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Abstract: Injury or damage to tissue and organs is a major health problem, resulting in about half
of the world’s annual healthcare expenditure every year. Advances in the fields of stem cells (SCs)
and biomaterials processing have provided a tremendous leap for researchers to manipulate the
dynamics between these two, and obtain a skin substitute that can completely heal the wounded
areas. Although wound healing needs a coordinated interplay between cells, extracellular proteins
and growth factors, the most important players in this process are the endogenous SCs, which activate
the repair cascade by recruiting cells from different sites. Extra cellular matrix (ECM) proteins are
activated by these SCs, which in turn aid in cellular migrations and finally secretion of growth factors
that can seal and heal the wounds. The interaction between ECM proteins and SCs helps the skin
to sustain the rigors of everyday activity, and in an attempt to attain this level of functionality in
artificial three-dimensional (3D) constructs, tissue engineered biomaterials are fabricated using more
advanced techniques such as bioprinting and laser assisted printing of the organs. This review
provides a concise summary of the most recent advances that have been made in the area of polymer
bio-fabrication using 3D bio printing used for encapsulating stem cells for skin regeneration. The
focus of this review is to describe, in detail, the role of 3D architecture and arrangement of cells within
this system that can heal wounds and aid in skin regeneration.
Keywords: 3D bioprinting; biomaterials; cell-matrix interaction; laser assisted bioprinting; stem cells

1. Introduction
The aim of engineering new biological material is that it can restore or replace a damaged
or diseased tissue and organs [1–3]. The two most important components that decide the fate of
tissue engineered construct are cells and artificial extra cellular matrices (ECMs), also known as
scaffold or biomaterials that support cellular growth, differentiation, and migration [4–7]. Creating a
construct by blending the principles of life sciences, developmental biology, and engineering that can
address clinical problems, has been the focus of all researchers working in the area of regenerative
medicine [8–12]. The foundation of the current research efforts in the field of tissue engineering is
to recapitulate development processes that occur in vivo in clinical scenarios. This could be achieved
with increased understanding of the roles of scaffold, stem cells, and signaling interaction of cells with
artificial ECM [13–17]. However, before aiming to repair any tissue or organ, understanding of its
anatomical structure and biogenesis is critical as it allows the users to control the conditions that could
affect the neo-tissue formation. In the case of skin, a fundamental understanding of structure and
functional relationship between normal and pathological tissue is required. Skin is the largest organ
in human beings consisting of three different layers, with each of these layers playing significantly
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that can provide this high spatial resolution in neo-tissue is being developed [38–43]. Bio-fabrication
strives to combine both the living and non-living parts of biological structure, but in a controlled
fashion, and the emergence of 3D bioprinting has made it possible to achieve this precision in spatial
resolution. The idea of placing small dots of cells in a specific location is the foundation of modern
inkjet and laser printing methodology and over the years the size of dots has considerably reduced as
innovations keep improving the technology [44,45].
2. Overview of Bio-Printing
3D bioprinting is used for engineering biological constructs, and usually involves dispensing
cell onto a biocompatible matrix using sequential layer-by-layer technique to generate a tissue-like
3D structure. Some of the techniques used for 3D printing of cells include magnetic bioprinting,
sterolithography, photolithography, and direct cell extrusion. Depending upon the organ to be printed,
local cell population is isolated and cultured to attain the desired cell number. These cells are further
mixed with a special liquefied medium that provides nutrition and oxygen required for keeping cells
alive. Cell suspension is placed inside a tubular-like fusion for extrusion. This mix is placed in a
cartridge and the structure is printed based on the medical scan of the patient. This pre-tissue is
incubated and a bioreactor ensures a connective flow of nutrients for maturation of this construct into
functional tissue. Encapsulating cells onto biomaterials during bioprinting provides these cells with
structural support and enhances the maturation process.
