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Received: 14 July 2017 / Accepted: 17 July 2017 / Published online: 8 August 2017

� Springer International Publishing AG 2017

Abstract Bioprinting technologies are powerful additive

biofabrication techniques to produce cellular constructs for

skin tissue engineering owing to their unique ability to

precisely pattern living and non-living materials in pre-

defined spatial locations. This unique feature, combined

with the computer controlled printing and medical imaging

techniques, enable researchers and clinicians to generate

patient specific constructs partly replicating the intricate

compositional and architectural organization of the skin.

Bioprinting has been used to automatically dispense

hydrogels with skin cells located in prescribed sites that

promote skin formation in vitro and in vivo. Current skin

bioprinting approaches mostly rely on the sequential

printing of fibroblasts and keratinocytes embedded within a

homogeneous hydrogel. Although such approaches have

already been translated to pre-clinical scenarios, they still

present limitations in terms of fully replicating the cellular

and extracellular matrix (ECM) heterogeneity in native

skin. The success of bioprinting for skin repair strongly

depends on the design of printable bioinks capable of

supporting the function of printed cells and stimulating the

production of new ECM components. To better mimic the

human skin, novel developments in dedicated bioprinting

technologies, in the design of bioinks, as well as in the

printing of vascularised constructs are necessary. This

paper presents an overview regarding the use of bioprinting

for skin tissue engineering applications. The operating

principles of bioprinting technologies are outlined along

with requirements of printed skin constructs. Finally, pre-

clinical results are summarized and future perspectives for

the field are highlighted.
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Introduction

The integumentary system comprises the skin and respec-

tive appendages (hair, nails and sweat glands) and is

responsible for many vital functions in the body, such as

the homeostasis, protection, and transmission of sensorial

information [52, 149, 201]. Skin is the most superficial and

the largest organ of the human body, acting as an efficient

barrier at the interface between the internal organs and the

external environment. However, the permanent exposure to

environmental stresses may result in a variety of skin
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injuries induced by acute trauma, thermal, chemical,

mechanical, microbial and radiation effects. Additional

causes of skin loss also include genetic disorders, chronic

wounds and surgical interventions [52, 176]. Depending on

the lesion type, extension and depth, both superficial and

deep skin layers may be damaged and the innate healing

ability of skin may be dramatically reduced or inhibited. In

the most critical clinical scenarios, such as deep dermal or

third degree burns and full-thickness wounds, hypodermal

adipose tissue, fascia, in addition to internal tissues and

organs, may also be injured, leading to significant mor-

bidity, dysfunctionality and potentially death [201]. Skin

burns and chronic wounds represent one of the most

debilitating, painful, and costly health conditions with a

tremendous economic and social impact. Typically, these

wounds require extensive hospitalization, labour intensive

clinical procedures and costly wound care products, rep-

resenting a major burden over total world healthcare

expenditure [9, 153, 175].

Several skin therapies and wound care products have

been developed and tested through pre-clinical and ran-

domized controlled clinical trials with the ultimate goal of

promoting the repair and regeneration of functional skin

[44, 49, 84, 86, 88, 103, 124, 189, 195, 212]. Traditional

treatments are based on the use of grafts (which includes

auto-, allo- and xenograft varieties), herbal and animal-

derived compounds, silver-containing and traditional

dressings. These therapies have been used since ancient

times mainly due to their clinical efficacy, simplicity and

affordability, offering a broad range of therapeutic effects,

such as anti-inflammatory, cell stimulatory, antimicrobial,

and wound debridement [98, 99, 145, 159, 179, 181].

However, in certain types of skin wounds, such as deep

burns and chronic wounds, more sophisticated and effec-

tive treatments are usually needed [20, 50, 87, 212].

