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Abstract

The skin is the largest organ of the body, composed of the epidermis, dermis, and
subcutaneous tissue, each with unique functions. The development of ex-vivo
human skin models for chemical testing is a current challenge in skin research.
While 3D printing technology has been used to develop bioprinted skin, few
studies have included 3D printed sebaceous glands, making it challenging to
create a fully functional skin model. The ideal biomaterial for skin bioprinting
should have mechanical properties similar to those of native skin, support high
cell viability, have adequate biodegradation rate, provide a suitable
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microenvironment for skin cell functionality, and be highly biocompatible. Natu-
ral biomaterials are commonly used in skin bioprinting, but they lack stable
mechanical properties and have low gelation levels. Synthetic materials have
controllable mechanical and chemical properties, but low biocompatibility and
biodegradability. Composite natural and synthetic biomaterials can help balance
the biological and mechanical features and provide more stable bioink. The
development of bioprinted skin models will help to advance skin research and
provide a customizable approach to the development of skin tissue. In summary,
both skin bioprinting and organoid technology have revolutionized the field of
tissue engineering and modeling. Skin bioprinting has shown promising results in
the fabrication of skin substitutes for wound healing and has the potential to
transform the cosmetic industry. Organoids have broad applications in disease
modeling, drug testing, and the development of treatment strategies for various
genetic and infectious diseases. While animal models remain the gold standard,
organoids provide a closer recapitulating system of human organs and have the
advantage of being easily cultured, genetically modified, and cryopreserved while
maintaining their phenotype. Overall, these technologies offer new possibilities
for research, dermatopathology, wound healing, and drug and vaccine
development.
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2.1 Part 1: Introduction

As the largest organ of the body, skin weighs in at 16% of an adult’s total weight. It
is comprised of three layers: epidermis, dermis, and subcutaneous (hypodermal)
tissue. The epidermis is the outermost layer, consisting primarily of keratinocytes
(KCs), without blood vessels. The epidermis can be further segregated into five
layers. Beginning with the innermost layer, these are the stratum basale followed by
the stratum spinosum, the stratum granulosum, the stratum lucidum, and the stratum
corneum on the uppermost outer part (Kanitakis 2002). These epidermal sub-layers
harbor a number of cells such as KCs, melanocytes (MCs), Langerhans cells, and
Merkel cells.

Following the epidermis is the dermis, a significantly thicker section residing in
the middle of the skin. Much like the epidermis, the dermis can also be
subcategorized, divided into papillary dermis and reticular dermis. The papillary
layer lies below the epidermis and contains dermal papillae that project into the
epidermis. These papillae help anchor the two layers together. In comparison, the
reticular layer is deeper within the dermis and contains fibroblasts (FB), collagen,
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and elastin fibers, which give skin its strength and elasticity. Both layers are
inundated with blood vessels and nerves, which serve as conduits for nutrition and
sensation. In addition, the dermis contains important sub-structures, which provide
functionality to the skin including sweat glands, hair follicles (HF), and sebaceous
glands (Marques et al. 2017).

The final layer of the skin is the subcutaneous tissue or hypodermis. This layer is
composed of adipocytes (ACs) surrounded by collagen. Despite its simple makeup,
the hypodermal layer has many important protective roles, including thermal equi-
librium, providing padding to protect deeper tissues from blunt trauma, and buoy-
ancy. In addition, the subcutaneous tissue can be reabsorbed as an energy reserve
and in times of need can function as an endocrine system. Together, these three
layers protect internal tissues from external forces, providing a physical barrier to
micro-organisms/external materials. It prevents the loss of fluid, allows temperature
regulation, acts as a moderator for the immune system, and allows each individual to
sense the external world (Marques et al. 2017).

2.1.1 Skin Appendages

Internal structures within the skin include HFs, sebaceous glands, and sweat glands.
While it is readily acknowledged that these are important for fully functional skin,
bioengineered models of these appendages are scarce. This review is focused on the
use of 3D printing as a technology for furthering the development of bioprinted skin.
To date, very few studies have included 3D-printed sebaceous glands. Instead, the
field has focused on the development of appropriate organization (including the three
layers discussed above) and the addition of hair follicles/sweat glands. HFs reside in
the dermal layer of the skin. These structures consist of hair papillae, hair matrix,
root sheath, and hair bulges. The base of the HF is the papilla, a large structure of
primarily connective tissue with a capillary loop. The papilla acts as a control center
for the HF, determining many characteristics of the hair, including length, hardness,
and the overall growth cycle of the follicle. Surrounding this is a root sheath, a dual-
layered covering containing bother internal and external sheaths. The outmost sheath
contains the hair bulge. This is also the point of insertion of the arrector pili muscle
(Buffoli et al. 2014). The hair bulge houses several types of stem cells with superior
clonogenicity and proliferative capacity, which supplies the entire HF with new cells
and assists in healing any epidermal injuries. HFs are complex but vital
sub-structures within the skin, which have been shown to aid antibacterial abilities
and inhibit scar formation (Weng et al. 2021), making them of extreme interest to
those developing bioengineered skin.