2.1. Bioprinting of Hydrogels
Bioprinting is a computer-aided-design (CAD) based technique, wherein deposition of cells and
scaffold material (like hydrogel) is achieved by a printer dispending method in a temporal and spatial
controlled fashion (Figure 2). This technique has gained a lot of importance recently for engineering
porous scaffolds, particularly the way cells are seeded during the printing stage onto the construct [44].
A complex 3D microenvironment can be generated by using a bioprinting system, in which the cells
are integrated into hydrogel to mimic natural ECM of a particular tissue; thereby overcoming various
challenges faced in tissue engineering and regenerative medicine [45]. One of the most used techniques
is a drop on demand, in which thermal inkjet generates bubbles in the ink that force the ink to drop
through the orifice of the microfluidic chamber; this "ink" is nothing but the combination of cell
medium and materials that are to be printed. The ultimate resolution that could be attained using
this technique directly depends on the print-head used for fabrication in the minimum droplet size
approach. This resolution alters further as the droplet spreads on the surface, hence the final resolution
of the biprinted construct will be different from the initial drop size [46]. There are different types of
print-heads available, however, pressure driven microvalve is the easiest in comparison to thermal
and piezoelectric print-heads used for drop-on-demand bioprinters. Spatial resolution obtained from
pressure driven is lower, but throughput is found to be higher than the other two techniques. The older
version of print-heads released in the 1990s is capable of reaching resolution in obtaining single cells
precision theoretically, although it varies with the specific model of inkjet and the size of output
orifice [47]. The best way to overcome the challenges of desktop inkjet is by developing a bioprinter
with a specialized setup. Lee et al., modified the existing inkjet for bioprinting keratinocytes and
fibroblast by microvalves and used it for neural structure fabrication [48], however, major advances
have been made using this technique in the area of skin tissue engineering. Binder et al., modified
desktop inkjet to attain precision, by which a high throughput of delivering 500 cells per drop was
achieved. Furthermore, by bioprinting of fibroblast and keratinocytes using this design they were
able to overcome pitfalls linked with single-cell inkjet bioprinting [49]. This was a cartridge based
system, which allowed any type of biomaterials or cells to be packed into a cartridge to be bioprinted
at a precise location in the wound. This work provided a template to researchers who were seeking to
alter the settings of desktop inkjet printers and showed that personalized modification could be done
in order to produce next generation engineered complex functional grafts [50].
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Figure 2. This diagram shows how the PrintAlive Bioprinter works for skin regeneration. Fibroblasts

Figure 2. This diagram shows how the PrintAlive Bioprinter works for skin regeneration. Fibroblasts
and keratinocytes two types of characteristic skin cells are kept in separate channels and spurted out
and keratinocytes
two types of characteristic skin cells are kept in separate channels and spurted out of
of the 3D printer to custom an organized, multi-layer gel modified from [51].
the 3D printer to custom an organized, multi-layer gel modified from [51].
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demonstrating the advantages and strengths of using 3D bioprinting to overcome the limitation of
traditional tissue engineering techniques. The generation of bio-artificial skin using 3D printing
technique requires isolation of autologous cells, which is then proliferated in the laboratory to obtain
the desired cell numbers followed by layering of cells via a 3D bioprinter [56–58]. This step could
either be by layering of cells on a scaffold or scaffold-free formation of cellular spheroids. If a scaffold
is used, it generally is to provide structural support and is most often removed after cells fuse together
to create their own support system [58]. There are different approaches through which 3D bioprinting
can be achieved as proposed by Atala et al. [59].
2.2.1. Biomimicry
This is a biologically inspired technique, in which the specific cellular functional component
of organ or tissue; like the multi-layers of skin or branching of the vascular system is mimicked.
For success of this approach, the organ has to be replicated at the micro-scale level. Its application in
3D printing includes identical reproduction of the cells and extra cellular component of the specified
tissue or organ. This method requires complete understanding of the precise cellular arrangement and
functionality along with knowledge of the micro-environment, different soluble or insoluble factors,
and the nature of the biological forces in the targeted tissue, which are critical for tissue functionality.