Advanced therapies assume a prominent role in the man-

agement of such wounds, as they explore the basic prin-

ciples and elements of tissue engineering to produce both

cellular and acellular constructs for skin regeneration

[52, 109, 149]. In the most classical approach, known as

scaffold-based or top-down, scaffolds are fabricated

through either conventional or additive manufacturing

processes, and subsequently seeded with autologous or

allogeneic cells. The cellular scaffold is then cultured

in vitro to produce a tissue-engineered construct for sub-

sequent implantation into the lesion site

[66, 116, 146, 177]. Despite the fact that such an approach

allows for a good control over the scaffold characteristics

(when additive manufacturing processes are used) and cell-

scaffold interactions, it fails in placing individual cells at

specific locations throughout the scaffold, thereby not

mimicking the intricate cellular organization of natural

tissues at micro- and nanoscale. Other important drawbacks

are related with the limited cell density and insufficient

vascularization, which may lead to tissue malformation and

heterogeneous tissue growth [121, 148]. To address these

limitations, an alternative approach, termed scaffold-free or

bottom-up approach, has been used to generate 3D struc-

tures resembling the biological and functional organization

of human tissues [71, 102, 129, 139, 172]. In this approach,

one strategy of biofabrication, termed bioassembly, is

applied to generate hierarchical constructs with a pre-

scribed two-dimensional (2D) or 3D organization. Larger

and complex tissue constructs are obtained through the

automated assembly of pre-formed cell-containing fabri-

cation units (e.g., cell aggregates, cell fibres, cell sheets or

microtissues) produced by different techniques, such as

self-assembled aggregation, microfabrication or microflu-

idics [10, 78, 129]. Bottom-up approach addresses some of

the limitations of the top-down approach by the creation of

tissue constructs with multiple cell types placed in specific

3D locations, with a high cell density and possibility of

printing vascular networks [16, 121, 166]. Bioprinting, one

main strategy of biofabrication, is attracting significant

interest from researchers working in the field of tissue

engineering and regenerative medicine due to their unique

ability to print single cells, bioactive molecules, biomate-

rials or cell-aggregates into structurally organized con-

structs in a layer-by-layer fashion with high resolution and

accuracy [10, 78, 111, 136]. Bioprinting provides a pow-

erful tool to arrange cells, biomaterials and soluble factors

within a 3D environment on a length scale comparable to

the complex heterogeneity found in natural tissue

(10–100 lm), enabling new perspectives as well as

unmatched possibilities in the design of biomimetic sub-

stitutes for tissue regeneration [10, 80, 125]. In the context

of skin tissue engineering, bioprinting has been explored

for the fabrication of 3D constructs containing skin cells

positioned in distinct layers to resemble the anatomy of

native skin [117, 184].

This review presents a detailed overview of the bio-

printing processes as valuable technologies to produce cell-

laden constructs for skin tissue engineering, outlining the

operating principles, processable biomaterials and pre-

clinical results. Current challenges in the field will be also

discussed mainly focusing on the design of advanced

bioinks and the vascularization of skin constructs.

Human skin properties and regeneration

The human skin is a multilayer organ that presents limited

self-regenerative properties after injury. In contrast to other

vertebrates, such as amphibians and mammalian foetuses

through mid-gestation, skin scarring is the inevitable and

permanent endpoint in mammals [197]. To address the
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limited regenerative capability of adult skin and promote

the restoration of skin barrier properties, there are diverse

products and therapies available for clinical use (e.g.,

dressings, cell-based treatments and bioengineered skin

substitutes) or currently under investigation (e.g., bio-

printed cellular substitutes), showing promising outcomes.

Skin structure and constituents

The skin serves as a protective layer against the invasion of

pathogens and external agents, playing a critical role in

thermal regulation, homeostasis and transmission of sen-

sorial information [142, 157, 201]. From an anatomical

point, skin consists of three sequential layers of epidermis,

dermis and hypodermis, each having distinct functions,

biomechanical properties and cellular constituents (Fig. 1).

Adnexal structures like nails, hair follicles, sweat, apocrine

and sebaceous glands are responsible for cosmetic, pro-

tective and temperature regulation functions. Epidermis is

the most superficial skin layer being composed of kera-

tinized stratified squamous epithelium and organized in

four or five main layers (Fig. 1) containing keratinocytes in

different stages of proliferation, differentiation and kera-

tinization [157, 178]. Although the epidermis is an avas-

cular layer, it is under constant renewal due to the presence

of epidermal basal cells and stem cells in the basal layer

and hair follicles [79]. The main cellular constituents

include keratinocytes, melanocytes, Merkel cells and

Langerhans cells [13, 149]. The underlying dermis, sepa-

rated from the epidermis by a basement membrane, is

mainly composed of ECM molecules arranged in a dense

matrix of connective tissue rich in collagen and elastin

fibres that provides structural and mechanical support to

the skin [15]. It is a highly dynamic, vascularized layer that

supports the epidermis, provides flexibility and strength to

the skin, and also contains blood vessels, sweat and seba-

ceous glands, hair follicles and sensory receptors [13, 115].

The predominant cells in dermis are heterogeneous sub-

populations of fibroblasts, which are responsible for the

production of connective tissue components [40]. Other

cell types like mast cells and macrophages are also present,

playing important roles in immune and inflammatory

responses [13, 79]. The hypodermis, which acts as an

energy source and heat insulator, is located just below the

dermis and is mainly composed of adipose tissue and

collagen, attaching the dermis to underlying tissues

[13, 115].

Wound healing process

From the onset of injury, the human body initiates a series

of complex and coordinated signalling pathways, involving

the interaction between several ECM components, cells,

cytokines and growth factors, aimed at tissue repair and

Fig. 1 Schematic representation of the multi-layered structure of

human skin. Emphasis is given to the four main layers of epidermis

and its cellular constituents, including keratinocytes, Langerhans cells

and melanocytes. Two distinct regions of dermis are also represented

along with fibroblasts and zonal organization of both collagen and

elastin fibres. Specialized elements, such as sweat glands, hair roots,

sensory cells, blood and lymph vessels are also presented. Skin

structures are not to scale for simplification. Image from Servier

Medical Art freeware image bank
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reconstruction of lost cutaneous tissue [110, 178]. The

