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A B S T R A C T

Tissue engineering (TE) is a multidisciplinary research field aiming at the regeneration, restoration, or
replacement of damaged tissues and organs. Classical TE approaches combine scaffolds, cells and soluble factors
to fabricate constructs mimicking the native tissue to be regenerated. However, to date, limited success in
clinical translations has been achieved by classical TE approaches, because of the lack of satisfactory bio-
morphological and biofunctional features of the obtained constructs. Developmental TE has emerged as a novel
TE paradigm to obtain tissues and organs with correct biomorphology and biofunctionality by mimicking the
morphogenetic processes leading to the tissue/organ generation in the embryo. Ectodermal appendages, for
instance, develop in vivo by sequential interactions between epithelium and mesenchyme, in a process known as
secondary induction. A fine artificial replication of these complex interactions can potentially lead to the
fabrication of the tissues/organs to be regenerated. Successful developmental TE applications have been re-
ported, in vitro and in vivo, for ectodermal appendages such as teeth, hair follicles and glands. Developmental TE
strategies require an accurate selection of cell sources, scaffolds and cell culture configurations to allow for the
correct replication of the in vivo morphogenetic cues. Herein, we describe and discuss the emergence of this TE
paradigm by reviewing the achievements obtained so far in developmental TE 3D scaffolds for teeth, hair
follicles, and salivary and lacrimal glands, with particular focus on the selection of biomaterials and cell culture
configurations.
1. Introduction

Tissue engineering (TE) is ‘an interdisciplinary field that applies the
principles of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve tissue function’
[1]. TE has originally emerged in response to the clinical need for repair
and/or replacement of dysfunctional, damaged or missing tissues and
organs, mainly caused by the shortage of available organ donors and
problems associated with organ transplantation. Since its first definition
in the early 1990s, TE has rapidly evolved and expanded encompassing
different research areas, such as biology, chemistry, materials science,
design and fabrication engineering, medicine, bioengineering etc. Since
then, TE has generated businesses based on start-ups, small- and medi-
um-sized enterprises (SMEs), and commercial companies ($9 billion in
sales estimated for companies with TE-related products on market in
2017 in the USA) [2]. The classical TE approach involves the combina-
tion of scaffolds, cells and soluble factors to obtain constructs that
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structurally, mechanically and functionally resemble the mature native
tissue to be regenerated [3]. Outstanding progress has been made in the
last few decades to shorten the gap between TE research and its clinical
applications, with the advent of induced pluripotent cells (iPSCs) [4] and
improvements in scaffolds design (e.g. substrate stiffness, advanced
fabrication technologies, biomimetic properties, biochemical cues, stra-
tegies for vascularization) [5]. However, most advances in TE research
have been limited to in vitro studies or in vivo small animal models.
Progression towards clinical translation has been relatively limited, and
the early predictions of clinical and commercial success of TE is yet to be
fully realized [6]. Indeed, regenerating tissues and organs which exhibit
adequate morphological and functional characteristics by classical TE
approaches still remains highly challenging, and success to date has been
mostly observed in simple epithelial structures such as skin. Thus,
developmental TE, or developmental engineering [7,8], has recently
emerged as a novel TE paradigm to obtain biomorphological and bio-
functional constructs by mimicking morphogenesis and by artificially
replicating embryonic developmental processes.
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Abbreviations

2D: Bi-dimensional;
3D: Three-dimensional;
ALP: Alkaline phosphatase;
AQP5: Aquaporin-5;
BMP: Bone morphogenic protein;
DE: Dental epithelial;
DM: Dental mesenchymal;
DP: Dermal papilla;
DS: Dermal sheath;
E: Young's modulus;
En: Embryonic day n;
Eda: Ectodysplasin;
ECM: Extracellular matrix;
EVAL: Ethylene vinyl alcohol;
FGF: Fibroblast growth factor:
G0: Storage modulus;
G00: Loss modulus;
GelMA: Gelatin methacryloyl (gelatin methacrylate);

GFP: Green fluorescent protein;
H&E: Haematoxylin and eosin;
HA: Hydroxyapatite;
HF: Hair follicle;
HUVEC: Human umbilical vein endothelial cell;
iPSC: Induced pluripotent stem cell;
PC: Polycarbonate;
PDL: Periodontal ligament;
PDMS: Polydimethylsiloxane;
PEG: Poly(ethylene glycol);
PGA: Polyglycolide acid;
PLLA: Poly-L-lactide acid;
PLGA: Poly(lactic-co-glycolic acid):
PMMA: Polymethyl methacrylate;
PVA: Polyvinyl alcohol;
PVDF: Polyvinylidene fluoride:
RGD: Arg-Gly-Asp;
Shh: Sonic hedgehog;
TCPS: Tissue culture polystyrene;
TE: Tissue engineering;

Fig. 1. Interplay between developmental biology and tissue engineering.
Developmental biology provides knowledge on biological developmental pro-
cesses to be used for human tissue regeneration by tissue engineering, while
tissue engineering provides models to investigate developmental processes in
developmental biology research (icons © The Noun Project).
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2. Developmental tissue engineering

Classical TE approaches aim at fabricating constructs with structural,
mechanical and functional properties resembling the mature native tis-
sues to be regenerated [3]. An adequate cell population is selected and
combined with an appropriately designed scaffold, soluble factors that
are able to direct cell fate can be added; the construct is cultured in vitro
to achieve a desired level of maturation and, finally, it is implanted in vivo
to ultimately perform its function. In addition to incorporating funda-
mental features such as biocompatibility and biodegradability, classical
TE scaffolds are designed to mimic the microarchitecture and mechanical
properties of the mature tissue to be regenerated [9,10]. For instance,
different scaffold designs include relatively stiff scaffolds with tuned
porous structure for bone [11,12] and gradient porosity for osteochon-
dral regeneration [13,14], scaffolds with preferential orientation for the
regeneration of anisotropic tissues [15,16], or scaffolds with relatively
soft mechanical properties and big pores for adipose tissue regeneration
[17,18]. Classical TE strategies mainly aim at cell growth in a 3D struc-
ture and differentiation into the desired phenotype to form the mature
tissue, pursued by guiding cell fate bymodulating the scaffolds properties
(e.g. substrate stiffness) and/or by addition of soluble factors. As an e.g.
bone tissue engineering has been generally targeted by direct osteogenic
differentiation of mesenchymal stem cells seeded on 3D scaffolds to
resemble intramembranous ossification. However, these approaches
have hindered clinical applications, caused by lack of vascularization and
subsequent core degradation; and developmental TE approaches, on the
basis of resolution of similar issues in endochondral ossification, have
been alternatively proposed [19]. In general, many classical TE ap-
proaches aim at restoring tissues and organs by replacing specialized
epithelium through implantation of adult epithelial cells or differentiated
stem cells. However, the complex structure of several organs is deter-
mined in nature by a series of epithelial and mesenchymal interactions
[20]. Thus, tissue and organ development is not only guided by cell
growth and differentiation in a 3D environment, as performed by most
classical TE approaches [21]; on the contrary, embryonic morphogenesis
is guided by a complex spatiotemporal organization and communication
between heterogeneous cell populations that eventually results in mature
biomorphology and biofunctionality of the tissue/organ [7]. The inter-
play between tissue mechanics and biochemical signalling orchestrates
tissue morphogenesis and patterning in development. Mimicking and
replicating these morphogenetic processes represent the core of the
developmental TE paradigm [22].
2

Ectodermal appendages arise from their organ germs by sequential
and reciprocal interactions between adjacent layers of epithelial and
mesenchymal tissues in the developing embryo [23]. This interaction
(i.e. secondary induction) is regulated by conserved families of signalling
molecules (e.g. Wnt, bone morphogenic protein, BMP, Hedgehogs, and
fibroblast growth factor, FGF), and is accomplished by one group of cells
(i.e. inductive cells) that guides the response of the adjacent cell group
(i.e. competent cells) [24]. In developmental TE, a cell population
retaining inductive capability is cocultured with another cell population
competent in receiving the inductive signals to artificially replicate the
morphogenesis, eventually leading to the regeneration of the desired
tissue or organ [25]. Seminal experiments in the last century demon-
strated that the inductive cues are conserved across species, while ecto-
dermal appendage identity is dictated by the signalling processes in the
competent epithelium [26]. The success of developmental TE clearly
depends on a mutually beneficial interplay between the research fields of
TE and developmental biology (Fig. 1). This interplay has the dual aim of
improving the outcomes of TE applications and increasing the knowledge
of developmental processes of tissues and organs. TE relies on knowledge
of morphogenetic processes studied by developmental biology to develop
engineered scaffolds and replicate the developmental processes to
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regenerate tissues/organs. Knowledge of cells involved in developmental
processes, their microenvironment, and signalling pathways are funda-
mental to accurately replicate the morphogenetic processes, to verify that
these processes have been adequately replicated, and to eventually
regenerate functional organs. In turn, TE can provide reliable, control-
lable, reproducible, and scalable models to investigate developmental
biology processes. Engineered scaffolds can also provide
three-dimensional (3D) microenvironments that represent more realistic
biochemical and biomechanical microenvironments, compared to tradi-
tional bi-dimensional (2D) cultures [27]. The tools offered by develop-
mental TE can be used to study physiology, metabolism, toxicology,
tumour development, developmental biology, or for the fabrication of
tissue engineered scaffolds for tissue and organ regeneration [28]. The
use of this reverse engineering process of morphogenesis can thus be of
outstanding importance both for a deeper understanding of biological
processes and for the fabrication of biomorphological and biofunctional
construct for damaged/missing tissues and organ regeneration [8].

Epithelial-mesenchymal cells interactions can be replicated in vitro to
target tissue/organ regeneration by different coculture systems, based on
2D or 3D cell culture configurations (Fig. 2). Combined cell coculture
configurations can also be used to obtain more complex culture systems
[29,30].

2D cocultures are performed by direct or indirect coculture. In direct
cocultures (Fig. 2A), cells are mixed together or seeded sequentially on
tissue culture polystyrene (TCPS) [31–33] and maintained in culture in
contact one with the other. In indirect cocultures, the cell populations are
not cultured in direct contact, but they generally share the same culture
environment. For instance, transwell culture systems (Fig. 2B, left) are
Fig. 2. Strategies for cell cocultures to replicate developmental processes. 2D cocultu
performed by transwell culture systems (left) or by culturing a cell population with a
3D cocultures can be based on (C) scaffold-free approaches, such as hanging drop
proaches, including cell seeding on scaffolds (left) or cells embedding in scaffolds
materials/scaffolds are represented in blue.

3

used to separately culture the cell populations in two compartments
immersed in the same culture medium. These systems have been used,
for instance, for the study of the crosstalk between epithelial and
mesenchymal cells in tooth [29,30,34] and hair follicle [35–37] devel-
opment. Alternatively, conditioned medium (Fig. 2B, right), obtained by
culturing a cell population and subsequently used to culture the other cell
population, has been used [38–40]. Microfluidic platforms have been
also developed to optimize the conditioned medium culture technique
[41]. Although 2D coculture systems are powerful tools to investigate
signalling molecules and study cell populations and signalling involved
in the organogenesis process, these systems lack physiological relevance
caused by the absence of 3D structure to replicate that of growing tissue.
Thus, 3D coculture strategies have emerged to better replicate this
complex 3D microenvironment [28].

