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Biofabrication of Human Skin with Its Appendages

Motaharesadat Hosseini, Karl R. Koehler, and Abbas Shafiee*

Much effort has been made to generate human skin organ in the laboratory.
Yet, the current models are limited due to the lack of many critical biological
and structural features of the skin. Importantly, these in vitro models lack
appendages and fail to recapitulate the whole human skin construction. Thus,
engineering a human skin with the capacity to generate all components,
including appendages, is a major challenge. This review intends to provide an
update on the recent efforts underway to regenerate appendage-bearing skin
organs based on scaffold-free and scaffold-based bioengineering approaches.
Although the mouse skin equivalents containing hair follicles, sebaceous
glands, and sweat glands have been established in vitro, there has been
limited success in humans. A combination of biofabricated matrices and cell
aggregates, such as organoids, can pave the way for generating skin
substitutes with human-like biological, structural, and physical features.
Accordingly, the formation of human skin organoids and reconstruction of
vascularized skin equipped with immune cells prompt calls for more scientific
research. The generation of appendage-bearing skin substitutes can be
applied in practice for wound healing, hair restoration, and scar treatment.

1. Introduction

The skin is a highly complex organ consisting of multiple progen-
itor cells.[1] Apart from being an important barrier with sensory
and immune functions, resorption and thermoregulation are two
paramount physiological mechanisms of skin that reflect the se-
lective penetration of chemicals as well as the stability of core
body temperature.[2]
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The skin contains three main layers: the
epidermis, the dermis, and the hypoder-
mis. The outermost layer, known as the
epidermis, accommodates epidermal stem
cells (SCs) that ensure skin homeostasis
and regeneration. In contrast, the dermis,
a thick layer sandwiched between the epi-
dermis and the subcutaneous fat called the
hypodermis, is replete with dermal cells.
The dermal layer consists of collagen and
elastin proteins that support the skin’s me-
chanical strength and flexibility to stretch,
respectively.[3] In this structure, the subcu-
taneous fat plays key roles in padding, in-
sulation, and energy storage center.[4] Fur-
thermore, the skin has sweat glands (SGs),
sebaceous glands, and hair follicles (HFs),
which are epidermal and dermal-derived
components.[5]

The in vitro and in vivo models have
offered valuable platforms to investigate
skin biology and understand the cellular
and molecular mechanisms underlying its

degenerative diseases.[6] Yet, the application of such skin mod-
els is limited due to the lack of many important biological and
structural features of the skin. The biggest barrier in the current
in vitro skin models is the lack of skin appendages, such as HFs
and SGs.

This review briefly describes skin appendages and the clin-
ical challenges in regenerating appendage-bearing skin. Also,
we summarize the most recent approaches to incorporating the
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Figure 1. Different stages of skin appendage development. Stage 0 starts with the formation of a single layer of basal keratinocytes, which are multipotent
cells. In stage 1, areas of thickening epithelium appear— known as hair placode that will end up hair follicles (HFs). The main trigger behind the formation
of placodes is frequent interactions between mesenchymal cells and the epithelium. Stage 2 is associated with the extension of the hair placode downward
toward the dermis. At the same time, dermal fibroblasts (Fbs) attract and create an aggregation below the placode condense as a result of an epithelial
signal from the placode. During stage 3, a dermal message from the dermal aggregation induces the proliferation of the placode cells, which, in turn,
surround the dermal aggregation that ultimately develops into the dermal papilla (DP). In stage 4, subsequent growth and differentiation of the epithelial
cells lead to the development of the mature hair shaft. Also, the DP becomes more compact and is fully engulfed by the growing HF cells. While the
sebaceous gland is evident alongside the HF, the eccrine gland begins as a basal layer bud. In stage 5, the hair shaft tip invades the hair canal. Furthermore,
the swear gland lengthens and arranges in a coil.

appendages into skin substitutes, along with their potential and
limitations.

2. Skin Appendages

Skin appendages, including SGs, sebaceous glands, and HFs, are
the important components of the skin. During embryonic devel-
opment, they are derived from the epidermal buds (Figure 1),
which continue down to the dermal layer and establish these par-
ticular components.[7]

2.1. Sweat Glands (SGs)

SGs contribute to sweat secretion, waste excretion, body-
temperature maintenance, and suppression of bacterial growth
via producing lactate.[8] There are two types of SGs, including
eccrine SGs and apocrine SGs. The former glands control the
body temperature and sweating.[9] SGs are composed of a coiled
secretory portion and a long duct, coursing through the dermis
to the epidermis (Figure 2A). Thermal or emotional stimuli acti-
vate SGs and induce sweat excretion onto the skin surface.[10] It
has been shown that skin repair in patients with extensive deep
burn wounds is associated with the hyperplastic scarring with no

SG regeneration, which has serious negative effects on patients’
quality of life.[11] SGs lack a self-renewal capacity; thus, SG regen-
eration is of high interest to many tissue engineering and regen-
erative medicine researchers.[12]

2.2. Sebaceous Glands

Sebaceous glands are in the mid dermis, and are responsible
for secreting sebum (i.e., a viscous mixture of lipids) into a duct
in the HF junctional zone. The waxy sebum serves to avert wa-
ter loss from the interfollicular epithelium and contributes to
thermoregulation.[13] The outer layer of the sebaceous glands
consists of proliferative cells, while the inner compartment in-
cludes sebocytes, specialized keratinocytes (Kcs) responsible for
sebum production.[13,14] The sebaceous gland’s activity is con-
trolled by a variety of growth factors and hormones.[15]