healing of an acute wound proceeds in a sequence of

overlapping and well-orchestrated events throughout dif-

ferent phases of haemostasis, inflammation, migration,

proliferation and maturation. The first response of the

human body to an injury is haemostasis, which is mediated

by platelets, and involves the formation of a fibrin clot that

circumvents the bleeding, acts as a provisional ECM for

cell migration, and loosely joins the wound edges

[61, 188]. During haemostasis, platelets suffer degranula-

tion and release a plethora of cytokines and growth factors

(e.g. transforming growth factor-b (TGF-b), fibroblast

growth factor (FGF), transforming growth factor-a (TGF-

a), vascular endothelial growth factor (VEGF), platelet-

derived growth factor (PDGF), and epidermal growth fac-

tor (EGF)) responsible for attracting inflammatory and

vascular cells to the wound site [61, 110, 113]. In the

inflammatory phase, neutrophils, monocytes (that differ-

entiate into macrophages), lymphocytes and mesenchymal

cells (that differentiate into fibroblasts) play a key role not

only in the elimination of microbes and foreign particles,

cellular debris and clearance of apoptotic cells, but also in

the stimulation of keratinocytes, fibroblasts and endothelial

cells [61, 110, 113]. Subsequently, the healing process

continues with the formation of a scab and the migration

and proliferation of epithelial cells. Keratinocytes, located

at the wound periphery, are stimulated to migrate and

proliferate into the lesion site to promote re-epithelializa-

tion by the synthesis of new epidermis [110]. Fibroblasts

and endothelial cells are also recruited to initiate the syn-

thesis of ECM components, the formation of a granulation

tissue, and the growth of new blood vessels from existing

ones [51, 61, 178]. Some of the fibroblasts located within

the granulation tissue are converted into myofibroblasts,

which are involved in wound contraction and re-epithe-

lialization [51, 110, 113]. At the final stage, wound healing

involves a long maturation phase, in which the wound

edges move towards the centre (wound contraction), and

the new tissue is continuously remodelled in order to

approximate its properties to those of the native skin. This

phase can take several weeks to months, and is marked by

changes in the ECM composition with re-organization of

collagen fibres and collagen crosslinking [110, 180].

Despite the continuous remodelling process, adult wound

healing predictably results in a scar tissue with a tensile

strength that only achieves 80% of its native properties,

impairing the flexibility, mobility and esthetical outcomes

[178].

Therapeutic options for skin reconstruction

The most suitable therapeutic treatment for skin wounds

depends on numerous factors including the wound type,

number of affected skin layers, level of exudate, extension

of injury, and the overall health status of the patient [61].

The clinical ‘gold standard’ therapy remains the applica-

tion of split thickness autologous skin grafts [52, 149, 176].

Liquid and semi-solid preparations, such as creams (e.g.

silver sulphadiazine) and solutions (e.g. povidone-iodine,

sodium hypochlorite), have also been used as supportive

anti-infective wound care products in daily clinical prac-

tice. They are commonly used as cleaning and antimicro-

bial agents, allowing wound bed preparation and

decontamination [8, 67]. To extend their efficacy, facilitate

their handling and improve their impact on the wound,

most of these therapeutic compounds have been embedded

within gauzes or incorporated within dressing materials

[2, 77]. More advanced products, like traditional and

modern dressings, represent a cost-effective therapy to

protect the wound from the external environment and to

prevent wound contamination and dehydration [115, 150].

Due to their high water absorption rates, adhesion to the

wound bed and increased pain during dressing changes,

traditional dressings (e.g., gauze, cotton wool) are often

employed as secondary dressings to allow the exudate

drainage and to support the application of more effective

products (e.g., skin substitutes) [77, 115]. Traditional

dressings have been largely replaced by modern dressings,

which are capable of creating and maintaining a moist

environment in the wound bed, ideally suited for cellular

migration and proliferation [81, 115, 124, 150, 151]. A

great deal of interest has been focused on advanced

dressings with the ability to release bioactive substances

directly into the wound bed [6, 75, 161, 192]. Bioengi-

neered skin substitutes represent the most advanced prod-

ucts available for skin wounds, allowing the regeneration

of both epidermal and dermal skin layers

[23, 50, 138, 176]. Major limitations are the permanent

closure of the wound, inadequate vascularization, high

manufacturing costs and lack of skin appendages [50, 149].

Bioprinting technologies

Bioprinting can be defined as the computer-aided pattern-

ing and assembling of cells, cell aggregates, biomaterials

and biochemicals with a predefined spatial organization, to

generate biologically relevant constructs with structural

organization [45]. Contrary to bioassembly, where the

minimum fabrication units are pre-formed cell building

blocks, bioprinting makes use of fabrication units down to

molecular level [78]. Bioprinting processes are capable of

printing living and non-living materials in a computer-

controlled and automated manner with high levels of res-

olution, accuracy and reproducibility, enabling the gener-

ation of biological substitutes with intricate architectures,
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precise geometrical configurations and biomechanical

heterogeneity [16, 80, 91, 92]. Bioprinting technologies

can be classified in three main categories: inkjet bioprint-

ing, laser-assisted bioprinting and extrusion bioprinting

(Table 1) [111, 125, 191]. In these processes, the material

to be printed, known as bioink, is loaded in a reservoir and

subsequently deposited onto a receiving substrate through

the action of light, pressurized air, vibration, thermal or

mechanical effects. Bioinks consist of hydrogel precursor

solutions or decellularized extracellular matrix loadable

with cells and/or bioactive factors that play a pivotal role

on the overall reproducibility of the printing process and

quality of the printed construct [100, 143, 169, 185].

Depending on the bioprinting technique, bioinks can be

Table 1 Illustration of bioprinting technologies and their main characteristics

Technology Characteristics

Inkjet bioprinting

Advantages Non-contact printing; operation with multiple printheads; high-

throughput; medium printing speed; low cost

Drawbacks Limited bioink viscosity; clogging issues; possibility of cell

agglomeration and sedimentation

Laser-assisted bioprinting

Advantages Non-contact and nozzle free printing; high cell densities and viscous

inks; high resolution, reproducibility and printing speed; low to medium

throughput

Drawbacks Cell-laser interaction; long printing times; difficult to generate

constructs in the mm range; high cost and time consuming

Extrusion bioprinting

Advantages Continuous printing of viscous bioinks and high cell densities; ability to

generate 3D constructs at clinically relevant scales; easy integration with other

biofabrication processes; medium throughput, resolution and cost

Drawbacks Mechanical stresses generated during the bioink deposition; difficult to

produce hierarchical 3D constructs with intricate geometries
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deposited as small droplets (inkjet and laser-assisted tech-

nologies) or continuous strands of material (extrusion-

based technologies), resulting in different printing times

and constructs with distinct levels of heterogeneity, reso-

lution and accuracy [111, 125].

