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For patients with end stage organ failure, organ transplant is frequently the only
curative option available. However, organs available for transplant are in critically
short supply around the world, which has led to lengthy wait times and increased
mortality. Increased global life expectancy, coupledwith raised age thresholds for
recipients, has heightened demand and further compounded the need for
alternative strategies. Bioengineering substitutes including organ-on-a-chip
and 3D bioprinting technologies have made considerable strides toward
whole organ generation. Skin is the organ where the most advances have
been made thus far, due to the relatively less complex spatial architecture and
industry interest in the development of sophisticated models for pharmaceutical
and cosmetics testing. Here, we discuss the challenges of recapitulating the
complexity of native skin, including a stratified structure, vascularization, and
inclusion of skin appendages, such as hair follicles and sweat glands. We discuss
current technological and biological progress in the field of tissue and organ
bioengineering as well as highlight future challenges to generate de novo tissue
for skin grafting.
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1 Introduction

For many patients with end-stage organ dysfunction, organ transplantation offers the
only realistic chance for survival or substantial improvement of quality of life (Black et al.,
2018). Although there has been a large increase in transplants performed over the past
30 years, unfortunately, organ demand currently far outstrips supply (Shacham et al., 2018)
as there has been an even greater increase in the number of patients added to waiting lists.

Therefore, researchers have discussed the idea of lab-grown tissue and organs as an
alternative pathway to investigate the multiple challenges associated with organ transplant.
Although the scientific community has not yet generated fully functional, lab-grown organs,
strides in microfabrication, iPSC technologies, and in vitro techniques are generating
advanced and innovative bioengineered in vitro tissue constructs that may bring us closer to
achieving this ambitious milestone. In this context, the skin is the most accessible tissue, and
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researchers are exploring a variety of approaches and techniques to
generate skin tissue in the lab for grafting purposes.

Other reviews have discussed in detail the cells or scaffolds
available to generate skin tissue constructs (Catalano et al., 2013;
Chaudhari et al., 2016; Vig et al., 2017; Dearman et al., 2021a; Weng
et al., 2021a; Sierra-Sánchez et al., 2021;Wei et al., 2022). This review
focuses on reviewing the wide range of techniques available as well as
discussing the biological milestones achieved in recent years. Thus,
in the first section of this review, we discuss the key structural and
functional parameters inherent to native skin, along with guiding
factors for generating gold-standard skin constructs. We then move
to review the use of bioengineering technologies, including skin-on-
a-chip platforms (section 2), electrodynamic methods (section 3),
and 3D bioprinting for dermatology research (section 4). Finally, in
section 5, we offer a roadmap for clinical translation, identifying
current challenges and future directions in the field. Through
synthesizing these discussions our aim is to provide a
comprehensive overview of tissue engineering for skin tissue
generation, highlighting key advancements and outlining future
directions and challenges.

1.1 The need for skin grafts

Due to its role as the first line of defense against injury, skin
remains vulnerable to damage with lacerations and burns arising
from thermal, friction, radiation, or chemical agents (Zhou et al.,
2020). Some of this damage can be severe, such as third-degree burns
or diabetic ulcers, which are difficult to heal and can be life-
threatening (Chen et al., 2023). Chronic wounds, such as diabetic
ulcers, often fail to heal properly whilst large burns are problematic
to repair due to the massive loss of tissue or necrosis-induced
inability to develop a provisional ECM (Bhardwaj et al., 2017).
Genetic and chronic dermatological conditions such as
epidermolysis bullosa can also lead to an increase need for skin
grafts. Thus, skin grafts are among the most common surgical
procedures with more than 160,000 procedures performed per
year for severe burn victims in the US alone (Serebrakian
et al., 2018).

Arguably, the role of any engineered skin construct is to restore
barrier function in patients with severe skin damage since any full
thickness wound with a diameter greater than 4 cm is unlikely to
heal adequately on its own (MacNeil, 2007; Jorgensen et al., 2023)
Skin grafts also play a fundamental role in accelerating healing
processes in chronic ulcers or pressure sores, reducing pain in
superficial burns, or ameliorating suboptimally healed wounds
(MacNeil, 2007). The current gold standard approach is
autologous grafting, which relies on using the patient’s own skin.
Autologous grafts can be either split thickness where all of the
epidermis and part of the dermis is taken from a healthy area of skin
elsewhere on the patient’s body, or full thickness where the
epidermis and dermis are harvested from the donor site. While
autologous grafts decrease the chances of rejection, the harvesting
process generates a secondary wound site, that is subject to infection
and eventual bacterial sepsis (MacNeil, 2007; Goodarzi et al., 2018).
Moreover, autologous grafting can only be performed in small areas
of the body and the procedure often can result in considerable pain
and long-term hospitalization (Goodarzi et al., 2018; Przekora,

2020). Another option is allogeneic grafts from deceased donors
or porcine xenogeneic grafts. However, these only offer temporary
coverage due to rejection by the recipient’s immune system
(Yamamoto et al., 2018) and there are uncertainties surrounding
long-term clinical safety (Goodarzi et al., 2018). Therefore,
bioengineered skin constructs are a promising solution to the
limitations of conventional grafting methods and could
potentially reduce morbidity and enhance quality of life
(Przekora, 2020). Accordingly, as the human body lacks the
ability to close deep wounds or heal extensive burns and chronic
lesions without surgical assistance, there is an unmet need for more
effective, low-cost, and scalable interventions (Jorgensen et al.,
2023). However, successful development of skin tissue demands a
comprehensive understanding of skin structure and cellular
composition in order to maximize their therapeutic potential.

1.2 Structural and functional considerations
for engineered skin constructs

Skin represents the largest, fastest growing organ in the body,
and it maintains homeostatic balance, reduces water loss, and serves
as an essential barrier against physical, chemical, and biological
hazards. Anatomically, the skin is traditionally divided into three
layers (Figure 1). The epidermis represents the outermost skin layer
and encompasses a 0.1–0.2 mm squamous cell epithelium
predominantly composed of multiple stratified layers of
keratinocytes, with the uppermost cornified layer, the stratum
corneum, exposed to air. This layer also hosts other cell types
such as melanocytes (i.e., melanin-producing cells responsible for
skin pigmentation), immune cells (e.g., Langerhans cells), and other
mechanosensory structures (e.g., Merkel cells) (Risueño et al., 2021).
The dermis lies beneath the epidermis and is a 2–6 mm connective
tissue layer with fibroblasts as the primary cellular component, along
with macrophages, mast cells, adipocytes, lymphocytes, and
Schwann cells (Risueño et al., 2021). The dermis also includes
blood and lymphatic vessels, contributing to cell trafficking in
and out of the skin and providing nutrients for the epidermis.
This layer contributes towards both tensile strength and elasticity,
remodels ECM components including collagen and fibronectin, and
hosts the vascular network, sensory receptors, sweat glands and hair
follicles (Risueño et al., 2021). The hypodermis is the innermost
layer of the skin, and is predominantly composed of adipocytes and
endothelial cells, playing numerous roles in native skin including
vascularization, immune activity, cushioning, and separating the
skin from the muscle beneath (Oualla-Bachiri et al., 2020).

Overall, skin grafts used in the clinic are classified into several
categories according to their complexity. The most employed skin
grafts are Class I skin substitutes, which are temporary wound
dressings without cellular components; these can be single
layered constructs that are either natural or synthetic, or
bilayered engineered substitutes. Class II surrogates are
permanent constructs; however, these are single layered and are
either epidermal or dermal. Class III structures are composite
constructs with increased complexity. Class III can be subdivided
into xenografts, autografts, allografts or can be bioengineered skin
surrogates (Vecin and Kirsner, 2023). In addition to providing a
provisional ECM, skin constructs can further accelerate wound
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healing by inducing crucial aspects of natural healing and functional
tissue regeneration through the addition of bioactive molecules, such
as growth factors, cell binding peptides, antimicrobial molecules, or
liposomes, can foster chemical signaling during each of the four
stages (Chouhan et al., 2018).

Numerous skin substitutes are commercially available, yet none
recapitulate the structural and functional complexity of human skin
(Mansbridge, 2020) and have been plagued by integration issues,
immune rejection, and material bio-incompatibility (Phua et al.,
2021). Skin substitutes currently on the market can be acellular or
cellularized with allogeneic or xenogenic (i.e., animal origin)
sources. Acellular dermal products, such as Alloderm, Biobrane,

and Dermacell, are comprised of ECM components and are used to
treat burns or chronic ulcers; these can promote the formation of
new ECM growth and the influx of fibroblasts and endothelial cells
(Urciuolo et al., 2019). However, acellular dermal products often
constitute a temporal wound dressing rather than an integrated skin
substitute (Oualla-Bachiri et al., 2020). Cellular products are seeded
with either keratinocytes, fibroblasts, or both. These cellularized
constructs can include an epidermal layer (Epicel); dermal
(Transcyte); or have double layer such as Apligraf. Apligraf was
FDA-approved in 1998 and it has been extensively used to treat
chronic ulcers as it mimics aspects of human wound healing, such as
the production of cytokines and growth factors (Oualla-Bachiri

FIGURE 1
Structure of the skin. (A) Illustration of human skin layers, depicting structures from epidermis to subcutaneous fat layer. (B) Detailed diagram
highlighting the five layers comprising the epidermis: Stratum Corneum, Stratum Lucidum, Stratum Granulosum, Stratum Spinosum, and Stratum Basale.
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FIGURE 2
The figure illustrates crucial considerations in skin tissue engineering. (A) The extracellular matrix (ECM) in the dermis, consisting of collagens,
glycosaminoglycans, and elastins, contributes to the mechanical properties essential for skin functionality. (B) Addressing minimal antigenicity is vital, as
allogeneic skin surrogates pose rejection risks, especially in compromised immune systems. (C) Ensuring vascularization is crucial for graft success, (D)
while the inclusion of skin appendages, such as hair follicles and glands, enhances skin functionality. (E) Adhesive properties are essential for both
temporary wound dressings and permanent grafts, promoting integration with host tissue.
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et al., 2020); however, there are problems surrounding the short
shelf-life, fragility, and response to the allogeneic components
(Urciuolo et al., 2019).

1.3 Key components of skin and surrogates

The ideal skin construct recapitulates the structure and function
of native skin (Figure 2). Specifically, from the outside in, the layers
of the skin are the epidermis, dermis, and hypodermis. The
hypodermis is frequently omitted from the majority of skin
constructs, despite playing a crucial role in human skin

functionality (Zimoch et al., 2021). This absence is perhaps due
to the mechanical fragility of this tissue and inconsistent viability of
mature adipocytes when seeded into 3D matrices (Zimoch et al.,
2021). Additionally, since the role of the hypodermis in the skin
barrier function is limited, most of the early skin dressings have
focused upon generating epi-dermal layers. However, recent
evidence is highlighting the role of hypodermis in multiple
functions including immune response or hormone regulation.
Other relevant characteristics of skin grafts are the ability to
promote vascularization, resist infection, and tolerate mechanical
shear forces. Ideally, skin constructs should also include the presence
of skin appendages, such as sweat glands and hair follicles, which are

FIGURE 3
Techniques used in organ-on-a-chip fabrication. (A) Photolithography: This process involves exposing a light-sensitive photoresist on the substrate
to UV light through a photomask, forming a pattern. After development, this pattern serves as a template for subsequent steps, like etching or bonding,
enabling the precise creation ofmicrofluidic structures for applications such as lab-on-a-chip devices and biomedical sensors. Figure adapted from Scott
and Ali 2021 (Scott and Ali, 2021). (B) Soft Lithography: Microfluidic devices begin with the fabrication of an SU-8master mold. Polydimethylsiloxane
(PDMS) is then cast on the mold, plasma treated, and contact pressure bonded. Figure adapted from Scott and Ali 2021 (Scott and Ali, 2021). (C)
Micromilling: A subtractive manufacturing process utilizing rotating cutting tools to precisely remove material from a workpiece, typically consisting of a
worktable, cutting tool (commonly an endmill), and overhead spindle; this technique has evolved with modern computer numerical control (CNC)
systems for enhanced automation, repeatability, and precision in fabricating microfluidic devices. (D) Stereolithography: A liquid photopolymer resin is
selectively cured by exposure to ultraviolet (UV) light in a pattern defined by a computer-aided design (CAD) model. The cured layers gradually stack on
top of each other, forming intricate microfluidic structures. (E) Hot Embossing: The process involves heating a thermoplastic material, often a polymer
sheet, above its glass transition temperature and pressing it against a mold with the desired microfluidic features. The mold contains a negative relief of
the microfluidic pattern. Upon cooling, the material solidifies, retaining the replicated microstructures. (F) Injection Molding: A thermoplastic material is
melted and injected into amold cavity that contains the negative geometry of the desiredmicrofluidic structure. Thematerial solidifies as it cools, and the
mold is opened to release the finished microfluidic device.
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present in native skin and play relevant functions (Dearman
et al., 2021b).

1.4 Animal models

In vivo models have been the gold standard in preclinical
research and have significantly advanced our understanding of
complex interactions within an entire living system and
elucidated the pathogenesis of the immune response, tissue
rejection, and immunosuppressive protocols (Weinhart et al., 2019).

Numerous species, such as rodents and swine have been indispensable
in the pursuit of understanding complex biochemical processes
involved in burns, lacerations, surgical site infections, abrasions,
acute and chronic wounds, and an array of pathogenic
microorganisms involved in skin infections (Ding et al., 2022).

