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ABSTRACT

Tissue engineering has been used for the treatment of several skin diseases and lesions; however, tissue engineering and
regenerative medicine also have a huge potential in cosmetology. They include skin substitutes, cell therapy and
wound-healing treatments based on biomaterial-based replacements and 3D systems. This review focuses on the bio-
printing technology and how it can improve skin functions, restoring pigmentation or helping hair follicles to develop.
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1. Introduction

Tissue engineering (TE) is a multidisciplinary field that
aims at the in vitro engineering of tissues and organs by
integrating biology science, materials and biochemical
factors.

The skin was the first tissue to have been successfully
tissue-engineered in vitro and has also been successfully
translated back into clinical applications. This review is
focused on the skin-bioprinting technology and how it
can be applied in the cosmetic field.

2. The Skin Structure

The skin is the largest complex organ in the surface of
the human body and it has important functions as tem-
perature regulation, control of evaporation, vitamin D
synthesis, maintenance of fluid balance, and protection
against pathogens and the environment. It represents
about 15% of the total adult body weight and is com-
posed by three layers: 1) the stratified squamous epithe-
lium, known as “epidermis”, includes melanocytes, pilose-
baceous follicles and sweat glands, and is originated in
the ectoderm; 2) the dermis, separated from the epider-
mis by the dermal-epidermal junction; and 3) the hypo-
dermis [1].

The epidermis is made of various cell types: keratino-
cytes, representing 90% - 95% of the total cell amount;
melanocytes, localized in the basal layer of the epidermis
and sometimes in the dermis, and non-keratinocytes, in-
cluding mainly Langerhans and Merkel cells, both repre-
senting 5% - 10% of the total cell amount. We can also
find a cell population known as epidermal stem cells,
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localized within the basal layer of the interfollicular epi-
dermis and in the bulge of the hair follicle; they have the
capacity for self-renewal and repair [2].

Epidermal stem cells within the skin often reside in
niches that provide a specialized environment to regulate
their proliferation and differentiation. As a result, these
cells have the capacity to maintain epidermal homeosta-
sis, proliferating from their basal layer (interfollicular
epidermis) through mitotic activity for extended periods
of time in the absence of injury or skin damage [3].

This epidermal stem cell population can generate new
epithelial cells. With the discovery of this cell population,
in the rapidly developing field of epidermal stem cell
research, new possibilities have emerged in the design
and development of skin tissue regenerative techniques
and biomaterials-based skin replacement therapies for the
treatment of skin damage due to injuries or aging.

Melanocytes reside in the basal layer of the epidermis
along with the proliferative keratinocytes. They produce
melanin, a tryptophan-derived lipophilic molecule able to
penetrate skin cell membranes. Melanin has been identi-
fied in a large number of skin-specific regenerative and
anti-apoptotic pathways, including, among others: 1)
stimulation of keratinocyte proliferation; 2) stimulation
of hair shaft elongation in human hair follicles in vitro at
low concentrations, and inhibition at high concentrations;
3) protection against pressure-induced ulcer formation; 4)
reduction of thermal skin injury; 5) thermoregulation of
skin blood flow; 6) protection against necrosis an lipid
peroxidation; and 7) reduction of antioxidative enzymes
in skin flaps. They are also associated to 8) a stronger
radical scavenger; 9) less ultraviolet-induced DNA frag-
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mentation; and 9) a reduction of caspase 9, 3 and 7 acti-
vation, [4]. Melanocytes protect the cells of the integu-
mentary system from a variety of highly damaging envi-
ronmental factors and are vital to the normal operation of
skin.

Adnexa skin structures such as hair and sebaceous
glands are vital to the normal functions of the integu-
mentary system. Hair follicles play an important role pro-
tecting skin from the outside environment and providing
structures within the dermis a communication network
with the outer skin. Sebaceous and apocrine glands attach
to hair follicles and produce sebum and pheromones,
respectively. Hair provides mechanosensory input through
bending of the shaft, which allows sensation of slight
changes in the environment. Immune cells reside in the
follicle, including Langerhans cells, perifollicular macro-
phages, and mast cells. Follicles also play an important
role in wound healing. Cells in the root sheath proliferate
in response to an injury and help to regenerate the epi-
dermis. This is important when considering the coverage
and repair of large areas for cosmetic purposes to restore
normal skin functions [5].