The second structure of popular interest is sweat glands, particularly eccrine
sweat glands. These are found across all skin surfaces but are especially prevalent
on the palms and soles of the feet. Playing an important role in the regulation of body
temperature, eccrine sweat glands contain a coiled secretory tubule, which is
connected to the exterior of the epidermis via a long duct. These glands are activated
via changes in temperature or emotion, resulting in the excretion of sweat, complete
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with proteolytic enzymes and interleukin-1. These exuded factors are believed to
play a part in the overall barrier function of skin (Lee et al. 2009). In addition, sweat
contains urea, lactic acid, and creatine, which contribute to the inhibition of bacterial
growth.

Alongside the structural subcomponents of skin, there is a nonstructural feature
that is of extreme interest to those trying to engineer replicates: color. Skin color, if
primarily developed through MCs, located in the basal layer of the epidermis. These
cells produce melanin/melanosomes, which, when deposited into the extracellular
matrix (ECM), result in pigmentation. Possibly more important than the visual
pigmenting, these melanosomes are utilized by KCs to aid in protection from
ultraviolet (UV) damage. Studies have shown that the MCs and KCs have
two-way communication, while the MCs provide protections, growth factors from
KCs aid in the proliferation, differentiation, and migration of MCs (Weng et al.
2021). Besides HFs and sweat glands, skin color is one of the important skin
parameters. Skin color is mainly related to MCs, which are located in. This makes
the development of appropriate pigmentation in bioengineered skin vital not only
from a cosmetic point, but also through ensuring adequate UV protection.

2.2  Part 2: Reconstructed Human Epidermis (RHE)
and Full-Thickness Skin (FTS) Models

There are several in vitro skin models commercially available, the two most common
types being full-thickness skin (FTS) models and reconstructed human epidermis
(RHE). FTS models are typically defined as an epidermal and dermal layer, where
FBs are seeded onto a scaffold and KCs are seeded on top. RHE models differ in that
there is no base dermal component, rather only KCs embedded on a scaffold
(Camarena et al. 2020; Catarino et al. 2018).

2.2.1 Reconstructed Human Epidermis (RHE)

The first attempt of in vitro model of RHE was carried out by a group of researchers
in France, culturing human KCs on a dermal equivalent with an air-liquid interface
to recapitulate a functional epidermis (Asselineau et al. 1986). A primary question
posed in this work was whether any epidermis obtained in vitro could be considered
as “normal,” able to recapitulate native in vivo epidermal functions with a focus on
the epidermis’ role as a barrier. While still an ongoing question in the skin commu-
nity, 4 years later, in 1990 Rosdy and Clauss successfully obtained a terminal
epidermal differentiation of human KCs grown onto inert filters via air-liquid
interface in a chemically defined medium (Rosdy and Clauss 1990). RHEs, based
on these early studies, mimic solely the epidermis and typically consist of normal
human KCs. Fabrication of a RHE begins with KCs that are first expanded in culture,
then seeded onto a scaffold, and finally cultured using an air-liquid interface to
promote differentiation and maturation.
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Since their development in 1986, RHEs have become a useful tool for
researchers, especially those interested in toxicology. As an incomplete model of
FTS, RHEs have been developed and validated as in vitro skin models. Importantly,
these have been validated as alternatives for conventional animal models, according
to criteria/guidelines outlined by the Organization for Economic Co-Operation and
Development (OECD). These regulations remain the standard for studies aiming to
improve upon in vitro skin models. In 2010, Liao et al. developed a new RHE model
utilizing the OECD guidelines. The epithelium, developed at Industrial Technology
Research Institute (ITRI), and name EPiTRI (epithelium-ITRI), was validated using
an OECD-approved skin irritation test (SIT). Briefly, EPiTRI was tested with
20 reference chemicals with known Irritant Index and the results showed an accuracy
of irritation response of 96%, that comparable to animal and in vitro reference
models, meeting the OECD criteria for screening irritating chemicals in vitro (Liao
et al. 2021). There are currently seven RHE models that are considered validated
reference methods for in vitro skin irritation testing viz. EPiSkin™ (VRM),
EpiDerm™ SIT (EP-200) (VRM), SkinEthic RHE™, LabCyte EPI-Model24 SIT,
epiCS®, Skin+®, and KeraSkin™ SIT (OECD 2021). All seven models adhere to the
performance standards in OECD TG439. OECD TG431 includes five of these as
validated for corrosion testing—EPiSkin™ (SM), EpiDerm™ SCT (EPI-200),
epiCS®™, and LabCyte EPI-Model24 SCT (OECD n.d.).