To mitigate some of the issues inherent in using animal models,
researchers have widened the pool of species for dermatology
research to include rabbits, non-human primates, and pigs
among others (Avci et al., 2013). Nonetheless, fundamental
differences exist between animal and human skin. For instance,
mechanisms involved in wound closure exhibit critical differences

FIGURE 4
Microfluidic Applications for Skin. (A) Pumpless skin on a chipmodel tomimic the architecture of vascular networks in skin. Themodel is constructed
with a polydimethylsiloxane (PDMS) main frame, featuring two layers covered by polystyrene sheets. The bottom PDMS layer incorporates microfluidic
channels, a two-reservoir chamber, and a section for cultured skin tissue. The microchannels prevent occlusion and facilitate even media distribution.
The skin chip model maintains tissue viability without expensive growth factors under a renewing fed-batch perfusion flow regimen (Mohamadali
et al., 2023). (B)Wrinkled skin on a chip model (WSOC) relies on PDMS-made well with two horizontal compartments separated by a porous membrane
and an electromagnet. Human fibroblasts are embedded in a collagen layer within a cell chamber. The stratum corneum of the epidermis is formed by
spraying human keratinocytes onto the collagen layer containing fibroblasts. After 4 days, the cells are exposed to air for differentiation, and a uniaxial
stretch is applied to the cell-containing gel using an electromagnet, thereby stretching themodel to create wrinkles. The model incorporates a perfusion
mechanism to support fibroblast viability and functionality. This model can be used for studying skin tissue dynamics and responses under controlled
mechanical stimuli (Lim et al., 2018). (C) Microfluidic model of an Innervated epidermal layer. PDMS-based four-channel microdevice comprising a
chamber with three-dimensional nerve cells and an epidermal keratinocyte layer. This well-established technology uses pillars between the different
channels to generate an air-liquid interfacing culture and spatial compartmentalization. This technology is ideally suited for studying cell-cell interactions
and real-timemicroscopy inspection (Ahn et al., 2023a). (D)Gravity flowmicrofluidic skin model. This model comprises a structure with two PDMS layers
assembled on a glass base. The bottom layer includes fluidic channels and a vascular cell chamber, while the top layer features a chamber for the dermis
and epidermis. A gravity-induced flow system, controlled by a computer-controlled motor stage, regulates the flow rate, primarily through tilting
adjustments. A porous membrane sheet between layers supports the 3D dermis matrix, with polycarbonate proving more stable than polyester (Lee
et al., 2017).
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between murine and human skin, thus limiting clinical translation
(Bang et al., 2022). Structurally, human skin presents relevant
differences such as thicker epidermal layer (i.e., few dozens of
cells) as opposed to mouse skin (i.e., few cells). Thus, only
certain species are suitable for xenografts, predominantly wild
type pigs, which offer a larger supply of skin tissue at a lower
cost. However, the risk of vascularization failure, zoonoses, vascular
disease, and even cancer are key considerations (Yamamoto
et al., 2018).

Therefore, whilst animal models can be utilized to evaluate the
safety and efficacy of novel approaches, such studies may not deliver
translational results. Additionally, animal models can be costly, low
throughput, and there are ethical concerns that have led to the
development of the 3Rs (Refinement, Reduction, and Replacement),
guiding principles tominimize the number of animals used (Saglam-
Metiner et al., 2019). An in-depth discussion regarding the current
models for organ transplantation is beyond the scope of the present
study and has been covered in (Wenzel et al., 2021).

1.5 Traditional in vitro models for skin
research and transplantation

2D cell studies have a long history in preclinical dermatology
research and make use of adherent monolayers of human
keratinocytes or fibroblasts as a reductionist skin construct. 2D
in vitro models (i.e., culture flasks and well-plates) are inexpensive,
highly reproducible, and high throughput. However, they lack the
complexity of 3D environments and tissue organization, which
profoundly affect cell function. In this context, most 2D systems
are characterized by the absence of cell-matrix interactions, overly
stiff substrates (e.g., polystyrene Young’s modulus is orders of
magnitude larger than human skin), and forced apical-basal
polarity, which alters cell morphology and function. These
environmental cues also induce alterations in gene expression,
cell proliferation, differentiation, and even apoptosis (Fernandez-
Carro et al., 2022). Furthermore, 2D static culture conditions cannot
adequately capture the mechanical stresses (e.g., shear stress) that

FIGURE 5
Bioprinting Techniques. (A) Laser-induced Forward Transfer (LIFT) involves utilizing a pulsed laser beam on a donor slide or ribbon coated with a
laser-energy-absorbing layer such as gold or titanium. This layer contains the material of interest, like cells, hydrogels, or growth factors. The laser’s
energy leads to the material’s evaporation, generating a high-pressure bubble that propels the material towards a receiving substrate positioned below
the donor slide. (B) Inkjet bioprinting is a contactless method that involves depositing droplets of cells or biomaterials onto specific substrates. The
prevalent inkjet bioprinters operate on a drop-on-demand principle, employing thermal, piezoelectric, and electrostatic inkjet nozzles as the primary.
(C) Extrusion-based bioprinting involves a controlled dispensing system using pneumatic pressure or mechanical pistons to manage biomaterials at
controlled temperatures. This technique produces continuous biomaterial filaments rather than droplets, depositing them in two dimensions along the
x- and z-axes before layering in the y-axis, creating a 3D structure. It enables the deposition of high cell densities, hydrogels, and biocompatible copolymers.
(D) Cell electrospinning leverages electrical forces to produce fibrous 3D scaffolds with cells embedded in the 3D matrix. The application of an electric
field between the nozzle tip and the grounded collector causes the droplet at the tip of the nozzle to elongate and a liquid jet from the cone. The liquid jet
is rapidly whipping, creating a random orientation of the micro/nanofibers. These micro/nanofibers provide a large surface area-to-volume ratio, which
can be relevant for a variety of cellular processes. (E) Cell electrospray is based on electrically charging a liquid medium and force it to move through a
large-bore needle, which forces the liquid to split into numerous microdroplets that contain the cells of interest.
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FIGURE 6
Bioprinting Applications for Skin. (A) Laser assisted bioprinting of endothelial cells (HPMECs, GFP-labeled) printed in grid patterns or as lines onMatrigel
showed vessel formation within 24 h (blue=Hoechst stain). The printed cells in patterns demonstrated tubular structures with lumens. This technique could
be used to create themicrovasculature present in the skin. Scale bars are 1 mm (I), 200 µm (ii left and iii left), 50 µm (ii right and iii center), and 10 µm (iii right)
(Koch et al., 2021). (B)Cell electrospinning to generate aligned nanoormicrofiberswithmousemyoblast cells with an electric field of 0.075-kV/mmand
flow rate of 0.25 mL/h (Wang Y. et al., 2022). (C) Bio-electrospraying 3D organotypic skin cultures. (i) Manual and bio-electrospray seeding process. (ii) Digital
high speed images showing electrospraying of hydrogels containing fibroblasts and keratinocytes. (iii) Bright field microscope images of the cryosectioned
bio-electrosprayed organotypic skin tissues (Jayarajan et al., 2024). (D) A 3D skinmodel is produced through amicroextrusion-inkjet hybrid printing process,
involving the dispensing of a dermal layer containing human dermal fibroblasts and collagen, followed by inkjet printing of human keratinocytes onto the
cultured dermis, concluding with short-term epidermal and extended air–liquid interface cultures to construct the epidermal layer (Lee et al., 2021).
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cells find in in vivo skin (Li and Kilian, 2015; Jensen and Teng, 2020;
Rama Varma and Fathi, 2023). Consequently, although
conventional 2D cell culture has undoubtedly provided useful

scientific insight into cell behavior and response to stimuli, they
struggle to generate structurally accurate and fully functional skin
constructs for tissue transplantation.

FIGURE 7
Models for organ transplant. Table summarizes the main models used in organ transplant research: (A) animals, (B) 2D culture, (C) organoids, (D)
organ on a chip, (E) Cell electrospray, (F) Bioelectrospinning, and (G) 3D bioprinting. Advantages and limitations of each model type are also discussed.

Frontiers in Lab on a Chip Technologies frontiersin.org09

Reed-McBain et al. 10.3389/frlct.2024.1383783

https://www.frontiersin.org/journals/lab-on-a-chip-technologies
https://www.frontiersin.org
https://doi.org/10.3389/frlct.2024.1383783


Representing an advance on basic 2D co-cultures, 3D models
permit the generation of layers that better resemble the in vivo
structure and are thus a better representation of human skin. In
terms of skin models, Transwells have been extensively used to
generate stratified epitheliums that include the same strata than
in vivo skin. These models often use Transwells plates as co-
culture systems where dermal fibroblasts are cultured on the
bottom of the well and keratinocytes are cultured on top of the
porous insert. This prevents direct contact between cell types but
enables exchange of soluble factors that promote keratinocyte
differentiation into a stratified epithelium (Hofmann et al., 2023).
Researchers have also combined 3D hydrogels and Transwells to
generate more sophisticated models. In these models, fibroblasts
mixed with a 3D collagen matrix are cast within the Transwell
insert and after collagen polymerization keratinocytes are seeded
on top of the collagen matrix. The Transwell is initially
submerged in media to allow cell attachment and after a few
days in culture the insert is lifted to generate an air-liquid
interface. This approach exposes the apical side of
keratinocytes to air to induce differentiation into a stratified
epithelium while the basolateral side receives nutrients through
the hydrogel and culture media underneath (Hofmann
et al., 2023).

3D models permit the generation of multiple stacked layers
of varying cellular and molecular complexity, enabling the
inclusion of the extracellular matrix (ECM) and cell-ECM
interactions. Despite these significant improvements,
Transwell models still lack some of the structures found in
vivo, including vascularization (Sun et al., 2023) and an
absence of immune cells, which play a critical role in
inflammation, wound healing, and microbiome tolerance
(Hofmann et al., 2023). Consequently, these factors limit
opportunities for tissue transplantation.

Other classic 3D models include spheroids and organoids,
which are 3D self-organizing mass of cells. Multiple studies have
shown the capacity of these organoids to generate structures
that resemble those found in vivo (e.g., brain organoids).
However, in the case of skin, organoids and spheroids
struggle to induce keratinocyte differentiation into a
stratified epithelium due to challenges associated with
maintaining and air-liquid interface (Randall et al., 2018).
Therefore, they have been used to generate other skin
structures such as appendages. Bang et al. (2022) described a
protocol to generate human induced pluripotent stem cell
(hiPSC)-derived hair-bearing, intricately structured
organoids, akin to 18-week-old fetal tissue, which possess
stratified epidermal and dermal layers, pigmented hair
follicles, sebaceous glands, Merkel cells, and even sensory
neurons to mimic the neural circuitry required for touch.

Nonetheless, there are significant limitations which hinder
their utility in clinical practice as they are also difficult to scale
in part due the absence of a perfused vascular system, which causes
hypoxia, nutrient starvation, and waste product accumulation at
the core of the organoid (Achilli et al., 2012). Overall, the majority
of traditional models suffer from a lack of structural complexity, as
they cannot mimic the dynamic 3D environment, depth, or
permeability of native skin, and thus are unsuitable for
transplantation. Consequently, there is an urgent unmet need

for skin surrogates, which can recapitulate the complexity of
native skin.

2 Bioengineered 3D in vitro models

Advances in microtechnologies and microfabrication during the
last 2 decades have led to the development of advanced
microphysiological systems, which include organ-on-a-chip
platforms, a versatile alternative to traditional methods to
generate tissue and organ-like constructs. Microphysiological
systems are based on 3D in vitro platforms that mimic relevant
features of the tissue or organ architecture (e.g., liver-on-a-chip).
These platforms leverage the predictable behavior of fluids at the
microscale (e.g., laminar flow) to control cell organization, thus
allowing the user to generate spatially controlled structures (e.g.,
liver-sinusoid). These technologies allow the generation of
microtissues/organs with specific configurations, biocompatibility,
flexible manipulation, and micro/nanoscale integration (Ma et al.,
2018). Such techniques enable the investigation of additional
variables compared to traditional in vitro platforms or animal
models (Richard et al., 2020). Microtechnologies also offer the
opportunity to study the effects of so-called lifestyle factors, such
as environmental pollution; xenotransplantations; rejection and
patient-specific precision models; drug toxicity,
immunosuppressive protocols; and secondary tumor development
in a more physiologically relevant manner.

Organ-on-a-chip platforms, also known as tissue-chips, are
in vitro devices that include one or more microchambers often
connected by a series of microchannels designed tomimic the in vivo
organization (Figure 3). Organ-on-a-chip devices can be
manufactured in several materials, including thermoplastics,
elastomers, or even glass, with polydimethylsiloxane (PDMS)
being one of the most common ones due to its transparency,
ability to support pneumatic valves, and permeability to oxygen
and carbon dioxide. Most organ-on-a-chip rely on culturing cells in
microchambers that mimic the tin vivo organization while they use a
network of microchannels to perfuse media, drugs, or cells to study
cell biology. Porous membranes are often used to separate multiple
cell types in a way that resembles the spatial organization observed
in vivo (e.g., in lung-on-a-chip devices). The potential for multi-
organ-on-a-chip platforms to be used as investigative tools for
secondary drug toxicity or systemic toxicity are further
applications as these systems, which may recapitulate one or
more organ functions and in vivo patho/physiological responses
in real-time. This adaptability enables investigation of
pharmaceutical interventions that are not feasible in isolated 2D
or 3D in vitro settings and may mitigate animal model limitations by
offering a standardized 3D culture platform that replicates the
human cell-microenvironment. Moreover, the compatibility of
immunosuppressive medications and the immune system can
also be tested, such as instant blood-mediated inflammatory
reaction and auto-and allo-immunity (Abadpour et al., 2020).

Organ-on-a-chip platforms offer multiple advantages, including
high throughput, low costs, serial arrangement, and integration with
other technologies such as electrochemical sensors. Microfluidic
systems leverage controlled laminar flow that occurs in the
microscale to permit particle separation; controlled mixing;
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accelerated biochemical reactions; biomarker-identification; drug
screening; and real-time imaging. Real time monitoring is also
possible due to sensor integration. Microfluidic-systems can be
used to control stem cell microenvironment and differentiation -
with the potential for large-scale expansion and broader
applications. Stem cells have therapeutic potential, due to their
ability to differentiate into multiple cell lineages. However,
controlling proliferation, maintaining undifferentiated
pluripotency, and directing differentiation using traditional
in vitro culturing processes such as Tanswells and Petri dishes
remains challenging (Zhang et al., 2017). As microfluidic
technologies allow precise control over the microenvironment,
their use in conjunction with stem cells has the potential to
elevate organ-on-a-chip platforms.