2.3. Hair Follicles (HFs)

HFs are responsible for thermoregulation, dispersion of sebum
and sweat, and physical protection.[16] There are two main types
of human hair: pigmented terminal hairs on the scalp, which
are thicker and longer, and vellus hairs, which are soft, fine, and
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Figure 2. Schematic representation of A) the human skin layers with their appendages as well as B) the hair follicle structure (Created with Biorender.com)

short.[17] In the skin, the pilosebaceous unit constitutes HF, the
arrector pili muscle, and the sebaceous gland.[18] Its structure,
from deep to superficial, includes the dermal papilla (DP), fol-
lowed by the basement matrix that acts as the growth front for
HF. HFs are self-renewing structures located in the dermal layer
and composed of hair papillae, hair matrix, root sheath, and hair
bulges. The papilla is a large structure surrounded by the hair
matrix (Figure 2B). It is found at the base and contains the con-
nective tissue and a capillary loop. The root sheath consists of an
external and internal root sheath. Lastly, the bulge region, acti-
vated upon the follicle growth, is the regenerative center of the
follicle.[19] It resides in the outer root sheath (ORS) at the inser-
tion point of the arrector pili muscle.[20] HFs reconstruct them-
selves through a cycle composed of three phases, including an-
agen (growing phase), catagen (regression phase), and telogen
(resting phase), which indicates the self-renewing capacity of pro-
genitor cells in HFs.[21]

HFs have three zones: ORS, inner root sheath, and hair shaft
(Figure 2B). All HF zones are formed from terminally differen-
tiating Kcs that comprise the matrix cells. The hair shaft is com-
posed of dividing cells in the bulge, which migrate into the base of
the shaft—now known as the matrix cells—before stratification
into HF cells.[7b,22] Melanin, with two distinct classes of pheome-
lanin (red-yellow) and eumelanin (brown-black), is responsible
for the hair shaft pigmentation. This pigment is produced from
the HF pigmentary units close to the DP. The main cell type in
the pigmentary unit is melanocytes, which function as a key lo-
cal regulator of other skin cell types, including Kcs, lymphocytes,
Fbs, mast cells, and endothelial cells.[22]

2.4. Clinical Challenges to Regeneration of Skin Appendages

Scarring is the endpoint of most wound healing in adult humans.
In cutaneous scar tissues, there are no functional appendages,

thus the repaired tissue is susceptible to trauma, ultraviolet
light exposure, temperature variations, and dry conditions.[23]

As scar formation continues after skin injuries, the surround-
ing niches for the self-renewal of the endogenous SCs change
in terms of cell number and type and extracellular matrix (ECM)
metabolism. Hence, the speed of reparative healing with scar tis-
sues exceeds that of skin appendage regeneration.[23d] The lack
of these specialized structures in the repaired skin is problem-
atic and may affect patients’ quality of life. Therefore, the partial
repair of skin in the scar tissues carries functional, physical, and
emotional risks for human and affect their social activities.[20]

3. Skin Appendages Regeneration Using
Stem/Progenitor Cells

The skin substitutes, containing the cultured epidermis and der-
mal cells, have been widely used to generate skin, but these mod-
els often result in the formation of a thin skin-like structure
without any appendages,[24] thereby being unable to restore the
skin organ structure and function. Thus, engineering a human
skin with the capacity to generate all skin components, includ-
ing the appendages, has been a significant challenge in bioengi-
neering and biomedical research fields. Here, we report differ-
ent stem/progenitor cell-based strategies to regenerate SGs, se-
baceous glands, and HFs.

3.1. Sweat Glands (SGs)

Two primary sources of SCs participate in the generation of
skin appendages following an injury: those living in the wound
sites[25] and SCs that migrate to the wound site from other
anatomical locations, such as mesenchymal progenitors from the
bone marrow.[26]
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To date, limited research has been conducted concerning the
regenerative potential of SGs, especially in humans. Mouse stud-
ies have shown that adult SGs contain unipotent progenitors,
contributing to SG reconstruction upon wounding.[27] The basal
myoepithelial and suprabasal luminal progenitors, which consti-
tute the glandular structure of SGs, have the capacity to regen-
erate their own lineage. Glandular cells make no contribution
to the duct repair, which is retained by its own basal unipotent
progenitors. Ductal cells, unlike glandular cells, can reconstruct
ductal openings following skin injury. Additionally, they are in-
volved in the restoration of the glabrous epidermis around the
SG opening.[27a] Furthermore, there are certain progenitors in the
acral epithelium of mice that take part in the long-term retention
of SGs, ducts, and inter adnexal epidermis as well as the regener-
ation of these components after injury.[28] Further investigations
are required to elucidate if human skin also contains similar pro-
genitors.

Mesenchymal progenitors have been used for restoring SG
cells. Li et al. cocultured adult human mesenchymal stem cells
(MSCs) with heat-shocked human SG cells in vitro, and then
intravenously injected them into full-thickness skin wounds
in rats.[29] The coculture conditions induced a subset of MSCs
underwent differentiation into SG cells, which was strengthened
by epidermal growth factor (EGF) and the injured microenvi-
ronment, yet was weakened by PD98059, an inhibitor of the
mitogen-activated protein kinase/extracellular signal-regulated
kinases pathway. In the full-thickness wounds, labeled MSCs
were found in HFs, sebaceous glands, blood vessels, and the
dermis. Further analyses confirmed the incorporated cells in
HFs and sebaceous glands are positive for pan-cytokeratin, a
protein expressed in the ductal and secretory cells of the normal
human SGs. After the wound healing, while a proportion of
the injected MSCs were kept in the dermis, the rest migrated
into the bone marrow. Accordingly, MSCs can harbor at partic-
ular sites to support the regeneration of skin appendages and
then return to the bone marrow.[29] Sun et al. employed bone
marrow-derived MSCs and indicated that CRISPR-mediated
activation by targeting the promoter of ectodysplasin can be
used to differentiate the MSCs into SG-like cells.[30] Xu et al.
showed that the culture of umbilical cord-derived MSCs with
the mixing medium (90% of basic SG medium and 10% of con-
ditioned heat-shock SG medium)[31] and recombinant human
keratinocyte growth factor[32] could induce the differentiation
of MSCs into SG-like cells. Other relevant studies are listed in
Table 1.