3D coculture strategies can be scaffold-free or scaffold-based. Scaf-
fold-free approaches (Fig. 2C) rely on culture systems that promote cell-
cell interactions to form 3D spheroids, typically without the addition of
artificial extracellular matrix (ECM). For instance, in the hanging drop
method, cells are seeded and cultured within droplets of culture medium
where they develop as coherent 3D cell aggregates (Fig. 2C, left). This
versatile and relatively simple culture method [42] has been used to
recapitulate the interactions between epithelial and mesenchymal cells
during the development of tooth [43], hair follicle [44,45] and salivary
gland [46]. Alternatively, low attachment plates (Fig. 2C, right) can be
used to prepare 3D spheroids, thanks to the minimized protein and cell
attachment on the culture dish that promote the formation of floating cell
spheroids and aggregates [47]. As an alternative to scaffold-free strate-
gies, scaffold-based strategies can be used by introducing artificial ECM
res are based on (A) direct and (B) indirect cocultures. Indirect cocultures can be
conditioned medium used to previously culture the other cell population (right).
method (left) or ultra-low attachment cultures (right) or (D) scaffold-based ap-
, typically hydrogel-based (right). Culture medium is represented in red; bio-
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in the coculture (Fig. 2D). These strategies are based on seeding cells on a
porous scaffold (Fig. 2D, left) or on embedding cells in a 3D matrix,
typically a hydrogel (Fig. 2D, right). In this review, we discuss recent
advances of these latter-mentioned scaffold-based developmental TE
approaches for ectodermal organ regeneration, focussing on tooth, hair
follicle, and salivary and lacrimal glands.

3. Tooth developmental tissue engineering

Teeth are composed of several hard, differently mineralized tissues
(dentin, enamel and cementum), forming a chamber that contains an
enclosed soft tissue, known as dental pulp. The dental pulp is predomi-
nantly composed of connective tissue that is vascularized and innervated.
These different dental tissues form an integrated attachment complex
with the alveolar bone, known as periodontium, containing soft tissues,
such as the gingiva and the periodontal ligament (PDL) that anchors the
cementum of the tooth root to the alveolar bone socket [48].

Hard dental tissues, organized in a complex 3D structure [49], differ
in relation to degree of mineralization and chemical components. Dentin
is composed by 65–70 wt.% inorganic matrix [50,51], while the organic
component is mainly composed by collagen type I (90%) and pro-
teoglycans [52]. Dentin is produced by odontoblasts, polarized and
highly specialized cells, characterized by cytoplasmic processes extended
into dentinal tubules, and forms the bulk of the mineralized dental tissue
[53]. The enamel is acellular, highly mineralized (96 wt.%) tissue formed
by a biomineralization process governed by the ameloblasts (present only
during tooth development). The enamel covers dentin in the tooth crown,
the part of the tooth visible in the mouth [50,51,54]. Dentin and enamel
are characterized by Knoop microhardness values of approximatively
30–70 and 200–350 KHN, respectively [55,56], the latter being the
hardest tissue in the human body. The cementum covers dentin in the
tooth root region and gives attachment to the PDL and alveolar bone of
the socket [57]. The cementum is composed by 45–65 wt.% inorganic
components, with organic matrix predominantly composed of collagens
[58]. The dental pulp is a highly vascularized and innervated loose
connective tissue protected by dentin, cementum and enamel. Fibro-
blasts, dental pulp stem cells, immune cells are the main cell components
of the dental pulp tissue, which is well vascularized and innervated.
Odontoblasts are highly specialized cells, lining the periphery of the
dental pulp tissue, with their longcytoplasmic processes extending into
the dentine tubules. This very specific orientation of the odontoblasts
results in dentin and pulp acting together as a complex system, named
‘dentin-pulp complex’. These two dental tissues share anatomical,
developmental and functional relationships, resulting in responses to
dental injuries. The dental pulp ECM is mainly formed by type I, type III,
and type V collagen, phosphorylated and non-phosphorylated proteins,
glycosaminoglycans and proteoglycans [59]. Human dental pulp is
characterized by a Young's modulus (E) of approximatively 2–5 kPa
under compression load, and it exhibits storage modulus (G0) values of
2000–7000 Pa and loss modulus (G00) values of approximatively 1000 Pa
when shear stress at different frequencies is applied [60,61].

Tooth loss is a global health problem representing a health cost
burden to society and the economy [62,63]. Tooth loss affects an in-
dividual's capacity for biting, chewing, smiling, speaking, and impacts on
the individual’s psychosocial wellbeing, leading to both oral functional
and aesthetic issues [64]. Complete loss of natural teeth is widespread,
particularly affecting older people, mainly caused by dental caries,
periodontal disease and genetic disorders [65,66]. Current dental treat-
ments that are being used to replace missing tooth structure or missing
teeth are based on conservative therapies such as fillings, made of inert
dental materials, fixed dental bridges [67] or removable dentures [68]
and dental implants [69,70]. Different approaches have emerged, such as
concepts of regenerative dentistry, that challenge themodern dentistry to
step up the dental research and translate the scientific knowledge of
understanding the underlying mechanisms of tooth development and the
biological processes of healing and repair. The ultimate aim of these
4

approaches is application of knowledge in harnessing the natural healing
potential of the dental tissues or regenerating (engineering) the damaged
tissue or organ.

Classical TE approaches for teeth mainly aim to repair/regenerate
single tooth components, such as enamel, dentin-pulp complex and
different tissues of the periodontium [71–75]. Enamel repair has been
principally investigated by targeting the remineralization of the defective
enamel, particularly challenging given the acellular structure, inorganic
composition, and high mechanical properties. Approaches for enamel
repair include physical synthesis, protein matrix-guided crystal growth,
and in situ enamel surface mineralization [76–80]. Classical TE ap-
proaches have also been used for the regeneration of the dentin-pulp
complex, both based on cellular [81] and acellular [82] strategies. In
the first case, cells (e.g. dental pulp stem cells, stem cells from apical
papilla, stem cells from exfoliated deciduous teeth, stem cells of non--
dental origin, and iPSCs [73–75,83,84]), morphogenetic factors and
scaffolds [85–89] are combined in vitro and then implanted in vivo at
targeted site. In the latter case, biodegradable, porous, acellular scaffolds
[82], possibly coupled with signalling molecules such as cytokines, are
implanted in vivo to promote cell colonization and recruitment from
surrounding tissues (‘cell homing’ strategy), as well as proper vascular-
ization and innervation [90–93]. Although these strategies have ach-
ieved good research outcomes in restoring specific dental tissues, a whole
tooth regeneration approach is highly desirable in treating tooth loss.
Aiming at generating a whole biomorphological and biofunctional tooth,
surrounded by functional periodontium to guarantee correct function-
ality and in vivo integration [94], tooth developmental TE strategies have
shown unique and promising results.

Tooth developmental TE aims at replicating the biological processes
that lead to tooth development during embryogenesis [48]. The embry-
onic ectoderm (epithelium) interacts with the underlying mesenchyme,
derived from cranial neural crest, in a sequence of well-orchestrated steps
that include initiation, morphogenesis, differentiation and matrix secre-
tion, until the mature tooth erupts in the oral cavity to perform its
functions (Fig. 3A) [95–97]. Tooth formation begins when the dental
lamina in the oral epithelium thickens (approximatively 7 weeks in
humans) and invaginates in the underlying neural-crest-derived mesen-
chyme. Subsequently (placode stage), the mesenchyme condenses
around the invaginated epithelium and gives rise to the tooth bud. The
epithelium folds and wraps around the condensing mesenchyme in the
following cap and bell stage. The signalling centre known as the ‘enamel
knot’, developed at the tip of the late bud, controls this process. During
the late bell stage, the mesenchyme is embedded in the epithelium and
cytodifferentiation occurs. The epithelial cells close to the mesenchyme
differentiate into ameloblasts to eventually produce enamel; adjacent
mesenchymal cells differentiate into odontoblasts to produce dentin.
Conserved signalling pathways involved in tooth development include
Wnt group of signaling pathways, bone morphogenic protein (BMP),
fibroblast growth factor (FGF), sonic hedgehog (Shh) and ectodysplasin A
(Eda) [98].

The regeneration of teeth by developmental TE is based on the
coculture of epithelial-mesenchymal cells using an engineered scaffold to
sustain the interactions between the cell populations and lead to tooth
morphogenesis. The selection of appropriate cell sources and enabling an
environment where cell communication and signalling can be established
are key aspects. To date, strategies for tooth regeneration by develop-
mental TE [75,102–104] include (i) scaffold-free strategies, (ii)
cell-seeded scaffolds and (iii) collagen-drop method/hydrogel-based
strategies.

Scaffold-free strategies (i) rely on the use of cell aggregation, for
instance by cells pelleting [105–107] or hanging drop method [43]. In
cell-seeded scaffold strategies (ii), mixed populations of mesenchymal
and epithelial cells are seeded on the scaffold. Alternatively, cell pop-
ulations are seeded sequentially or compartmentalized in different con-
figurations on fabricated scaffolds [108–113]. In the collagen drop
method (iii), also referred to as ‘tooth germ method’, epithelial and



Fig. 3. Tooth developmental tissue engineering. (A) Fundamental steps of tooth morphogenesis in embryos replicated by developmental TE to regenerate teeth. (B)
Phase contrast images of bioengineered tooth germs in collagen drops (the ‘collagen drop organ germ method’). Epithelial (dashed lines) and mesenchymal cells are
seeded compartmentalized in collagen drops with different contact areas (short, middle and long); scale bar ¼ 200 μm [99]. (C) Histological sections of bioengineered
tooth fabricated by collagen drop method implanted in mice upper first molar, before and immediately after eruption, and at complete occlusion; scale bar ¼ 100 μm
[100]. (D) Macroscopic pictures and CT images of canine oral cavity without transplantation, after natural tooth germ transplantation, and after in vitro bioengineering
tooth transplantation. Red arrows indicate erupted tooth [101]. All images used with permission.
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mesenchymal cells are loaded in a collagen drop [94,99–101,114–118].
Here, we include the ‘collagen drop method’ with all the strategies that
are based on loading cells in 3D hydrogel structures [61,119–121], in
comparison to the cell-seeded scaffolds where cells are seeded on a
pre-fabricated scaffold. In this review, we focus on scaffold-based 3D
culture systems for tooth developmental TE, summarized in Table 1 and
discussed below.

3.1. Scaffold-based approaches for tooth developmental tissue engineering

The cell-seeded scaffold strategies are based on the fabrication of a
scaffold with adequate features, such as cytocompatibility and biocom-
patibility, possibility of cell-adhesion, degradability, and, generally, a
porous structure to allow cell colonization. After the scaffold is fabri-
cated, cells are seeded either as a single cell suspension (i.e. mixed
population of epithelial and mesenchymal cells) [110,113] or as sepa-
rated/compartmentalized cell populations, in different configurations
(e.g. epithelial and mesenchymal cells seeded adjacently in contact, or
separated) [109,112]. Materials used for the fabrication of these scaffolds
include polyglycolide acid (PGA), poly-L-lactide acid (PLLA), and poly(-
lactic-co-glycolic acid) (PLGA) [108,110,112,113], collagen sponges
5

[109] and decellularized tooth buds [111]. PLGA scaffolds fabricated by
sodium chloride particulate leaching (diameter Ø ¼ 75–150 μm) were
tested by seeding a single cell suspension derived from tooth bud from rat
[110] or pig jaws [113], then subsequently implanted in the omenta of
host rats. After a 12-week incubation in vivo, mineralized tissue was
observed within rat-derived cell-seeded scaffolds, compared to the
absence of regenerated mineralized tissue for acellular scaffold controls.
Dentin, enamel and pulp tissues were also present [110]. Comparable
outcomes were obtained using either PGA or PLGA scaffolds. The time
required for the regeneration using cells from different animals (i.e.
20–30 weeks for pig-derived cells, 12 weeks for rat-derived cells) is in
line with the time required for natural tooth development (i.e. tooth
eruption in approximatively 80 weeks for pigs and 7 weeks for rats),
suggesting the maintenance of different developmental biological pro-
grams in cells isolated from different animal sources [113].
PGA/PLGA-based scaffolds with more complex structures were then
described to simultaneously target whole tooth and surrounding bone
regeneration in mandibular defects [108]. PGA/PLGA sphere scaffolds,
coated by type I collagen, were seeded with dental mesenchymal (DM)
cells and wrapped with gelatin foam scaffolds seeded with dental
epithelial (DE) cells. These scaffolds were coupled with other PLGA



Table 1
Scaffold-based developmental tissue engineering strategies for tooth regeneration, based on the coculture of epithelial and mesenchymal cells. A biomaterial is used to prepare a 3D structure and coculture cells. In vitro and
in vivo studies are performed to verify the suitability of the engineered construct in regenerating teeth.