In the clinical setting, organs from older or obese donors are
often deemed as having ‘marginal’ quality are often not used for
transplantation (Ashammakhi et al., 2018). Organ-on-a-chip
platforms offer opportunities to support organ function and
elongate the time window for transplantation by leveraging their
capacity to manipulate and control fluid flow. For example, in the
future, donor livers affected by steatosis (i.e., an excessive buildup of
fat) could be salvaged using arrays of organ-on-a-chip devices to
maintain blood perfusion and use kidney-on-a-chip platforms to
filter and remove undesired substances from the organ Ashammakhi
et al offer an in-depth discussion on applications of organ-on-chip
platforms for organ salvage (Ashammakhi et al., 2018). In the
context of skin transplantation and skin grafting, skin-on-a-chip
(SoC) technologies offer greater potential to recapitulate the many
structural and functional features that are necessary to generate
biomimetic skin alternatives that are suitable for successful
transplantation.

SoC platforms allow precise control over the microenvironment,
recapitulate mechanical cues, and permit the incorporation of
sensors, and even skin appendages such as eccrine sweat glands
and hair follicles (Sutterby et al., 2020). SoC platforms rely on
in vitro devices that have a series of culture chambers and
microchannels that mimic the spatial structure of the in vivo
tissue, including those that feature in the epidermis, dermis,
hypodermis, blood vessels, sweat glands, etc. Several
considerations are key in the development of biomimetic SoC
platforms, including cell source (i.e., autologous, or allogeneic
cells), the scaffold required to mimic the extracellular matrix in a
physiologically relevant manner and with mechanical stability, the
incorporation of perfused vasculature (Sutterby et al., 2020).
Arguably, the first consideration to address is whether the SoC
platform will rely on intact tissue samples (Ex vivo SoC) or cell
suspensions (bioengineered SoC) to generate the tissue construct.

2.1 Ex vivo skin-on-a-chip (SoC) models

Ex vivo skin-on-a-chip (SoC) models frequently involve the
direct culture of skin tissue into the platform (Risueño et al., 2021).
Ex vivo SoC devices often include tissue holding compartments for
the tissue explant as well as a network of microchannels for nutrient
perfusion (Risueño et al., 2021). O’Neill et al. cultured skin biopsies
in an ex vivo SoC to evaluate the effect of nutrient perfusion on tissue
viability over time (O’Neill et al., 2008). Their results showed that

perfusing culture medium led to superior keratinocyte viability
compared to traditional static methods. Kim et al. also cultured
skin biopsies in a SoC platform to characterize neutrophil response
to infections (i.e., S. aureus) (Kim et al., 2019). They exposed human
skin biopsies to Staphylococcus aureus and then cultured them in the
SoC platform to monitor neutrophil migration into the skin biopsy.
Wagner et al. also used tissue biopsies from skin and liver to
establish a skin-liver co-culture for a double organ-on-a-chip
model that enables the generation of an air liquid interface in the
skin compartment (Wagner et al., 2013). This work was extended by
Maschmeyer et al. as a four organ-on-a-chip platform that includes
skin, liver, intestine and kidney with spatial-temporal separation of
two microfluidic flows by tubule epithelia (Maschmeyer et al., 2015).
Whilst there are advantages, such as the ability to use both healthy
and diseased human skin, and thus capture the full complexity of
native skin and the microenvironment, these models rely on
culturing tissue samples obtained from donors, which decreases
their potential as systems to generate tissue de novo for skin grafts
(Fernandez-Carro et al., 2022). Thus, ex vivo SoC models may
provide interesting tools for research, but they will struggle to
meet the demand of tissue needed for skin grafts, which has
encouraged researchers to explore other techniques to generate
de novo skin tissue.

2.2 Bioengineered tissue skin-on-a-
chip models

Other SoC technologies rely on cell suspensions and 3D
hydrogels in the microfluidic chambers to generate the tissue
construct while they use the microfluidic channels for nutrient
perfusion and waste product removal (Risueño et al., 2021) via
gravity-driven flow, capillary forces, or pump systems to simulate in
vivo blood flow (Sun et al., 2023). Using cell suspensions and letting
them expand in the SoC offers greater potential to generate a scalable
tissue source for skin grafting. Lee et al. used gravity driven flow
through a SoC which incorporated microfluidic channels that allow
for vascular endothelial cell culture with a chamber for 3D skin cell
culture that permits interaction between different tissue
compartments, such as the epidermis and dermis (Lee et al.,
2017). The authors demonstrated that the device successfully
supported cell growth and keratinocyte differentiation into a
stratified epithelium, while culture medium flow was essential to
maintain fibroblast viability. However, the authors also noted that
the flow rate and/or channel dimensions could be optimized to
provide fluidic shear stress more similar to in vivo in dermal
vasculature. The model also underperformed in terms of
consistent epidermal stratification in comparison to their
Transwell-based model, potentially due to heterogeneous nutrient
and growth factor diffusion through the platform. Although various
materials are used as ECM scaffolds, Type I collagen is the most
commonly used scaffold for skin constructs (Sun et al., 2023) and
Song et al. used a pumpless, gravity driven SoC platform seeded with
primary keratinocytes and fibroblasts to establish that rat tail
collagen promotes cell differentiation and skin maturation better
than collagen derived from either porcine skin or duck feet (Song
et al., 2018). This group also developed an iteration of the platform
which incorporates both a gravity-driven flow system to control cell
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culture media flow rates through the microchannel network to
ensure efficient transportation of nutrients to dermal and
epidermal layers, while also using a shaking protocol to
recirculate culture medium. However, despite observing reduced
collagen contraction in the dynamic chip and robust proliferation
and differentiation, the expression of key proteins, such as
fibronectin, collagen IV, and keratin 10, was similar, or poorer,
to the Transwell model. The authors thus acknowledge the chip
culture conditions require improvement to better recapitulate native
skin (Song et al., 2018). Abaci et al. (Abaci et al., 2015) devised a
pumpless full thickness skin equivalent with both epidermal and
dermal compartments that was based on blood residence times in
native skin tissue, and which could be maintained long term in their
microfluidic platform. Themodel permitted the generation of an air-
liquid interface and enabled the flow of culture medium at desired
rates without external pumps or tubes. This pumpless SoC model
that mimics the epidermis and dermis, using a gravity flow system to
rotate the device at 15° on both sides, was used by Jeon et al. (Jeon
et al., 2020) to test the effects of the drug sorafenib on dermal cells.
Kim et al. (Kim et al., 2020) used the platform to investigate effects of
Curcuma longa leaf extract of skin formation and maturation. Lim
extended this concept by developing a wrinkled SoC using cyclic
uniaxial stretching. This was achieved by applying mechanical
stimuli to the skin construct using an electromagnet within the
platform structure and applying a magnetic field to the tissue to
produce skin wrinkling (Lim et al., 2018). Mori et al. used similar
techniques to demonstrate that stretching led to thicker, more
differentiated epidermal layers (Mori et al., 2017).

Traditionally, many SoC devices have relied upon soft
lithography for microdevice fabrication. Materials such as PDMS
are inexpensive, gas permeable, optically transparent, and
compatible with intricate designs. However, they suffer from
lengthy fabrication processes precluding scale-up deformability
and leakage under high flow rates (Raj M and Chakraborty,
2020). In recent years, the portfolio of fabrication techniques
available for SoC has diversified. Micro-machining techniques
(e.g., CNC milling) allow for more flexibility fabrication and
broader material selection options, which contributes to
overcoming some of the PDMS limitations. Risueno, Valencia
et al. generated a micromachined SoC model with a fibrin gel
and undifferentiated keratinocyte layer (Risueño et al., 2021).
Using a two-chamber vinyl device with parallel flow that allows
fluids of different viscosities through a single channel without
mixing; this technique enables in situ generation of epidermal
and dermal compartments. This represents the first SoC that
generated a 3D structure directly within the device channel and
the authors argued that this platform could eventually translate to
the generation of other complex tissues.

Sriram et al. developed a full thickness skin equivalent with a
cellular and matrix architecture that recapitulates human skin
(Sriram et al., 2018). The model was constructed using five
microstructured poly (methyl methacrylate) (PMMA) layers to
avoid some of the chemical and biocompatibility concerns
surrounding PDMS and a polycarbonate microporous membrane
was used to separate the apical and basal microfluidic
compartments. Circumventing some of the issues pertaining to
the generation of complex 3D structures using channels, the
membrane served as a support structure for the dermal

compartment, whilst also permitting nutrients, metabolites, and
compounds to diffuse easily. Sriram et al. evaluated multiple
design and flow parameters to optimize keratinocyte
differentiation into a stratified epithelium. They observed thicker
epidermal layer with improved polarized columnar basal
keratinocytes, keratohyalin granules in the stratum granulosum,
and keratinized stratum corneum. The addition of dynamic
perfusion and precise control over the microenvironment
enhanced morphogenesis and differentiation along with
improving barrier function and reducing permeability.
Consequently, their findings represent a considerable
improvement over their standard tissue culture insert control and
alleviates the concerns surrounding weak dermo-epidermal
junctions, which affect many cultured epidermal autografts. The
presence of mature dermo-epidermal junctions provides greater
opportunities for clinical applications and, as the model uses
thermoplastics with a one-step thermal bonding fabrication
technique and micromilling of microfluidic features, the model is
compatible with injection molding and hot embossing to enable
mass scale-up, which is not possible with PDMS models.
Nonetheless, the model still requires further optimization of
media and air flow and lacks some structures found in native
skin, such as appendages (e.g., hair follicles), immune
components, and the hypodermis. Altogether, researchers have
developed a variety of microfluidic and organ-on-a-chip
platforms for skin research (Figure 4). Each of these platforms
provide different advantages and present limitations that should
be considered when deciding what should the system structure and
organization.

2.3 Trilayered constructs

The majority of the bioengineered SoC models discussed
focused on establishing a dermal-epidermal structure, while the
hypodermis has remained largely neglected. Thus, interest in
recapitulating the trilayer composition of native skin
(i.e., epidermis, dermis, and hypodermis) has prompted
researchers to explore alternative tissue engineering techniques to
develop skin surrogates that include a hypodermal layer and provide
better suited skin constructs for grafting. Constructs which
incorporate a hypodermal layer may be of particular relevance
for patients where the subcutaneous layer has been lost due to
deep wounds or extensive burns. Several models include a basement
membrane as an additional layer.

In vivo, the basement membrane is mostly composed of type IV
and VII collagens and laminin and sits at the epidermal-dermal
junction to provide mechanical support for keratinocytes located at
the bottom of the epidermis (Balavigneswaran et al., 2023a). The
literature describes models that make use of biomimetic basement
membrane substitutes, such as Huang et al trilayered nanofibrous
scaffold and Lin et al. trilayered chitosan-based scaffold with
nanofibers, yet these do not replicate the subcutaneous layer of
the hypodermis (Lin et al., 2015; Huang et al., 2019). Conversely,
Haldar et al. engineered a ‘smart’ regenerative trilayer skin substitute
that featured a biodegradable polymer scaffold-based to foster
growth and maturation of different cell types needed for optimal
deep wound healing (Haldar et al., 2019). Single and bilayer
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substitutes frequently lack the range of physical and mechanical
properties required for full-thickness wound healing and to
minimize scarring. To address this concern, Haldar devised a
model that incorporated a range of fabrication techniques to
recapitulate the varied architecture, mechanical, and physical
attributes of the epidermis, dermis, and hypodermis (Haldar
et al., 2019). To mimic the microarchitecture of native skin,
different techniques were used to fabricate the upper two layers.
The epidermal layer consisted of polycaprolactone (PCL) cast in a
mold, casting results in a compact, minimally porous structure with
appropriate barrier function. The dermal layer was also fabricated
using PCL that was electrospun. This layer simulated the structure of
the dermis as electrospinning leads to nanofibrous structures with
low individual tensile strength. Thus, despite being constructed of
similar materials, using alternative fabrication techniques allowed
the authors to capture important differences in structural
morphology found in vivo across the skin layers. This approach
ensured that keratinocytes and fibroblasts were restricted to
epidermal and dermal layers that had similar mechanical
properties than their in vivo counterparts. The hypodermal layer
was fabricated using lyophilized gelatin, which facilitates attachment
to the patient’s wound bed and promotes integration with host tissue
after grafting. Overall, this configuration simulated the physiological
tensile strength and water permeability necessary for robust barrier
function. The resulting construct promoted wound closing in all the
construct layers without an inflammatory response. Further studies
should consider enriching the hypodermal layer construct with
additional cellular components, such as adipocytes.

Other studies have explored the use of stromal or stem cells to
generate hypodermis-like layers that would be later combined with
the dermal and epidermal components. Vermette et al. (2007)
produced an autologous engineered adipose hypodermis
substitute using human stromal cells extracted from lipoaspirated
or resected fat (VERMETTE et al., 2007). Trottier et al. reported the
use of adipose-derived stem/stromal cells for inclusion in engineered
skin and highlighted the greater availability of adipose tissue in
comparison to the dermis as a cell source for rapid production of
autologous skin substitutes for severely burned patients (Trottier
et al., 2008). Building on this earlier work, Monfort et al. developed a
human tissue-engineered skin that included a blood plasma-based
hypodermis and determined that the inclusion of a subcutaneous
layer enhanced epidermal differentiation and keratinocyte
maturation inducing a pluri-stratified epithelium (Monfort et al.,
2013). Overall, few models include all three layers of human skin,
but the emergence of new biological and engineering techniques is
helping to tackle this limitation.

2.4 Vascularized human skin equivalents

Vascularization poses a critical challenge for lab-grown tissues
since sustainable supply of oxygen and nutrients to the cells is
essential to ensure permanent engraftment and integration with host
tissue (Baltazar et al., 2020). Nutrient and oxygen diffusion often
limits cell survival to the first 200 or 300 µm in human tissue, while
distances >300 µm result in oxygen and nutrient starvation, which
eventually can lead to necrosis (Salameh et al., 2021). Cutaneous
vasculature is also involved in numerous pathologies, including

melanoma metastasis, inflammatory diseases, tumor growth and
wound healing; thus, including vasculature in microfluidic skin
models not only enhances their translational value but increases
their potential as a viable option for grafting (Zoio et al., 2022).

Microfluidic devices have shown significant progress in
modeling vasculature and angiogenesis, offering advantages over
conventional 2D cultures. The development of a physiological
microvasculature involves various processes at both the cellular
and molecular levels, including the recruitment of mural cells,
basement membrane development, organ-specific differentiation,
expression of adhesive molecules, and intercellular junction
formation (Bergers and Song, 2005). Factors such as VEGF and
angiopoietin play crucial roles in vessel generation and maturation
(Jeon et al., 2014). While simplified 2D systems have provided
insights into certain aspects of vascular biology, the presence of a
3D microenvironment is essential for generating fully perfused
physiologically relevant tissue constructs (Clevers, 2016).