3.2. Sebaceous Glands

Sebaceous glands are essential epidermal appendages and, to-
gether with HFs, form the pilosebaceous unit. Many studies have
explored the regenerative potential of sebaceous glands, but in ro-
dent models (Table 1). Sebaceous glands contain unipotent pro-
genitors that exclusively contribute to the homeostasis of the se-
bocyte’s pool.[50] Moreover, as opposed to the SCs present in the
DP and dermal sheath, the sebaceous gland’s unipotent progeni-
tors exhibit a weaker differentiation potential.[51] Recently, Wang
et al. reported that the transplantation of epidermal SCs from
adult human foreskin combined with skin-derived precursors

into the wounds led to the formation of functional sebaceous
glands as well as HFs.[52]

Given the proliferative and multidirectional differentiation ca-
pabilities of MSCs, some studies investigated the contribution of
MSCs to the regeneration of sebaceous glands in different ani-
mal models (Table 1). Fang et al. used porcine skin,[48] which is a
suitable animal model due to the similarity between pig and hu-
man skin. Their results demonstrated that MSCs could differen-
tiate into sebaceous duct cells.[48] In another in vivo study, MSCs
from Wharton’s Jelly of the human umbilical cord were used and
showed abilities to regenerate sebaceous glands.[49]

3.3. Hair Follicles (HFs)

Historically, a number of significant milestones have driven in
vitro, in vivo, and clinical research in the field of HF regener-
ation (Figure 3). The current strategy for the in vitro neogene-
sis of HF is the combination of inductive mesenchymal and re-
ceptive epithelial components from the healthy skin. Such con-
structs recapitulate the induction phase of fetal skin at 15 weeks
of pregnancy.[53] The replacement of the diseased DP with the DP
from healthy donors results in the formation of healthy-like HFs.
Initial investigations by Reynolds et al.[54] indicated that the HF
end bulb could elicit HFs regrowth in the allogeneic transplants.
Given the low immunogenicity of allogeneic HFs, they could
be used to regenerate HFs individually or alongside long-term
immunosuppression.[55] Even though the transplantation of the
allogeneic microdissected DP and dermal sheath contributes to
HF reconstruction, the ideal approach is to use autologous cell
sources from healthy individuals to avoid immunosuppressant
regimens.

To date, only a few studies have used human DP cells for the in
vivo regeneration of HF in humans due to the ethical constraints.
One report has shown that DP cells from human HFs could sur-
vive and develop HFs after transplantation,[56] and confirmed the
limited regenerative capacity of DP from adult individuals ex vivo.

The rodent transplantation models have often been used to
investigate the reconstruction of skin appendages. The rodent
model studies showed that DP cells could generate HFs following
implantation into the recipient site.[57] DP cells, unlike dermal
Fbs, can induce the differentiation of Kcs into a follicular pheno-
type. Further evidence highlighted the necessity of the DP for HF
regeneration in rodents.[58] An in vivo study revealed the induc-
tion of human HFs generation in the skin of nude mice where hu-
man DP cells are co-transplanted with human epidermal cells,[59]

suggesting the critical roles of epithelial-mesenchymal interac-
tions in the de novo generation of HFs.

To date, great efforts have been made to expand human DP
cells in vitro. Nevertheless, the in vitro expansion of DP cells is as-
sociated with rapid loss of their hair inductive capacity as well as
considerable changes in their gene expression profile.[60] Unlike
dermal Fbs, DP cells can form spheroids during in vitro culture.
DP spheroids exhibit the in vivo DP transcription profile and up-
regulate the expression of DP signature genes that are missing
during 2D expansion, such as Actin Alpha 2 (ACTA2), Alkaline
Phosphatase (ALPL), and Versican (VCAN).[61] Thus, multiple 3D
models have been developed to expand DP and study HF regener-
ation. Although 3D systems enable the close interaction between
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Table 1. Experimental models for regeneration of sebaceous glands and sweat glands. Abbreviations: fibroblast (Fb); green fluorescent protein (GFP);
hair follicles (HFs); keratinocytes (Kcs); mesenchymal stem cells (MSCs); not specified (NS); severe combined immunodeficient (SCID); stem cells
(SCs); sweat glands (SGs); tuberous sclerosis complex (TSC).

Skin appendage Type and source of cells/tissues Passage Culture conditions Study model Refs.

Sweat glands Autologous SG-derived progenitors NS NS In vivo; lineage tracing with RosaLacZ or RosaYFP
reporter mice

[27a]

Adult human bone marrow-derived
MSCs

3 Monolayers In vitro; direct coculture of human SCs with
heat-shocked confluence human SG cells

[29]

SG germ cells NS NS In vivo; transgenic expression of the mouse EDA-A1
isoform in tabby (EDA-less) males

[33]

Adult human bone marrow-derived
MSCs

2–3 Cocultured with human SG cells In vivo; implanting cocultured MSCs in athymic
BALB/c nude mice

Clinical trial; transplantation of
transdifferentiated MSCs

[34]

Human umbilical cord-derived MSCs 3–5 Basic SG medium-plus conditioned
heat-shock SG medium (9:1)

Keratinocyte growth factor

In vitro; culturing human SCs in the media
supplemented by the growth factor

In vivo; transplanting SG cells differentiated from
human SCs into SCID mouse burn model

[32]

Human bone marrow-derived MSCs
transfected with ectodysplasin

NS NS In vivo; transplanting human SCs into the injured
areas of burn animal models

[35]

Sebaceous glands Bulge cells in adolescent hr mice NS NS In vivo; treating hr mice with and without topical
dioxin

[36]