Epithelial cells Mesenchymal cells Biomaterial Culture method In vivo tests Main findings Reference

Cell-seeded scaffold strategies
3- to 7-day-newborn Lewis rat molar tooth bud
(single cells suspension)

PGA fibre mesh with 3%w/
w PLLA.
PLGA prepared by NaCl
crystals leaching.

Mix of cells seeded on scaffolds Omentum of 6- to 12-months old Lewis rats 4-day-newborn cells proliferate in
vitro. PGA and PLGA scaffolds
support tooth growth in vivo

Dualibi et al., 2004 [110]

Third molars tooth bud from 6-month-old pig jaws
(single cells suspension)

PGA fibre mesh with 3%w/
w PLLA.
PLGA prepared by NaCl
crystals leaching.
Scaffolds are collagen
coated.

Mix of cells seeded on scaffolds Omentum of athymic rats Cells seeded on biodegradable
scaffolds regenerate tooth-like
structure in vivo

Young et al., 2002 [113]

Third molar from 3.6-month-old Yucatan minipig PGA/PLLA spheres coated
with type I collagen
wrapped with gelatin
sponge

DM cells seeded on PGA/PLLA
scaffolds wrapped and sutured with
DE cells seeded gelatin sponge

Full-thickness segmental bone defects in
hemimandible of Yucatan minipig

In vivo tooth regeneration with
correct structure (1/6 of implants)

Abukawa et al., 2009
[108]

Second molar tooth buds from 6-month-old Yucatan
minipig

Electrospun nHA-loaded
PLGA

Static seeding of mixed cells (and
single cell populations as controls)

Fibres orientation guides DM cells.
nHA does not promote cells
differentiation and ECM deposition

van Manen, 2014 [112]

Third molar from 6-month-old pigs Collagen sponge (75% type
I þ 25% type III collagen,
dry weight)

Different configurations of cells
seeded on the collagen sponge

Omentum of 5- to 6-week-old rat Direct contact between seeded cell
populations promotes tooth
development

Honda et al., 2007 [109]

Third molar from 6-
month-old pig jaws

Third molar from human Decellularized unerupted
tooth bud from 6-month-
old pig jaws

DE and DM cells seeded on
decellularized enamel and pulp
sutured together

Tooth-extracted sockets of 6-month-old
Yucatan mini pigs

Regenerated teeth adopt the size of
the decellularized scaffold in vivo

Zhang et al., 2017 [111]

Cell-laden hydrogel-based strategies
Incisors and molars of E14.5 mice Type I-A collagen Dissociated cells in collagen drop

(mixed or compartmentalized)
Subrenal capsule of 8-week-old male mice The organ germ method

successfully generates tooth
Nakao et al., 2007 [114]

Human gingival
epithelial cells

Molar tooth from E14.5
mouse mesenchyme
tissue

Type I-A collagen Epithelial cells in collagen drop
seeded on mesenchyme tissue

Kidney capsules in adult immune-
compromised mice

In vivo regeneration of tooth-like
structures and root formation

Angelova Volponi et al.,
2013 [118]

Molar tooth germ from E14.5 mice Type I-A collagen Dissociated cells in collagen drop Bony hole in the upper first molar region of
the alveolar bone in an 8-week-old adult
murine lost tooth transplantation model

Functional in vivo regeneration of
bioengineered tooth

Ikeda et al., 2009 [100]

Premolar tooth germ from 30-day-old beagle dogs Type I-A collagen Epithelial tissue and mesenchymal
cells in collagen drop

Autologous transplantation into alveolar
bone socket of canine mandible

Functional in vivo regeneration of
bioengineered tooth (in large
animal model)

Ono et al., 2017 [101]

Molar tooth germ from E14.5 mice Type I-A collagen Dissociated cells in collagen drop
(different contact areas)

Subrenal capsule transplant in mice Crown width and cusps number
depend on contact area between DE
and DM cells

Ishida et al., 2011 [99]

Molar tooth germ from E14.5 mice Type I-A collagen Dissociated cells in collagen drop Alveolar bone defect in mouse Functional in vivo regeneration of
size-controlled bioengineered tooth

Oshima et al., 2011 [94]

Molar tooth from E12
mouse

Molar tooth from E14.5
mouse

Type I-A collagen Cells mixed and recombined with
epithelium in collagen drop

Subrenal capsule transplantation in mice Newborn’s cells > 25% fail to
reconstruct tooth. Cells of the
offspring after birth not involved in
tooth regeneration

Yang et al., 2017 [116]

Incisor tooth germ from E14.5 mice Type I-A collagen iPCs mixed with DM cells in
collagen drop; DE cells seeded
adjacent in collagen

Subrenal capsule transplantation in mice iPSCs’ participation in tooth
development

Wen et al., 2012 [117]

Mandibular incisors of
10-day-old Wistar rat
offsprings after birth

Mandibular first molar of
10-day-old Wistar rat
offsprings after birth

Type I–P collagen Epithelial cells layered on top of
pulp cells laden collagen gel

Cells reciprocally influence their
morphology

Notani et al., 2009 [115]

Newborn human oral
epithelial cells from
gingival tissue

Newborn human dental
pulp cells from third
molar

Matrigel and collagen gel Epithelial cells seeded on gels
inoculated with dental pulp cells

In vitro reproduction of the
epithelium invagination process

Xiao et al., 2012 [121]

(continued on next page)

N
.C

ontessiN
egriniet

al.
M
aterials

Today
Bio

10
(2021)

100107

6



Ta
bl
e
1
(c
on

tin
ue
d
)

Ep
it
he

lia
lc

el
ls

M
es
en

ch
ym

al
ce
lls

Bi
om

at
er
ia
l

C
ul
tu
re

m
et
ho

d
In

vi
vo

te
st
s

M
ai
n
fi
nd

in
gs

R
ef
er
en

ce

To
ot
h
bu

ds
fr
om

6-
m
on

th
-o
ld

m
in
ip
ig
s

W
is
do

m
to
ot
h
of

16
-y
ea
r-

ol
d
C
au

ca
si
an

m
al
e

C
ol
la
ge

n
an

d
M
at
ri
ge

l
M
es
en

ch
ym

al
ce
lls

in
co
lla

ge
n
ge

lþ
ep

it
he

lia
lc

el
ls
in

M
at
ri
ge

lp
ip
et
te
d

in
si
de

co
lla

ge
n

Su
bc

ut
an

eo
us

in
to

4-
w
ee
k-
ol
d
nu

de
ra
t

C
oc
ul
tu
re
d
co
ns
tr
uc

ts
m
ai
nt
ai
n

pr
ed

et
er
m
in
ed

sh
ap

e
an

d
si
ze

Zh
an

g
et

al
.,
20

10
[1
22

]

R
at

de
nt
al

ep
it
he

lia
l

ce
lls

(H
A
T-
7)

H
um

an
de

nt
al

pu
lp

st
em

ce
lls

Ty
pe

I
co
lla

ge
n/

ch
it
os
an

hy
dr
og

el
bl
en

d
an

d
m
at
ri
ge

l.

C
el
ls
se
pa

ra
te
ly

em
be

dd
ed

in
tw

o
hy

dr
og

el
bl
en

ds
,d

iv
id
ed

by
M
at
ri
ge

l

Su
bc

ut
an

eo
us

im
pl
an

t
in

m
ic
e

O
pt
im

iz
ed

,s
ta
bl
e
bi
om

at
er
ia
lt
o

pr
ov

id
e
fr
ee
do

m
of

m
ov

em
en

t
to

ce
lls

R
av

in
dr
an

et
al
.,
20

10
[1
19

]

U
ne

ru
pt
ed

to
ot
h
bu

ds
fr
om

5-
m
on

th
-o
ld

po
rc
in
e
ja
w
s

G
el
M
A

D
E-
H
U
V
EC

lo
ad

ed
hy

dr
og

el
la
ye

re
d

on
to
p
of

D
M
-H

U
V
EC

hy
dr
og

el
Su

bc
ut
an

eo
us
ly

(b
ac
k
of

im
m
un

oc
om

pr
om

is
ed

5-
m
on

th
-o
ld

fe
m
al
e

R
ow

et
t
N
ud

e
ra
ts

G
el
M
A
w
it
h
tu
na

bl
e
pr
op

er
ti
es
.

H
U
V
EC

pr
om

ot
e
ca
pi
lla

ry
-li
ke

st
ru
ct
ur
e.

Sm
it
h
et

al
.,
20

14
[1
20

],
20

17
[6
1]

N. Contessi Negrini et al. Materials Today Bio 10 (2021) 100107

7

porous scaffolds, fabricated by solvent-casting particulate leaching of
glucose particles, to regenerate the bone surrounding the tooth. After in
vivo implantation in mandibles, regenerated tooth structures including
dentin, enamel and pulp were observed, but the regeneration success rate
was as low as ~17% on the total number of implanted scaffolds (i.e. 1 out
of 6 implants showed tooth-crown formation). PLGA fibrous scaffolds
loaded with nanohydroxyapatite (HA) were also described to guide
dental cell alignment, by using the fibrous structure of the electrospun
scaffold, and promote cell differentiation and inorganic ECM deposition
[112]. Poly(lactic-co-glycolic acid) (PLGA) was electrospun to obtain
fibrous scaffolds with random or aligned fibre orientation, loaded with
different nano-HA contents (i.e. 0%, 10% and 20%). Aligned fibres suc-
cessfully guided cell orientation, compared to the random fibres orien-
tation. Dental mesenchymal (DM) and dental epithelial (DE) cells
cocultures showed improved ECM deposition and formation of calcified
nodules in vitro, compared with single-cell population cultures. However,
no evidence of beneficial effects of nano-HAwas demonstrated. Naturally
derived materials such as collagen [109] and decellularized tooth bud
[111] were also used for cell-seeded strategies, as alternatives to the
described synthetic polymer-based scaffolds. As an advantage, the choice
of naturally derived polymers such as collagen, collagen derivatives and
decellularized matrix provides an ECM-biomimetic environment
[123–125], thus avoiding the need for coating procedures to promote cell
adhesion which is required for synthetic polymer-based scaffolds (e.g.
collagen coating) [108,113]. Porous collagen sponges were used to
investigate the effects of cell seeding configurations on tooth regenera-
tion [109]. Cells were either seeded on the sponges as single cell pop-
ulations, sequentially seeded on the same scaffold, seeded on different
scaffolds that were then coupled together and divided by a porous
membrane, or seeded as single suspension of mixed cells. Both in vitro and
in vivo, direct contact between the two cell populations increased the
success of tooth regeneration, thus proving the importance of adequate
interactions between DE and DM cells to replicate the elements of tooth
development. Increased alkaline phosphatase (ALP) activity was
measured in vitro when DE and DM cells were cultured in contact on the
collagen sponges, compared with spatially separated cells cultured on the
sponges. This configuration of cell seeding allowing for cell contact was
able to regenerate single tooth-like structures after a 20-week implan-
tation in the omentum of host rats. Moreover, when cells were seeded as
single suspension of mixed cells and not as compartmentalized cells
in contact one with the other, abnormal teeth structures were formed in
vivo, most likely caused by the initiation of several developing teeth in
the same scaffold, thus underlining the importance of a controlled con-
tact and compartmentalization of seeded epithelial and mesenchymal
cells. A compartmentalized cell seeding configuration of epithelial and
mesenchymal cells was also tested using decellularized tooth buds [111].
The decellularization process allows for the removal of immunogenic
components, leaving the ECM of the bud to be used as a naturally
biomimetic scaffold. Decellularized enamel and pulp scaffolds were
separately seeded with porcine DE cells and human DM cells, respec-
tively, and sutured together. Human umbilical vein endothelial cell
(HUVEC) were added to promote the in vivo vascularization of the seeded
scaffolds. This complex decellularized scaffold showed great in vivo po-
tential in regenerating teeth, by replicating the size and shape of the
scaffold with organized mineral structures. However, regenerated teeth
were not observed in all the implanted scaffolds.