Various vascularized microfluidic models have been developed
to investigate vascular biology, including angiogenesis,
vasculogenesis, or anastomosis. These models range from
microchannels line with endothelial cells to advanced systems
that generate in vivo-like, fully perfusable microvasculature (Hu
et al., 2019). They have demonstrated the generation of branching
microvascular networks and have explored factors influencing vessel
stability, diameter, and permeability (Amstad, 2017). Notably, some
microfluidic models have successfully co-cultured endothelial cells
with other cell types, such as fibroblasts or mesenchymal stem cells,
to study heterotypic interactions and their impact on network
development, maturation, and functionality (Brassard-Jollive
et al., 2020). As discussed, integration of vasculature in tissue
constructs is vital due to microvascular circulation’s role in
maintaining tissue homeostasis and providing nutrients to tissue-
resident cells. Recently, Herland et al. developed an eight-organ-on-
a-chip (BBB, brain, skin, lung, heart, liver, intestine, and kidney)
system with automated culture, perfusion, and control, utilizing a
universal blood-like medium for the vascular compartment and
specific mediums for individual organs (Herland et al., 2020). Zhang
et al. has furthered this vascularized network technology by
developing PDMS tubes that mimic diverse blood vessel types.
These tubes were lined with endothelial cells and coupled to
organ-on-a-chip platforms, revealing responsive endothelium
formation upon exposure to drugs (Zhang et al., 2016). These
advanced models hold promise for studying angiogenesis and
other complex processes, such as cancer cell extravasation, in a
more physiologically relevant context.

Wufuer et al. generated a SoC with epidermal, dermal and blood
vessel components where each layer is separated by porous
membranes that permitted interlayer communication (Wufuer
et al., 2016). However, their model relied upon 2D porous
membranes and critics argue that the presence of these
membranes decreases the translatability of the model and will
negatively impact its grafting potential (Sun et al., 2023).
Nevertheless, this model represents an early attempt to create a
vascular layer and the membranes facilitate interlayer
communication that is observed in vivo. Marino et al. highlighted
the possibilities of advancing engineered tissue constructs by
generating a skin graft not only with patient cells, but which
included ex vivo ‘pre vascularized’ lymph and blood capillaries
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that demonstrated branching post-transplantation into
immunocompromised rodent wound models (Marino et al.,
2014). Consequently, two broad strategies to address the lack of
vasculature in engineered skin equivalents have been recently
employed: the first approach involves the addition of growth
factors, reactive oxygen-species-inducing nanoparticles, and stem
cells with the goal of promoting angiogenesis in the host tissue
toward the graft, and the second is the prevascularization of skin
constructs for grafting, such as the inclusion of vessel-forming cells
into scaffolds (Amirsadeghi et al., 2020).

Grober et al. developed a biological vascularized scaffold
(BioVaSC) made from decellularized porcine jejunum that was
cut and placed in a frame (Groeber et al., 2016). The construct
was seeded with human fibroblasts, keratinocytes, and
microvascular endothelial cells. This produced a skin equivalent
with a perfused vascular system with stratified epidermal and dermal
layers, along with a papillary-like architecture at the dermal-
epidermal-junction. Although this technique has interesting
potential, even for other tissues, the reliance on porcine jejunum
raises some concerns about scalability of the approach (Linke
et al., 2007).

Controlling medium or blood perfusion through the SoC
vasculature would be a valuable tool to maintain these tissue
constructs alive for prolonged periods of time (Salameh et al.,
2021). Mori et al. generated a skin equivalent with perfusable
vascular channels lined with endothelial cells connected to an
external peristaltic pump and tubes, resulting in the development
of tight junctions on the vascular channel wall (Mori et al., 2017).
Salameh advanced this method to develop a fully vascularized,
perfusable skin equivalent that including three endothelial cell-
lined perfusable channels that formed angiogenic sprouts, and a
layer of human umbilical vein endothelial cells (HUVECs)
sandwiched between two fibroblast layers to form a network of
capillaries organized by vasculogenesis in the dermal component
(Salameh et al., 2021). This HUVEC microvascular network was
then able to branch out and connect with the angiogenic sprouts to
form a sophisticated model that was used to test skin permeability.
Blood vessels under perfusion exhibited improved barrier function
coefficients in comparison to static models with an absence of
perfusion, thus demonstrating the importance of these factors in
the development of accurate skin models. However, the permeability
coefficient observed in these perfused vessels was still higher than
that observed in porcine skin, which is typically the benchmark for
testing chemical permeation (Rama Varma and Fathi, 2023).
Salameh’s microvascularized platform enhanced substance
delivery such as drugs and environmental pollutants via the
circulatory system (Salameh et al., 2021). However, the authors
acknowledge that their models display several limitations, such as
the use of HUVECs isolated from large vessels rather than human
dermal microvascular endothelial cells, the lack of arteries, veins,
and lymphatic vessels.

Jones et al. developed a novel microvascularized SoC by
integrating human cells in a full thickness skin surrogate within
a microfluidic device with a previously established microvascular
network (Jones et al., 2022). The inclusion of HUVEC-pericyte co-
cultures represents an additional layer complexity in this model
and it was determined that microvasculature integrity and barrier
function was improved when pericytes are present. This model also

displayed enhanced stratification and differentiation, including
structure, thickness, and expression of terminal differentiation
markers, such as involucrin and transglutaminase 1. Taken
together, these findings indicate that vascularization plays a key
role in the generation of more mature skin constructs within SoC
platforms. Whilst Jones et al. did use an orbital shaker to encourage
medium flow, they did not observe additional maturation of their
constructs. Conversely, Rimal et al. reported an improved
vascularized skin equivalent that utilized a dynamic flow culture
system and a 3D bioreactor; this technique offered an
improvement over static environments for intricate in vivo
platforms and that dynamic flow aided wound healing, restored
homeostasis, and facilitated superior skin barrier factors,
epidermal differentiation, and modulation of the ECM (Rimal
et al., 2021).

Zimoch et al. also bioengineered a sophisticated tri-layered
human skin surrogate that contained a hypodermis and a
prevascularized dermal layer which displayed neovascularization
when transplanted into a host animal and resulted in rapid in vivo
perfusion (Zimoch et al., 2021). Such models could potentially
alleviate concerns surrounding integration and survival post-
transplant; however, whether models that promote angiogenesis
can attain the magnitude necessary for robust engraftment as a
permanent therapeutic intervention remains the focal issue in the
development of skin equivalents for clinical use (Phua et al., 2021).

Most of the prevascularized platforms discussed rely on
endothelial cells self-assembling into functional blood vessels.
However, the user has little control regarding the structure and
properties of those vessels (e.g., network geometry). The inclusion of
more sophisticated techniques, such as bioprinting, to generate
vasculature networks with specific geometrical designs could
enable the development of more complex, intricate vascular
architectures.

Advances in microfluidic technology and their integration with
human induced pluripotent stem cells (hiPSCs) also provides a path
towards personalized screening protocols prior to organ
transplantation. The vascular system relies on the coordinated
functioning of various cellular components, including endothelial
cells (ECs), pericytes, and vascular smooth muscle cells (VSMCs)
(Cochrane et al., 2019). ECs form a selective barrier for nutrient and
oxygen delivery, while pericytes and VSMCs play crucial roles in
stabilizing EC tubes and regulating vascular tone (Cochrane et al.,
2019). hiPSCs can be differentiated into ECs, pericytes, and VSMCs,
providing a renewable and ethically acceptable source of these cells
(Cochrane et al., 2019). Patient-specific hiPSC-derived vascular cells
have been used for disease modeling and studying disease
mechanisms (Peelen et al., 2021). In theory, a vasculature model
could be assembled using host hiPSCs in a SoC device to generate
autologous tissue for skin grafting, which would prevent risk of graft
rejection and increase graft survival.

2.5 Immune components

The majority of current skin surrogates lack an immune
component, such as Langerhans cells, dendritic cells, and
macrophages that contribute towards homeostasis and combating
disease; the addition of these cells may help decrease post grafting
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infection and improve graft integration and tissue homeostasis
(Hong et al., 2023).

Ramadan and Ting (2016), used an immune competent 3D SoC
cell culture system with dynamic media perfusion that mimics the
human skin microenvironment, improved tight junction formation,
and extended cell viability (Ramadan and Ting, 2016). This model
included two channels with a porous membrane between and the
authors seeded immortalized human keratinocytes to form an
epidermal-like monolayer on the membrane. The system
included dynamic media perfusion that exposed the culture to
shear stress, but which also promoted healthy barrier function
due to continuous nutrient delivery and cellular waste removal,
Following inoculation of a human leukemic monocyte lymphoma
(U937) cell line in the lower channel to represent dendritic immune
cells, keratinocytes were stimulated via application of
lipopolysaccharides, nickel sulfate, and ultraviolet (UV)
irradiation to test response to external stimuli and to determine
posterior cytokine release. The authors used transepithelial
resistance (TEER) as an epidermal barrier integrity measure
Additionally, shear stress induced by dynamic media perfusion
through the microfluidic system enhanced keratinocyte tight
junction formation compared to static conditions. Although this
model provided a relevant example on how to integrate immune
cells in SoC platforms, transmigration of leukocytes could not be
observed due to the lack of a dermal compartment and a vascular
network (Sutterby et al., 2020). Moreover, the authors concluded
that the reliance on immortalized cell lines may have affected the
findings as these cells may exhibit different behaviors when
compared to primary cell cultures. They also point out that
in vitro skin models are more permeable that native skin, which
can lead to over predictions of skin sensitivity due to higher
penetration of topical substances. In this context, studies that
include comparisons of in vitro and in vivo data are necessary.

To address some of these limitations, Kwak et al. developed a
microfluidic SoC with vasculature to mimic the immune response in
a more physiologically relevant manner (Kwak et al., 2020). The
authors co-cultured fibroblasts and keratinocytes with vascular
endothelial cells to create a model with an epidermis, dermis,
and endothelium. The authors included leukocytes in circulating
media as the vascular endothelium is involved in leukocyte
migration towards areas of inflammation. Exposing the model to
ultraviolet irradiation gave rise to an immune response and
increased neutrophil migration and cytokine secretion in
comparison to controls.

2.6 Microbiome

Skin is exposed to a vast array of microorganisms including
bacteria, fungi, and viral components. While some of them live
symbiotically on human skin (they constitute the microbiome)
others may cause severe tissue damage (e.g., infections such as
necrotizing fasciitis may lead to life-threatening situations)
(Fernandez-Carro et al., 2022). Dysbiosis, an imbalance in the
microbiome, is believed to underlie numerous skin pathologies
along with the systemic immune response involved in chronic
inflammation (Park and Lee, 2017); therefore, elucidating
mediators involved in local changes between microorganisms and

the skin barrier is a key area, which most current models fail to
address (Byrd et al., 2018). There have been some attempts to
include skin microbiota: Holland et al. explored microbial
colonization of a Transwell-based engineered tissue equivalent
(Holland et al., 2008); Shepherd et al. and Haisma et al. looked
at wound healing and S. aureus - a pathogenic skin colonizer
(Shepherd et al., 2009; Haisma et al., 2014); and Bojar et al. used
a commercial product, Labskin, to examine the microbiome
ecosystem (Bojar, 2015). However, such models tend to lack the
broad range of microorganisms found in vivo which could provide a
more complete picture of dysbiosis-related skin pathophysiology
(Fernandez-Carro et al., 2022).

2.7 Pigmentation

Melanocytes are responsible for melanogenesis, the production
of melanin pigments, that determines the color phenotype of the
skin. Melanocytes are not routinely added to engineered skin
constructs, despite conferring both protection against ultraviolet
(UV) radiation and enhancing the aesthetic properties of grafted
skin surrogates, which can profoundly reduce patient distress (Dai
et al., 2018). Constructs which lack melanocytes take on a vitiligo-
like appearance (i.e., lack of pigmentation results on pink-colored
skin); consequently, as the first study to investigate whether the
inclusion of autologous melanocytes within engineered skin can
produce tunable pigmentation, Böttcher-Haberzeth et al. generated
a range of dermo-epidermal skin surrogates that included
melanocytes with the aim of matching the color of the
presumptive transplant site as far as possible (Biedermann et al.,
2015). This was achieved by obtaining a range of human foreskin
samples with light and dark pigmentation types from which they
isolated keratinocytes, dermal fibroblasts, and melanocytes. The
fibroblasts were combined with collagen and placed in cell
culture inserts and then keratinocytes and melanocytes were
seeded on top of the dermal and were later transplanted onto full
thickness wounds on rats to determine whether the original skin
color of a patient can be replicated. The authors explored the
generation of light and dark pigmentation by changing the ratios
of keratinocytes, fibroblasts, and melanocytes, in the platform. Their
results indicated that skin construct matching could be successfully
quantified subjectively, but also objectively using chromameter
evaluation. A key point is that all 3 cell types are fundamental in
producing the desired results as there are considerable cell-cell and
cell-secreted factor interactions that are tightly involved in
regulating phenotype and function. Moreover, using all 3 cell
types from the same donor is important due to their interactions
with one another to regulate the skin phenotype. Using
keratinocytes and melanocytes, but fibroblasts from an alternative
donor, led to different pigmentation types and suggests that
autologous cell populations are preferred for clinical use. Whilst
this is undoubtably useful knowledge, the study did not provide
longitudinal data as it is possible that hypo and/or
hyperpigmentation may arise over time due to melanocyte
instability. Moreover, the authors did not address whether
melanocyte presence impacted UV protection or whether this
resulted in increased risk of malignant melanoma. However,
Boyce et al. determined in a subsequent study that dermo-
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epidermal skin constructs seeded with melanocytes not only
restored pigmentation, but also conferred UV photoprotection
(Boyce et al., 2017). Supp et al. also concluded that skin
constructs that included both light skin-derived and dark skin-
derived human melanocytes exhibited similar mean cell density at
8 weeks post-transplant and also shielded against UV-induced DNA
damage (Supp et al., 2020). Consequently, the risk of skin cancer in
graft recipients may be reduced if melanocytes are integrated into
engineered skin surrogates.

