-organizing ability of organoids for

the long term and prolong their lifespan of the organoids. In addition to mimicking the in vivo microenvi-

ronment, the intricated microfluidic devices can also simulate the interaction between various organs by

culturing different organoids. This would aid in understanding the influence of multi-organ diseases on

the functions and morphology of oral organoids, which would be impossible to study using single organo-

ids.126 Moreover, using microfluidic systems to high-throughput screening and detection niches provides a

cost-effective platform to explore the most optimized niches of oral organoids and enables the study of

organoids development and clinical applications.121

Further, more sophisticated oral organoids can be generated via gene editing. The utilization of CRISPR-

Cas9 technology can further elucidate the mechanism of organogenesis and disease progression to alle-

viate the limited understanding of oral and maxillofacial systems. After acquiring complex knowledge of

the signal pathway of organogenesis, genes contributing to oral and maxillofacial organoids generation

may be knocked in via genome editing.127 This technology is able to effectively elevate the expression

of various signal pathways thereby forming mature organoids. Besides, with the combination of gene edit-

ing, optogenetic technology may also become another effective approach to precisely regulate the self-

organization of stem cells in a spatiotemporal manner.128 It was reported that optogenetics combined

with CRISPR-Cas9 could precisely control the activation of WNT/b-catenin signal pathway in PSCs thereby

triggering transcriptional changes and mesoderm differentiation of PSCs.129 This research indicates that

optogenetics may also be a promising tool for regulating various signal pathways to spatiotemporally con-

trol the fate of stem cells for designing oral and maxillofacial organoids.

The above-mentioned approaches may guide the progression of oral organoids in the future by controlling

microenvironment components as well as reprogramming genomes to manipulate the self-organization of

cells. The construction of engineered oral and maxillofacial organoids is gaining momentum, which is

bound to prosper regeneration and development of oral and maxillofacial systems and achieve more

breakthroughs in the global healthcare and dental field.
Conclusion

Oral and maxillofacial organoids break through the bottleneck of conventional 2D culture since they effec-

tively recapitulate the architecture and function of tissues and cells in vitro. These characteristics enable

them to be widely applied in tissue regeneration and disease treatment. To overcome the shortcomings

of the construction of oral and maxillofacial organoids, various advanced methods to engineer oral and
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maxillofacial organoids make it possible to generate organoids that are similar in structures and functions

to their in vivo counterparts. Various approaches to engineering organoids have been represented,

through which structure and function similar to the actual organs could be promised for organoids pro-

duced in vitro. Currently, various methods, such as 3D bioprinting and fabricated polymer scaffolds, can

effectively mimick niches in vivo for organoid construction. However, challenge especially in precisely regu-

lating the self-organization of organoids still exist. More efforts in a multidisciplinary manner to further

bioengineer oral and maxillofacial organoids are required for oral and maxillofacial regeneration.
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