In cell-laden hydrogel-based strategies, cells are seeded by embedding
them in 3D hydrogels during the scaffold fabrication, compared with the
previously described methods (i.e. cell-seeded scaffolds) in which cells are
seeded on scaffolds fabricated beforehand. These strategies include the
‘collagen-drop’ method, based on the use of collagen as the 3D structure
[94,99–101,114–118] and other hydrogel-based materials including col-
lagen/chitosan blends [119], Matrigel [121,122] and gelatinmethacryloyl
(GelMA) [61,120]. The collagen drop method was described in a pio-
neering study performed by Nakao et al. [114], which also defined this
method as the ‘organ germ method’. A collagen drop (approximatively 30
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μL of type I collagen) is used as a 3D scaffold in which cells are embedded.
In particular, epithelial and mesenchymal cells are manually injected in
the collagen drop and compartmentalized in adjacent areas of the drop.
Typically, high cell densities are used for the generation of the tooth germ
(i.e. ~108 cell/mL) [114]. Then, the cell-laden collagen drop is transferred
at 37 �C in a tissue culture insert and cultured in vitro for the desired time
(i.e. 2–7 days) before in vivo implantation or maintenance in culture to
validate the in vitromodel. When these organ germs are produced by using
DE and DM cells from tooth germs of E14.5 mice embryos and trans-
planted in vivo in subrenal capsules, a 100% rate in tooth regeneration is
observed, with properly arranged structures correctly resembling one of
the native tooth, including dentin, enamel, dental pulp, alveolar bone and
PDL. Dental structures with correct cell types and mineralized tissues were
also obtained in vitro [114]. Recombination of adult human gingival
epithelial cells with embryonic mouse molar mesenchyme tissue led to the
regeneration of fully developed tooth, comprising root, after renal capsule
in vivo transplantation in immune deficient mice [118]. This study has
shown that human gingival (adult) epithelial cells contributed to the for-
mation of a fully developed tooth, when combined with mouse tooth
embryonic mesenchyme. In this particular case, human adult epithelial
cells responded to the odontogenic signal from mouse mesenchyme and
successfully participated in the development of the tooth, by differenti-
ating into ameloblasts, as well as root sheath cells, known as Malassez
cells, found in the tooth root region [118]. Later, a collagen drop loaded
with DE and DM cells (i.e. tooth primordia) from mouse embryo was
implanted in a bony hole of the alveolar bone surface of mice (i.e. actual
site where the scaffolds would be implanted, compared with the subrenal
model previously used) and tooth physiological functions were success-
fully restored [100]. Fully developed, functional tooth with supporting
tissues was formed, as shown by histological staining images before
eruption, immediately after eruption and at complete occlusion (Fig. 3C).
The regenerated tooth was characterized by Knoop hardness values of
approximatively 460 and 80 KHN for enamel and dentin, respectively,
comparable to those of native mice teeth, thus showing the rehabilitation
of masticatory function in the bioengineered tooth. Responsiveness of the
bioengineering tooth to noxious stimulation was also proved, demon-
strating the presence of innervation in the tooth pulp [101]. However,
regenerated teeth showed smaller size compared to native teeth and low
control on crown width, cusp position and tooth patterning, fundamental
aspects for both functional and aesthetic restoration. A successful regula-
tion of the tooth crown width was later reported by controlling the length
of the contact area between DE and DM cells seeded in the collagen drop
[99]. By manually injecting cells in the collagen drop, authors achieved
different lengths of contact between the cell populations, namely short (up
to 450 μm), middle (450–900 μm) and long (900–1500 μm), as shown by
phase contrast images of the bioengineering organ germ culture for up to
5 days (Fig. 3B). After subrenal transplantation and proof of tooth
regeneration, an increment in crown width and cusp number of regener-
ated teeth was observed by increasing the contact length between
epithelial and mesenchymal cells in the reconstituted organ germ. To
further improve the control of regenerated tooth length and shape, bio-
engineered organ germs in collagen drops were inserted in ring-shaped
size-control devices to protect the germ from the surrounding pressure
exercised by surrounding tissues after in vivo implantation and allowing for
its growth in 3D [94]. The regenerated tooth in mice alveolar bone defects
showed correct tissue structure, functionality, and controlled 3D shape.
Multiple teeth could also be regenerated by implanting multiple organ
germ-containing devices. The collagen drop method was then tested on
larger animal models (i.e. canine model) using autologous transplantation
of cells isolated from tooth germ of mandibular premolar of offsprings
after birth [101]. Teeth were successfully regenerated in the canine model
(Fig. 3D), thus shortening the gap between the achieved research pro-
gresses and a potential clinical application of the developmental TE
method for whole tooth regeneration. However, high rates of teeth re-
generated (i.e. 100% tooth regeneration in implants) were achieved only
when the organ germs were generated by using either, or both, epithelial
8

and mesenchymal embryonic intact tissues, while low success (i.e. 16.7%)
was achieved by reconstructing the organ germ by dissociated DE and DM
cells. These results highlight the importance of finding alternative sources
to embryonic DE and DM cells to reconstruct the organ germ which,
despite some successes [94,99,100,114], represents a practical and ethical
barrier to possible clinical application of this tooth developmental TE
strategy. Possible alternative and accessible sources for potential clinical
applications currently being considered include cells isolated from de-
ciduous or permanent tooth germ of diphyodont mammalianmodel [101]:
dental pulp cells from molars belonging to offsprings after birth, [116],
induced pluripotent stem cells (iPSC) [117], human adult epithelial
(gingival) cells [117], and bone marrow cells [107]. However, teeth were
often regenerated with limitations and low frequencies. In general, the
coculture of epithelial and mesenchymal cells allowed for a satisfactory
biomimetics of the natural tooth developmental process (Fig. 3A). For-
mation of primordia is observed after 2–3 days of culture between disso-
ciated epithelial and mesenchymal cells [114]. Bioartificial tooth germs
reach the early bell stage of tooth development after 3–7 days of culture, in
line with natural tooth development [99,100]. At the end of the mimicked
developmental process, accumulation of hard tissue and root extension is
observed, proving the regeneration of mature teeth [94].

As an alternative to the adjacent seeding of dental epithelial (DE) and
dental mesenchymal (DM) cells in a collagen drop, different configurations
of cells seeded in 3D hydrogels, also on the basis of alternatives to collagen,
have been described [61,115,119–122]. For instance, DM cells were
loaded in a collagen drop, subsequently layered with DE cells and main-
tained in floating culture [115]. Despite evidence of arrangement and
morphology of DE and DM cells driven by reciprocal signalling, optimi-
zation of this culture system is required to achieve all tooth components
found in vivo. A similar strategy [121] was used to engineer an in vitro
model of epithelial invagination in the mesenchyme found in early tooth
morphogenesis. Collagen and Matrigel were both tested as biomaterials by
first seeding dental pulp stem cells. Then, human oral epithelial cells were
inoculated on the cell-seeded gels and the cultures grown at the air-liquid
interface. In vitro invagination of epithelial cells in the adjacent mesen-
chymal cells and expression of some tooth early stage markers (e.g. bone
morphogenic proteins BMP4, BMP2, also CD44) was observed. Collagen
and Matrigel were also coupled in a more complex configuration [122],
where DM cells were suspended in the collagen gel and two drops of DE
cells suspended in Matrigel were inoculated inside the DM cell-laden
collagen (Fig. 4i and Fig. 4ii). In this study, Matrigel was chosen because
of the composition mimicking that of the basal membrane. Despite the
constructs maintaining their shape and size during the tests, the observed
cell polarization at the Matrigel/collagen interface (Fig. 4iii and Fig. 4iv),
and the fact that proper dental tissue markers were expressed in vitro and in
vivo, the formed calcified tissues did not resemble the correct native
structure found in teeth. In another study [119], a more complex scaffold
was fabricated by combining three different layers of biomaterials, using
collagen/chitosan blends and Matrigel. The bottom layer consists of dental
pulp stem cells embedded in a 1:1 collagen: chitosan blend. The upper
layers consist of epithelial cells embedded in a 1:2 collagen: chitosan blend.
Between the two cell-laden hydrogels, a Matrigel layer was placed to
mimic the basal lamina composition. Chitosan was added to improve the
integrity of the hydrogel and to increase and modulate its stiffness. In fact,
an increase in E from 1000 to 1600 Pa was detected by changing the
collagen: chitosan ratio from 1:2 to 1:3 (values for 1:1 ratio were lower that
the cantilever detection capacity). Moreover, the specific ratios of collagen
and chitosan in the blend were specifically selected for the mesenchymal
and epithelial cells to achieve comparable proliferation rates. The pro-
posed scaffold showed promising results in vitro by demonstrating
expression of correct tooth development markers (e.g. ameloblastin from
epithelial cells) and calcium deposits, and in vivo, as evidenced by de novo
deposition of collagen fibrils and neovascularization in the implanted
scaffolds. However, despite Matrigel being a good option for mimicking
the ECM composition of the basement membrane, because of the presence
of laminin 5, collagen IV, entactin, and heparan sulfate proteoglycans,



Fig. 4. Schematic (i) and fluorescent image (ii, scale bar 1 mm) of coculture
dental epithelial cells (green) and dental mesenchymal cells. Confocal image of
the area at the interface between the hydrogels (iii, scale bar 100 μm) and
magnification of the area in the white box showing polarized cells (iv, scale bar
20 μm) [122]. All images used with permission.
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several barriers exist for the potential clinical translation with use of
Matrigel, given its derivation from murine sarcoma (i.e. lot-to-lot vari-
ability and in single batch, complex and poorly defined composition,
potentially xenogeneic contaminants) [122,126,127]. Finally,
gelatin-based scaffolds were used to coculture epithelial and mesenchymal
cells to target tooth regeneration. As a collagen derivative, gelatin repre-
sents a valid alternative since it maintains important features such as
biodegradability and cell adhesive motifs (i.e. Arg-Gly-Asp, RGD, se-
quences) [128,129], whilst being characterized by lower immunogenicity
and antigenicity compared to collagen [130]. Gelatin hydrogel scaffolds
were obtained by methacrylation of gelatin and UV-light photo cross-
linking. DM and DE cells were embedded in two different formulations of
gelatin hydrogels, optimized by varying the gelatin concentration and the
amount of photo-initiator [61,120]. In particular, the hydrogel containing
DM cells was characterized by E values of 2.45 kPa, comparable to that of
dental pulp tissue (2–5 kPa). The two hydrogels were then coupled, by
layering a hydrogel on the top of the other one, and subsequently cultured
in vitro and implanted in vivo subcutaneously. Despite the implanted bio-
engineered teeth not showing distinct enamel and dentin layers, robust
mineralized tissue was formed, and the implanted construct maintained its
shape and size, fundamental for functional and aesthetic tooth recon-
struction. Moreover, HUVEC cells embedded in the hydrogel together with
DE and DM cells promoted the formation of a capillary-like structure in
vitro and in vivo, fundamental for the survival of the implanted scaffold and
regenerated tooth [61].