2.8 Skin appendages

A further limitation of many SoC platforms is the absence of
appendages such as eccrine and apocrine sweat glands, sensory
neurons, and hair follicles; these appendages arise from a layer of
multipotent progenitor cells during skin morphogenesis and are
intrinsically involved with the regulation of body temperature and
fluid retention, along with touch and pain sensation (Wang et al.,
2016; Lee et al., 2020).

Hair follicles are located in the dermis, consist of hair papillae, hair
matrix, root sheath and hair bulges, and contribute towards sensory
function, display antibacterial properties, and inhibit scarring (Weng
et al., 2020). To this end and as an early iteration, Ataç et al. developed
a dynamically perfused SoC platform that permitted extended culture
of hair follicles, thus demonstrating the importance of medium
perfusion to maintain dermal cells and structures in vitro (Ataç
et al., 2013). Unfortunately, culturing human hair papillae in vitro
is extremely challenging and relies upon the internal
microenvironment to control gene expression which typically
declines in culture along with hair follicle induction capacity.
There have been some attempts to resolve the issue; for instance,
Abaci et al. made use of 3D printing to microfabricate plastic molds
that could be used to simulate the 3D microenvironment of human
hair papillae and successfully formed vascularized follicles (Abaci
et al., 2018). Augustine also used 3D bioprinting as a scaffold for
mouse fibroblasts and epidermal cells and did observe in vitro hair
follicle regeneration (Augustine, 2018); however human and mouse
hair follicles differ, and human hair follicles have proven more
challenging to regenerate (Weng et al., 2020).

Sebaceous glands secrete sebum, lubricate the skin, and, as a
component of the integumentary system, play a substantial role in the
formation of the skin’s acidmantle which serves as a protective barrier
against bacteria and viruses (Weng et al., 2020). Sebaceous glands are
generally observed between the hair follicle and arrector pili muscle
and are formed in association with hair follicles during
morphogenesis to make up the pilosebaceous unit (Wang et al.,
2016; Hosseini et al., 2022). Wang et al. investigated whether
epidermal stem cells (Epi-SCs) and skin-derived precursors (SKPs)
could offer an appropriate source for generating bioengineered skin
substitutes with hair follicles and sebaceous glands (Wang et al., 2016).
Interestingly, the authors isolated Epi-SCs from adult human foreskin,
glabrous tissue without hair follicles, which expressed typical markers
of epidermal cells, CD29, CD49f, K15, and K19. These were labeled
with BrdU and transplanted, along with murine SKPs, topically or
through subcutaneous injection to excisional wounds. Hair growth
was detectable 15 days post-transplant and histological analysis
revealed the formation of de novo hair follicles and sebaceous

glands. Furthermore, numerous cells expressed Ki67, indicative of
active proliferation, and human Epi-SCs were present in the
epidermal basal layer, which suggests that these cells had formed
renewable structures. Culturing neonatal mouse Epi-SCs with
dexamethasone/insulin/rosiglitazone/XAV939 (DIRX) induced
differentiation into sebocytes, which were positive for Lrig1, a
sebocyte marker, after 3 days. In vivo, the transplantation of Epi-
SCs and SKPs generated sebaceous glands with hair follicles, whereas
Epi-SCs and fibroblasts gave rise to a limited number of sebaceous
gland-like structures without hair follicles. As epidermal stem cells are
readily available, the authors concluded that these offer an attractive
candidate for the generation of appendages within engineered skin.
Conversely, the isolation, purification, and expansion of stem cells
derived from appendages can be challenging and these cells can
display in vitro senescence; moreover, reprogramming to generate
skin progenitors can lead to appendages that are not identical to those
found in native skin and, thus, further investigation is necessary to
elucidate the optimal biochemical environment (Hosseini et al., 2022).

Eccrine sweat glands maintain homeostatic body temperature
and protect against bacterial and viral agents (Li et al., 2013). They
are tubular structures that cross the dermis and epidermis are open
to the skin surface and thermoregulatory function is compromised
in patients with serious injuries, such as extensive burns; however,
they are absent in the majority of skin constructs. Li et al. harvested
human eccrine sweat glands and cultured them in 3D Matrigel
matrices (Li et al., 2013). In Matrigel, epithelial cells did produce
tubular-like and coiled spherical structures that resembled in vivo
eccrine glands. Histology confirmed the presence of a central lumen
within each tubular structure with either single layers of epithelial
cells or stratified epithelium which are observed in the secretory and
duct regions, respectively. However, despite these interesting results,
Matrigel is significantly softer (100 pa-3 kPa) than many skin tissues
(0.00109 MPa–169.1 MPa) and the viscoelastic properties are
potentially problematic at room temperature, which limits clinical
translation (Hosseini et al., 2022). Additionally, Matrigel contains
xenogeneic proteins and other factors which may interact with the
immune system, which raises concerns regarding therapeutic use
(Hosseini et al., 2022). Collagen type I matrices are widely used and
are less expensive than Matrigel. For instance, Huang et al.
investigated wither sweat glands could be incorporated into tissue
constructs (Huang et al., 2010). The authors cultured sweat glands
on gelatin microspheres containing epidermal growth factor (EGF)
and integrated them into their model which was composed of a
fibroblast and collagen-based matrix with a layer of human
keratinocytes on top. The construct was then transplanted onto
full thickness murine wounds. The sweat gland-microsphere
complexes differentiated into a sweat gland-like structure and
promoted wound healing, which indicates that it may be feasible
to include sweat glands in engineered tissue constructs; however,
collagen is also frequently derived from animal tissues and has
similar concerns regarding antigenicity.

2.9 Sensory function and innervation

The skin is innervated with an array of nerve endings which
permit discrimination between temperature, pain, pressure, or touch
(Blais et al., 2013). However, these become damaged following deep
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wounds and lead to neuropathy (Laverdet et al., 2017). Some, albeit
imperfect, recovery of cutaneous nerve function occurs as new nerve
fibers migrate from the wound bed or sprout from adjacent healthy
regions, but many patients experience altered sensations, sensory
deficits, and lasting pain (Laverdet et al., 2017). The risk of these
symptoms is exacerbated in those who have received skin grafts
(Blais et al., 2013). Post-graft persistent itching, acute or chronic
pain, and compromised tactile perception are side-effects that have
deleterious effects on quality of life; these debilitating phenomena
are associated with aberrant or insufficient sensory nerve fiber
regeneration and an absence of sensory units, including hair
follicles and sensory corpuscles, after the skin has become
damaged and some level healing has occurred (Girard et al., 2017).

Neuronal subtypes innervate cutaneous layers and anatomical
location is highly specific. Heavily myelinated Aβ fibers innervate
the dermis and carry information related to touch. Thinly
myelinated Aδ fibers that detect cold, pressure and acute pain
innervate both dermal and epidermal layers. They respond to fast
pain that is located to one specific area of the body and can initiate
the withdrawal reflex, for instance, when touching a hot surface
(Ahn et al., 2023b). Unmyelinated C-fibers also innervate the
epidermal and dermal layers and detect touch, temperature and
pain. Rather than responding to acute pain, C-fibers react relatively
slowly and are associated with lasting, diffuse pain within the body
(Ahn et al., 2023b). Perhaps unsurprisingly, the epidermis is
fundamental to sensory function, with keratinocytes and Merkel
cells playing pivotal roles (Martorina et al., 2017; Ahn et al., 2023b).
Many epidermal cells express neuropeptides, sensorial proteins, and
receptors that interact with sensory nerves and influence axon
growth and nerve fiber density and morphology (Ahn et al.,
2023b). Additionally, free nerve endings are widely distributed
within the skin and surround hair follicles to detect temperature,
mechanical stimuli and dangerous stimuli (Weng et al., 2020); free
nerve endings of C-fibers are known to be located close to epidermal
keratinocytes and provide the basis for synaptic-like junctions (Ahn
et al., 2023b).

Biedermann et al. generated dermo-epidermal skin constructs
using a Transwell system with human dermal fibroblasts and
collagen type and either keratinocytes, or keratinocytes plus
melanocytes, or sweat glands, which were subsequently
transplanted onto full thickness lesions on rats (Biedermann
et al., 2013). The data indicated that host-sponsored sensory
innervation was evident within 6–8 weeks post-transplantation;
however, nerve fibers were only observed within the dermal, and
not the epidermal compartment and the composition of the
epidermal layer did not influence nerve fiber growth
dynamics. This suggests that the host nerve fibers did not
exhibit preferential ingrowth towards particular cell types
within the epidermis. Whilst the study is an early example of
the potential for skin constructs to either attract neuronal
innervation or passively facilitate host ingrowth into the graft
within 8 weeks, it was not possible for the authors to draw
meaningful conclusions regarding quantitative skin sensibility
in terms of threshold determination or qualitative functionality,
such as thermal or mechanical nociception.

Graft-site neuroregeneration is essential for restoring sensory
function and stem cell differentiation and healthy axon extension
are known to aid skin nerve repair (Przekora, 2020; Weng et al.,

2020). Blais et al. developed a skin construct composed of human
keratinocytes seeded on a collagen sponge with fibroblasts to
determine whether post-transplant innervation was feasible
(Blais et al., 2013). They also seeded dorsal root ganglia-
derived mouse sensory neurons at the bottom of the construct
to investigate whether collagen permits axonal migration.
Following transplant in an immunodeficient murine model,
the authors detected migration after 2 months and Schwann
cells, which formed a longitudinally aligned band of Büngner-
like structure to guide axonal migration. The authors also
concluded that laminin, which can also be secreted by
Schwann cells, plays a pivotal role in enhancing peripheral
nerve cell regeneration.

Adding large molecules, such as laminin, to a carefully selected
ECM offers a straightforward approach to aid axonal migration and,
therefore, more general nerve regeneration (Blais et al., 2013).
However, this strategy does not enable specifically guided
regeneration. Nonetheless, despite the advantages of including a
range of cells into engineered tissues to increase innervation, the lack
of availability of Schwann cells, which are instrumental in axon
myelination and stabilization, remains a significant limitation as
these must be obtained from peripheral nerve biopsy which carries
significant risk to the donor (Blais et al., 2013). Whilst pre-seeding
skin constructs with adult stem or Schwann cells has a strong
rationale, attempts have been limited. Wang et al. seeded iPSC-
derived neural crest cells into tubular scaffolds to generate tissue
engineered nerve conduits (Wang et al., 2015). The authors observed
that the stem cells were able to differentiate into Schwann cells and
promoted axon myelination along with accelerated post-
transplantation regeneration of sciatic nerves–thus suggesting the
possibility of translation to the clinic. Unfortunately, whilst this
approach can help restore pain and temperature perception, deficits
in touch cannot be alleviated in this manner; to tackle this problem,
the inclusion of tactile sensors and hair follicles is necessary, but it
remains a significant challenge in engineering skin surrogates (Blais
et al., 2013).

A further difficulty in restoring nerve function are the issues
surrounding adequate vascularization in skin grafts (Przekora,
2020). Successful neuro-regeneration appears to depend heavily
on there being a robust vascular network at the grafting location
as angiogenesis not only supplies nutrients and neurotrophic factors
to nerve cells, but also prevents excessive and detrimental fibroblast
proliferation after tissue damage (Przekora, 2020).

Establishment of fully innervated skin constructs with
functional neural networks has proven elusive and much research
has focused upon neurite growth and interactions with various cell
types rather than functionality (Martorina et al., 2017). For instance,
Gingras et al. investigated neurite outgrowth and the influence of
epidermal and endothelial cells of peripheral nerve regeneration and
Cadau et al. used the same model to examine the effects of glycation,
which crosslinks ECM reducing sugars and proteins, on engineered
skin constructs and on capillary and sensory nerve-like networks
(Gingras et al., 2003; Cadau et al., 2015). Conversely, Martorina et al.
reported that they successfully recapitulated sensory function in
response to an external stimulus in their sponge-based, co-culture
engineered skin tissue (Martorina et al., 2017). The data
demonstrated that the construct sensed a topical application of
capsaicin and propagated calcium waves through the neuronal
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network; however, although the model exhibited an appropriately
differentiated epidermal equivalent, the distribution of intra-
epidermal free nerve endings and axon patterning does not
resemble that present in native skin (Ahn et al., 2023b).

Ahn et al. developed a microfluidic platform to analyze 3D
interactions between keratinocytes and sensory neurons (Ahn et al.,
2023b). They used a slope-air liquid interface to induce improved
epidermal differentiation and barrier function compared to planar
culturing techniques and developed a hydrogel-based system with
multiple channels to mimic cellular and subcellular
compartmentalization along with cell-cell and cell-ECM
interactions. The device contained four channels, including a
soma compartment with neurons and an epidermal channel for
keratinocytes that were connected by two axon-guiding
microchannels. The model did enable innervation of the
epidermal keratinocyte layer and spatial distribution of sensory
neurons and intra-epidermal free nerve endings in the acellular
dermal ECM and epidermal-like layers, respectively, resembled the
physiological patterning observed in human skin. Nonetheless, there
were limitations, such as the use of rodent sensory neurons, due to
difficulties in obtaining primary adult human sensory neurons.
Human iPSCs or hiNSC-derived sensory neurons may remedy
the translational challenges arising from interspecies differences,
although these cell types were not used due to concerns surrounding
inconsistencies in function in comparison to human or rodent cells.
Despite the advantages of the model, there is still a lack of
integration of sensory appendages, innervation, and vasculature
in current engineered skin models.

Ultimately, there is a need for innovative models and potentially
transplantable grafts that are an improvement over traditional
models; SoC and 3D bioprinting technologies are feasible
advances that may bridge the translational gap from laboratory
to clinical applications (Baltazar et al., 2020).

3 Electrohydrodynamic technologies

Electrospraying and electrospinning are techniques that draw a
jet of polymer solution through high voltage electric fields to
produce either droplets or ultrafine nanofibers with high spatial
resolution. These polymers may be natural, synthetic or polymeric
composites such as collagen, poly (glycolic acid) (PGA), or a
combination of both natural and synthetic materials, for instance
gelatin and poly (caprolactone) (PCL) to overcome limitations in
mechanical properties and biocompatibility that may be observed in
single-component polymer types (Qian et al., 2014). Electrospinning
offers the advantage of generating fibers with an ECM-like structure,
including the fibrillar morphology of native skin (Hernández-Rangel
and Martin-Martinez, 2021), and the range of compatible polymeric
materials permits the generation of scaffolds with a wide variety of
attributes (i.e., porosity, stiffness), which contribute to cell
proliferation and migration (Lanno et al., 2020).