2.1. Skin TE and Regenerative Medicine

Tissue engineering is an interdisciplinary field of the
regenerative medicine, focused on the creation of tissues
and organs with biomaterials and nanostructures to de-
velop, sustain and repair an organ or tissue function. The
main goal is to mimic the normal structure of a tissue.
Cells and an extracellular matrix (ECM) are used to de-
velop biological substitutes to be assimilated by the body
during the tissue regeneration, and cells can also be used
in a cell therapy procedure. To achieve these goals, an
artificial extra cellular matrix (ECM) and a source of cells
are required as well as growth factors (Figure 1).

Tissue engineered replacements play an important role
in the treatment of skin wounds, but they are also an op-
tion for the treatment of several skin disorders affecting
the patients’ general appearance and self-esteem; in these
cases, skin substitutes and cell therapies may have im-
portant clinical applications. These substitutes are created
in natural matrices of biodegradable synthetic polymers.
The porous structure of these biomaterials provides ade-
quate cell adhesion onto the matrix, and their hydrophilic
properties allow transportation of low molecular solutes
and nutrients to the cells.

Biomaterials should have some properties such as 1)
nontoxic degradation, 2) non-antigenic reaction, and 3)
certain physical and mechanical properties, and be able
to promote 4) cell proliferation, 5) cell adhesion and 6)
cell activity [6,7].

Biological materials with potential for skin tissue re-
generation could be “hydrogels” such as collagen, algi-
nate, cellulosa, agarose, chondroitin sulphate, gelatin,
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Figure 1. Tissue engineering strategies.

fibrin, hyaluronic acid, collagen type I, type II, type III,
chitin, tropoelastin, oxidized cellulose, solubilized alpha-
elastin and silk fibroin. Their high hydrophilic capacity
allows water concentration in the skin [8]. Collagen is
also often employed as a cell culture substrate, but it has
also been used like the hyaluronic acid (HA) for wound
healing.

In addition to biomaterials, some synthetic materials
can be used to increase the body’s ability for regenera-
tion and self-healing, by means of seeding cells on it to
form neo-skin tissue. Synthetic polymers have some ad-
vantages, for example: 1) their composition is fully known
and understood, 2) they can be tailored to minimize im-
munological reaction, 3) combine with different copoly-
mers in various proportions, 4) the surface chemistry of
these scaffolds allows cell attachment and spreading, 5)
they have an appropriate degradation rate in the body,
and 6) allow high water content and mechanical proper-
ties for cell attachment, cell growth and development of
neo-tissues.

Some of the most common synthetic polymers used to
make 3-D scaffolds are: PLC (Polycaprolactone), PVA/
PLC (Polycaprolactone-poly-vinil-alcohol), PGA (Poly-
glicolic Acid), PLLA (Poly-L-Lactide Acid), PLGA (Poly-
glycolic-polylactide Acid) and polydioxanone [9] (Fig-
ure 2).

2.2. The Bioprinting System Cosmetic
Applications

In recent years, there have been many advances in the
three-dimensional (3D) fabrication of biological struc-
tures. Researchers are beginning to develop technology
that allows design and fabrication, in a controlled manner,
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Figure 2. Porosity is important for cells attachment.

of 2D-3D structures composed of biological materials
and viable cells. This process is known as “Biofabrica-
tion” or “Bioprinting” and faces the challenge to spatially
arrange both the living and the non-living components of
biological structures to achieve functionality specific to
the target application. Development of this technology
has been focused on the creation of a 3D printing ma-
chine and the system to monitor and control the fabrica-
tion of organs and tissues through an ink-alike fluid
called “bio ink” [10,11].