4. Hair follicle developmental tissue engineering

Hair follicles (HFs) are epidermal invaginations in the dermis that
generate hair shafts, present almost all over mammals’ body surfaces
with some exceptions (e.g. sole of the foot, palm of the hand) [131]. HFs
are mini-organs that form during embryonic development and undergo
continuous dynamic cycles during life consisting of three phases: anagen
(i.e. active growth phase), catagen (i.e. transition phase) and telogen (i.e.
quiescence phase) [132]. During the cycle, morphological and molecular
changes occur in the HFs, so that rapid growth and hair shaft production
stages alternate with hair follicle regression and quiescence. Prolifera-
tion, differentiation and quiescence during the HF cycle are precisely
orchestrated in the HF’s microenvironment, which includes mesen-
chymal and epithelial cells, as well as adipose tissue, arrector pili muscle,
blood vessels and capillaries, nerve fibres, and lymphatics [133].
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HFs in the different body areas are characterized by a similar, com-
plex, well architected structure formed by mesenchymal (dermal) and
epithelial (epidermal) compartments, separated by a basal lamina [134].
The dermal portion is composed by the dermal papilla (DP), a core cluster
of mesenchymal cells at the base of the HFs that coordinates hair growth,
and the dermal sheath (DS), which encapsulates the exterior of the fol-
licle and lines with the epithelium [135]. The hair germ, an epithelial
population, present in telogen follicles, situated between the dermal
papilla and the bulge, is directly involved in the signalling with the
mesenchymal population and it is the first to proliferate during the new
hair regeneration cycle, followed by the bulge [136]. The upper portions
are occupied by the isthmus, an epithelial compartment situated between
the bulge and the sebaceous gland, and the infundibulum. Hair shafts are
characterized by different features depending on the body area and can
be classified depending on diameter, length, cross-sectional shape and
colour. The hair shaft is composed by concentric layers that can be
divided in the cuticle, cortex and, in some cases, the medulla in the inner
region. The hair fibre is made up of dead keratinized cells and 95%
keratin, which gives hair good mechanical properties. Hardness values of
approximatively 0.2–0.6 GPa and elastic modulus of approximatively
4–8 GPa were measured by nanoindentation, depending on the tested
hair cross-section area and on the hair origin [137], data confirmed by
tensile testing at the macroscopic scale (i.e. E ~3 GPa) [138].

Hair play important roles in daily life, including thermoregulation,
protection from mechanical insults, cooperation in sensitivity to noxious
stimuli and skin homeostasis, and cultural and sociological functions
[139]. Hair loss, or alopecia, can be associated to the failure in the
regrowth of hair shafts from HFs or to the loss of HFs themselves [140].
Alopecia can be caused by ageing, hormonal disorders, nutrition, genetics,
infection, and autoimmune reactions [141] or it can be a consequence of
side-effects of medical treatments, such as chemotherapy [142]. Moreover,
currently available skin regeneration therapies generally lack appropriate
HFs appendages, thus resulting in limited functionality (e.g. delayed
wound healing and aesthetically inappropriate regenerated tissues) [143].
Besides, hair loss is associated to decrease in self-esteem and depression,
impacting on the life quality of people affected by hair disorders [141].
Nowadays, the global hair loss market is estimated to worth around $2.8
billion [144]. Clinical treatments for alopecia currently involve therapeutic
agents (e.g. laser therapy, minoxidil) or surgical transplantation [145].
Limited efficacy and possible side effects of current therapies, and poor
availability of transplantable hair led to the development of TE approaches
for regeneration of hair [146]. In particular, developmental TE approaches
for the regeneration of fully functional HFs have been investigated by
combining epithelial and mesenchymal components to mimic HFs em-
bryonic development.

HF develop in embryo (approximatively from week 10–11) by in-
teractions between epithelial and mesenchymal cells (Fig. 5A), broadly
classified into induction, organogenesis and cytodifferentiation phases
[147,148]. During induction, the ‘first dermal signal’ arises from the
mesenchyme (i.e. Wnt/β-catenin signalling), and it stimulates focal
epithelial proliferation. Then, placodes form as thickenings of epi-
dermidis [149]. Subsequently, in the organogenesis phase, the mesen-
chyme condenses underneath the placode, as a result of signals such as
FGF20 from the placode, and reciprocal signal from the condensate to the
placode causes it to proliferate and downgrow in the underlying dermis
(i.e. hair germ). Finally, in the cytodifferentiation phase, the follicular
epithelial cells envelop the dermal condensate transitions to become the
dermal papilla. After the formation of the primary HF structure, the
outer-root sheath, inner-root sheath and the hair shaft, all epithelial in
nature, are formed [150]. The HF section is composed of several
concentric layers. In the centre is the hair fibre, consisting of the medulla
(not always present), the cortex and cuticle, from the inner to the outer
layer. Surrounding these are the Huxley's and Henle's layers of the inner
root sheath, then the companion layer, outer root sheath and basal layers
of the follicle. This basal layer is surrounded by connective tissue sheath,
thought to act as a smooth muscle that powers transition through the



Fig. 5. Hair follicle developmental tissue engineering. (A) Fundamental steps of hair follicle morphogenesis in embryos replicated by developmental TE. (B) His-
tological sections of intracutaneously regenerated hair follicle. Haematoxylin and eosin staining (H&E, upper row) and green fluorescent protein (GFP)/nuclei
fluorescent images. Panels on the right show higher magnifications of the boxed are in the figures on the left (scale bar 100 μm) [152]. (C) Integration of transplanted
HFs with surrounding tissues. Black hair shafts regenerated among native white hair shafts of nude mice. Calponin staining in red for muscle (i.e. arrector pili muscles),
neurofilament H staining in white for nerve fibres, and nuclei in blue; scale bar 200 μm for lower magnification and 100 μm for higher magnification (reprinte-
d/adapted from Ref. [153]; © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a
Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/). (D) Morphological images of bio-
engineered hair follicle cycle in vivo over 80 days period (scale bar 1 mm) [154]. All images used with permission.
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cycle phases [151]. Eventually, the hair follicle units are composed of the
hair follicle, the arrector pili muscle, a smooth muscle involved in hair
movements, and the sebaceous gland, involved in sebum secretion for
skin protection. Once the HF is fully formed, it undergoes the continuous
and dynamic hair cycle.

HF regeneration by developmental TE has been investigated either by
scaffold-free and scaffold-based strategies, including cell-seeded scaf-
folds and cell-laden scaffolds (Fig. 2). Scaffold-free approaches have been
used, for instance, by coculturing epithelial and mesenchymal cells
[155], and by hanging drop method [45,156]. Scaffold-based strategies,
focus of this review, are summarized in Table 2 and discussed below.

4.1. Scaffold-based approaches for hair follicle developmental tissue
engineering

Cell-seeded scaffolds (i.e. materials processed into scaffolds subse-
quently seeded with cells) were used for developmental hair TE [143,
10
157]. Poly(ethylene-co-vinyl alcohol) (EVAL) was used to coat TCPS and
culture a mix of dissociated rat keratinocytes and dermal papilla cells
[157]. The presence of hydrophobic and hydrophilic domains on EVAL,
compared with uncoated TCPS, promoted the mobility of DP cells, thus
decreasing their adhesion to the substrate and subsequently increasing
their aggregation and spheroid formation. In the formed spheroids, DP
cells preferably occupy the central portion, while keratinocytes distribute
on the periphery and successfully differentiate towards follicular
phenotype. Devitalized split thickness human dermis has also been tested
as cell-seeded scaffold for skin regeneration, seeded with a mixture of
human keratinocytes and mouse dermal papilla cells to promote HFs
regeneration [143]. After the construct was implanted in vivo in a wound
on the mice back, regenerated skin grafts showed follicular structures
characterized by dermal papilla cell condensates in the dermis and hair
shaft-like structures exposed from the epidermis.

As an alternative to cell seeding on prefabricated scaffolds, cells
loading into materials during the scaffold fabrication (i.e. cell-laden

http://creativecommons.org/licenses/by-nc/4.0/
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scaffolds) has been also widely investigated to regenerate HFs. The ‘organ
germ method’, based on the 3D coculture of epithelial and mesenchymal
cells in a collagen drop, previously described for tooth developmental TE
(see Section 3), has been also tested for HFs regeneration. In a pioneering
study, Nakao et al. [114] demonstrated that the whisker follicles can be
regenerated in vivo with correct morphology (i.e. shaft, inner and outer
root sheath) after implantation of cocultured embryonic mesenchymal
and epithelial cells in a collagen drop. By using the collagen drop
method, permanent and variable portions of the hair follicles with correct
morphology and orientation in skin were histologically identified, at day
22, after in vivo intracutaneous transplantation (Fig. 5B) [152]. Melanin
granules were also identified in the hair matrix. Moreover, green fluo-
rescent protein (GFP) staining proved that the successful regeneration of
the hair follicle (HF) was attributed to the implanted reconstituted organ
germs. The use of a nylon guide to implant the bioengineered germ
subsequently allowed prevention of epithelial cyst formation after
implant and significantly improved the regenerated HFs frequency (i.e.
94% vs. 38%, with vs. without nylon guide respectively) [154]. Human
bioengineered HF germs reconstituted from adult patients and trans-
planted in the back of mice also showed regeneration of pigmented hair
shafts with correct structure (i.e. infundibulum and sebaceous gland, hair
matrix and shaft). Piloerection ability comparable to that of native HF
was also proved after administration of a neurotransmitter agent.
Moreover, the bioengineered HFs showed the ability of alternate growth
and regression phases, typical of the hair cycle (Fig. 5D), with cycling
times comparable to native HFs. The collagen drop method was subse-
quently further developed to regenerate integumentary organs by using
induced pluripotent stem (iPS) cells [153]. iPS cells were first cultured to
generate embryoid bodies in vitro and they differentiated in both
epithelial andmesenchymal lineage. Then, the obtained embryoid bodies
were transplanted in vivo in mice subrenal capsules. Successfully regen-
erated HFs were observed together with surrounding tissues including
dermis, sebaceous gland, skin, and subcutaneous adipose tissue. The
orthotopic transplantation of the bioengineered integumentary organ
system in adult mice led to the eruption and growth of hair shafts.
Moreover, connections with surrounding tissues were observed (e.g.
arrector pili muscles, epidermis, dermis, nerve fibres), as shown in
Fig. 5C. The collagen drop method was also used to develop in vitro
models by embedding dermal fibroblasts in the collagen gel and seeding
keratinocytes on the top of the gel [158]. Morphogenetic events with
tubular formations were observed when post-natal dermal fibroblasts
were used, while no keratinocytes re-organization was observed when
adult dermal papilla cells were used.

Collagen was also used coupled with Matrigel to test different cell
coculture configurations [159,160]. Human dermal fibroblasts were first
embedded in collagen to form a ‘pseudo-dermis’ [159]. Then, the
cell-laded collagen was layered with normal human epidermal kerati-
nocytes and outer root sheath keratinocytes sequentially seeded on
collagen or mixed in Matrigel and seeded on collagen (i.e. ‘sandwich’
model) to obtain in vitro models to study HFs epithelial-mesenchymal
interactions. Keratinocytes formed spheroidal epithelial cell aggregates
in both configurations, but higher cell proliferation and lower apoptosis
were detected in the culture systems where cells were mixed. Subse-
quently, collagen and Matrigel (4:1) were used by the authors to prepare
microspheres (Ø ¼ 1–2 mm) laden with a mixture of outer root sheath
keratinocytes and dermal papilla fibroblasts [160]. Compared with the
previously developed ‘sandwich’model, the use of microspheres allowed
for an easier, faster, highly reproducible and less expensive procedure
that also decreased the required number of cells required to develop the
in vitro model. Cell migration and matrix reorganization were observed;
however, no HFs units spontaneously formed inside the fabricated mi-
crospheres. Moreover, cells responded to the administration of different
hair growth-modulatory agents, thus proving the potential of the devel-
oped microsphere-based coculture system as possible in vitro tool used
ahead of screening for the development of new hair loss treatments.
Scaffolds prepared using solely Matrigel have also been investigated as
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possible artificial ECM to recreate an adequate 3D environment. For
instance, Matrigel drops were used to prove the possible HFs and seba-
ceous gland regeneration by coculturing epidermal stem cells and
skin-derived precursors derived from adult foreskin and scalp [161].
However, the hair regeneration capability of skin-derived precursors
decreased after ex vivo culture. Thus, subsequently, the authors used a
similar culture method to prove that trichostatin A supplement in culture
restored the hair induction capability of skin-derived precursor, thanks to
the increase in BMP expression, thus improving the efficiency of hair
regeneration when this cell population is used [162].