However, although these techniques show promise in tissue
engineering incorporation of cells can be challenging due to small
pore sizes and difficulties in seeding electrospun scaffolds. Building
upon these techniques, bio-electrospraying and cell-electrospinning
benefit from the direct addition of living cells or growth factors via
microencapsulation to generate scaffolds that for a variety of

applications in wound healing (Gao et al., 2021a; Chen et al.,
2021; Luo et al., 2021).

3.1 Bio-electrospraying skin constructs

Developed in the mid-2000s, bio-electrospraying (Gaskell, 1997;
Jayasinghe et al., 2011; Wilm, 2011; Konermann et al., 2013;
Parhizkar et al., 2017) has been posited as an alternative
technology to produce de novo 3D structures minimizing shear
stress due to the large inner bore needles used (Jayarajan et al., 2024).
This technique involves a hollow needle to which a high voltage is
applied and a grounding element below the exit point of the needle.
As cells suspended in a pre-polymer compound flow through the
needle, the suspension becomes charged and, upon exit, is
transformed into a spray of cell-containing droplets. In an early
study (Jayasinghe et al., 2011), used primary mouse lung fibroblasts
that were biosprayed using a Matrigel biopolymer to produce
matrices which were implanted subcutaneously. The authors did
not identify any aberrant cellular behaviors in the biosprayed
matrices compared to controls and noted that the ability for
migration and microenvironment remodeling was not
compromised. Moreover, in vitro findings did not induce adverse
effects in the murine model and the bio-electrospray protocol did
not impair engraftment in living tissue. The authors concluded that
this technique is compatible with gene therapy delivery and holds
promise for the repair, replacement, or regeneration of
damaged tissue.

Jayarajan et al. used bio-electrospraying to generate 3D
organotypic skin cultures by seeding a human fibroblast-laden
hydrogel into a 6-well plate with six grounding electrodes and
then biospraying keratinocytes as a second layer (Jayarajan et al.,
2024). The authors initially determined that the epidermal layer was
not uniform and that the impact of spraying larger keratinocyte
droplets had produced troughs in the hydrogel. This problem was
addressed by incubating the fibroblast layer for 72 h to increase
stiffness, and also by reducing the cell density within the
keratinocyte droplets to generate a uniform layer. Although the
study did not aim to generate stratified epidermal layers, the results
demonstrate the potential for using bio-spraying as a technique
compatible with fibroblasts and keratinocytes in collagen andmedia,
respectively. The authors indicate that this approach will
subsequently permit the recapitulation of full-thickness skin
tissues, particularly with the addition of modified hydrogels.

3.2 Cell electrospinning

Cell electrospinning is a high-resolution technique that relies on
expelling a stream of electrically charged, liquid biomaterial that
form continuous, randomly oriented fibers (<50 nm) as they exit the
apex of the cone (Gaskell, 1997). The technology relies on a nozzle
tip that is connected to a high voltage direct- or alternating current, a
flow controller, and a capture device (Keirouz et al., 2023). Cell
electrospinning represents an advancement on regular
electrospinning, since it allows the user to include live cells in the
fibrous ECM. Moreover, cell electrospinning achieves a more
uniform distribution of cells in comparison to traditional
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electrospinning as it negates the need for post-fabrication cell
seeding (Keirouz et al., 2023; Nosoudi et al., 2023).
Demonstrating the feasibility of the technique, Townsend-
Nicholson and Jayasinghe (2006) first embedded astrocytoma
cells in electrospun fibers and, following refinement of the
technique, the resulting cell-laden scaffold can then be used for
an array of tissue engineering applications (Eddaoudi et al., 2010).
However, various parameters, including electric field intensity, the
nozzle tip and capture device distance from one another, bioink
concentration, viscosity, and speed of propulsion, and temperature
and humidity of the environment have a fundamental impact on
scaffold morphology (Si et al., 2023).

A key advantage of this method is the ability to generate cell-
laden scaffolds with small and larger cell numbers, the capacity to
capture complex spatial architecture in the z-axes, and the ability to
cross-stitch the architecture to control the level of stiffness to
withstand internal and external forces following transplantation;
for instance, Ehler et al. developed a cardiac patch which
demonstrated the potential to function under mechanical and
biological stress (Ehler and Jayasinghe, 2014). However, there are
several limitations, including difficulties in controlling cell density.
Moreover, fibers placement accuracy may be reduced by the
whipping phenomenon that arises during fiber generation as a
result of instabilities in the expelled jet of cell suspension
(Nosoudi et al., 2023; Si et al., 2023).

Electrospun nanofiber scaffolds hold interest for wound healing
application as they can promote cell proliferation and differentiation
due to the large, interconnected porous surface area which facilitates
gas and nutrient exchange (Xu L. et al., 2022; Xu H. et al., 2022).
Since cell-electrospinning allows the inclusion of live cells in the
fibrous matrix, an array of cell types have been included in
electrospun scaffolds including macrophages, endothelial cells,
neutrophils, bone marrow mesenchymal stem cells, neural stem
cells, fibroblasts and keratinocytes (Hong et al., 2019; Maurmann
et al., 2023; Nosoudi et al., 2023). Crosslinked, rather than axial,
nanofibers may promote superior fibroblast and keratinocyte
migration within a 3D environment (Wang and Cui, 2021).
These considerations can be accommodated by this technology;
however, there are limitations such as loss of mechanical strength
and maintenance of cellular viability over time (Hong et al., 2019;
Wang and Cui, 2021; Maurmann et al., 2023).

To ameliorate limitations due to bulkiness of the device and the
need for a power supply, portable, battery-operated electrospinning
devices have been developed. These portable devices directly deposit
nanofibers in the affected skin (in situ bioelectrospinning) and can be
personalized to the target location and used beyond optimal
operating theater conditions, such as conflict zones or low-
resource settings (Xu S. et al., 2022). Although the feasibility of
deploying portable devices for electrospinning wound dressings has
previously been studied (Yan et al., 2019; Zhao et al., 2020), Xu et al.
reported the first in situ cell electrospun dressing using a handheld
device to apply bone marrow-derived stem cell (BMSCs)/polyvinyl
alcohol (PVA) scaffolds directly to full-thickness injury sites (Xu S.
et al., 2022). Cell survival immediately after cell electrospinning
increased from 90.15% to 99.21% after 7 days in culture, which
indicated that that cell proliferation was not impaired by the
presence of the electrospun scaffold. The authors also determined
that post-transplant, the wound closure time was significantly

shorter in the cell/PVA group compared to either PVA alone or
control groups. Interestingly, after 7 days, the granulation tissue was
thicker, epithelial tissue had migrated towards the wound center,
and skin appendage regeneration was evident in the cell/PVA
condition. After 14 days, the wound was closed and covered by
epithelized epithelial tissue, and an increase in subcutaneous
fibroblasts and collagen fibers were detected. The authors noted
that fiber deposition was not always accurate and that the repair
mechanism remains unclear. Thus, there is a need for additional
studies evaluating the cellular and molecular mechanisms driving
wound healing in these scaffolds.

4 Bioprinted skin constructs

Organ-on-a-chip platforms offer great versatility to generate
spatially organized tissue-constructs in the microscale. However,
they struggle to generate the large 3D organ architectures that would
be needed for skin or tissue transplantation (Rothbauer et al., 2022;
Wu et al., 2023). State-of-the-art technologies, such as 3D
bioprinting, may be able to fulfill this need. Specifically,
bioprinting allows the fabrication of scaffold layers including
living cells and ECM components that can be precisely stacked
to mimic in vivo organization (Dey and Ozbolat, 2020; Matai et al.,
2020). Various subcategories of 3D bioprinting, including extrusion,
droplet and laser, have been developed with the aim of fabricating
multicellular tissues and, eventually, living organs for
transplantation.

Over the past decade, due to its thin and stratified nature, skin
emerged as an early test bed for 3D bioprinting aimed for tissue
repair and regeneration (Murphy and Atala, 2014). This idealized
workflow would first use computer scanning imaging to design a
graft perfectly matching the size and architecture needed in the
wound site. Subsequently, bioprinting would be used to fabricate
structures layer by layer according to a spatial geometry of choice to
be transplanted. Alternatively, the skin surrogate could be directly
printed onto the wound site using in situ bioprinting. Ideally, the
scaffold would slowly degrade or integrate with host tissue, gradually
leading to tissue regeneration (Weng et al., 2021b).

4.1 Requirements of bioink for skin
constructs

Bioink selection is one of the central considerations of 3D
bioprinting. Bioink refers to a hydrogel or solution that is
composed of a mixture of living cells, biologically active factors
(e.g., cytokines and chemokines), and biological
scaffolding materials.

Bioink development poses considerable challenges as pre- and
post-printing requirements differ: bioink must remain in a dynamic
state during the printing process, yet must rapidly solidify, retain its
shape over time, and provide a suitable environment for cell and
tissue development (Freeman et al., 2022). Therefore, gelation
kinetics, rheological properties, resolution potential, and the
ability to mimic the ECM are key considerations (Weng et al.,
2021b). Amajor consideration of any substance to be implanted into
the human body is that it is biocompatible, biodegradable, and
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bioinert to ensure cell survival and minimize host immune response
(Balavigneswaran et al., 2023b). As bioink is in direct contact with
cells, it is essential that the bioink is conducive to maintaining cell
viability and mimics the in vivomicroenvironment. Further, printed
bioink should recapitulate biophysical properties of the tissue such
as porosity, stiffness, architecture, to ensure both engraftment and
printability of complex skin phenotypes (Javaid and Haleem, 2021).

Choices of scaffolding materials range from natural biopolymers,
including proteins like collagen, fibrinogen, gelatin or albumin, to
polysaccharides like cellulose, chitin, and chitosan, or synthetic
polymers such as polycaprolactone (PCL) and poly (lactic-co-
glycolic) acid (PLGA) (Tarassoli et al., 2018; Wang and Liu, 2018).
These materials should be printable, which depends upon overall
mechanical properties, including viscosity and shear thinning, and
capacity for cross-linking, whether using physical, chemical, ionic or
stereocomplex mechanisms (Tarassoli et al., 2018).

Bioink formulations can be further refined to address particular
concerns, such as bacterial infection and severe inflammation which
can impede or prevent wound healing (Wang et al., 2024). For
example, Zeng et al. determined that functionalizing a silk fibroin/
kappa-carrageenan (kCA)-based hydrogel dressing with the
polyphenol found in green tea, epigallocatechin-3-gallate
(EGCG), and Cu2+ enhanced the sustained release of their
antibacterial and antioxidant properties (Zeng et al., 2022). This
formulation also improved scavenging of intracellular reactive
oxygen species, small molecules, such as hydrogen peroxide and
hydroxyl radical that play a fundamental role in inflammation
severity and slow tissue regeneration (Zhao et al., 2017; Wang
et al., 2024). The EGCG compound alone demonstrated a 43%
killing rate of S. aureus and E. coli; however, submerging the
hydrogel in the Cu2+ for 30 min significantly increased the kill
ratio to 93%. Zhao et al. developed the first series of chitosan-
based, antibacterial, autonomously self-healing hydrogels which
promoted wound healing (Zhao et al., 2017). While dressings
with antibacterial agents can reduce infection risk, wound
coverings and skin constructs may result in more prolonged
beneficial activity and reduced cytotoxicity. The use of elastic
hydrogels means they are able to self-repair several times in a
row after bearing external mechanical forces, as demonstrated by
the authors. The capacity to recover in this manner lengthens the
lifespan of the skin construct and reduces inflammatory responses.
Self-healing hydrogels are also believed to improve vascularization.

Other authors have reported using bioinks to improve
vascularization; for instance, Ouyang et al., used gelatin as a
sacrificial material to achieve structural fidelity and enhanced
endothelialization (Ouyang et al., 2020). To ensure scaffold
robustness, these authors used two bioinks, a gelatin templating
and a photo-crosslinkable matrix bioink, printed side-by-side with
embedded fibroblasts and HUVEC cells. This workflow allowed the
authors to photo-crosslink the matrix and then incubate the
structure at 37°C to liquify the gelatin to create a channel
network. This technique demonstrated improved, uniform
tubular structures, robust viability of human dermal fibroblasts,
and enhanced in situ endothelialization. These HUVEC-lined
channels successfully recapitulated complex vascular networks in
3D structures.

Due to the shortcomings inherent to many bioinks, such as
suboptimal mechanical properties, Kim et al. developed a

decellularized porcine skin as novel skin-derived extracellular
matrix bioink (Kim et al., 2018). The bioink contained cytokines,
growth factors, and other ECM components and exhibited excellent
wound healing properties in vivo. However, most ECM formulations
are unsuitable for bioprinting by themselves due to their low
viscosity and mechanical strength. Other biomaterials would need
to be added to complement this formulation, such as gelatin (Zhang
et al., 2023). In the following sections, we will discuss all other
components to be considered to optimize bioprinting of a
transplantable construct.

4.2 Cell types, growth factors, and printing
modalities

Along with the choice of biomaterial, cell selection is a crucial
determinant of whether a bioprinted tissue is functional in vivo.
Cells for bioprinting must be non-immunogenic and should be
amenable to in vitro expansion; furthermore, whilst keratinocytes
and fibroblasts are frequently used in bioengineered skin constructs,
additional cell types such as melanocytes, Langerhans cells, hair
follicle papillae, adipocytes and epidermal stem cells have been
integrated into more complex models (Gao et al., 2021b).
Additionally, non-skin derived cells may also be included. A
further consideration for clinical translation is that extremely
large numbers of cells in the range of billions are required to
mimic human skin. At present, cell expansion methods can only
achieve cell expansion in terms of millions of cells, thus novel
technologies are necessary to propel industrial scale-up (Varkey
et al., 2019).

Growth factors can be defined as biologically active proteins
released by cells, and they promote cell proliferation and
differentiation. Well established examples include epidermal
growth factor (EGF), which plays a role during wound healing
and the production of collagen-I fibers; basic fibroblast growth
factors (bFGF) and fibroblast growth factor-2 (FGF-2) which are
essential during neovascularization, epithelial morphogenesis, and
limit wound contraction; and vascular endothelial growth factor
(VEGF) which is fundamental to angiogenesis.