Despite these validated RHE models, ongoing research still shows that RHEs are
incomplete models of FTS. Catarino et al. (2018) compared novel RHE models to
FTS, monitoring their responses when subjected to OECD skin corrosion assays.
The results of the study showed higher cell viability of the FTS model compared to
the RHE model. This indicates that the FTS maintained an improved barrier func-
tion, following the exposure to the substances test on the corrosion assays (including
2-phenylethyl bromide, benzylacetone, lactic acid, and octanoic acid), compared to
the single-layer RHE. In addition, the RHE models were found to be significantly
more permeable than ex vivo human skin, while their FTS counterparts were been
found to have enhanced barrier function (Catarino et al. 2018). This study
emphasizes the need for continued development of truly physiologically relevant
skin models for in vitro use, which better mimic the in vivo situation for the
toxicological detection of substances (Catarino et al. 2018), while RHE models are
the only commercial models verified to be used in irritation and corrosion tests
(Catarino et al. 2018). It is important to note that without the representation of a
dermal layer, the use of RHE models may not fully represent the human skin
response in irritation and corrosion tests as the interaction between the epidermal
and dermal layers has been shown to affect skin homeostasis.

2.2.2 Full-Thickness Skin (FTS)

FTS models differ from RHEs by including a second layer that mimics the dermal
layer in human skin. Typically, the reconstructed dermis is formed using proteins
that are found in the human ECM. Collagen type 1 and human FBs are commonly
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used and provide the basal layer that is then embedded with normal human KCs to
form the top epidermal layer (Catarino et al. 2018). Mok et al. demonstrated the
formation of a reconstructed human skin equivalent (RSE) with a self-assembled
dermal layer. This model consisted of dermal and epidermal layers, making use of
the FB ability to secrete their own ECM. The model was developed according to
OECD TG439 and was evaluated for toxicity. During 4 weeks of culture, primary
dermal FBs formed a dermal FB sheet by secreting ECM. Human KCs were
subsequently embedded into this dermal FB sheet. This model was able to closely
mimic native human skin structure with a stratified epidermis (Mok et al. 2022).

2.2.3 Future Developments of FTS and RHE Models

While models of FTS and RHE:s exist, they are by no means perfect substitutions for
in vivo skin. As such, there is continued research improving and redesigning these
systems. This is not solely focused on the development of individual cell layers, but
also the refinement of the scaffolding material used to provide structure to the
models. A recent study by Camarena et al. (2020) demonstrated that FTS and
RHE models can be created using novel electrospun scaffolds. They used synthetic
polymers instead of animal protein-based materials to create electrospun polymer
mats that served as a base for seeding FBs and KCs. PET, PBT, and N6/6 are among
the tested synthetic polymers that could be used in place of the typical scaffold
materials (i.e., polycarbonate filters or collagen) (Camarena et al. 2020). The ability
to alter the growth matrix for these systems may lead to exciting new developments
in altering cellular interactions and development to create truly physiological in vitro
skin models.

2.3  Part 3: Bioprinting of Skin Constructs

The models discussed above were created through conventional cell seeding
methods, and while they have created a solid foundation for skin models in the
laboratory, they can be time-consuming and inimitable to develop in large numbers.
The shift from hand-crafted to high-speed fabrication of tissues and organs became
closer to reality with development of the first bioprinter by Dr. Thomas Boland.
Developed through the modification a standard HP inkjet printer to place layer of
cells on top of one another in the early 2000s, this marked an important step toward
rapid manufacturing of cellularized constructs (Thayer et al. 2018). The rapid
advancement of printing technologies and computer-aided design (CAD) has
transformed bioprinting into a premium manufacturing platform. Capable of
generating custom tissues with defined deposition of living cells, biomaterials, and
growth factors at micro- and macro-scales, bioprinting is characterized by both its
high customizability and repeatability in the generation of new tissues (Murphy and
Atala 2014). These traits have remained true as 3D bioprinting has expanded to
include a variety of different printing methods such as laser-assisted bioprinting,
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inkjet-based bioprinting, pressure-assisted bioprinting, and electrohydrodynamic
jetting (Ng et al. 2016; Yan et al. 2018).