Finally, other materials have been used for the development of cell-
laden 3D scaffolds to recapitulate the epithelial-mesenchymal in-
teractions of HFs development and target HFs regeneration. Mixed
dermal papilla cells and keratinocytes were cultured by hanging drop
method and different soluble factors (e.g. BMP6, VD3, VPA, Wnt3a) and
ECM molecules (e.g. fibronectin, Matrigel, collagen I) were added to test
their influence on the reconstituted hair germ model [163]. When cells
were mixed, dermal papilla cells formed aggregates and keratinocytes
formed extensions. In presence of proteoglycans and hyaluronic acid, cell
proliferation was significantly increased. In another work [164], gelatin
and silk fibroin were mixed and enzymatically crosslinked by tyrosinase
to fabricate a multicellular coculture hydrogel composed by human HFs
dermal papilla cells, keratinocytes and stem cells. Increased proliferation
and higher viability were detected for dermal papilla cells cultures and
cocultures with keratinocytes in presence of the 3D silk fibroin-gelatin
hydrogel. Platelet-rich plasma has been also investigated as potential
3D developmental TE scaffold to regenerate hair [165], because of its
emergence for clinical treatments of hair loss [170]. Authors proved that
the presence of platelet-rich plasma in culture medium (up to 5%)
promoted murine and human DPC proliferation and expression of hair
inductive-related genes (e.g. Versican, β-catenin, ALP). Moreover,
cell-laden platelet-rich plasma gel showed hair regeneration after in vivo
implantation in dorsal wound in mice model. However, hair regeneration
was observed only when murine cells were embedded in the gel (i.e. no
hair reconstituted in vivo when human cells were embedded in the gel).
3D fibrous scaffolds prepared by polyelectrolyte complexation between
water-soluble chitin derived from crab shell and sodium alginate were
also used [166], with parallel domains characterized by a resolution of
approximatively 50 μm. The structures were designed to first promote
homotypic interactions of epithelial cells and mesenchymal cells and,
subsequently, heterotypic interactions between the different scaffold
domains. After in vivo implantation, the constructs induced HF-like
structures. The coculture of epithelial and mesenchymal cells in 3D
cell-laden scaffolds allows for the spatiotemporal self-organization of
cocultured cells, replicating the HFs developmental processes occurring
in vivo. In compartmentalized cocultures, translucent zones at the inter-
face between epithelial and mesenchymal cells are observed, identifying
an interaction between the cocultured cell populations [152]. In mixed
cell cocultures, mesenchymal cells gradually migrate at the periphery of
cell aggregates and the two cell populations separate from each other
forming a dumbbell-like configuration [167], observed both in other
regenerated HFs [152] and reminiscent of the natural in vivo organo-
genesis developmental processes [171].

Promising results in HFs regeneration were achieved by engineering
cell-laden 3D scaffolds; however, in most cases, the strategies are based on
a manual reconstitution of the organ germ, which might represent a limit
to the reproducibility of regenerated HFs. Moreover, as multiple HFs are
required to cover significant surface of the skin, a scale-up of bio-
engineered HFs that allows for the fabrication of arrays of HFs is required.
Thus, recent works have developed the automation of the production of
bioengineered HFs to target the regeneration of multiple HFss [167,168].
Polydimethylsiloxane (PDMS) chips made of 300 round bottom culture
wells coated with Pluronic F-127, to make them non-adhesive, were used
to culture dissociated epithelial-mesenchymal cells suspensions and pro-
mote the spontaneous formation of cell aggregates (Fig. 6A) [167]. After 3
days of culture, a collagen solution (embedded with a surgical mesh to



Table 2
Scaffold-based developmental tissue engineering strategies for hair follicle regeneration, based on the coculture of epithelial and mesenchymal cells. A biomaterial is used to prepare a 3D structure and coculture cells. In
vitro and in vivo studies are performed to verify the suitability of the engineered construct in regenerating hair follicles.

Epithelial cells Mesenchymal cells Biomaterial Culture method In vivo tests Main findings Reference

Cell-seeded scaffold strategies
Adult Wistar rat foot pad
keratinocytes

6-week-old Wistar rat
vibrissae dermal papilla
cells

Poly(ethylene-co-vinyl
alcohol)

Mixed cell suspension seeded on
EVAL (and TCPS as control)

Patch assay in female nude mice EVAL promotes DP cells
spheroids formation

Yen et al., 2010 [157]

Human foreskin keratinocytes
from surgical discards

2-to 3-month-old adult mice
whisker hair dermal papilla
cells

Devitalized human
abdominal dermis

Mixed cells suspension seeded on
devitalized human dermis

Wound in mice back skin DP condensates observed in vivo
in the dermis and shaft-like
structures emerging from
epidermis

Zhang et al., 2017 [143]

Cell-laden hydrogel-based strategies
Whisker follicles of ED14.5 mice Type I-A collagen Dissociated cells in collagen drop Subrenal capsule of 8-week-old

male mice
In vivo regeneration of whiskers
(shaft, inner and outer root
sheath)

Nakao et al., 2007 [114]

Back skin from E18 mouse Type I-A collagen Dissociated cells in collagen drop Intracutaneous implant into 6-
week-old mice back skin

Functional regeneration by
transplantation of ectopically
bioengineered hair follicle

Asakawa et al., 2012 [152]

Back skin from E18 mouse Type I-A collagen Dissociated cells in collagen drop Subrenal capsule of 8-week-old
mice. Intracutaneous implant
into 6-week-old mice back skin

Functional HFs regeneration (hair
cycle, connection with
surrounding tissues, piloerection)

Toyoshima et al., 2012 [154]

(Mouse iPS cell line ‘gingiva-derived iPS’) Type I-A collagen iPS cell-derived embryoid bodies
in collagen drop

Intracutaneous engraftment of
iPS cell-derived HFs into back
skin of 6-week-old mice

Regenerated HFs and sebaceous
glands connected to surrounding
tissues

Takagi et al., 2016 [153]

Normal human skin keratinocytes Human scalp fragments
dermal papilla cells; rat
vibrissae dermal papilla
cells

Rat tail tendon type I
collagen

Dermal cells mixed in collagen;
keratinocytes seeded on top of
the gel

Human DP cells reorganize
collagen; keratinocytes organize
in tubular structures

Chermnykh et al., 2010 [158]

Outer root sheath keratinocytes
from scalp skin

Human dermal fibroblast,
dermal papilla fibroblasts

Type I collagen and
Matrigel

Fibroblasts in collagen layered
with Matrigel (loaded with mixed
or sequentially seeded
keratinocytes and dermal papilla
fibroblasts)

Keratinocytes form spheroid
epithelial aggregates; the mixed
cell culture configuration
improves proliferation and
reduces apoptosis

Havlickova et al., 2004 [159]

Outer root sheath keratinocytes Human dermal papilla
fibroblast

Type I collagen mixed
with Matrigel (4:1)
microspheres

Mixed cells cocultured in
microspheres

Development of microsphere-
based system to study HFs in vitro

Havlickova et al., 2009 [160]

Epidermal stem cells from
neonatal mouse dorsal skin and
from epidermidis of adult
human foreskin

Skin-derived precursors
from neonatal mouse dorsal
skin and from epidermidis
of adult human foreskin

Matrigel Dissociated cells mixed in
Matrigel

Skin wound on mice back De novo HFs and functional
sebaceous gland formation

Wang et al., 2016 [161]

Epidermal stem cells from
neonatal mouse dorsal skin

Skin-derived precursors
from neonatal mouse dorsal
skin

Matrigel Dissociated cells mixed in
Matrigel

Skin wound on mice back Trichostatin A restores HFs
regeneration capability of ex vivo
cultured skin-derived precursors

Guo et al., 2019 [162]

Face-lift surgery human scalp
biopsies keratinocytes

Face-lift surgery human
scalp biopsies dermal
papilla cells

Different ECM molecules
(e.g. collagen, fibronectin)
and soluble factors (e.g.
BMP6, Wnt3a)

Hanging drop method with
different ECM components

Dermal papilla cells spheroids
and keratinocytes trabeculae;
hyaluronic acid increases cell
proliferation

Kalabusheva et al., 2017
[163]

Human HFs keratinocytes Human HFs dermal papilla
cells

Enzymatically crosslinked
silk fibroin-gelatin
hydrogel

Dissociated cells mixed in the
hydrogel

Development of an in vitro model
that responds to drug
administration

Gupta et al., 2018 [164]

Neonatal mice epidermal cells;
epidermal cells from neonatal
foreskin

4- to 5-week-old mice
vibrissae dermal papilla
cells; human occipital scalp
skin

Platelet-rich plasma gel Dissociated cells in platelet-rich
plasma gel

Wound in mice back skin Platelet-rich plasma increases
DPC proliferation and hair
induction genes; hair
regeneration after 15–16 days in
vivo

Xiao et al., 2017 [165]

Normal human epidermal
keratinocytes

Human follicle dermal
papilla cells

Cell-laden fibrous polyelectrolyte
scaffold

Subcutaneous pocket in dorsum
of immunodeficient mice

Lim et al., 2013 [166]
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improve its handling) is poured on the chip to obtain a collagen gel sheet
loaded with 2D arrays of cultured organ germs. The cocultured cells
spontaneously formed cell aggregates when oxygen supply was oppor-
tunely provided to the chip during the cell culture (Fig. 6B). Moreover,
after 18 days of in vivo transplantation, regenerated HFs aligned on the
mice back skin were observed, thus proving the potential of the developed
technique in regenerating HFs in desired skin areas (Fig. 6C). Using a
similar low-adhesive culture plate [168], the authors demonstrated that by
culturing mesenchymal cells in collagen drops, subsequently cocultured
with isolated epithelial cells, increased in Versican and ALP expressionwas
detected, and a higher number of hair shafts was regenerated in vivo,
compared to self-assembled cells aggregates (i.e. no artificial ECM).
Moreover, the developed automatic deposition of collagen drops allowed
for a potential industrial scale-up, compared to the manual procedures
traditionally performed to reconstitute organ germs (i.e. approximatively
10 min required to deposit 5000 collagen drops). In another work [169], a
spatially organized distribution of regenerated HFs was achieved by a
fibroblast-laden collagen gel containing HFs-shaped extension fabricated
by replica moulding of a 3D printed mould. Dermal papilla cells were
seeded in the extensions, allowed to self-aggregate, and keratinocytes were
subsequently seeded on the top of them. HFs structures were correctly
regenerated; however, cell reprogramming (i.e. overexpression of master
regulator gene Lef-1) was necessary to increase the HFs formation rate ex
vivo. The addition of HUVEC promoted the formation of a capillary
network, necessary for the survival of the fabricated construct.

5. Glands developmental tissue engineering

Salivary and lacrimal glands are exocrine glands that contribute to the
maintenance of oral health and eye surface homeostasis, respectively.
Both the glands originate from the ectoderm by reciprocal epithelial-
mesenchymal interactions during embryogenesis. This developmental
process has been mimicked by TE to propose developmental TE strategies
for the regeneration of these glands, as summarized in Table 3.

5.1. Salivary gland

Salivary glands are exocrine glands categorized in three pairs of major sali-
vary glands (i.e. parotid, submandibular, and sublingual glands, producing
approximatively 90% of secreted saliva) and other 600 to 1000 minor salivary
glands [176]. All glands share a similar architecture and are composed of
parenchymal and stromal components. Salivary gland end pieces (i.e. serous or
mucous acini) are composed of serous ormucous cells, arranged arounda lumen,
that produce primary saliva. The acini are connected to a ductal structure
opening in mouth, with different length and diameter depending on the gland
type. Myoepithelial cells, connected to the nervous system, promote saliva
secretion. Other cell types include myofibroblasts, immune cells, endothelial
cells, stromal cells, and nerve fibres [177].