3D bioprinting has great potential in recapitulating live
microenvironments and tissues. Moreover, 3D bioprinting is high
throughput, reproducible and has a shorter production cycle
compared to other methods (Gao et al., 2021b). To achieve these
goals, various techniques have been employed (Figure 5), including
inkjet, microextrusion, and laser-assisted printing:

4.3 Inkjet printing skin constructs

This method is based on the principles of traditional inkjet
printing and uses thermal, electromagnetic, or piezoelectric forces to
deposit bioink droplets onto a substrate. Inkjet bioprinting offers
excellent compatibility with commonly used biomaterials, is
adaptable, and highly accurate impact construct viability
(Davoodi et al., 2020). This method has been used to generate
vascular system, bone, and cartilage constructs; for instance, Lee et al
created a functional vasculature by using simultaneous printing of
cells and ECM around the vascular channel (Lee et al., 2014a; Lee
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et al., 2014b). Gao et al. developed a method that condensed four to
five steps into a one-step bioprinting protocol that demonstrated
superior mechanical properties, enhanced viability, and the
acrylated poly (ethylene glycol) (PEG)-peptide scaffold
significantly inhibited bone marrow-derived human mesenchymal
cell hypertrophy during chondrogenic differentiation and also
enhanced osteogenic differentiation (Lee et al., 2014c; Gao
et al., 2015).

Lee et al. used inkjet-based 3D bioprinting to generate a
preliminary biomimetic skin construct using two keratinocyte,
three fibroblast, and eight collagen layers (Lee V. et al., 2014). The
model was able to successfully maintain the shape, structure, and
function during the desired culture period. Extending this approach,
Park et al. created self-organized 3D collagen microstructures using
drop-on-demand inkjet printing that incorporated papillary
microstructures at the dermal-epidermal junction, which enabled
fibroblasts to be patterned at a higher density (Park et al., 2020).
Ng et al. described a two-step approach to generate pigmented skin
substitutes by printing keratinocytes and melanocytes into the surface
of their collagen-fibroblast dermis, which displayed superior
distribution and a greater number of biomarkers in comparison to
skin surrogates generated using traditional pipetting techniques (Ng
et al., 2018; Gao et al., 2021b).

Inkjet bioprinting has been used to generate more sophisticated
skin surrogates; however, vascularization remains challenging. To
promote neovascularization, Yanez et al. constructed a skin
substitute that contained keratinocytes, fibroblasts, and HUVECs
seeded in a collagen type I and fibrinogen matrix (Yanez et al.,
2015). These were transplanted onto thymus-free nude mice and
exhibited the formation of new microvessels and accelerated wound
healing in comparison to a commercially available wound dressing
(Apligraf) with the goal of creating customized skin surrogates, Jin
et al. used a gelatin bioink with fibrinogen and alginate to harden the
tissue post-printing and the cultured tissue maintained a survival rate
of 90% after 14 days (Jin et al., 2022). The authors focused on calcium
ions due to their role in keratinization. The results indicated that the
addition of calcium ions and an air-liquid interface increased
expression of loricin, a component of the conformed cellular
envelope, which serves as a terminally differentiated stage marker
for keratinocytes. Although they observed epidermal cell
differentiation and migration to the upper layers of the epidermis,
the keratinocytes failed to form a binding monolayer and instead
exhibited a scattered distribution. The authors suggest that extending
the time spent in culture or applying a thin layer of gelatin to the
surface of the construct may ameliorate some of these drawbacks.

4.4 Extrusion printing skin constructs

Extrusion printing uses a pneumatic, solenoid, or mechanical
dispensing system that deposit continuous filaments of bioink
through a nozzle (Zhang et al., 2019) This technique can
accommodate higher viscosity substances, including bioinks with
cell densities that are physiologically relevant, and has been used for
tissue and organ generation applications. One of the main
drawbacks of this technique are the shear forces used during the
extrusion process, which if not carefully balanced, can reduce cell
viability (Murphy and Atala, 2014).

Pourchet et al. developed a bioink that was composed of alginate,
gelatin, and fibrinogen to generate a scaffold-free epidermis-dermis
system in the shape of an adult human ear that permitted spatial
control over complex structures (Pourchet et al., 2017). Daikuara
et al. also used extrusion-based printing, in this case with a
composite bioink of platelet lysate, a source of growth factors
involved in wound healing, and gelatin methacryloyl to generate
a skin construct which attained appropriate rigidity, cell adhesion,
viability, and proliferation (Daikuara et al., 2022).

Quilez et al. generated a bilayer skin construct via continuous
extrusion bioprinter and bioinks using a human plasma-derived fibrin
matrix seeded with primary human fibroblasts with primary human
keratinocytes on top of the scaffold (Quílez et al., 2020). The model
demonstrated that large areas of skin construct could be rapidly
printed. By analyzing markers such as an anti-K10 antibody, which
labels differentiated epidermal keratinocytes, the authors concluded
that the construct possessed structural and functional similarities to
native skin and skin constructs that were manually produced by their
group. Cubo et al. used a modified extrusion bioprinter with four
syringes to print a human bilayered skin equivalent using bioinks
containing primary human fibroblasts and keratinocytes along with
human plasma (Cubo et al., 2016). Authors were able to print
100 cm2 of skin in less than 35 min, a clear feat in the field. Using
histological and immunological analysis the authors determined that
the in vitro skin construct was similar to native skin with a stratum
basale, spinosum, granulosum, and a mature stratum corneum
indicative of terminal differentiation, indicating complete
differentiation of the skin surrogate. Further analysis using
established skin markers (e.g., Collagen VII), revealed that dermo-
epidermal junctions were correctly formed. This is essential for
mechanical stability and its absence results in the extreme
blistering observed in Dystrophic Epidermolysis Bullosa patients
(i.e., genetic skin disease caused by mutations in Collagen VII gene).

As previously discussed, the ideal skin surrogate requires an air-
liquid interface; however, this is problematic for extrusion-based
bioprinting as the cells are encapsulated within the bioink.
Consequently, Ahn et al. utilized a sacrificial gelatin-assisted
extrusion bioprinting technique which displayed improved
epidermal differentiation and stratification in comparison to
other extrusion bioprinting technologies (Ahn M. et al., 2023).

These findings suggest that extrusion-based 3D bioprinting, in
conjunction with tailored bioinks, can facilitate the generation of
complex, physiologically relevant wound repair. Nevertheless,
extrusion-based bioprinting is slower compared to other types of
bioprinting and has a lower resolution that can limit clinical
applications.’ However, there are numerous advantages in
comparison to jet and laser-based methods, such as faster speed,
wider array of suitable bioinks, greater mechanical strength, and the
ability to bioprint porous grid structures, which can aid nutrient and
metabolite circulation (Weng et al., 2021b).

4.5 Laser-assisted bioprinting skin
constructs

Initially developed as a high-resolution metal patterning
technique for the computer chip industry, this technique is
nozzle- and scaffold-free (Zennifer et al., 2022). A laser beam
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pulses onto a donor ‘ribbon’ structure that has an energy absorbing
layer with bioink. The heat generated by this process allows the
deposited bioink to rapidly evaporate and the resultant liquid
droplets to be sprayed onto a substrate; this method is non-
contact and, as it avoids mechanical stress, cell viability is
preserved (Xie et al., 2020).

Specifically, Koch et al. determined that laser-assisted
bioprinting did not have deleterious effects on cells, such as
increased apoptosis or fragmented DNA (Koch et al., 2010; Koch
et al., 2012). They used laser-induced forward transfer, a process
involving a laser pulse to deposit cells onto a film, which are
propelled forward onto a Matriderm scaffold. Human fibroblast,
keratinocyte cell lines and mesenchymal stem cells were included in
their constructs with cell viability of 90%–98%, and retained
proliferation capacity. Building upon their own work, Michael
et al. used laser-assisted bioprinting to generate a fully
cellularized skin construct with fibroblasts and keratinocytes on
top of a stabilizing matrix (e.g., Matriderm) (Michael et al., 2013).
The authors determined that the technique does not negatively affect
cellular phenotype or function and could be applied to the
generation of other tissue types. After transplant, the Matriderm
carrier became populated by both the printed and host fibroblasts,
which resulted in integration of the construct into the wound.
Although there was a lack of full keratinocyte differentiation and
vascularization, the authors proposed that printing ridges and a
thicker epidermis will resolve these issues. While the potential of this
technique is high and preserves cell viability, high throughput
printing is limited due to the lack of a rapid gelation mechanism
(Weng et al., 2021b). In the last years, there has been a rapid increase
of studies leveraging bioprinting techniques to generate
sophisticated bioengineered skin systems (Figure 6).

4.6 In situ 3D bioprinting skin constructs

Bioprinting has several limitations in respect to clinical
translation, including relative fragility of constructs due to initial
weak mechanical strengths, risks of contamination during transport,
and maintaining viability of the graft in culture (Singh et al., 2020).
This can negatively impact structural fidelity and increase
contamination and subsequent infection risks. In situ bioprinting,
(i.e., in vivo), has emerged as a promising alternative. In situ
bioprinting involves the graft being directly printed onto the
target location in the living host’s body, which is then essentially
used as a bioreactor (Singh et al., 2020). Early attempts by Binder
et al. made use of inkjet printing and collagen-fibrinogen hydrogel
precursors with embedded human fibroblasts and keratinocytes
(Binder et al., 2010). Grafts were printed in a layer-by-layer
fashion directly onto the injury site. Enhanced wound recovery
was observed with complete closure at 3 weeks with a dermal and
epidermal structure present.

Some other examples have been reported since. Sofokleous et al.
developed a portable electro-hydrodynamic multi-needle spray gun
to allow delivery of artificial skin, along with drugs and wound
dressings to injured skin (Sofokleous et al., 2013). Later, Hakimi
et al. produced planar dermal and epidermal tissue sheets from a
microfluidic cartridge that were tested in murine and porcine
models as proof-of-concept (Hakimi et al., 2018). Another

example was reported by Albanna et al., who developed a mobile
printing system consisting of a portable wound scanner and printer
head with XYZ movement capacity within a small frame for on-site
treatment of extensive cutaneous injury (Albanna et al., 2019). This
mobile inkjet printer delivers a hydrogel with either autologous or
allogeneic dermal fibroblasts and epidermal keratinocytes for rapid
wound closure with only <15% of the original injury size observed at
14 days and full closure after 3 weeks versus collagen and fibrin
matrix alone or untreated controls. Reduced wound contraction,
and a dermal structure similar to that of healthy skin was also noted.

In situ bioprinting can be used in conjunction with other
innovative technologies, including machine learning, as the
increased geometrical accuracy afforded by artificial intelligence
helps to compensate for movement and the irregular topography
of wound sites (Freeman et al., 2022). The generation of grafts for
posterior implantation is done away from to the wound surface and
grafts are printed on a planar substrate before grafting to the target
site. This can lead to geometric mismatches between the construct
and target surface (Zhu et al., 2020; Freeman et al., 2022). In
contrast, in situ bioprinting is directly targeted to the graft site
and artificial intelligence (AI) can be optimized to sense and predict
the printing environment including moving freeform surfaces, for
example, printing cell-laden hydrogels onto a free-moving hand or
live mice (Zhu et al., 2018). 3D bioprinting can involve AI at
different levels and be divided into broad categories (Zhu
et al., 2020):

1) Without AI - this is conventional 3D bioprinting where
computer-aided design models are used to fabricate the
model in a deterministic manner using a pre-computed
toolpath. Albeit offering the least flexibility of all the
techniques, this is the most common approach.

2) Open-loop AI - this approach uses pre-acquired, offline data,
such as laser scans of multi-view images, and complex
algorithms to reconstruct the precise 3D geometry of the
graft site (Mahmoudi et al., 2023). This information is used
by the printing platform to determine optimal tool path that
considers varied geometrical parameters, such as skin
deformation to maximize fidelity to a dynamically changing
host site (Zhu et al., 2020). This workflow has the potential to
accommodate shape-morphing properties of materials,
induced by mechanical load and thermal expansion, to
print a 3D structure that complies with a changeable graft
site. Open-loop techniques permit high structural fidelity, thus
allowing an improved match between the printed construct
and the unique surface of the target defect. However, once the
construct is printed the system cannot adapt to changes,
including recipient movement during print operations (Zhu
et al., 2020; Mahmoudi et al., 2023).

3) Closed-loop AI - sensing and adapting to dynamic changes are
key benefits of this technology. Sensory data generated by
integrated cameras and strain gauges is processed by AI in real-
time to recognize both low- and high-level properties of the
graft site. Moreover, the toolpath can be adjusted in real-time
via a feedback-control system that can assess and correct for a
vast array of factors. These factors include nozzle clogging,
drift of the print head, temperature changes, topography of the
graft site and human error (Zhu et al., 2018; Pugliese and
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Regondi, 2022; Mahmoudi et al., 2023). Closed-loop systems
use online data to permit real-time adjustments to enhance
printing quality, even where the recipient is moving, due to
online tracking. Consequently, rapid online updates to guide
the tool path is clearly advantageous when considering clinical
translation (Zhu et al., 2020; Pugliese and Regondi, 2022).

4) Predictive AI - this technology has the potential to mitigate
some of the limitations of closed-loop systems in which
movement of the target location is assumed to be quasi-
static. When the host site undergoes rapid changes, closed-
loop approaches cannot provide real-time feedback quickly
enough to avoid latency in corrective adjustments. Predictive
AI uses previous data to sense current conditions, for example,
the configuration of the wound site, and anticipate future
states, such as deformation, to reduce error. Therefore, it is
particularly useful for printing on moving targets and on
organs, such as a beating heart, which exhibit quasi-
repetitive movement. This technology is inherently
complicated and still under development. However, it is
believed that such sophisticated systems are essential to
advance other innovative tools, including 3D printer/
‘robotic surgeon’ hybrids, to facilitate safe in situ printing
on the fragile tissues of living recipients (Zhu et al., 2020).