Adult bulge SCs NS Dulbecco’s Vogt modified Eagle In vivo; implanting fragments of bulges from
vibrissal follicles of adult mice onto the back of

mouse embryos

[19g]

EGFP-high/𝛼6-integrin+ cells from
Krt1-15-EGFP; ROSA26 skin mice

NS Cell suspension In vivo; combining the bulge SCs with epithelial and
dermal cells and injected subcutaneously or

placed in tracheas and then implanted
subcutaneously into CB-17 Icr-scid/scid mice

[37]

Bulge cells from adult K14-GFP-actin
mice

NS Cell suspension In vivo; combining the bulge cells with epithelial
and dermal cells and implanted onto the back of

nude mice

[38]

Epidermal cells from Blimp1GFP mice
(Blimp1+ sebaceous gland

progenitor cells)

NS Cell suspension In vivo; combining the bulge cells with epithelial
and dermal cells and implanted onto the back of

nude mice

[39]

Epidermal cells from transgenic mice
(Lrig1+ SCs)

1 & 5 Cell suspension In vivo; combining the SCs with epithelial and
dermal cells and implanted onto the back of

nude mice

[40]

Epidermal cells from intercrossed
mice (Lrg6+ SCs) at the isthmus

NS NS In vivo; intercrossing Lgr6-EGFP-Ires-CreERT2 to the
Cre reporter R26R-LacZ mice

[41]

Adult bulge SCs from transgenic mice
(Sox9+ SCs) in the upper ORS

NS NS In vivo; crossing Sox9-IRES-Cre mice to
ROSA26Flox-Stop-Flox-𝛽geo (R26R) mice

[42]

HF progenitor cells from mouse tail
epidermis (Lrg6+ SCs)

NS NS In vivo; C57Bl/6 mice between E15.5 and P2 were
studied using immunostaining

[43]

HF SCs from human facial skin (K15+

cells)
NS NS In vivo; grafting human facial skin specimens onto

SCID mice
[44]

Human neonatal foreskin Kcs 3 TSC2-null Fb-like cells incorporated
into collagen and overlaid with

Kcs

In vivo; grafting composites onto immunodeficient
mice

[45]

GFP-positive bone marrow cells from
adult mice

NS Cell suspension In vivo; transplanting in a mixture of embryonic
mouse epidermal and dermal cells on the backs

of nude mice

[46]

Mouse bone marrow-derived
allogeneic mesenchymal stromal

cells

1 Cell suspension In vivo; injecting intradermally in the periphery of
the excisional wound in NOD mice

[47]

Porcine bone marrow-derived MSCs NS NS In vivo; engrafting to porcine skin [48]

MSCs from Wharton’s Jelly of the
human umbilical cord

NS Cell suspension In vivo; (co)transplanting MSCs and/or skin
microparticle (autologous) in C57BL/6 mice with

a degree III deep burning wound

[49]
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Figure 3. The timeline of the main basic, translational, and clinical advances for hair follicle (HF) regeneration. Abbreviations: dermal papilla (DP); the
United States food and drug administration (FDA); induced pluripotent stem cells (iPSC); pluripotent stem cells (PSCs).

epithelial and DP cells and facilitate spatial organizations,[62] ep-
ithelial cells often produce a cyst-like spheroidal structure with-
out any follicular-type differentiation. Accordingly, the function-
ality of these 3D platforms is limited.

The next generation of 3D skin models aimed to achieve a
skin organ containing skin appendages. In one of these meth-
ods, DP spheroids were developed on top of Matrigel and then
directly cocultured with Kcs.[63] Another example concerned
coating DP cell aggregates with basement membrane molecules,
including collagen IV, laminin, and fibronectin, as well as their
culture with Kcs and melanocytes.[64] The main progress by
these strategies involves the formation of microfollicles with a
suitable topological cellular organization, but these strategies
are complicated and often result in unpigmented fiber-like
structures.

The generation of skin appendages can also be achieved
by cellular reprogramming, which mainly involves differenti-
ating pluripotent stem cells (PSCs) into adult cells using cer-
tain factors. Induced pluripotent stem cells (iPSCs) are repro-
grammed by introducing exogenous pluripotency genes into so-
matic cells. These cells show self-renewal and differentiation ca-
pacities similar to embryonic SCs. In one study, the iPSC-derived
LNGFR+Thy1+ subpopulations were treated with retinoic acid
(RA) and differentiated into DP cells.[60] The DP induction could
also be achieved by treating a mixture of iPSC ectodermal pre-
cursor cells with a Kc culture medium containing RA and bone
morphogenetic protein (BMP).[65] The HFs could represent suit-
able sources for producing PSCs, implying that the genetics and
microenvironment of HFs enable higher and more efficient re-
differentiation of HFs.[66] The iPSCs were also established by
lentiviral transfection of human DP cells with Oct4, Sox2, Klf4,
and c-Myc. Importantly, culturing conditions like low oxygen con-
tent and valproic acid supplementation markedly increased the
reprogramming efficacy. Therefore, the DP cells can be used as
an alternative source for the generation of iPSCs with a higher
reprogramming efficiency and desired induction potentials into
the ecto- (neuronal differentiation), meso- (osteogenic differenti-
ation), and entodermal (hepatic differentiation) directions.[67] Di-
rect cell reprogramming, also called transdifferentiation, is an-
other approach of producing a specialized cell type via direct
conversion and bypassing the SC stage. Zhao et al., reported

that human dermal Fbs could be chemically converted into DP
cells by applying a combination of fibroblast growth factor (FGF)
2, platelet-derived growth factor, and 6-bromoindirubin-3′-oxime
(BIO).[68]

Together, the skin appendage-derived SCs are a rare cell pop-
ulation, and it is challenging to extract, purify, and expand
them. Also, these cells might undergo in vitro senescence after
isolation.[69] On the other hand, the reprogramming approaches
to the generation of skin progenitors often results in low effi-
cacy, with newly formed appendages showing differences from
normal ones.[35] Other stem/progenitor cells, which have been
applied for wound healing could only contribute to the improve-
ment of wound closure with limited enhancement in cosmetic
outcomes.[70] In fact, there is no available data supporting func-
tional skin appendage reconstruction upon therapies based on
stem/progenitor cells. Given these, it is speculated that the de-
velopment of 3D culture systems using bioengineering strategies
that mimic the in vivo environment and provide spatiotemporal
control over cells can overcome the challenges of skin regenera-
tion containing functional appendages.