Inkjet bioprinting

Inkjet is a high-throughput printing technology based on

the dispensing of small drops (typically 1–100 picolitres)

of a liquid bioink onto a collector substrate [170]. Drops

can be generated by either continuous inkjet or drop-on-

demand (DOD) inkjet printing [38]. DOD printing is the

most popular method affording a rapid and fully controlled

generation of droplets (20–50 lm) through the application

of a pressure pulse to the bioink loaded into a reservoir

placed just behind the printing nozzle [29, 38, 171]. DOD

printing can be further categorized according to the

mechanism used for the droplet formation and ejection as

thermal inkjet (vapour bubble formation) or piezoelectric

inkjet (mechanical actuation). Thermal inkjet printers use a

heating element to vaporize a small volume of fluid, gen-

erating a bubble that expands and ejects a controlled vol-

ume of fluid as a single droplet. The main concern

associated to thermal inkjet relies on the high temperatures

generated close to the heating element during the printing

process, which may affect the biomolecules and cells to be

printed [170, 171, 213]. However, it has been demonstrated

that, due to the short duration of the heating pulses

(*2 ls), the increase in temperature of the bioink is only a

few degrees, allowing the printing of viable cells with a

low percentage of cell dead [35]. In piezoelectric printers, a

mechanical pulse generated by the deformation of a

piezoelectric transducer under a controlled voltage is used

to generate and eject the liquid droplet. The printing speed,

drop size and stresses experienced by the cells are easily

controlled by changing the voltage applied to the piezo-

electric transducer [38, 171].

Inkjet bioprinting is widely explored in the field of tissue

engineering due to their unique characteristics of non-

contact printing, high-throughput efficiency, automation,

versatility, resolution, and possibility of parallel printing.

This technology has been used to print a variety of com-

pounds in prescribed 2D patterns, including growth factors

[119], proteins [5], polymers [85], nanoparticles [190] and

drugs [94]. The capability of inkjet bioprinting to print

mammalian cells with high accuracy, and little or even no

reduction of cell viability, was also demonstrated using

different cell types, such as embryonic rat motoneurons

[206], human microvascular endothelial cells [34], mouse

embryonic fibroblasts [194], and retinal ganglion cells [12].

The formation of transient pores in the cell membrane has

been observed during inkjet printing, which were reported

as self-repaired in 2 h subsequent to printing [35]. The

formation of transient pores seems to be associated to

temporary changes in the cell membrane permeability, and

was further explored to transfect cells by co-printing

plasmids encoding green fluorescent protein with porcine

aortic endothelial cells [207]. Despite these attractive

capabilities, inkjet bioprinting is a nozzle-based technol-

ogy, requiring the use of bioinks with low viscosity (typi-

cally below 20 mPa s-1) and low cell density (\106 cells

ml-1) to prevent nozzle clogging [76, 111, 125]. Printing

bioinks with those characteristics is usually associated with

droplet spreading and diffusion onto the substrate, which

significantly reduces the spot resolution and limits the

biofabrication of true 3D constructs due to the lack of

structural stability of printed layers to support subsequent

layers. The surface tension of the bioink and the wettability

of the receiving substrate are also two key properties

affecting the bioink ejection from the reservoir and the

resolution of the printed constructs [38, 140, 170]. Another

important limitation of inkjet printing relies on the need for

bioinks capable of preventing cell settling, sedimentation

and aggregation during printing in order to prevent nozzle

clogging and time-consuming intermediate re-suspending

operations. To address these complications, alternative

methods (e.g., addition of surfactants and ethylene diamine

tetra-acetic acid) have been tested to improve the stability

of bioinks, to maintain their cell-suspending ability, and to

enhance the homogenization, without compromising

printability and biocompatibility [29, 141].

Laser-assisted bioprinting

The working principle of laser-assisted bioprinting is based

on the conventional laser-induced forward transfer (LIFT)

technology, involving the use of a focused laser pulse to

induce the transfer of a bioink from a donor ribbon onto a

collector slide [128]. For tissue engineering applications,

traditional LIFT apparatus has been modified mostly

regarding the print ribbon and receiving substrate in order

to improve the compatibility with biological materials. The

bioink is coated onto the bottom side of the laser trans-

parent substrate and consists in cells suspended in a liquid

medium or in a viscous polymer solution [57, 58, 134]. A

high-powered laser pulse (usually a near infra-red laser) is

focused onto a thin metal layer (1–100 nm), placed above

the laser transparent substrate, generating a high-pressure

bubble that propels the material towards a parallel substrate

[14, 57, 128]. The most widely used modified-LITF pro-

cesses in biofabrication comprise matrix-assisted pulsed

laser evaporation direct writing (MAPLE DW) and

absorbing film-assisted laser-induced forward transfer with

its variants such as the biological laser processing (BioLP).