A thorough knowledge and collaboration of imaging, biomaterials, biophysics, engineering, medicine,
and cell biology are required to achieve a significant breakthrough using this approach [60–64].
2.2.2. Autonomous Self-Assembly
According to Atala et al. [59], with in-depth knowledge of the development process cascade and
organogenesis, the skill for manipulating the microenvironment in a way that it compels the embryonic
system to differentiate as bioprinted tissues; biological tissue could be reproduced by following the
development map of the embryo. In the earliest stage of embryo formation, cellular moieties secrete
their own ECM components with precise cell signaling, independent organization, and patterning
which work together to produce biologically functional intrinsic micro-architecture. Cellular spheroids
that undergo fusion and cellular reorganization to mimic architecture of the developing tissue is
another version of the self-assemble approach. However, cellular spheroids are basically “scaffold-free”
and are dependent upon the magnetic suspension technique. The spheroids formed can vary in
size, depending upon the parameters set by the user. Their complete biological functionality directly
depends upon the cells secreting their own ECM component, following the signaling pathways for
histogenesis and the localization process [64–68].
2.2.3. Mini-Tissue
This is another concept relevant to both types of approaches mentioned above and focuses on the
functional unit of any organ or tissue, henceforth called “Mini-tissue”; for example, nerve cells being
the smallest functional unit of the nervous system or nephrons for the kidney. These small units can be
assembled together to form a larger construct using self-assembly or biomimicry techniques. Steps
involved in this are production of small cellular spheroids that act as mini-tissue which are further
stacked or assembled into macro-tissue by using bio-inspired design of organs [69–75].
Recent proof of concept study performed by Lee et al. [76] showed the usage of the 3D printing
technique to engineer human skin in a layer-by-layer assembling process using fibroblast and
keratinocytes cells. In this work, the authors used eight independently controlled cell-dispensing
channels that could position cells, ECM scaffold material, and other growth factors in a user-defined
3D prototype. Each dispense was operated by electromechanical valves which were mounted onto
a three-axis; XYZ robotic platform; with high precision and liquid solution was dispensed at the
gate-opening stage of the micro valves by pneumatic pressure. Depending upon the viscosity of the
materials, the minimum resolution can vary; for example, in the case of aqueous medium which
include water and cell culture medium, the minimum resolution that could be obtained is ~100 µm;
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however, resolution is higher in the case of matrix proteins and collagen. This preliminary work gave
a platform for potential use of 3D bioprinting for complex human skin, as the results suggested that
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consisting of various types of cells with sub-structural arrangement in defined spatial configurations, LaBP
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Figure 4. Skin grafts implanted in mice for 11 days in dorsal skin fold chambers. Sections are stained

Figure 4. Skin grafts implanted in mice for 11 days in dorsal skin fold chambers. Sections are stained
with Masson’s trichrome (A–D) and analyzed with fluorescence microscopy (E), respectively. (A)
with Masson’s trichrome (A–D) and analyzed with fluorescence microscopy
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3. Advances in Stem Cells for Skin Substitute
One area that has raised hopes of tissue engineered skin substitute is the progress that has been
made in the field of stem cells and biomaterials, especially with the emergence of induced pluripotent
stem cells that negate the concerns that were associated with embryonic stem cells.