3D bioprinting holds several advantages over traditional methods of tissue
engineering in skin construct preparation: (1) Computer scanning/imaging technol-
ogy can be utilized to allow for rapid development of custom skin models matching
the shape and depth of the wound surface; (2) the availability of multiple bioinks
combined with the ability to deposit them independently within structures can
provide skin similar morphology and physiology; (3) the development of in situ
printing at the wound surface can be used in clinical treatment; and (4) 3D
bioprinting allows for the generation of large, porous constructs providing cell
support, gas, and nutrition exchange (Weng et al. 2021). Constant advancement of
bioprinting techniques and biomaterials continues to expand this list, with recent
studies aiming to add fabrication of complex vasculature and the skin appendages as
HFs and sebaceous glands to the 3D printing repertoire.

2.3.1 Biomaterials for Skin Bioinks

The composition of specific bioinks plays a key role in skin bioprinting. The ideal
biomaterial should retain mechanical properties similar to those of native skin,
support high cell viability and adequate biodegradation rate, a suitable microenvi-
ronment for skin cell functionality, good adaptability to printing, and high biocom-
patibility. The commonly used biomaterials can be divided into natural and synthetic
materials (Boland et al. 2003).

Among natural biomaterials, the leading position in skin bioprinting belongs to
collagen, an essential ECM component of skin. Other substances present in skin
ECM are also used including gelatin, hyaluronic acid, and acellular dermal matrix.
Biomaterials sourced from outside the skin are used as well, among them fibrin,
agarose, alginate, chitosan, and silk fibroin. Natural biomaterials show high biocom-
patibility but lack stable mechanical properties and have low gelation levels, making
them difficult to handle during and after printing. In contrast, synthetic materials
such as polylactic acid (PLA), polycaprolactone (PCL), polyethylene glycol (PEG),
and gelatin methacrylate (GelMA) have controllable, and highly reproducible,
mechanical, and chemical properties, but low biocompatibility and biodegradability
(Yan et al. 2018). Choosing the “right” biomaterial for skin bioprinting is an
amorphous challenge, complicated by the many criteria defining “right,” and the
need to balance both biological and mechanical features. The development of
composite natural and synthetic biomaterial can help address the different biological
requirements while improving the stability of the bioink. Structural materials such as
collagen, alginate, and chitosan can aid in cell adhesion, proliferation, and differen-
tiation post-printing. In contrast, fugitive and support materials, not containing cells
but acting as sacrificial materials, can be rapidly dissolved to create voids and
channels within 3D structures (fugitive materials) or to improve physical strength
and integrity of bioink (support materials), providing material transport and appro-
priate internal architecture for a print. Examples include polyurethanes (PUs), PCL,
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and PLGA. Functional materials are also included in composite bioinks, with
molecules such as heparins and GAGs used to stimulate cell behavior and develop-
ment through signaling and binding with growth factors (Manita et al. 2021). With a
field composed of so many uniquely diverse options, the use of bioinks can assist in
driving appropriate architecture within skin constructs while also being tuned to aid
in appropriate cell maturation in bioengineered skin models.

2.3.2 Advances in Skin Bioprinting

In 2009, Lee et al. successfully bioprinted a multi-layered skin substitute using
human skin FBs and KCs using freeform fabrication on collagen matrix (Lee et al.
2009). The authors observed cell proliferation in both planar and nonplanar surfaces
in their in vitro model and suggested the feasibility of using 3D printing as an
on-demand skin graft fabrication method. Later, in 2010, Binder et al. validated the
potential of in situ 3D bioprinting for wound healing. In the study, they used human
FBs and KCs in a fibrin and collagen matrix directly in full-thickness wounds on
immunodeficient mice using inkjet printing approach. The authors observed
decreased contraction and better wound healing compared to controls, untreated
allogeneic implant, and hydrogel matrix (Binder et al. 2010).

In 2013, Michael et al. placed FBs and KCs on top of a stabilizing matrix
(MatriDerm®) using laser-assisted bioprinting (LAB) in the fabrication of skin for
the first time. Maturation of the fabricated constructs was monitored in vitro, with
samples maintained at an air-liquid interface, and in vivo, where samples were
implanted in the dorsal skin fold chamber of nude mice. The results of this study
showed that LAB fabricated skin was able to integrate post-implantation, forming a
multi-layered differentiating epidermis in vivo. This epidermis demonstrated basal
keratinocyte proliferation, primarily in supra-basal layers, typical of native skin.
Interestingly, the in vitro constructs also exhibited the formation of a multi-layered
epidermis; however, a less matured version with the basal proliferating keratinocytes
was present in all (Michael et al. 2013). This study not only highlighted the
enormous impact culture conditions can have on the formation of skin constructs,
which replicate native tissue, but also showed the value in utilizing bioprinting to
accurately layer cells, positioning them for the appropriate development of multi-
layered, functional epidermis.