Handheld printing devices are convenient and permit the
physician to directly print onto the wound site. However, their
application is limited to simple structures and there is the risk of
human error, especially if the device is heavy or uncomfortable to
operate (MacAdam et al., 2022; Xie et al., 2022). Conversely, robotic
technology can perform accurate, repetitive movements without
human fatigue. Robotic-based systems are now routinely used in
minimally invasive surgical settings to assist the surgeon with the
precise operation of instruments (Xie et al., 2022). This occurs via
remote, computer-aided control over robotic arms and has laid the
foundations for their use in in situ bioprinting (Wang X. et al., 2022).
Robotic assisted in situ printing (i.e., bioprinting robots controlled
by computers) exhibit improved accuracy and flexibility, particularly
when printing curved surfaces and complex geometries (Dong et al.,
2022). Robotic systems have been used to enhance spatial control
and consistency in comparison to manual, handheld tools which are
limited in terms of their ability to print non-fixed structures or to
adapt to anatomical differences. However, delays in responding to
tissue topography can lead to poor printing quality or tissue damage.
Combining predictive AI with robotic ‘surgeons’ can alleviate some
of these concerns and reduce printing errors. Nevertheless, the use of
robots to assist in clinical settings has not currently progressed
beyond prototyping phases and the majority of machine-controlled
platforms are only suitable for epidermal applications (Zhu et al.,
2018) as they use a gantry that can move in the X, Y, and Z-axes
enclosed in large frames (O’Neill et al., 2017; Zhu et al., 2018).

Nonetheless, whilst the incorporation of AI into in situ
bioprinting is intriguing and holds the promise of alleviating
numerous difficulties, the technology is costly and requires
further development to determine the parameters of control
between AI and the human user, and to overcome technological
limitations to avoid errors and to allow switching between
autonomous and semi-autonomous control (Zhu et al., 2020).
Further considerations for clinical translation include the

challenge of operating a printing that is integrated with the
operative site in the body, whilst simultaneously maintaining a
sterile surgical field and navigating confidentiality regulations
such as HIPAA as patient information may be disclosed not only
to medical staff, but engineers and other related staff (Matai
et al., 2020).

4.7 Combining 3D bioprinting and
microfluidics for improved skin constructs

Whilst both microfluidic organ-on-a-chip and 3D bioprinting
represent cutting edge technologies in the fields of tissue and/or
organ engineering, each method displays several limitations, which
impede clinical application. 3D bioprinting permits the rapid
generation of complex biomimetic architectures at high
resolution. However, the resultant engineered tissues differ
considerably from that of native tissue with most printing
techniques focusing upon geometry rather than function (Ma
et al., 2018). Conversely, microfluidic technologies recapitulate
physiological responses via the precise control over fluids that
carry cells, biomolecules or cells and laminar flow permits the
input of multiple materials without mixing (Richard et al., 2020);
however, operating at the microscale, this approach faces immense
difficulties in scaling up to sizes suitable for tissue and organ
transplantation (Ma et al., 2018). However, the notion of hybrid
bioprinting-microfluidic platforms is gaining traction and there
have been a number of attempts to generate tissues that are both
structurally and functionally competent.

Human tissue exists at the micro, meso, and macro scales and
this hierarchical cellular organization underpins proper tissue and/
or organ function (Richard et al., 2020). However, 3D bioprinting
operates at the macroscale level and is currently limited by the
inability to achieve the microscale resolution necessary for
appropriate microenvironmental cell signaling for cell
differentiation and spontaneous morphogenesis (Richard et al.,
2020). Therefore, the addition of microfluidic technologies, which
utilize fluids and physical parameters at the microscale, can be
employed to enhance microstructural control over zone-specific
heterogeneity in multi-material and multi-cell bioprinted tissues
(Richard et al., 2020). Seol et al. engineered a customized “BioMask”
skin substitute combined with a wound dressing to address the
complications inherent to treating severe facial injuries (Seol et al.,
2018). The strategy used integrated tissue-organ printing that
combines extrusion bioprinting and a multi cartridge element to
print different material in a controlled manner to produce a
trilayered structure that precisely matches the contours of a
patient’s face - an advance over constructs engineered as a flat tissue.

With the popularity of extrusion bioprinting much of the focus
of integrating 3D bioprinting with microfluidic technology has been
on this technique (Davoodi et al., 2020). This has led to the
development of instruments that offer improved manipulation of
small (<10–9 L) bioink volumes through small microchannels
allowing the simultaneous extrusion of multiple bioinks to
fabricate heterogeneous structures (Davoodi et al., 2020).

Despite many improvements in skin construct development,
there are still limitations as native skin does not exist as a planar
patch, as seen in most models. Where geometry is more complex,
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such as the face or the hand, there is an unmet need for grafts able to
fully enclose irregularly shaped regions, rather than a patchwork of
smaller grafts. To address this concern, Seol et al. engineered a
customized “BioMask” skin substitute combined with a wound
dressing to treat severe facial injuries (Seol et al., 2018). The
strategy used integrated tissue-organ printing that combines
extrusion bioprinting and a multi cartridge element to print
different material in a controlled manner to produce a trilayered
structure that precisely matches the contours of a patient’s face - an
advance over constructs engineered as a flat tissue.

An unmet need is to generate grafts capable of mimicking the
mechanical and structural properties of continuous skin
(Pappalardo et al., 2023). Using a 3D printed permeable hand-
shaped scaffold, the authors seeded cells in layers, beginning with
fibroblasts and collagen I using a PDMS negative mold to form the
dermis. After 14 days, the space between the dermal layer and the
mold was injected with primary human keratinocytes in culture
medium to generate an epidermal layer. They subsequently exposed
one side of the construct to medium and the outer side to air to
ensure cornification of the glove-like skin equivalent. The model was
vascularized with human dermal blood endothelial cells to aid graft
viability and demonstrated that the construct could be successfully
transplanted onto a mouse hindlimb, thus illustrating the potential
for personalized care for challenging geometries. The edgeless
construct displayed superior resistance to rupture stress
compared to conventional hydrogel-based models, which can
withstand more robust handling and grafting. However, although
this technology offers numerous benefits, including the potential to
grow constructs from small autologous biopsies, the engineered
tissue currently lacks the appendages, pigmentation, and immune
function present in native skin.

Overall, 3D bioprinted cell constructs are a promising alternative
to traditional methods and can achieve high levels of reproducibility,
is a high throughput technology, and can generate on-demand,
spatially complex structures that include multiple cell types.
However, maintaining precision can be problematic, particularly at
the corners of printed structures, due to the fluctuating flow and
pressure in the device; nonetheless, the use of PDMS-based
microfluidics chips to ameliorate some of the issues with
bioprinting as a stand-alone technique requires time consuming
multistep photolithography protocols, and the inherent risks of
nozzle clogging remains. Combining extrusion and microfluidic-
based bioprinting systems may offer higher resolution results than
extrusion printing alone and spatial gradients are possible; conversely,
speed and resolution remains lower than inkjet techniques, which also
present superior cell viability (Davoodi et al., 2020). Consequently,
further optimization of both bioinks and printing hardware is
required (Davoodi et al., 2020). Nonetheless, if the goal is to
transition beyond lab-based construct generation for basic research
to fully functional, biomimetic tissues, then combining technologies
offers novel opportunities for regenerative medicine.

5 Roadmap for clinical translation

The emergence of innovative technologies to generate
sophisticated skin surrogates offers a promising route toward lab-
grown skin and other tissues. However, this enthusiasm must be

tempered, as there are a number of regulatory steps that must be
overcome to enable safe and cost-effective deployment of these
technologies into the clinic. To comply with legal requirements and
to ensure patient safety, manufacturers of medical devices and
therapeutic interventions are obligated to comply with several
rigorous hurdles before a product can be brought to market.
There are regional monitoring agencies, including the European
Medicines Agency (EMA), Health Canada, and the Australia
Therapeutic Goods Administration (TGA), which evaluate risk
and maintain safety standards (Beheshtizadeh et al., 2022). In the
United States, the US Food and Drug Administration (FDA)
oversees approval of drugs and medical devices, and the
regulatory pathway depends upon factors such as whether the
product uses human cells or tissues, animal-derived or synthetic
materials and the intended application (Belsky and Smiell, 2021).
Skin surrogates are a heterogenous product that may be cellular or
acellular; can vary in terms of human, animal, or synthetically
derived sources; and may feature either the epidermis or dermis
alone or can be composite structures. These factors influence which
FDA pathway is most appropriate and the amount of supporting
data required regulatory complexity increases from Class I devices
(low risk) through to Class III (high risk) (Belsky and Smiell, 2021).

Commercially available tissue engineered, and regenerative
medicine products have only been available for the past 2 decades
and determining the most appropriate pathway to evaluate safety and
efficacy has been fraught with difficulties (Mansbridge, 2020). Engineered
skin substitutes are frequently considered combination products (Varkey
et al., 2019) that do not readily fit into FDA the regulatory centers, which
are the Center Drug Evaluation and Research (CDER) (Varkey et al.,
2019); the Center for Devices and Radiological Health (CDRH); and the
Center for Biologics Evaluation and Research (CBER) (Mansbridge,
2020). Historically, skin replacements were classified as devices;
however, it became clear that the rapidly evolving field of tissue
engineering could also fit into the category of biologics due to the
cellular component. The regulatory trajectory seems to follow this
direction with constructs containing keratinocytes and fibroblasts (e.g.,
GINTUIT), which are often comprised of both device and biologic
components, are being approved by the CBER (Falanga, 2020).

Engineered skin substitutes must meet the requirements of the
FDA Quality System Regulation (QSR)/Medical Device Good
Manufacturing practices (GMP) and the use of novel
manufacturing processes, such as microfluidics and 3D printing,
can incur additional quality evaluations to confirm reliability and
repeatability of graft fabrication and performance (Savoji et al.,
2018). The inclusion of cells also requires the CBER premarket
approval requirement (PMA) (Savoji, 2018), making the process
lengthy and complex (Savoji et al., 2018). There has been concerted
efforts to collaborate with academic and industry bodies to balance
safety with timely access to novel interventions. However,
considerable opportunities for improvement remain, which would
then expedite treatment for patients with life threatening medical
concerns (Savoji et al., 2018).

6 Challenges and future directions

Significant progress has been made in the field of tissue
engineering, yet many challenges remain in the pursuit of
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generating biocompatible, scalable, and commercially viable
transplantable constructs for clinical application. Even in the
arena of skin substitutes which has witnessed the greatest
headway, commercially available options are, arguably,
rudimentary approximations of native skin often lacking full
stratification, vascularization, sensory function, or appendages.
Regulatory approval for engineered tissues has been further
impeded by the reliance on animal models as transplant
recipients, raising concerns surrounding translatability to humans
due to immunological inter-species differences (Zamboni
et al., 2018).

However, bioengineering techniques continue to evolve and
improve, for instance 3D printing is now moving in the direction
of 4D ‘smart’ printing, which essentially refers to constructs that
respond to environmental cues and modify their structure and/or
function in a preprogrammed manner to external stimuli such as
temperature or ultraviolet light (Arif et al., 2022). Nonetheless,
generation of complex multilayer architecture with numerous cell
types that can also regenerate specialized skin appendages, such as
sweat glands and hair follicles, remains elusive. Overall, there are still
some challenges that need to be addressed to consistently
reproducible skin constructs on a commercially feasible scale
which are also cost-effective and easily transportable without
compromising the delicately balanced 3D microenvironment
of human skin.

Nevertheless, advances in the development of biomaterials,
cutting-edge fabrication techniques, and improved understanding
of the mechanical and biochemical properties of specific human
tissue types allows for cautious optimism in the move from bench to
bedside. Additionally, recent emphasis on connecting complicated
manufactured tissue constructs and host tissues, promoting
vascularization and sensory innervation, represents a considerable
step forward. However, as our understanding of the complex
interactions between scaffolds, cells, ECM, and the injury
location increases, additional questions are raised–thus
highlighting importance collaboration between researchers and
clinicians. Thus, we believe an interdisciplinary approach offers
the potential to accelerate the development of truly biomimetic
transplantable precision-engineered tissues.

7 Concluding remarks

Due to the chronic global undersupply of donor organs, it is
imperative that alternative strategies are developed to mitigate the
shortfall and reduce patient mortality and morbidity. Moreover,
even when patients are fortunate enough to undergo organ
transplantation, the risks of graft rejection and the need for long-
term immunosuppression present serious risks. Consequently, there
is an urgent need for innovative solutions to ameliorate these
challenges. To this end, bioengineered tissues and organs have
emerged as an interesting concept; however, to date, these
constructs display limited utility in clinical practice as they
frequently lack spatial complexity, complete vascularization,
immune components, and a fully functional phenotype.

Organ-on-a-chip and 3D bioprinting platforms represent an
advance over traditional methods and progress has been made in
generating skin constructs, but they also present several limitations

and a fully functional skin substitute that captures all properties
present in native tissue has yet to be realized (Figure 7). Whilst
bioprinting offers excellent opportunities to produce intricately
layered structures, maintaining cell viability and preserving tissue
function can be challenging. Conversely, microfluidic technologies
permit precise control over extremely small volumes of fluid, which
recapitulates physiologically relevant functionality, but, due to the
limited size of such devices, the potential to generate tissues and/or
organs suitable for transplantation remains limited. Nonetheless,
with further research, combining microfluidic techniques with 3D
bioprinting may offer a powerful, integrative approach to mitigate
the challenges inherent to each platform when utilized individually.

Nonetheless, despite considerable advances in bioengineering
and regenerative medicine, the gap from ‘bench to bedside’ for even
state-of-the-art engineered tissues is yet to be bridged. The
generation of implantable tissues and whole organs that exhibit
structural complexity, long term survival, and a functional
phenotype has proven elusive; however, increased understanding
of tissue genesis, the dynamic microenvironment, vascularization,
and the immunological milieu has potential to expand the supply of
transplantable tissues and to ameliorate suffering.

Overall, whilst the feasibility of using lab generated constructs for
transplantation is currently speculative, over time, it is conceivable
that engineered tissues and whole organs will augment the critically
limited pool of available donor organs. Many bioengineering
approaches exist and, as no single platform excels at every
application, it is possible that a chosen fabrication technique - or
combinations thereof - may be precisely tailored to suit the specific
parameters of the target tissue, organ, or clinical need. However,
further optimization is required to translate engineered organs from
bench to bedside, and to transform science fiction into clinical reality.
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