The distinctive feature between such processes is the
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inclusion of either an optical absorbing material (MAPLE

DW) or a sacrificial absorbing layer (BioLP) at the inter-

face between the laser-transparent ribbon and the material

to be transferred [128, 163]. In BioLP, the laser absorption

interlayer, usually a thin metal coating (Au, Ag, Ti, TiO2

*100 nm), displays several functions, such as: (1) elimi-

nate the interaction between the laser and the biological

material, (2) protect cells from light exposure, (3) minimize

the bioink heating, (4) promote a quick thermal expansion

with a more efficient droplet ejection, and (5) increase the

printing reproducibility [14, 57, 128, 165].

Laser-assisted bioprinting processes are attractive for

cell printing applications due to their high-resolution

(10–100 lm), reproducibility, nozzle-free nature and pos-

sibility of printing multiple biomaterials and cell types by

incorporating those compounds in the same ribbon or

having multiple parallel ribbons [111]. As a result, these

processes are promising as they allow the combination of

biomaterials and cells in 3D environments, enabling the

formation of close cell–cell and cell–matrix interactions. In

contrast to inkjet, laser-assisted bioprinting enables the

processing of bioinks with a broad range of viscosities

(1–300 mPa s-1) and higher cell concentrations (108 cells

mL-1) [59, 89, 125, 165], which is a prime requisite to

mimic the native organization of human tissues. Although

the absence of an orifice reduces the stresses to which cells

are subjected, cell injury and dysfunctionality may occur

due to thermal heating, optical irradiation and mechanical

impact with the receiving substrate [57, 128, 165]. Previous

research has shown that these effects can be significantly

reduced, or even eliminated, by controlling the laser pulse

characteristics, the bioink viscosity, the thickness of

absorbing layer and the substrate properties [27, 53, 101].

These parameters can also be optimized in order to better

control the printing process and improve the reproducibil-

ity and resolution [54]. Laser-assisted bioprinting also

enables a great control over the droplet size and number of

printed cells per droplet via manipulation of the laser pulse

energy, the laser spot size, the distance between the ribbon

and the substrate, and the thickness of both energy

absorbing layer and cell support layer [53, 57, 59, 89].

Several works have also shown the ability of laser-assisted

bioprinting to print mammalian cells without affecting their

viability or function, or inducing DNA damage

[14, 53, 55, 58, 60, 89, 90, 200, 203].

Extrusion bioprinting

The direct extrusion of bioinks onto a substrate is the most

widely explored technique to produce complex and

heterogeneous 3D constructs for tissue engineering. In this

versatile technology, cell-laden polymeric solutions

[28, 154], decellularized ECM components [73], cell

suspensions [68], microcarriers [162] or tissue spheroids

[185] are loaded into standard disposable syringes, and

printed onto a building platform driven by pneumatic

(pressurized air), mechanical (piston or screw) or solenoid

(electrical pulses)-based dispensing systems

[76, 111, 125, 137]. An important advantage of extrusion

bioprinting is the ability to print highly viscous polymer

solutions containing a wide range of cell densities (up 107

cells mL-1) [92, 182]. It also enables the biofabrication of

clinically relevant 3D constructs by the deposition of

continuous and larger hydrogel strands through a nozzle

with variable diameters, usually in a range of 150–300 lm
[92, 111, 125]. The extrusion bioprinting apparatus typi-

cally includes a computer-controlled robotic stage, multi-

ple dispensing systems, and a construction platform that

collects the printed material. To further improve its ver-

satility and the range of processable biomaterials, addi-

tional modules can also be coupled and integrated to the

traditional apparatus, serving multiple purposes such as

controlling the temperature of reservoirs [93], enabling

multimaterial printing [105], and allowing the in situ

crosslinking through physical [3] or chemical [16]

methods.

Major concerns with extrusion bioprinting are related to

(1) the low printing resolution (*200 lm), (2) the com-

promise between the shape fidelity and cell compatibility,

and (3) the shear stresses generated during the passage of

cells through the needle [111, 125]. The printing resolution

mainly depends on the device characteristics (e.g., nozzle

diameter, flow rate, and printing speed), the material

properties (e.g., rheological behaviour, wettability, surface

tension) and the cell density. Environmental conditions and

crosslinking methods also have a critical role on the

achievable resolution [17, 31, 32, 111]. Since extrusion

bioprinting involves the deposition of cellular bioinks

through a small nozzle, printed cells are subjected to

mechanical stresses during the process, which may lead to

a loss of cell viability and even to alterations in the phe-

notype [17]. Several works showed that stresses transmit-

ted to the cells are a function of the dispensing nozzle

characteristics (geometry, diameter and length), applied

pressure, deposition speed, and bioink rheological proper-

ties. These studies also demonstrated the possibility to

determine and to reduce the shear stresses transmitted to

the cells through experimental and numerical studies

[17, 19, 30, 46, 127]. To address the unique requirements

of extrusion bioprinting regarding the print fidelity and

biological characteristics, research efforts have been

focused on the development of bioinks exhibiting appro-

priate rheological, mechanical and biological properties

[28, 32, 74, 82, 100, 152, 169, 174]. A multitude of

crosslinking mechanisms, including thermal gelation, ionic

and photocrosslinking, have also been explored to induce
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the in situ gelation of printed materials with the ultimate

goal of improving the mechanical properties, the shape

fidelity and the formation of interconnected 3D pores

throughout the construct [4, 28, 107], which still remains a

major challenge.