4. Cellular Aggregates and Organoids for the
Engineering of Skin Appendages

Considering the lack of complexity in the previously mentioned
cell culture systems in mirroring skin tissue configuration, the
skin organoid models have been developed. Skin organoid refers
to a 3D multicellular in vitro tissue construct with the capacity
of recapitulating the in vivo skin organ. In general, organoids
recapitulate early organ development and have a structural and
functional resemblance to the corresponding organ. They can be
used to study human developmental processes and tissue home-
ostasis and to understand the responses to the external stimuli or
stress signals in an in vitro system. The term organoid is widely
accepted for the description of the constructs obtained from SCs,
i.e., embryonic or iPSCs. HF organoids, for example, are estab-
lished from a mixture of dermal and epidermal components, skin
SCs, and PSCs.[71] In the following sections, the most recent stud-
ies are presented considering both rodent and human in vitro
models.
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4.1. Rodent Models

In 3D cell cultures, the key contributor is the architectural organi-
zation of cells in a compact structure that allows a dynamic equi-
librium at gene and protein levels, and eventually mimicry of in
vivo tissues. Building around the physico-genetic mechanisms,
Lei et al. demonstrated that epidermal and dermal progenitors
at a high density could form organoids and undergo tissue-like
organization.[6d] They developed skin aggregates from both adult
and newborn skin progenitors. The skin progenitors obtained
from newborn mice were able to form hair primordia-bearing
organoids via a stepwise self-organizing process and generate
HFs with normal architecture when transplanted into nude mice.
Within 10 d, the dissociated cells developed toward a planar layer
of presumptive skin with hair primordia through morphological
phase transitions. On the contrary, adult skin progenitors could
only form small aggregates, and the development process stalled
in vitro. Comparative analyses indicated that the suppression
of epidermal differentiation in the adult cells played a key
role. The molecular pathways, along with physical cues during
organoid morphogenesis and environmental reprogramming,
contribute to the restoration of the self-organizing processes.[6d]

To date, the most complete in vitro reconstruction of HF and
sebaceous gland-containing skin involves the use of PSCs. Lee et
al. reported the derivation of skin organoids with both epidermal
and dermal layers from mouse PSCs.[72] Initial exposure to a
transforming growth factor (TGF)-𝛽 inhibitor and recombinant
BMP4, along with subsequent treatment with FGF2 and a BMP
inhibitor, produced organoids with a cyst conformation that led
to the spontaneous formation of HFs. Yet, these new mouse HFs
underwent a catagen-like degenerative process upon long-term
culture on day 28. Besides HFs, the mouse skin organoids
could produce sebaceous glands. Hence, multiple germ layers
can be derived from a single SC aggregate with no use of em-
bryonic tissue or undefined media to regenerate hair-bearing
skin organoids.[72] Interestingly, a 3D integumentary organ
system (IOS) created via the self-assembly of mesenchymal and
epidermal SCs from mouse iPSCs led to the regeneration of fully
functional HF organoids. The clustering-dependent embryoid
body transplantation method was applied to develop this 3D
system. Following implantation into nude mice, the resultant HF
organoids could establish proper connections to the surrounding
host tissues, like the epidermis, arrector pili muscles, and nerve
fibers, with no sign of tumorigenesis at the transplantation sites
as well as indicating appropriate hair eruption and repeated hair
cycles, through the rearrangement of follicular SCs and their
microenvironments. Additionally, the iPSCs-derived bioengi-
neered IOS models produced other skin appendages, including
sebaceous glands, suggesting their considerable potential for
skin organ reconstruction therapies.[73] Together, these studies
have confirmed the ability of rodent-derived progenitor/SCs
to develop skin organoids containing HFs and sebaceous
glands.

4.2. Human Studies

The differences in skin regeneration and wound healing pro-
cesses between rodents and humans are evident, and mouse skin

models are often poor predictors of human trial outcomes. Thus,
it is so important to develop human skin appendage models.

Lindner et al. created human microfollicles in vitro using
DP Fbs under low adherent cell culture conditions.[64] These
cells formed DP condensates and accelerated the production of
ECM upon the addition of recombinant human ECM proteins
(i.e., collagen, fibronectin, and laminin). Once ECM was cre-
ated around the condensate, well-defined organoid structures ap-
peared, which were similar to a human vellus HF in terms of
composition, properties, and protein expression. The cocultiva-
tion of this structure with ORS Kcs and HF melanocytes led
to the development of unpigmented hair-like fibers. The well-
engineered microfollicles approach required only a small quan-
tity of the autologous ex vivo expanded HF-forming cells before
re-implantation.[64] Applying a 3D droplet organoid culture, We-
ber et al. could effectively produce hair peg-like structures in vitro
from fresh fetal scalp dermal progenitor cells associated with
cultured neonatal foreskin Kcs through self-organization.[74] The
highest number of hair peg-like structures was obtained when
an epidermal to dermal cell ratio was 2:3.[74] Yet, dermal cells
were not expanded in culture. Additionally, it is difficult to use
this method in case of large-scale organoids for both research and
clinical applications.