This process has a layer-by-layer additive fabrication
approach to create 2D-3D-functional tissue/organ con-
structs, using cellular spheroids as building blocks. The
process is controlled by computer software that designs a
2D-3D pattern through a CAD/CAM system. The hard-
ware consists of a 3-axis motion control stage with an
injection syringe for the release of bio ink. The control
systems have stepping motors in each axis, motor drivers,
and a motion control board in a PC (Figure 3).

As mentioned above, tissues are typically designed in
different patterns and biofabricated with different meth-
ods, for example, the inkjet printing and the laser-cell
patterning printing. The inkjet printing method is based
on droplets produced by the application of electrical,
thermal and mechanical pulses inside a cartridge with the
bio ink to be dispensed. The bio ink is a low-viscosity
suspension of biological materials or hydrogels that may
or may not contain suspended cells, and the biological
structures are created trough a layer-by-layer or drop-by-
drop fabrication process.

Typically, modified inkjet printers are used for eject-
ing small droplets of biological material to the print skin.
This method could be applied in cosmetology. The drop-
lets are released layer-by-layer in a 2D pattern as a sim-
ple example for skin tissue. The delivery system of drop-
lets might contain different lines of cells to be used in the
skin printing procedure: fibroblast, keratinocytes, melano-
cytes and sometimes stem cells.

In order to avoid the loss of cells when they are ap-
plied to the skin, they can be resuspended with a hydrogel
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Figure 3. Bioprinting machine.

to form the bio ink that fills the wound surface and pro-
motes skin regeneration [12]. The hydrogel should have
some basic properties, like a short gelling time, non-
immunological reactivity, the ability to support cell pro-
liferation and migration, suitable mechanical properties
and biodegradability [13].

Using a mixed solution of keratinocytes and fibro-
blasts, melanocytes, and/or stem cells, the bio-printer
may provide a satisfactory model system for treating
different structural and cosmetic skin conditions. This
technology is currently applied in skin tissue engineering,
using a cartridge-based delivery system with a laser
scanning system mounted on a portable X-Y-Z plotting
system. Data is collected with the laser scanner and
pieced to form a wound model of the wound. After this,
the delivery system dispenses mixed solutions containing
hydrogels and lines of cells to fill the skin surface [14]
(Figure 4).

Different skin treatments can be developed, depending
on the purpose of the cosmetic application. For example,
cultured human melanocytes are increasingly used for
treating vitiligo [15]. The bio-printing system could dis-
pense the melanocytes onto the depigmented surface in a
personalized and controlled manner, with the advantage
that stem cells, growth factors and cytokines can be
added at the same time to potentiate treatment effect.

Skin scars are very often hypopigmented due to me-
lanocytes and hair follicle destruction at all levels, and
the bioprinting system can control pigmentation by de-
livering specific amounts of melanocytes and stem cells.
It is also possible to induce hair follicle regeneration us-
ing stem cells and their niches to develop de novo fol-
liculogenesis via replacement with hair follicle-inductive
dermal cells, to induce self-assembly of skin derived
epithelial and mesenchymal cells [16,17]. However, it
remains uncertain if it is possible to generate a hair folli-
cle by intracutaneous transplantation to provide fully
functional hair regeneration, including hair shaft elonga-
tion, hair cycles, connections with surrounding tissues, and
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Figure 4. Skin bioprinting for functional skin.

regeneration of stem cells and their niches. At present,
functional hair follicle regeneration used for treating an-
drogenic alopecia requires a clinical therapy of autolo-
gous follicular stem cells transplantation [18,19].

With the bioprinting system, the follicle-bioengineer-
ing uses biomaterials to provide connections between the
cell lines to generate skin functionality. This system also
could provide various layers constructed block-by-block
or various tissues constructed layer-by-layer with spe-
cific cells for each skin level (epidermis, dermis, fatty
subcutis, hypodermis) to promote integration and forma-
tion of the vascular and nerve networks for the complete
regeneration of functional skin.
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