The main role of salivary glands is the production and secretion of
saliva in the oral cavity (approximatively 0.6–1.5 L daily production),
composed of 99% water and 1% proteins and salts. Saliva protects teeth
and oral mucosa, it contributes to speech articulation, lubrication, and
pH buffering, it is fundamental for mastication, digestion and swallow-
ing, and it is involved in electrolyte, mucus, enzymes and antibacterial
compound supply [178]. Salivary glands can be affected by a variety of
diseases, including obstructions, infections, inflammatory disorders,
malignant or benign tumours, leading to loss of salivary gland function
and xerostomia (dry mouth). Radiation therapy, ageing or Sj€ogren's
syndrome can also affect salivary glands function [179]. These conditions
can lead to bacterial infection, dental decay, mastication and swallowing
hypofunction or dysfunction, eventually leading to a loss of life quality
(e.g. oral dryness, disturbed sleep at night), increased tooth decay, oral
infections, and disturbed taste sensation [180]. Current clinical treat-
ments are based on salivary substitutes or salivary stimulants [181];
however, these treatments do not target the regeneration of functional
salivary glands that would naturally provide saliva. TE may allow for the



Fig. 6. Fabrication and transplantation of spatially aligned hair follicle germs.
(A) Germs are generated by coculturing cells in non-adhesive wells. Then, a
collagen gel with a support mesh is used to embed spatially aligned germs and
the obtained collagen sheet is used for transplantation. (B) Phase-contrast (scale
bar ¼ 1 mm) and H&E staining images (scale bar ¼ 200 μm) of cell cocultures
performed in oxygen-permeable wells PDMS (left) and non-oxygen-permeable
polymethyl methacrylate (PMMA) wells (right). (C) Regenerated aligned hair
follicles after 18 days of transplantation in back skin of nude mice [167]. All
images used with permission.
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restoration of functional salivary glands. Classical TE approaches for
salivary gland regeneration rely on the transplantation of cells in a 3D
matrix, typically hydrogel-based, to restore the salivary gland functions
[182]. For instance, stem/progenitor cells were 3D cultured in decellu-
larized salivary gland ECM-derived hydrogels [183], and primary sub-
mandibular gland cells were encapsulated in poly(ethylene glycol) (PEG)
hydrogels [184] or laminin I peptide-decorated fibrin hydrogels [185].
However, reproducing the branching morphogenesis characterizing the
salivary gland tissue to achieve a correct morphology and bio-
functionality is still challenging [182,185]. Thus, developmental TE ap-
proaches, mimicking the branching morphogenesis process in the
embryo, have been investigated.

In humans, salivary gland morphogenesis initiates 6–8 weeks after
gestation. Salivary gland development consists of a branching morpho-
genesis of the epithelium, guided by growth factors provided by the
neural crest-derived mesenchyme, which develops by subsequent
changes in ECM proteins synthesis and arrangement, and in cell-cell and
cell-ECM interactions. As for tooth and hair follicle, mouse embryos are
often used as models for the study of salivary gland developmental
biology (Fig. 7A) [180]. After the oral epithelium thickens (E11), the
mesenchyme condenses, and a spherical epithelial structure connected to
a stalk forms (E12). Branching initiates (E13) and the epithelium divides
Table 3
Scaffold-based developmental tissue engineering strategies for salivary and lacrimal g
biomaterial is used to prepare a 3D structure and coculture cells. In vitro and in viv
regenerating the glands.

Epithelial
cells

Mesenchymal
cells

Biomaterial Culture method In vivo test

Salivary gland
Submandibular gland from E13
mice

PVA, EVAL,
PVDF, PC

Tissue recombination
cultured on biomaterials

Submandibular and sublingual
gland from E14.5 mice

Type I-A
collagen

Dissociated cells in
collagen drop

Mice masse
PGA mono

Lacrimal gland
Lacrimal and harderian gland
from E16.5 mice

Type I-A
collagen

Dissociated cells in
collagen drop

Mice lacrim
(with PGA
guide)

Lacrimal glands from 8-week-
old pigs

Matrigel Mixture of dissociated
cells seeded on Matrigel
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into different buds. Finally, a highly branched structure comprising acini,
contributing to saliva production, and ducts, allowing for saliva secre-
tion, is formed. Salivary gland regeneration by developmental TE
(Table 3), mimicking in vivo gland morphogenesis, was initially targeted
by recombination of rudiments of epithelium and mesenchyme derived
from E13 mice submandibular glands [172]. The recombinants were
cultured on different biomaterials, namely polyvinyl alcohol (PVA),
ethylene vinyl alcohol (EVAL), polycarbonate (PC), and polyvinylidene
fluoride (PVDF), to test their potential in promoting correct salivary
gland morphogenesis in serum-free in vitro cultures. When recombinants
were cultured on PVDF, tissue morphogenesis and correct marker
expression was detected and related to an increased adsorption on the
culture substrate of FGF7, key factor in mediating epithelial morpho-
genesis. In more recent studies, the collagen drop method was used to
recombine dissociated epithelial and mesenchymal cells from embryonic
mice salivary glands [173]. After 1 day of in vitro culture,
epithelial-mesenchymal cells interact and develop to an initial bud stage,
also observed in natural gland morphogenesis. Recombined organ germs
showed successful branching morphogenesis after 3 days of in vitro cul-
ture, followed by stalk elongation and cleft formation, as observed in vivo
(Fig. 7B). These observations suggest that, morphologically, the bio-
artificial germ develops replicating the morphogenetic steps occurring in
native gland development. The germs were then implanted in vivo in mice
masseter muscle, with the help of a biodegradable PGA monofilament
thread guide inserted in the epithelial/mesenchymal portion of the germ.
The implanted bioengineered salivary glands showed a morphology
replicating one of native glands, including presence of membrane water
channel protein aquaporin-5 (AQP5), E-cadherin, calponin, and inner-
vation. The presence of functional innervation was proved by saliva
secretion after stimulation by pilocarpine and gustatory stimulation by
citrate. Reduced bacterial colonies and improved swallowing ability and
survival rate were detected for mice that received the bioengineered
gland, compared to salivary gland-defected mice. However, the secreted
saliva contained a lower amount of amylase compared to saliva produced
by native glands. The authors later demonstrated that a fully functional
salivary gland was successfully regenerated in vivo by transplanting an
induced salivary gland primordium combined with mesenchyme tissue
[186]. The engineered salivary gland was also used for the in vitro study
of transcription factors (e.g. Sox9, Foxc1) involved in salivary gland
development.

5.2. Lacrimal gland

Lacrimal glands are almond-shaped, bilobed, exocrine glands that
secrete the aqueous part of the tear film. Lacrimal glands are composed
by lobules separated by loose connective tissue. Each lobule is composed
by multiple acini lined by columnar secretory cells separated by intra-
lobular ducts that drain into tubules or excretory ducts that direct the
lands regeneration, based on the coculture of epithelial and mesenchymal cells. A
o studies are performed to verify the suitability of the engineered construct in

s Main findings Reference

PVDF supports morphogenesis in
serum-free in vitro culture

Yang et al., 2010 [172]

ter muscle (with
filament guide)

In vitro branching morphogenesis. In
vivo functional restoration (saliva
production)

Ogawa et al., 2013 [173]

al gland defect
monofilament

Lacrimal gland develops in vivowith
correct functionality (tear
secretion)

Hirayama et al., 2013 [174]

Cells organize in spheroid on
Matrigel (not on culture plastic)

Massie et al., 2017 [175]
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lacrimal fluid towards the ocular surface. The lacrimal branch of the
ophthalmic artery supplies blood to the lacrimal gland. Fibres from the
trigeminal nerve innervate the gland. Main cell components of the
lacrimal gland are acinar cells that secrete lacrimal gland primary fluid,
ductal cells that modify the fluid composition, and myoepithelial cells
that help in fluid secretion [187].

Lacrimal glands are the primary contributors to the aqueous layer of
the tear film. Lacrimal glands are involved in ocular surface homeostasis,
integrity and health by tear secretion stimulated by sensory nerves, as
secreted tears protect the ocular surface from pathogens, because of the
presence of bacteria and fungicidal agents and promote the removal of
debris from the ocular surface. Lacrimal gland dysfunction can be caused
by ageing, infection, inflammation given by pathological conditions such
as Sj€ogren's syndrome, radiation, ocular cicatricial pemphigoid, long-
term work with displays, dry-air environments, use of contact lenses,
and refractive surgery [188]. Perturbations of the physiological functions
of the lacrimal gland can lead to dry eye syndrome, resulting in changing
of the tear film composition, ocular damage and potential decline of
vision [189]. Current available treatments include lubrication of the eye
surface or pharmacological stimulation to promote tear secretion, mainly
aiming at temporary symptomatic relief and treatment of ocular surface
inflammation. However, these solutions have limited outcomes to restore
the ocular surface homeostasis in the long term [190]. The regeneration
of a functional lacrimal gland, allowing for native and natural tear
secretion without the need of artificial external stimuli, may be achieved
by TE. In fact, regenerated functional lacrimal glands would allow for the
restoration of the ocular integrity and healthy long-term homeostasis.
Classical TE approaches described for the regeneration of lacrimal glands
rely on the culture of epithelial cells on scaffolds, such as decellularized
lacrimal glands [191,192]. Much progress has been made to develop
culture systems for lacrimal epithelial cells or precursor cells that can
promote cell differentiation and correct functionality or that can allow
for cell proliferation during in vitro culture, respectively [193,194].
Developmental TE approaches have been also described for lacrimal
gland regeneration by mimicking the epithelial-mesenchymal
Fig. 7. Salivary gland developmental tissue engineering. (A) Fundamental steps of sa
of natural and bioengineered salivary glands, obtained by developmental TE, cultured
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interactions occurring during embryogenesis (Table 3) [195].
Lacrimal glands start developing in mice at E13.5, with the invagi-

nation of the conjunctival epithelium and subsequent formation of a
tubular structure thickened at the tip (E15.5). The branching morpho-
genesis then begins (E16.5) and a complete lobular structure forms (E19)
[196]. The collagen drop method was used for lacrimal gland regenera-
tion by coculturing E16.5 mice lacrimal and harderian gland dissociated
epithelial and mesenchymal cells [174]. During in vitro culture,
epithelial-mesenchymal interactions were observed after 1 day, while
branching morphogenesis successfully initiated after 3 days of culture
(frequency > 90%), followed by stalk elongation and cleft formation. As
observed for salivary glands, the bioengineered lacrimal glands recapit-
ulate in vitro morphogenetic steps naturally occurring in vivo during
embryonic morphogenesis. After in vivo engraftment in lacrimal
gland-defected mice, functional lacrimal glands secreting tears were
successfully regenerated (frequency > 70%, Fig. 8A). Tear secretion was
improved, after nervous stimulation, in mice that received the bio-
engineered gland, compared to mice with lacrimal gland defects. The
bioengineered gland correctly connected in vivo to the recipient's excre-
tory duct. The regenerated gland was characterized by the correct
morphological structure, mimicking that of native lacrimal glands, with
acinar and duct cells expressing E-cadherin and AQP5 water channels
(green and red in Fig. 8B, respectively). Moreover, lactoferrin, a protein
secreted by lacrimal glands, was detected in bioengineered lacrimal
glands (Fig. 8C). To avoid the use of the embryonic cells with the collagen
drop method, epithelial and mesenchymal cells belonging to the
offspring after birth from lacrimal glands were dissociated and mixed at
different ratios with endothelial cells [175]. The mixed cell suspension
was seeded on Matrigel and, compared to cells cultured on TCPS,
spheroids with organized cell distribution formed in vitro. Despite for-
mation of an organized cellular spheroid correctly responding to para-
sympathetic stimulation, the use of Matrigel is affected by limited
potential clinical applications and in vivo proof of functionality (e.g. tear
secretion, response to nervous stimulation) of these bioengineered
lacrimal glands is required.
livary gland in vivo morphogenesis. (B) Phase contrast images and H&E staining
in vitro up to 3 days; scale bar ¼ 200 μm [173]. All images used with permission.