Su et al. developed a large number of HF organoids based
on the pre-aggregation of culture-expanded dermal and epider-
mal cells in vitro.[75] Human fetal scalp-derived dermal progeni-
tors were mixed with human foreskin-derived epidermal SCs at
a 2:1 ratio, resulting in the activation of the Wnt pathway and
the formation of pear-shaped structures, known as type I aggre-
gates, characterized by early HF markers. This platform could
support the rapid formation of many HF organoids (type I ag-
gregates) and facilitate studying the crosstalk between epidermal
and mesenchymal cells, evaluating the technogenic potential of
hair SCs, and screening biomolecules at a large scale for HF
regeneration.[75] In the literature, it remains a formidable chal-
lenge to efficiently regenerate HFs in vivo and in vitro from adult
dermal cells.[75] Also, there is almost no available study address-
ing the scaffold-free SG and sebaceous gland organoids from hu-
man SCs.

5. Biofabrication-Based Strategies to Establish Skin
Appendages

Despite the fact that scaffold-free 3D platforms outperform con-
ventional 2D cultures, these models cannot mimic biological
(multiple cell types), physical (the ECM), and chemical (signal-
ing molecules) features of the skin tissue and its appendages.
To overcome these limitations, biofabricated matrices provide
proper microenvironmental factors and contribute to the organi-
zation and formation of tissues. Hitherto, considerable attempts
have been made to establish a niche for stem/progenitor cells.
In this regard, the ECM and biochemical factors have the ability
to serve as biophysical and biochemical cues. Irrespective of the
culturing units, the 3D cultures used for skin appendage regener-
ation mainly depend on using Matrigel[52,63,76] and collagen[59,77]

as their supporting matrices (Table 2).
Matrigel or murine Engelbreth-Holm-Swarm matrix is the

most used matrix for the 3D culture of both human and rodent
cells. In general, laminin (around 60%) and collagen IV (around
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Figure 4. The timing of developmental events during in vitro skin organogenesis using human pluripotent stem cell (hPSCs) derived skin organoid.
The human skin organoids are obtained in three main stages. The surface ectoderm and cranial neural crest cells are coinduced in the first stage using
hPSCs. As a starting point, these cells form aggregates and then undergo ectodermal induction with critical differentiation factors, including bone
morphogenetic protein (BMP) 4, FGF, and a transforming growth factor-𝛽 inhibitor. On day 3, cells erupt outward, leaving the surface ectoderm and
undifferentiated hPSC core. When the aggregates are mature (8–12 d), the intermediate layer erupts out, leading to the development of cranial skin. At
the end of this stage, skin organoids contain cranial neural crest cells as well as epidermis and dermis precursors. Cystic skin organoids consisting of
mesenchymal, neural, and glial progenitor cells surrounded by a sphere of keratinocytes are formed in the second stage. Also, the organoids contain
self-assembled epidermal and dermal layers along with bulb-like hair follicles. In the third stage, the skin organoids produce a keratinized epidermis
with a population of melanocytes, Schwann cells, and sensory neurons. Additionally, hair follicles with sebaceous glands grow outward. Created with
Biorender.com.

30%) constitute Matrigel,[92] which imparts structural and bio-
logical integrity to the seeded cells. The 3D structure of Ma-
trigel is formed through gelation, mainly resulting from the self-
assembly of laminin as well as the crosslinking of laminin and
collagen upon temperature rise.[92] Miao et al. generated HFs in
vitro by using a combination of human DP cells and hair germi-
nal matrix cells.[63] The DP cells were seeded in a 3D Matrigel
culture that provided physical strength for the development of
DP spheroids. Moreover, human hair germinal matrix cells in
association with human DP spheroids could differentiate into
hair-like fibers in vitro.[63] By incorporating the biochemical fac-
tor (i.e., BMP4) into the culture system with Matrigel, Wang et
al. regenerated HFs from epidermal SCs and skin precursors
(SKPs).[52] This method has also been used for (re)generation of
sebaceous gland with or without HFs.[52] Notably, Lee et al. em-
ployed Matrigel to establish skin organoids from human pluripo-
tent SCs in the presence of several growth factors (e.g., TGF-𝛽
and basic FGF).[76d] After almost four months, a cyst-like skin
organoid with the stratified epidermis, fat-rich hypodermis, and
pigmented HFs associated with sebaceous glands were obtained
(Figure 4).[76d]

In another study, Li et al. could successfully restore SGs in
vitro from Matrigel-embedded 3D culture of human SG cells.[76e]

Although Matrigel culture systems contribute to the recapitula-
tion of the native skin microenvironment, it is difficult to tune
the physicochemical properties of ECM and accordingly regulate
their effects. For example, irrespective of their locations, skin tis-
sues are often a lot stiffer (from 0.00109 MPa to 169.1 MPa[3])
than Matrigel (from 100 Pa to 3 kPa[93]). Matrigel’s viscoelastic be-
haviors may also confine its handling at room temperature and
therapeutic applications, especially at a large scale. Furthermore,
Matrigel is an animal-derived matrix, consisting of indistinct and
xenogeneic proteins and other impurities that may not only cause
potential antigenic reactivities but also affect cellular behaviors
due to interference with the immune system.[94] Matrigel has
demonstrated a great deal of variability in content and properties
between batches and even within a single batch.[94] Therefore,
some have raised concerns about the reproducibility of results.[95]