One of the strengths of bioprinting is the ability to combine technologies. A
hybrid 3D cell printing system was developed by Kim et al. (2017), allowing the use
of extrusion and inkjet modules at the same time. The extrusion module was used to
develop a collagen-based construct embedded with a PCL mesh, designed to prevent
the contraction of collagen during tissue maturation. The inkjet system was used
simultaneously to distribute KCs uniformly across the surface, developing an epi-
dermal layer on top of the engineered dermis (Kim et al. 2017).

3D printing can not only be combined through multi-printing modalities, but also
with other clinical technologies. This was the case in the development of BioMask,
combining 3D printing with computed tomography (CT) data to develop custom,
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patient-specific, models. In short, CT images were used to develop placement
patterns for both cellularized hydrogels and a wound dressing material. These
were then fabricated using an extrusion printer. The final model (BioMask)
contained a porous PU layer, a KC-laden hydrogel layer, and a FB-laden hydrogel
layer. The printed construct was then implanted on a mouse and monitored for skin
regeneration. Histological assays showed that BioMasks aided in the regeneration of
multi-layered skin tissue, consisting of both epidermis and dermis, in complex
wounds (Seol et al. 2018).

While BioMask focused on smaller, complex wounds, others have pursued larger
wounds with the goal of not only developing patient-specific prints but also being
able to print these constructs directly into the patient. In 2019, Albanna et al.
described a novel, mobile skin bioprinting system, meant for the treatment of
extensive wounds through in situ printing. Using integrated wound imaging tech-
nology, the group scanned a wound and then delivered either dermal FBs or
epidermal KCs directly to the injury (Albanna et al. 2019). This replicated the
layered skin structure without the use of secondary support materials or the need
to transfer the print from a build plate to the wound site, acting as proof-of-concept in
the validation of a mobile, patient-specific in situ bioprinter. The following year,
another group was able to use bioprinted skin to recreate an epidermal barrier in a
full-thickness wound model, complete with normal, non-scarring, collage
remodeling (Jorgensen et al. 2020). The results of these studies, taken in combina-
tion, highlight a just a few of the very exciting opportunities that 3D bioprinting
could exploit to develop new and complete models of skin for both the bench and the
clinic.

Bioprinting has shown many strengths in differentiation itself as a rapid
manufacturing technique. However, in biology, it is not the process that reigns
supreme—it is the final product. In moving forward with a new manufacturing
technique, it is important to compart the fabricated constructs not only to the goal
(FTS) but also to prior models, to understand alterations and where researchers
might expect differences from previously obtained results. In 2018, a group of
researchers from the Singapore Centre for 3D bioprinting did just this, comparing
3D-bioprinted pigmented skin constructs with pigmented skin constructs fabricated
using a conventional manual casting approach. The group completed an in-depth
characterization of these models, concluding that the 3D-printed pigmented models
more closely resembled the native skin control. This was true not only for the
development of macro-architecture (dermal and epidermal layers) but also for
micro-architectures, including the development of a continuous basement mem-
brane, which was not present in the manually cast samples. The group concluded
that the 3D-printed constructs were an improvement over conventionally
manufactured pigmented skin models with potential for toxicology testing and
furthering fundamental cell biology research on the bench (Ng et al. 2018).
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2.3.3 Bioprinting Limitations and New Prospective

The introduction of 3D-bioprinted skin has enabled the development of customiz-
able skin constructs for patients, printed either onto a conventional build plate or
directly onto wound sites. However, while the strengths of bioprinting have been
highlighted above, it is important to consider the limitations of the techniques as
well. These include significant lead time required to develop enough cells to print
(3-4 weeks/m® according to Cubo et al. 2016), highly trained and specialized
personnel to run the printers and develop the 3D models, and high production
costs (driven by the price of cell expansion, bioink development, and bioprinter
costs). Despite these drawbacks, there is a continually growing demand for artificial
skin. These facts together point the skin regeneration field in the direction of
automation, standardization, and overall system reduction for both cost and produc-
tion time. Addressing these points will allow researchers to truly bring RHE and FTS
models into the clinic in a meaningful way. New trends in skin bioprinting are
focused on these areas while still pressing forward to replicate in vivo skin through
the incorporation of stem cells in the skin substitute to develop microvasculature
(Abaci et al. 2016) and sweat glands (Yao et al. 2020) as well as combining
bioprinting techniques to fabricate skin appendages during the printing process,
streamlining the fabrication of physiological skin (Abaci et al. 2018).