3.1. Role of Induced Pluripotent (iPSCs) and Embryonic Stem Cells
iPSCs are the most recent advance made in the area of cell biology wherein reprogramming
somatic cells provides an exciting alternative to the use of embryonic stem cells (ESC). Somatic stem
cells are multipotent with self-renewal capacity, found in various organs such as brain, bone marrow,
dermal tissue, and skeletal muscle that enable regeneration of damaged tissues [81]. However, they do
not have unlimited proliferative ability thereby, limiting their application in the field of regenerative
medicine. In order to overcome the limitations and concerns associated with ESCs’ use in the clinical
arena, iPSCs were established in 2006 by Takahashi and Yamanaka [82] (Figure 5). This group used
mouse fibroblast cells and introduced four transcription factors (Oct 3/4, c-MYC, SOX2, and Klf4) that
are responsible for unlimited proliferative characteristics in ESCs. Retrovirus was used as transduction
agent and once reprogrammed, cells were carefully chosen by expression of β-geo cassette. However,
when injected into nude mice they failed to form adult chimeras and showed different gene expression
along with altered DNA methylation patterns. Yet, this experiment opened a complete new area of
research, and a year after, human iPSCs were established by introducing the same transcriptional
factor on fibroblast cells along with another set of transcriptional factors (Oct 3/4, Nanog, Lin28, and
SOX 2) [83]. These human iPSCs were phenotypic, genotypic, and epigenetic status of pluripotent
expression (cell-specific genes) similar to human ESCs [84,85]. Furthermore, the cells were found to
have the capacity to differentiate into all three germ layers and hence named as induced pluripotent
stem cells. Establishing direct reprogramming somatic cells was a milestone in stem cells research, as it
provided an invaluable source of unlimited cell supply for regenerative medicine [86]. iPSCs’ rapid
progression also shows their vast implication in the field of biomedicine, and with high similarity to
ESCs, iPSCs easily bypass the ethical controversy surrounding ESCs’ use in humans. They also offer
superior advantage, such as direct programming of somatic cells, enabling patient-specific cells to
be obtained that can be modulated for high pluripotency [87,88]. The chances of immune-rejection
are also minimized, but the best advantage that iPSCs offer is the chance for correcting any genetic
disorder in patients. For example, for patients suffering from Fanconi anemia, corrections can be
made using lentiviral vector that carries coding for FANCA or FANCD2 and transduces into fibroblast.
These corrected cells can further be expanded into iPSCs as effectively as any wild type fibroblast.
Continuous change and improvement in iPSCs’ reprogramming paves the way for newer approaches
especially in the case of skin tissue engineering. New techniques provide a way to produce iPSCs
from keratinocytes that are isolated from hair follicles of adult patients and then using these cells for
differentiating into various skin related cells [89].
Research performed by Bilousova et al., shows that iPSCs can be differentiated in laboratory
conditions into a range of skin-like cell lines with capacity to form multi-differentiated epidermis
with hair follicles and sebaceous glands [90]. Skin serves as an ideal platform for the application of
iPSCs because, unlike other tissues and organs, skin is easily accessible and cells can be isolated from
both patient and healthy individual. Interestingly, it is not just accessibility that makes skin an ideal
platform, it is also the ability of skin cells to give rise to iPSCs far more efficiently when transduced with
“Yamanaka factor” than when compared to other fibroblast cells. A study performed by Utikal et al.,
2009 shows that “melanocytes and follicular dermal papilla cells” were able to upregulate SOX2, which
happens along with Klf4 murine dermal papilla cells, and could easily differentiate into iPSCs [91].
Another study by Tsai et al., shows that Oct4 alone was sufficient to induce pluripotency in somatic
skin cells, indicating the possibility of a less laborious protocol for reprogramming cells into iPSCs [92].