Bioprinted cellularized skin hydrogels:
from in vitro to in situ printing

The interest in bioprinting technologies to produce cell-

laden constructs for skin applications has been significantly

increasing mainly due to their ability to pattern heteroge-

neous cell populations, soluble factors and biomaterials in

predesigned 3D locations with high degree of automation

and reproducibility. These features provide new possibili-

ties in the development of biomimetic constructs resem-

bling the anatomical and cellular organization of skin tissue

(Fig. 2) [90, 95], with potential to address the limitations of

current clinical therapies, including the vascularization,

regeneration of skin appendages and integration with the

host tissue [52, 149]. Bioprinting processes also enable the

integration with medical imaging techniques (e.g., micro-

computed tomography, magnetic resonance imaging) and

path-planning devices, allowing the design of patient

specific implants for direct printing either in vitro or in situ

[184, 200].

Requirements of printed skin

Printed skin constructs are currently explored for several

purposes including wound healing and in vitro models for

pharmaceutical testing and disease model (e.g., inflamma-

tory skin disease). Advances in microfluidic and bioprint-

ing technologies have also allowed the miniaturization of

skin models through the development of skin-on-a-chip

devices, which offer a valuable alternative to animal

experimentation [122]. In order to closely reproduce the

main properties of native skin and provide reliable models

for clinical translation, printed skin must fulfil key com-

positional and functional characteristics:

• Cellular composition: native skin is composed of

multiple layers containing distinct cellular populations.

The epidermal layer contains keratinocytes, melano-

cytes, Merkel and Langerhans cells. In the dermis,

fibroblasts are the predominant cells, while the hypo-

dermis is composed of adipocytes. To replicate as close

as possible the heterogeneous cellular composition of

native skin, each cell type should be precisely dis-

pensed at specific 3D locations in their respective layer.

The density and ratio between cell populations within

the construct must be controlled in order to promote

cell–cell interactions that regulate autocrine and para-

crine signalling.

• Biochemical composition: in the dermal region, cells

are embedded within a rich ECM that provides a

multitude of cell-adhesion and cell-remodelling sites,

allowing cells to remodel and interact with the

surrounding matrix. The basement membrane physi-

cally separates skin layers, providing motifs for cell

anchorage, which is essential for stabilization and

diffusion of molecules. In printed skin, the biochemical

cues, their function, location and density must be

precisely controlled. The presence of cell-adhesion sites

and cell-proteolytic domains is fundamental to replicate

the dynamic and interactive nature of ECM. Also the

ability to sequester and release bioactive molecules, for

instance via growth factor-binding domains, is of

paramount importance for the sustained release of

cytokines and growth factors during the wound healing.

• Zonal organization and material composition: native

skin is a highly complex tissue composed of a multitude

of ECM components, which composition and ratio

varies according to the region. The dermal layer is rich

in collagens (I, III, IV, VII), fibronectin and gly-

cosaminoglycans. Dermis is also organized into an

upper ‘papillary’ (high ratio of collagen type III to type

I) and a lower ‘reticular’ (low ratio of collagen type III

to type I) region [187]. At the epidermal–dermal

junction, a basement membrane mostly composed of

laminin and collagen IV provides a physical barrier

between two layers [15]. Materials for skin printing

should consider the fibrillar and hydrated nature of

ECM. Although is difficult to develop a formulation

containing all the skin components, it’s fundamental to

engineer advanced materials which stiffness and com-

position could be readily altered according to the

location throughout the construct. The design of

materials able to mimic the basement membrane

constitutes an important requisite in printed skin.

• Tissue architecture and shape: skin has thickness in a

range of 1.0–2.5 mm, depending on the location in the

body, with epidermis measuring approximately 0.2 mm

[196]. The thin papillary region contains higher cellular

density along randomly orientated collagen fibre

bundles, while the thicker reticular dermis consists of

highly orientated fibre bundles. The heterogeneity of

skin throughout the body requires precise control over

the layer thickness in order to print constructs matching

the wound depth. In addition, the thickness and fibre

orientation in both papillary and reticular dermis should

be considered to improve biomimicry. The shape of the

printed construct should also be defined according to

the specific application.
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• Barrier function: epidermis contains keratinocytes at

different stages of differentiation with fully stratified

keratinocyte layers providing an efficient barrier to the

penetration of external agents across the skin. Lamellar

granules, produced by keratinocytes, secret several key

compounds (lipids, proteins, hydrolytic enzymes) for

skin barrier properties [13]. To recreate the barrier

properties of skin, printed constructs must contain an

epidermal region consisting of densely packed ker-

atinocytes. Constructs need to be cultured at air–liquid

interface (ALI) to promote stratification and the barrier

properties carefully evaluated. Late or incomplete

stratification and keratinization of printed constructs

must be evaluated, in particular, when immortalized

keratinocyte cells are used.

• Appendages and pigmentation: skin contains adnexal

structures such as nails, hair follicles, sweat, apocrine

and sebaceous glands. Melanocytes produce melanin, a

pigment that confers coloration to the skin and protects

from UV light. Merkel and Langerhans cells participate

Fig. 2 Illustration of the multidisciplinary tasks involved in the design of 3D constructs for skin repair and regeneration using bioprinting

technologies

Biomanuf Rev (2017) 2:1 Page 9 of 26 1

123



in sensing and immunological defence, respectively.

The development of skin appendages in printed skin is

a major challenge in the field. Skin pigmentation can be

addressed by printing melanocytes in the epidermis,

while sweat glands can be engineered by printing

epidermal-derived stem/progenitor cells.

• Vascularization: dermis contains numerous blood ves-

sels that provide nutritional support to the skin.