24  Part 4: Micro-Tissue Equivalents (Organoids) Models

This review has primarily focused on the development of flat models of skin,
developed for both research and clinical purposes. When removing the clinical
aspect, researchers aim for the closest recapitulating system, which, as with many
organs, is an animal model. Animal models remain the gold standard for replicating
the functional and cellular interactions of human tissues. They can be used to predict
the development of diseases and the efficacy of treatments. They do have
deficiencies driven differences in species biology or sensitivity. In addition, animal
models can be very expensive in both monetary value and personnel time, which can
lead to lower throughput than may be ideal (Hartung 2008; Shanks et al. 2009). In
response to this, 3D organoid cultures have emerged. While these systems do not
replicate the macro-structure of organs, they exquisitely mimic the micro-structure
and functionality of human organs (Li and Izpisua Belmonte 2019).

Organoids are 3D cell structures made up of = cell mixtures appropriate to the
organ being modeled, which better mimic cell—cell and cell-matrix interactions
compared to 2D cultures (Bates et al. 2000, p. 200). The 3D microenvironment
allows to mimic cellular heterogeneity observed in vivo in different contexts,
developing both structural and functional similarities for their in vivo counterparts
(Weiswald et al. 2015). Studies have shown that organoids can provide excellent
platforms for scientific and clinical applications, recapitulating human physiology
and positioning themselves as a contender to replace current models in biological/
biomedical research (Bell et al. 1981). When compared to 2D culture, organoids can
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be cultured for longer time periods, easily cryopreserved, and genetically modified
while maintaining their phenotype (Clevers 2016; Drost and Clevers 2018). These
features have allowed the use of organoids in various research applications. This has
included utilizing organoids as a platform to gain new understanding of organ-
specific physiology and to investigate disease-specific modeling in comparison
with cell lines. When compared to animal models, organoid culture is advantageous
with its high throughput and reduces cost, of particular interest to groups interested
in screening large numbers of novel drugs (Weiswald et al. 2015). Organoids can be
formed from various stem cells including adipose-derived mesenchymal stromal
cells AD-MSCs), embryonic stem cells (ESCs), induced pluripotent stem cells
(iPSCs), and patient-derived tumor tissue cells, making them applicable to a wide
range of systems (Clevers 2016).

While many cell types can be used in fabricating organoids, cancer cells are the
most widely used today, due to their easy fabrication in vitro, which is done by
embedding cancer cells in a specific ECM, alongside medium niche factors, and
additional cells (Ruiz-Garcia et al. 2020; Dominijanni et al. 2020). In 2015, Skardal
et al. successfully created liver-based cell organoids in a rotating wall vessel
bioreactor. In addition, they were able to combine the manufactured organoids
with colon carcinoma cells, developing liver tumor organoids, which acted as
in vitro models of liver metastasis. The authors documented that the in vitro 3D
liver tumor organoid model replicated tumor responses to current and newly discov-
ered drugs (Skardal et al. 2015). Mazzocchi et al. (2019) created hydrogel-based
models to create lung cancer organoids using a single-cell source, pleural effusion
aspirate, from multiple lung cancer patients. The authors observed that the cells
isolated from the patient, assembled into anatomically relevant structures when
seeded into organoids, exhibited behavior specific to lung cancers (Mazzocchi
et al. 2019). This application of patient-specific organoids was expanded upon by
Forsythe et al. (2022). The group used patient tumor organoids (PTOs) to model rare
malignancy “Merkel cell carcinomas” in patient-specific trials. The models were
exposed to chemotherapy or immunotherapy agents and monitored for viability after
exposure. The authors observed 66% response to chemotherapy in 4/6 specimens
with cisplatin and doxorubicin, while immunotherapy was not effective in the
immune PTO (iPTO) sets, indicating that these systems could be used to screen
for the ideal patient treatment plan (Forsythe et al. 2022). Recently, a group of
researchers from Wake Forest developed a novel immune-enhanced tumor organoid
(iTO) system to study factors affecting immune checkpoint blockade response
(Shelkey et al. 2022).