The few experiments that have shown the proof of concept are the ones conducted by Itoh et al. [93] and
Veraitch et al. [94] demonstrating that reprogramming keratinocytes to iPSCs results in regeneration of
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Adipose stem cells’ (ASCs) discovery opened a new era and made stem therapy a reality, since
Adipose stem cells’ (ASCs) discovery opened a new era and made stem therapy a reality, since
the cells can be harvested in large quantity and applied instantly without needing time for culture
the cells can be harvested in large quantity and applied instantly without needing time for culture
expansion. These progenitors, which are readily available due to the obesity epidemic and the cosmetic
expansion. These progenitors, which are readily available due to the obesity epidemic and the
evolution (lipoaspiration), are known to secrete cytokines that promote fibroblast migration in the
cosmetic evolution (lipoaspiration), are known to secrete cytokines that promote fibroblast migration
wound healing process. ASCs also up-regulate vascular-endothelial growth factor (VEGF) which
in the wound healing process. ASCs also up-regulate vascular-endothelial growth factor (VEGF)
enhances neovascularization [101]. Unlike MSCs, the surface markers for ASCs are clearly defined and
which enhances neovascularization [101]. Unlike MSCs, the surface markers for ASCs are clearly
only if CD29, CD73, and CD90 are expressed in consecutive generations, can these cells be used for cell
defined and only if CD29, CD73, and CD90 are expressed in consecutive generations, can these cells
therapy. Bone marrow fluid is known to contain a very small percentage of MSCs, whereas the amount
be used for cell therapy. Bone marrow fluid is known to contain a very small percentage of MSCs,
of ASCs isolated is 500 fold greater from the corresponding weight of adipose tissue. It is relatively
whereas the amount of ASCs isolated is 500 fold greater from the corresponding weight of adipose
homogenous on surface immunophenotype and displays similar surface antigen; if not identical to
tissue. It is relatively homogenous on surface immunophenotype and displays similar surface
MSCs; making it a potential candidate for regenerative medicine. Huang et al., 2013 created an ulcer
antigen; if not identical to MSCs; making it a potential candidate for regenerative medicine. Huang
in the rat model by electron beam radiation and treated it with ASCs, followed by evaluating the
et al., 2013 created an ulcer in the rat model by electron beam radiation and treated it with ASCs,
wound healing assay. It was found that after three weeks of receiving regular ASCs, the wound size
followed by evaluating the wound healing assay. It was found that after three weeks of receiving
significantly reduced in comparison to control (p < 0.01). On histological testing of the edges of the
regular ASCs, the wound size significantly reduced in comparison to control (p < 0.01). On
wound and immunoblotting for checking the re-epithelialization area, both indicated that the group
histological testing of the edges of the wound and immunoblotting for checking the rewhich received ASCs developed neo-angiogenesis and colocalized with endothelial cell markers in the
epithelialization area, both indicated that the group which received ASCs developed neowounded tissue. This proved that using ASCs could potentially accelerate the wound healing process.
angiogenesis and colocalized with endothelial cell markers in the wounded tissue. This proved that
Epithelization is one of the most important steps for wound healing as it ensures new epithelium
using ASCs could potentially accelerate the wound healing process. Epithelization is one of the most
formation. Various groups have worked on proving the potential of ACSs for wound healing and skin
important steps for wound healing as it ensures new epithelium formation. Various groups have
regeneration [101].
worked on proving the potential of ACSs for wound healing and skin regeneration [101].
Another study conducted by Wink et al., 2014 showed that lesion with great loss of skin and a
Another study conducted by Wink et al., 2014 showed that lesion with great loss of skin and a
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treated with and without ASCs demonstrated that in the group with ASCs, epithelium had not
regenerated completely enough to be measured. In this study, the rate of re-epithelization improved
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treated with and without ASCs demonstrated that in the group with ASCs, epithelium had not
regenerated completely enough to be measured. In this study, the rate of re-epithelization improved
when treated in combination with CMC + ASCs. The cellular differentiation and secretion of various
Polymers 2016, 8, 19 factors could be attributed to the mechanism through which ASCs or
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and bioactive epithelial response. This pinpoints to migratory keratinocytes phenotypes and migratory
Cytokeratin expressions were also found to have increased significantly between control and test;
epithelium,
common
to cutaneous
wound
healing
response
[102].This
This
study demonstrated
indicating
high biochemical
and
bioactive
epithelial
response.
pinpoints
to migratory that
biomaterials
along
with
specific
cells
which
can
secrete
cytokines/growth
factors
could
be the best
keratinocytes phenotypes and migratory epithelium, common to cutaneous wound healing
response
approach
forThis
producing
a graft that successfully
integrates
host tissue
and prevents
infection.