Fig. 8. Lacrimal gland developmental tissue engineering. (A) Tear secretion
from mice with natural lacrimal gland (left) and bioengineered lacrimal gland
(right). (B) Immunohistochemical images of acinar and duct cells in natural and
bioengineered lacrimal glands stained for aquaporin-5 (AQP5, red) and E-cad-
herin (green); scale bar ¼ 50 μm. (C) Lactoferrin in the acini of natural and
bioengineered implanted lacrimal gland; scale bar ¼ 50 μm [174]. All images
used with permission.
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6. Discussion and conclusions

Developmental TE is emerging as a specific paradigm of TE aiming at
tissue and organ regeneration by mimicking the developmental biolog-
ical processes that naturally occur in vivo, in embryos, during tissue/
organ formation. As several organs (e.g. teeth, HFs, lacrimal and salivary
gland) originate from finely orchestrated reciprocal interactions between
epithelial and mesenchymal compartments [23], developmental TE ap-
proaches aim at replicate these interactions to regenerate the tissue/or-
gan. Adequate cell populations must be selected, appropriate cell
coculture strategies must be applied, and a biomimetic microenviron-
ment should be engineered to allow for the replication of the develop-
mental process.

The selection of appropriate cell sources is an ongoing challenge
[197]. Embryonic cells and murine cells have been the preferred cell
populations used in the described works, potentially hindering future
clinical translation [75,198]. For instance, considering tooth regenera-
tion, classical tissue recombination experiments demonstrated sequential
signalling between the dental epithelium and the mesenchyme of
different stages and origins, where the epithelium acted as an inductive
tissue [199,200]. The odontogenic capacity of the epithelium is present
only in the early stages of tooth development and then switches to
mesenchyme, as it naturally happens during embryonic tooth develop-
ment. Thus, the mesenchyme becomes the odontogenic inductive source
in the following stages [201]. Embryonic tooth germ cells were shown to
re-aggregate and form teeth, following dissociation [105]. In other
studies, epithelium and mesenchyme tissues from mouse embryonic
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tooth germs (E14.5 to E12.5 stage) were separated and the cells disso-
ciated and recombined to form teeth [100,114]. These engineered teeth
were shown to be vascularized [202] and further studies indicated that
immunomodulation might play a role in their innervation [203]. While
these studies focused on usage of embryonic tissues and cells derived
from embryonic tooth germ at different stages, the reciprocal tissue in-
duction has been utilized to suggest a basis for whole-tooth bioengi-
neering that could employ adult cells [107,204]. Although the adult stem
cells were shown to respond to an inductive odontogenic signal and
participate in tooth formation, the cells that induced tooth formation in
vitro were derived from inductive embryonic tooth-germ tissue (epithe-
lium or mesenchyme) [73,205]. Different strategies were proposed to
preserve the odontogenic signal of cells that have been expanded in vitro,
such as employment of a three-dimensional micro-culture system [43]
and utilizing the community effect of cells [116], aiming at
three-dimensional microenvironmental reprogramming and preserving
of inductive odontogenic capacity of the cells. Another important aspect,
in prospect to translating the engineered teeth in future clinical treat-
ments, is the fact that the majority of the studies utilized mouse em-
bryonic teeth. Mouse dentition differs from human diphyodont dentition,
with continuously growing incisors and only one set of molars (mono-
phyodont). Mouse incisor has been extensively used as a model to study
and characterize dental pulp stem cells [206,207], while whole tooth
engineering experiments utilized cells and tissues derived from mouse
molar, tooth germ [73,205]. Nevertheless, the biological time for tooth
development in mice and human differs, with human tooth development
being eight times slower than in mice, prompting another obstacle in
securing long-term in vitro conditions in engineering tooth germ. In
general, the selected cell populations (i) must guarantee adequate
cross-talk, signalling, differentiation and desired ECM production,
eventually leading to the actual organ regeneration, (ii) should be
expanded in vitro to achieve the required number of cells to obtain the
biological construct (i.e. ‘high cell densities’ generally required [114])
without losing their potential, and (iii) their origin and isolation should
be compatible with possible clinical applications, without arising ethical
concerns or restriction (e.g. difficulties/impossibilities of directly
obtaining suitable human embryonic cells [122]).

Once cell populations are isolated and expanded, an adequate culture
system (Fig. 2) must be selected to allow for cell crosstalk and tissue/
organ regeneration. 2D culture systems have been tested to replicate
epithelial-mesenchymal interactions for the development of different
tissue/organs [29–41]. These culture systems are relatively simple but
lack the complexity of the 3D native tissue microenvironment and, thus,
might fail in guaranteeing an adequate cell spatial-temporal organization
and, eventually, tissue/organ development [28]. 3D cultures have
alternatively been adopted to reproduce a more physiological-like
microenvironment, either by scaffold-free or scaffold-based strategies,
based on the culture of cells on a pre-formed scaffold or on the embed-
ding of cells inside the scaffold during its fabrication. Scaffold-free 3D
culture systems [43–47] represent a step forward compared to 2D
traditional cultures, since they allow for cells re-organization and for the
formation of spheroids and tissue/organ-like structure. However, these
systems are mainly based on the use of culture medium and no ECM is
used to simulate the actual microenvironment that cells natively exper-
iment during tissue/organ development. Thus, scaffold-based ap-
proaches, discussed in this review, have been developed with promising
results and represent an optimal and versatile strategy to artificially
recreate an environment to opportunely support cells interaction and
tissue/organ development. Regardless the two different 3D
scaffold-based methods, developmental TE scaffolds should be designed
and fabricated to target fundamental requirements, such as the possible
diffusion of signalling molecules, a structure allowing for cells spatial
reorganization, biodegradation, adequate mechanical properties, and
promotion of vascularization and innervation (Fig. 9).

Diffusion of nutrients and oxygen is essential for scaffolds designed
either for classical or developmental TE approaches (Fig. 9A), as only



Fig. 9. Developmental tissue engineering
scaffold requirements. (A) Diffusion of nu-
trients and oxygen for cell survival as well as
soluble factors fundamental for epithelial-
mesenchymal interactions. (B) Possibility
for cells to remodel the artificial ECM and
correctly organize in space to develop the
regenerated tissue/organ. (C) Biodegrad-
ability of the scaffold that should be, in time,
substituted with the newly formed ECM of
the mature tissue/organ. (D) Adequate me-
chanical properties. (E) Promotion of vascu-
larization and innervation to allow for the
mature tissue/organ survival and function-
ality. Epithelial and mesenchymal cells are
depicted in yellow and green; light blue lines
represent a generic 3D developmental tissue
engineering scaffold.
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adequate nutrient/oxygen diffusion can guarantee the survival of cells
colonizing the scaffold or embedding into it. Moreover, for develop-
mental TE approaches, it is fundamental that the scaffold allows for
signalling molecules diffusion, since the interaction between epithelial
and mesenchymal cells leading to tissue/organ development is based on
the exchange of conserved families of signalling molecules that guide the
different morphogenetic stages [24]. Thus, the material used to fabricate
the scaffold and/or the structure of the fabricated scaffold not only must
guarantee oxygen and nutrient diffusion, but they should also allow for
diffusion of signalling molecules to allow for the replication of the sig-
nalling pathways guiding morphogenesis in vivo. The regeneration of the
tissue/organ with correct biomorphological features is highly dependent
on the possibility for cells to migrate and self-organize in the scaffold
(Fig. 9B). Cell growth and colonization of the scaffold 3D structure is a
core concept for all TE approaches and it depends on a variety of scaffold
design parameters, including porosity, pore size, topography, biochem-
ical cues, and mechanical properties [208]. Cell mobility, migration and
reorganization is particularly crucial in developmental TE. In fact,
cocultured cell populations should be able to migrate and self-reorganize
to replicate the different morphogenetic steps observed in vivo (e.g.,
mesenchyme condensation around invaginated epithelium in teeth,
follicular epithelial cells enveloping mesenchymal condensates in HFs
morphogenesis, cells reorganization during branching morphogenesis of
regenerated glands). Cell mobility is also strictly dependent on the
possible remodelling of the artificial ECM used to fabricate the scaffold.
17
Thus, the scaffold should be biodegradable, to allow for cell remodelling
and, eventually, to its substitution by newly formed ECM (Fig. 9C). The
mechanical properties of the scaffold should also be adequately tuned to
promote organ regeneration by developmental TE (Fig. 9D), as for all TE
approaches the mechanical properties of the cellular microenvironment
are known to contribute in determining cell fate and guiding cell
response [209,210]. To date, there are limited reports which investigate
the mechanical properties of the scaffolds used for developmental TE [61,
119], reporting elastic modulus values in the range of few kPa (i.e.
approximatively E ¼ 1–4 kPa). In most works, the mechanical properties
are only tested after tissue/organ regeneration and compared to those of
native mature tissues to demonstrate functionality has been achieved
[100]. In classical TE approaches, scaffolds are mainly designed to target
the properties of the mature tissue to be regenerated [9–18]. For devel-
opmental TE approaches, it is more likely that the properties of the
scaffold should mimic those of the metastable environment where the
native developmental process occurs and that the mechanical properties
of the construct dynamically change following the developmental
regeneration process [20]. More studies investigating the mechanical
properties of developmental TE scaffolds and their effects in guiding
epithelial-mesenchymal cell interactions are required. We believe the
interplay between TE and developmental biology is fundamental to un-
derstand the mechanical properties of the cell microenvironment during
organogenesis which can be used to design developmental TE ap-
proaches. Finally, the scaffolds should be able to sustain an adequate
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vascularization and innervation (Fig. 9E). Indeed, vascularization is
required for long-term survival of the regenerated tissue/organ [61,169,
211,212]. Innervation is required for a correct integration of the regen-
erated tissue/organ with the surrounded tissues and for adequate
response to stimuli that contribute to its physiological functions
[213–215]. For instance, a correct innervation and integration with
surrounded tissues was proved to be fundamental to regenerate func-
tional HFs [153], salivary [173] and lacrimal gland [174] by develop-
mental TE approaches.

Materials selection and scaffold design are fundamental to achieve
the above-mentioned criteria. Polymers from both synthetic and natural
origin have been proposed to fabricate developmental TE scaffolds.
Among these, collagen has been extensively investigated with promising
outcomes for the regeneration of functional teeth [94,99–101,114–118],
HFs [114,152–154,158,167,168], and glands [173,174], being the major
component of native ECM [216]. The bioartificial ECM, in fact, should
allow cell adhesion and functionality; thus, natural polymers possessing
ECM-biomimetic sequences or synthetic polymers artificially bio-
functionalized to replicate them might represent the preferred choices.
Particularly promising results were achieved by using cell-laden hydro-
gel-based strategies, as cells are directly embedded in a 3D microenvi-
ronment that allows for their mobility and self-organization to replicate
the developmental processes that lead to the organs development. In
cell-seeded scaffold approaches, on the contrary, cells are seeded on
(macro)porous scaffolds that, despite potentially promoting tissue
ingrowth after in vivo implantation, require particular efforts in the
design of pores, porosity and interconnectivity to allow for full scaffold
colonization, which remains challenging [217], and subsequent cell
self-organization. Finally, most of the described approaches require
manually prepared cell-laden scaffolds. Manual procedures may repre-
sent a limitation for reproducibility, scale up and clinical translation.
Thus, automated procedures for scaffolds production and sterilization are
required, in future, to standardize scaffold production. For instance,
additive manufacturing technologies have been poorly investigated in
developmental TE approaches and they may represent a step forward in
the field, allowing for a compartmentalized cell coculture by a repro-
ducible and scalable approach. Altogether, the developmental TE para-
digm represents a promising approach that might allow for the
regeneration of tissues and organs with correct biomorphological and
biofunctional features by the combination of adequate cells sources,
seeded in an appropriate configuration on a scaffold designed with the
previously stated features.
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