Vasculature includes larger blood vessels at the inter-

face between the reticular dermis and hypodermis,

which branch into small vessels to supply superficial

plexus at the junction between the papillary and

reticular dermis, as well as the epidermis by diffusion.

The ability to engineer functional vasculature in 3D is

critical for nutrient supply throughout thick skin

constructs. Printing branched, perfusable channels

could be a viable solution to promote efficient mass

transfer of the skin. Complementary strategies could

also involve the co-printing of stromal and endothelial

cells as well as the tethering and release of angiogenic

factors.

Hydrogel bioinks

Hydrogels are the golden standard materials for skin

regeneration as they provide a hydrated and highly per-

meable microenvironment in which, depending on the

composition (e.g., cell-adhesion and proteolytically sensi-

tive motifs) and properties (e.g., stiffness), encapsulated

cells might migrate and proliferate in a similar way to what

happens in the native ECM [111]. Hydrogels have been

widely used to assist the regenerative and reparative pro-

cesses of many tissues [41, 198, 199] and several studies

were performed assessing their potential as wound healing

adjuvant, mainly due to their porosity, permeability, vis-

coelastic properties and low immunogenicity (depending

on the source) [21, 39, 64, 114]. Hydrogels are defined as

crosslinked 3D network structures obtained from a range of

synthetic or natural polymers that can absorb and retain

large amounts of water [7, 168]. They are usually classified

according to the nature of the crosslinks established

between the polymer chains into chemical or physical

hydrogels. Chemical hydrogels involve the formation of

covalent bonds, while physical hydrogels are obtained

when physical interactions are established between the

polymeric chains (molecular entanglement, ionic interac-

tion and hydrogen bonding) [168, 210]. Hydrogels display

many of the desired characteristics of an ideal skin sub-

stitute, as they promote wound debridement, while pro-

viding a suitable moist environment to stimulate the

healing process. In addition, they can absorb wound exu-

dates, allow gaseous exchanges and prevent bacterial

invasion. Hydrogels also provide thermal isolation and

display low adherence to the wound bed, which facilitates

dressing change without trauma to the patient. Further-

more, the fine-tuning of hydrogel properties is easy to

achieve, allowing control over stiffness, biodegradability

rates and permeability to either cells or soluble factors.

Transparent hydrogels allow to follow-up the wound

healing process without removal. When carrying cells,

either fibroblasts or keratinocytes separately [106] or

together [70], these hydrogels have shown better perfor-

mance in wound healing and host tissue integration.

A major challenge in skin bioprinting, is designing

suitable bioinks to produce 3D cellular constructs with

intricate geometries, shape fidelity, and high resolution in

the placement of cells. In the biofabrication field, tradi-

tional approaches to generate such constructs often involve

(1) the sequential printing of cell-laden hydrogels or melt

extruded thermoplastic fibres, (2) the formulation of vis-

cous bioinks by adding high molecular weight polymers

(e.g., hyaluronic acid, HA), or (3) the use of increased

polymer concentrations and crosslinking densities

[152, 173, 174, 193]. The combination of hydrogel bio-

printing with melt extrusion has been successfully explored

to design well-defined 3D constructs with improved

mechanical properties, which is of special interest for load

bearing tissues [80], but of limited application in soft tis-

sues. The printing process of viscous bioinks might affect

the distribution of cells throughout the construct ultimately

leading to tissue heterogeneity, while highly crosslinked

hydrogels may lead to excessively stiff matrices that

impose severe restrictions to cell spreading, migration and

proliferation [11, 24, 130]. Thus, it is crucial to ensure that

the bioink has the appropriate rheological properties to be

printed and, at the same time, is able to maintain the shape

upon deposition. Alternative strategies have been tested to

improve the printing fidelity without compromising the

bioink cytocompability, including the printing of partially

crosslinked hydrogels, the crosslinking of hydrogel solu-

tions during bioprinting, and the deposition of biocom-

patible sacrificial materials that provide initial support for

the printed hydrogel pattern [43, 135].

The development of hydrogels to be applied as a bioink

is a complex and multidisciplinary process that requires

knowledge about the principles of printing mechanisms

and the fluid properties required for a given liquid to be

printable. The interactions between the bioink and the

receiving substrate as well as its rheological properties are

important parameters determining the resolution and

accuracy of printed constructs [38, 57, 76, 111, 123]. In

order to adapt a material for bioprinting technologies, it is

important to take into account whether the technical

characteristics of the printing device afford the design of

biologically relevant constructs for a given application. By
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placing suitable cell types in appropriate positions, the

tissue construct may then mature into a tissue/organ and

late achieve functionality either inside a bioreactor or

in vivo [22]. The ideal properties of hydrogels for bio-

printing include stability, sterilization, biodegradability,

adequate mechanical properties and swelling characteris-

tics, but it is also required that both hydrogel chemistry and

crosslinking mechanisms promote cell function [126].

Cells must not only survive to the printing process and

remain viable, but should also be able to migrate within

and from the implant, proliferate, establish cell–cell/cell–

matrix interactions, and also secrete growth factors and

other healing mediatiors. In addition to these important

general considerations, the properties of bioinks should

adapt to the printing mechanism used to produce tissue

constructs. For extrusion bioprinting, in which the bioink

flows through a nozzle towards the substrate, rheological

properties are particularly relevant. The rheological beha-

viour of bioink determines how the viscosity is affected

during the printing as a response to the shear stress.