[102].
study demonstrated
that biomaterials
alongwith
withthe
specific
cells which
can secrete
cytokines/growth
couldre-epithelization,
be the best approachneo-vascularization,
for producing a graft that
successfully
integrates
Additionally,
they alsofactors
promote
and
hair follicle
formation.
with
the host
tissue and
prevents
infection. Additionally,
they alsoupon
promote
Current
research
indicates
that
skin regeneration
highly depends
there-epithelization,
host cells and neostem cells
vascularization, and hair follicle formation. Current research indicates that skin regeneration highly
residing in their niche. The biomaterials only act as cell carrier, but if this biomaterial could provide
depends upon the host cells and stem cells residing in their niche. The biomaterials only act as cell carrier,
the micro-environmental
cue needed for dictating cellular behavior, it would provide the most suitable
but if this biomaterial could provide the micro-environmental cue needed for dictating cellular
scenario.
Biomaterials
continue
to play
central
role in
tissue engineering
andtoregenerative
medicine
behavior,
it wouldwill
provide
the most
suitable
scenario.
Biomaterials
will continue
play central role
as theyingive
a engineering
frameworkand
upon
which dynamic
tissue
reconstruction
could
be designed.
However,
tissue
regenerative
medicine as
they give
a framework upon
which
dynamic tissue
reconstruction
could their
be designed.
However,
the more
stem
cells (and their
molecular, genotypic
and
the more
stem cells (and
molecular,
genotypic
and
phenotypic
characteristics)
are explored,
the
phenotypic
characteristics)
are
explored,
the
better
are
the
chances
of
their
application;
especially
better are the chances of their application; especially since stem cells hold the key to success of all
since stem cells
hold the key to success of all tissue engineered constructs.
tissue engineered
constructs.

Figure Figure
8. Progression
of wound
healing.
model.Treated
Treated
with
different
approaches
8. Progression
of wound
healing.(A)
(A)Wound
Wound model.
with
fourfour
different
approaches
of 6adipose
derived
stem stem
upper
100ofµL
of carboxymethylcellulose(CMC)
(CMC)20
20 mg/mL
mg/mL + +
2626
× 10
upper left
(1)left
100(1)µL
carboxymethylcellulose
ˆ6 10
of adipose
derived
6
cells (ADSCs);
(2) 100
CMC
mg/mL ++ 26
bottom
left (3)
100(3)
µL100
of µL of
cells (ADSCs);
upperupper
rightright
(2) 100
µLµL
CMC
1010mg/mL
26×ˆ1010of6 ADSCs;
of ADSCs;
bottom
left
CMC 20 mg/mL; bottom right (4) Sham. (B) Animal, representative of each group showing wound
CMC 20
mg/mL; bottom right (4) Sham. (B) Animal, representative of each group showing wound
closure, from day 0 to day 16. (C) Evaluation of the area of lesions and panel. (D) Determination of
closure, from day 0 to day 16. (C) Evaluation of the area of lesions and panel. (D) Determination of
epithelium thickness. *p < 0.05. Reproduced under open access distribution license from [102].
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4. Conclusions
The ultimate goal of skin repair and engineering is that the skin equivalent should rapidly and
completely restore the skin functions. This construct bio-functionality should also contain appendage
found on normal skin, such as hair follicles, receptors, sebaceous glands, and sweat glands. Skin graft
constructed using 3D printing or the hydrogel process should support rapid vascularization and
facilitate nerve regeneration; only then would a graft qualify as a complete skin regenerating construct.
Researchers are trying different techniques, such as reprogrammed differentiated fibroblast to attain
pluripotent characteristics, thereby overcoming the time consuming step to attain the desired cell
numbers from cell lines. Since these cells are similar to embryonic stem cells, they could be combined
with 3D printing and help in obtaining functional tissue engineered skin. This could be a new direction
to achieve biologically, structurally and functionally similar tissue to natural skin.
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