Collagen (commonly type I) plays a pivotal role in cell adhe-
sions and fibrous tissue formation. Hence, matrices based on col-
lagen type I have been considered a widely used biomimetic and
less costly alternative to Matrigel for in vitro and in vivo skin cul-
ture. Abaci et al. utilized spheroidal cultures of DP cells and Kcs
and subsequently incorporated them into skin constructs con-
taining Fbs and green fluorescent protein-tagged human umbil-
ical vein endothelial cells in a collagen type I matrix.[59] The re-
sults showed the regeneration of HFs with a vascular network,
which, in turn, led to a more native tissue with enhanced func-
tionality and translational capabilities.[59] Huang et al. adopted a
similar approach to restoring SGs in an organotypic coculture
model, where SG cells were cultured on gelatin microspheres
containing EGF, and the whole complex was then delivered into
a bioengineered skin construct with a Fb-embedded collagen-
based matrix.[77b] This model resulted in an SG-like structure in
vitro.[77b] Nevertheless, since collagen is also often extracted from
animal tissues, the final matrices are associated with similar limi-
tations to Matrigel, such as sample variability, poor tunable prop-
erties, and antigenicity. Besides these, the collagen microstruc-
ture and alignment change with variations in pH and tempera-
ture during gelation.[96] Therefore, there is a possibility that un-
controlled gelation might end up with heterogeneity in the matrix
architecture and fibril size across samples, which exert critical ef-
fects on cell-cell and cell-matrix interactions.[97]

5.1. Advanced Matrices for Skin Appendage Reconstruction

Several scaffolds have been developed for the 3D culture of cells,
spheroids, and organoids, which, in turn, give new insights into
a better understanding of wound healing and skin regeneration.
The biofabricated matrices used for skin appendage regeneration
are highlighted in Table 2.

Keratin is a promising biopolymeric matrix for 3D cul-
ture. It contains RGD (Arg-Gly-Asp) and LDV (Leu-Asp-Val) se-
quences, supports cell adhesion and growth, and has limited
immunogenicity.[3] In a recent study and using a C57BL/6 mice
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model, DP spheroids were loaded into a keratin hydrogel to as-
sess HF regeneration.[82] Keratin improved the overall spheroid
engraftment levels and cell survival rate without inducing any
acute immune response. Larger HFs and thicker collagen lay-
ers were observed in those mice treated with DP spheroid-loaded
keratins.[82]

Much research has focused on the peptides with self-
assembling features. The peptide-based materials formed by
self-assembly involve noncovalent interactions, whereby small
molecules spontaneously associate into ordered structures, like
particles,[98] fibers,[99] tubes,[100] etc., and macroscopically de-
velop hydrogels. For example, RADA16 (Ac-(RADA)4-CONH2) is
one of the self-assembling peptides, which contains 16 alternat-
ing hydrophobic and hydrophilic amino acids. Wang et al. created
a hydrogel scaffold using RADA16 and PRG (which consists of
RGD).[76f] RADA16 fibrous hydrogel promoted the proliferation
of SKPs and enhanced the expression of hair induction signature
genes (i.e., Akp2 and Bmp6). Additionally, RADA-PRG hydrogel
showed higher efficacy for de novo hair genesis than Matrigel in
an HF reconstitution model in nude mice.[76f]

The fact that hyaluronic acid (HA) exist in the ECM leaves
more room for improvement in skin regeneration. Interestingly,
its properties can be enhanced by chemical modifications using
adipic hydrazide, tyramide, benzyl ester, glycidyl methacrylate,
thiopropionyl hydrazide, or bromoacetate.[101] Thus far, thiolated
HA (Extracel) is a mixture of modified HA and gelatin (1:1 ra-
tio; w/w), where mechanical properties and biodegradation be-
havior can be tuned.[102] Not many functional studies have been
conducted to elucidate the specific contribution of HA or its com-
posites to the regeneration of skin appendages. Recently, Driskell
et al., though, showed that Extracel could provide support to the
clonal expansion of DP cells as spheroids, which, in turn, made a
contribution toward HF-inducing activity in vivo.[84] These proofs
of concept studies for the regeneration of HFs in rodent models
without the use of Matrigel and collagen type I would speed up
the clinical translation of these 3D culture systems.

All matrices discussed herein are hydrogels and have the abil-
ity to emulate the ECM and regulate cells dynamically. Further-
more, the encapsulation of stem/progenitor cells within a hy-
drogel promotes cell viability and eases sustained localized de-
livery. These cell-laden hydrogel systems can also carry essen-
tial cues for skin and its appendage regeneration. However, hy-
drogels cannot thoroughly recapitulate the geometry or architec-
ture of tissues, which are critical for controlling cell fate and
translating into clinical applications. Alternatively, hybrid hy-
drogels that incorporate micro/nanopattern (inclusion of mi-
cro/nanostructures) or multilayer construct (use of 3D print-
ing/additive manufacturing) can be applied for 3D cell culture.

In a study by Pan et al., the microstructured poly (ethylene gly-
col) diacrylate (PEGDA) hydrogels were used to recapitulate the
in vivo architecture of HFs, which is segregated into the gel com-
partments for the dermal and epidermal cells.[103] Likewise, Lim
et al. created a 3D fibrous hydrogel to assemble DP and normal
human epidermal Kcs utilizing two oppositely charged polyelec-
trolyte solutions.[79] This strategy directs cells in two separate do-
mains to interact and thus promotes epithelial-mesenchymal in-
teractions.

To better reproduce the natural structures of skin appendages,
culture systems that include 3D printed structures have received

much attention. A recent study developed a highly hair-inductive
tissue graft using the bioprinting technology.[81] Mesenchymal
and epithelia cells were encapsulated into collagen droplets sep-
arately. The microgels were spontaneously contracted in the sus-
pension culture as a result of cell traction forces. The in vivo in-
vestigations demonstrated that the resultant hair microgels had
considerable hair regeneration activity. Nevertheless, the newly
formed hair shafts largely remained below the skin. Printing
the microgel beads onto aligned suture guides significantly en-
hanced hair-shaft sprouting and growth through the skin. Ad-
ditionally, these suture-inserted grafts inhibited the formation of
epithelial cyst and ingrowth of hair under the skin due to the con-
trol over the orientation of the hair microgels.[81] Another report
engineered HF-like microwells, which were 500 μm in diameter
and 4 mm in length. The 3D printed molds facilitated Kcs dif-
ferentiation into specific hair lineages and enabled human HFs
regeneration within human skin constructs.[59] The 3D printed
scaffolds have also been utilized for the regeneration of SGs.[104]