Unfortunately, these models do not fully mimic human biology. One of the major
barriers preventing this is the lack of skin appendages, such as HFs and sweat glands.
In addition, the minimalistic approach to skin models has neglected the addition of
skin-related cells including dermal fat, sensory cells, and neurons. These deficiencies
highlight areas of improvement, which could be targeted to further understand skin
through in vitro models (Lee and Koehler 2021). Pushing forward with these 3D
models is key, as, 2D cell culture models are less likely to reflect physiological
responses than their 3D counterparts (Sun et al. 2006). Many researchers are
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working on this front, as showcased by the recent development of a skin organoid
model that not only uses an air-liquid interface but also included stromal cells,
which acted as a source of vital growth factors. Others have focused on the inclusion
of new cell types, developing immunocompetent and tumor skin models through the
addition of macrophages, T-lymphocytes, melanoma cells, and epithelial carcinoma
cells (Gaviria Agudelo and Restrepo 2022).

2.4.1 Organoid Models of Disease

In addition to their application in understanding organ development and drug testing,
3D organoids have applications in disease modeling. Organoids have been used to
establish disease models in several tissues. In lung, Wang et al. (2019) used small-
cell cancer organoids to investigate the antitumor effect of an irreversible pan-HER
receptor tyrosine kinase inhibitor pyrotinib. The study reported various driver gene
mutations in lung cancer (Wang et al. 2019). In 2020, Dieterich et al. developed
organoid modeling celiac disease using patient-specific cells and reported
dissimilarities in phenotypes between the study groups (Dieterich et al. 2020).
Dijkstra et al. in 2021 developed a gastroenteropancreatic neuroendocrine carcinoma
model, fabricating organoids from stomach/colon cells used to test drugs for this
difficult-to-treat tumor (Dijkstra et al. 2021).

Viral infections can also be studied with organoids. This was showcased through
the development of human gastric organoids, which modeled the viral infection of
Helicobacter pylori in the stomach (Pompaiah and Bartfeld 2017). Zika virus was
modeled in brain organoids. (Sutarjono 2019) and then used to test a variety of
chemicals mitigating the hypomorphic effect of zika virus (Xu et al. 2016). Multiple
intestinal infections have been modeled including norovirus and rotavirus. These
have been successfully cultured in human intestinal organoid models (Ettayebi et al.
2016; Finkbeiner et al. 2012). Major intestinal bacterial pathogens, Salmonella typhi
and Clostridium difficile, have likewise been cultured in intestinal organoids
(Engevik et al. 2015; Heo et al. 2018).

During the recent global pandemic, organoids proved a valuable research tool for
those combating SARS-CoV-2. SARS-CoV-2 was shown to be able to infect and
propagate in multiple organ systems including primary human liver—gut organoids
PSC-derived blood vessel and kidney through experiments done with organoids
(Lamers et al. 2020; Monteil et al. 2020). Skin organoids, fabricated from human-
induced pluripotent stem cells (hiPSC), were also utilized with the virus, acting as a
pathophysiological model of the infection (Ma et al. 2022). In addition, organoids
were able to verify COVID-19 pathogenesis, leading researchers to the discovery of
mechanism through which SARS-CoV-2 enters host cells. The angiotensin-
converting enzyme 2 was proven to not only assist in initial COVID-19 infection
but also in transference to tissues beyond the lungs (Hoffmann et al. 2020).

Human organoids are able to reproduce host—pathogen interactions in vitro. In
vitro skin model engineering with optimized interaction with the microbiome may
help to understand skin microbial ecology and host-related disease mechanisms. In
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comparison with their 2D counterparts, organoids have been shown to mimic organ
pathologies, acting as effective models for human translational studies. This allows
them to be used as development platforms for treatment strategies, applying scien-
tific discoveries to a wider range of human diseases. The miniaturized models allow
researchers to recreate complex systems for high-throughput studies. This holds true
for skin, where it is important to model not just the cellular makeup, but also the
ecology of the skin, complete with bacteria, fungi, and viruses. This can be consid-
ered analogous to the microbiome in our gut, which plays an essential role in
protecting against pathogens (Belkaid and Segre 2014; Scharschmidt and Fischbach
2013). Disruption of this balance leads to inflammation (Costello et al. 2009; Dekio
et al. 2005). In 2018, a model of HF induction was developed using cells derived
from interfollicular epidermis (IFE) and HFs in canines (Wiener et al. 2018). Wang
and coworkers in 2021 developed a method for the establishment and expansion of
human primary epidermal organoids for testing antifungal drugs under chemically
defined conditions (Wang et al. 2021). Jung et al. optimized the skin organoid
platform using air-liquid interface (ALI) to model atopic dermatitis by Staphylococ-
cus aureus (SA) colonization and infection and observed a disrupted skin barrier and
increased production of inflammatory cytokines (Jung et al. 2022). These studies
help showcase how organoid technology can be used to understand mutations and
potential therapeutic strategies for clinical management of genetic diseases.