Huang et al. developed a 3D ECM containing epidermal SCs
that allowed the continuous slow release of EGF and BMP4
molecules. Two weeks after transplantation in mice and in the
presence of plantar dermal cells, the epidermal cells were suc-
cessfully differentiated into SG cells.[90] More recently, Yao et al.
developed an alginate/gelatin hydrogel for 3D bioprinting ap-
plications. The newly developed hydrogel was able to induce
SG differentiation of MSCs and support the regeneration of
SG (Figure 5). The CTHRC1 and Hmox1 molecules were iden-
tified as key biochemical regulators for SG specification.[105]

The current evidence shows its capacity for the regeneration
of skin appendages, such as HF[59,81] and SG.[90–91] Indeed, 3D
(bio)printing technology provides spatial control over cellular and
material orientation. Nanmo et al. reported controlled graft ori-
entation in the skin and considerably enhanced hair outgrowth
using the 3D bioprinting technology.[81] Abaci et al. demonstrated
that 3D printing enables the physiological arrangement of cells
in HFs, which subsequently contributed to the production of skin
constructs with different HF densities and an in vivo-like DP cell
phenotype in the 3D reconstructed dermis.[59] Applying vertical
embedded bioprinting, Lian et al. revealed that extrusion tech-
nique by either uniaxial or coaxial nozzles could successfully en-
hance the efficiency and accuracy of the spatial patterning pro-
cess for HF regeneration.[106] Furthermore, bioprinting exhibits
a scalable and automated platform for the rapid fabrication of
skin tissue with its appendages.[81,106] Therefore, 3D (bio)printing
allows for fabricating the appendage-bearing skin constructs ar-
ranged in a multilayer structure.[107]

6. Conclusions and Outlook

Skin constructs, though, hold promise for wound healing and
skin regeneration, suffer from the lack of structural integrity due
to the absence of skin appendages, including HFs, sebaceous
glands, and SGs. These components play essential roles in the
true function of the skin. The current study describes recent
methods used to generate complex skin organs bearing the ap-
pendages and discusses the potentials and limitations of 3D cul-
ture platforms in this regard.

Up to now, many research studies have utilized
stem/progenitor cells for the purpose of skin appendage
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Figure 5. The capacity of induced sweat gland cells (iSGCs) for directed functional regeneration of sweat glands (SGs). A) A schematic representation
of the method, where the 3D bioprinted scaffold containing green fluorescent protein (GFP)-labeled mesenchymal stem cells (MSCs) was transplanted
in burned paws of mice. B) Iodine/starch-based sweat test of mice treated with different cells; the presence of black dots on footpads was indicative of
sweating in iSGCs-treated mice. C) Hematoxylin and eosin staining of a plantar region with and without the cell treatment; histology results revealed
SG regeneration in iSGCs-treated mice (scale bars, 200 μm). D) Participation of GFP-labeled iSGCs in directed functional regeneration of SG (K14, red;
GFP, green; DAPI, blue; scale bar, 200 μm). E) Detection of K14, K19, K8, and K18 as SG-specific markers in the regenerated SG tissue (arrows); (K14,
K19, K8, and K18, red; GFP, green; scale bars, 50 μm). Reproduced with permission.[105] Copyright 2021, American Association for the Advancement of
Science.

reconstruction. Approaches based on seeding progenitor cells
are found to be necessarily supportive in wound healing regard-
less of cell culture dimension. However, they cannot directly
restore the whole skin structure with its appendages largely due
to the lack of spatiotemporal organization. Advanced culture
systems like organoids and spheroids, which can self-organize in
a particular microenvironment, are promising because they pro-
vide cells with a spatial framework to interact with each other. Yet,
there is no solid evidence from human resources. In addition,
such models still require refinement to match the in vivo cell
niche in terms of their biological, chemical, and physical features.

The convergence of animal-derived matrices and 3D cell aggre-
gates from human PSCs could successfully form cyst-like skin
organoids consisting of the epidermis, dermis, HFs, and seba-
ceous glands.[76d] Though encouraging, these structures differ
from the skin organ in both structure and function. More im-
portantly, the current skin models have no vascular network to

protect cells and tissues against hypoxia and lack of growth fac-
tors.

Restoration of skin and its physiological function is subject to
the inclusion of cells and recapitulation of their microenviron-
ment. All cells that reside in skin tissue neighbor a vascular net-
work that provides not only oxygen and nutrients but also molec-
ular communications to the cells, especially via endothelial cells.
The crosstalk between the vasculature and skin appendages has
been presented previously.[108] To achieve a design more rational
and closer to skin tissue, it is critical to include a vascular net-
work into the engineered skin. Development of a skin construct
with skin appendages and blood vessels are complex and requires
considering other components or cells.[70a,109]

There are only a few reports that have utilized biofabrication
approaches to create vascularized skin constructs containing skin
appendages, such as HF,[59] and SG.[110] Novel advanced bioman-
ufacturing technologies offer this opportunity to design complex
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cell niches with specific geometries and architectures that pro-
mote the spatiotemporal behavior of stem/progenitor cells and
overcome some of the current challenges of regenerating fully
functional skin organ.

Biofabrication of skin tissue with its appendages has not been
brought to clinical settings yet. We anticipate 3D bioprinting tech-
niques can pave the way to the clinic due to their intrinsic capacity
for automation, accuracy, reproducibility, scalability, and person-
alization of matrices with structural complexity. Future research
should consider developing new strategies to integrate multiple
cells and biomaterials more effectively in multilayered structures
to produce functional skin tissue constructs. Therefore, there is
not a long way to go before full translation of a skin construct
with its appendages into the clinical practices.
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