Alternatively, approaches for studying genetic diseases have also been used with
organoid models. Schwank et al. (2013) fabricated the first gene-corrected intestinal
organoids from patients with cystic fibrosis. Biopsies were taken and then processed
with CRISPR-Cas9 technology to alter the homozygous CFTR F508 deletion
(Schwank et al. 2013). Later studies used patient-derived cells, their homozygous
mutations corrected by CRISPR, to develop iPSCs. The resulting gene-corrected
iPSC-derived organoids were able to into airway epithelium with normal CFTR
expression and function (Firth et al. 2015). Similar technology has been used to
assess contractile function in engineered heart tissue. Yang et al. (2018) used iPSC-
derived organoids to model abnormal contractile functions in patient-specific
organoids from those suffering from familial cardiomyopathy. The myosin heavy-
chain 7 mutation (E848G) was modeled effectively and the researchers showed that
gene correction was possible in dystrophin mutations, showcasing proof of concept
for gene application in the treatment of tissue replacement therapy (Yang et al.
2018).

2.5 Part 5: Chemical Irritation, Corrosion, and Sensitization
Testing Using Skin Organoids

Skin is the first barrier of the body and the main target for disruptive and hazardous
agents of different origin. Exposure to different substances can lead to either
reversible (irritation) or non-reversible (corrosion) skin damages. As a result of
exposure, humans may experience contact dermatitis—acute inflammation in the
skin as both allergic and non-allergic reactions. Recent analysis showed that allergic
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contact dermatitis (ACD) accounts for 20% among all cases of dermatoses, and
rising level of spreading ACD demands new reliable tests to identify new hazardous
agents. The OECD formulated main guidelines and requirements for skin irritation/
corrosion testing in vitro. The guidelines determined a panel of well-known
chemicals as standards for validation of the models and approved tests for analysis.
The validated tests include a viability assay, the evaluation of barrier integrity, and
the examination morphology of each skin model after the exposure. Based on these
guidelines, researchers are developing new assays applicable specifically in vitro.
Thus, Saito et al. described the epidermal sensitization assay based on the microarray
analysis of the expression of five genes related to cellular stress response (Saito et al.
2013), and Pfuhler et al. presented the Comet assay-based genotoxicity analysis on
the reconstructed human epidermis (Pfuhler et al. 2021).

These in vitro models are poised to compete with in vivo models, not only for
clinical studies, but also for the multitude of nonclinical trials, which rely on animal
models to predict the effects of drugs, cosmetics, and chemicals. This is of particular
importance considering not only the scientific, but also the ethical ramifications of
using animals that may not precisely replicate the human condition. Organoid
technology is closing the gap between 2D cell culture and the in vivo animal models,
as an alternative, accurate in vitro model, and has proven its worth in developmental
biology and personalized medicine. At present, organoid technology holds great
potential for biomedical applications including disease modeling, drug screening,
biobanks, regenerative therapy, genetic screening, and personalized medicine (Kim
et al. 2020; Xu et al. 2018). The demand for a rapid, large-scale model suitable for
in vitro toxicity and efficacy has also been growing from the pharmaceutical and
cosmetic industries, further driving the commercialization of organoid technology.

2,6 Part 6: Summary and Conclusions

Skin tissue engineering is a powerful and highly versatile technology that can be
applied for skin development research, dermatopathology, wound healing, and
development of new topical drugs and vaccines. Original in vitro models, consisting
of single-cell-type cultures, are now being replaced with organoids representing
different human skin functions and broaden their scope in the industrial and clinical
application. New trends in the fabrication of skin constructs have included the
incorporation of stem cells along with pre-fabrication of skin appendages to generate
self-supporting, highly functional systems. Parallel advancement of in situ and
in vitro 3D skin bioprinting has resulted in promising technologies for on-site
treatment of excessive wounds and the formulation patch-on-demand services for
clinical applications. The rapid development of in vitro skin models is poised to
transform the cosmetic industry, as 3D skin models facilitate the examination of
cosmetic products and topical drug for efficiency and toxic influence, with their
improvements in cost-efficacy and case-specific relevancy compared with animal
models. Skin disease models, as showcased in this review, have a high utility not
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only for investigative pathology, but also as powerful tool for drug and vaccine
development.
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