Printing cells embedded in a hydrogel precursor solution

also requires careful selection of the viscosity in order to

ensure homogenous distribution of cells and prevent nozzle

clogging. This is particularly critical for inkjet printing

owing the limited range of admissible viscosities [38]. In

addition to viscosity, surface energy, tension and charge

constitute other relevant properties of biomaterials for

bioprinting, as they exert great influence on droplet for-

mation and ejection [57, 123]. Moreover, the bioink should

also undergo a fast and cytocompatible gelation after

deposition in order to maintain the prescribed shape and

spatial location of cells at high resolution.

Despite recent advances in the design of print-

able bioinks for various applications (Table 2), the number

of bioinks for bioprinting cellular skin substitutes is still

limited to a restricted number of natural hydrogels

including alginate, collagen, gelatin, fibrin and hyaluronic

acid. The interest in these materials mainly relies on the

fact that their composition and structure resembles the

ECM properties of native tissues [26]. These polymers can

also be easily converted into either physical or chemical

hydrogels under cell-compatible conditions through a

myriad of crosslinking pathways [210]. In addition, certain

natural polymers (e.g., collagen) also present cell-prote-

olytic domains and/or adhesion motifs, providing recog-

nition sites for embedded cells and allowing the cell-

mediated degradation of the hydrogel network in a similar

way to the remodelling of native ECM. Natural hydrogels,

in particular protein-derived hydrogels, usually present

concerns regarding weak mechanical properties, high

immunogenicity and virus/disease transmission, though

they retain their biological activity being the most widely

used ECM-mimicking materials [47, 147]. Synthetic

hydrogels constitute an important alternative due to their

controlled chemical composition and tuneable mechanical

properties. The drawback of most synthetic materials is the

lack of cell-adhesion moieties, which can be solved by the

incorporation of cell instructive cues into the polymer

backbone [108].

Printed skin constructs for wound healing

A major application of printed skin constructs is to promote

the wound repair and regeneration. Functional skin is an

important need in medical field to treat patients with a

variety of injuries, including (1) burn wounds, which lack

of the skin barrier and are more susceptible to infection, (2)

chronic ulcers, which are difficult to heal and associated to

high healthcare costs, and (3) scars, which cause severe

anaesthetic limitations and movement disabilities. In

response to these needs, bioprinting has been explored to

create sophisticated bi-layered skin substitutes containing

dermal and epidermal components, which mimic the native

organization of skin tissue.

Michael et al. [117] used the laser-assisted bioprinting to

produce multi-layered cellular skin constructs and evaluate

their ability to promote the in vivo regeneration of full-

thickness skin wounds in nude mice (Fig. 3). Skin substi-

tutes were created by printing 20 layers of NIH3T3

fibroblasts followed by 20 layers of HaCaT keratinocytes

suspended in collagen onto a sheet of MatridermTM and

subsequently incubated under submerged conditions over-

night. In vitro studies showed that fibroblasts started to

produce collagen and keratinocytes formed a dense epi-

dermis, though no differentiation was observed. After

11 days of in vivo implantation, skin substitutes showed a

good integration into the native tissue. Small blood vessels

were also detected in the printed skin substitutes, growing

from both the wound bed and wound edges into the

Matriderm� towards the direction of printed cells.

Immunohistochemistry assays confirmed the presence of

E-cadherin between keratinocytes, indicating the estab-

lishment of cell–cell contacts. This work demonstrated the

capability of laser-assisted bioprinting to produce 3D bio-

logical skin substitutes capable of developing functional

tissues in vitro and promote skin regeneration in vivo,

which represents an exciting advance in the field of 3D skin

bioprinting.

Rather than printing 3D skin constructs in vitro for

subsequent implantation, efforts have also been focused on

the development of integrated bioprinting strategies for the

in situ printing of cellular skin substitutes. In situ skin

printing is challenging as it requires the development of

dedicated bioprinting devices, the integration with imaging

systems to obtain data from the wound site, and the design

of bioinks capable of instructing printed cells to perform
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Table 2 Examples of bioinks used in 3D bioprinting

Bioink Composition Crosslinking method Cell type Bioprinting

technology

Application References

Natural origin

Alginate Alginate Ionic (Ca) bMSC Extrusion Bone [46]

Oxidized alginate Ionic (Ca) hASC Extrusion n.s. [74]

Alginate and GelMA Ionic (Ca) and

chemical (UV)

HUVEC Extrusion Cardiac [33]

Alginate, gelatin and HAp Thermal and ionic

(Ca)

hMSC Extrusion Bone [204]

Alginate, carboxymethyl-

chitosan, and agarose

Ionic (Ca) HNSC Extrusion Neural [56]

Cellulose Nanofibrillated cellulose and

alginate

Ionic (Ca) Chondrocytes Extrusion Cartilage [112]

Collagen Collagen Physical Fibroblasts and

keratinocytes

BioLP Skin [90, 117]

Cell-laden collagen (core) and

alginate (sheat)

Ionic (Ca) for alginate hASC Extrusion

with core

sheath

nozzle

n.s. [211]

Collagen and fibrinogen Physical (thrombin) Chondrocytes Inkjet Cartilage [208]

Collagen and fibrinogen Physical (thrombin) AFS or MSC Inkjet Skin [184]

Decellularized

ECM

Decellularized heart tissue Chemical (UV) Cardiomyocytes Extrusion Cardiac [73]

Decellularized adipose tissue Thermal hASC Extrusion Adipose

tissue

[144]

Decellularized adipose,

cartilage and heart tissue

Thermal hASC, hTMSC

and rat

myoblast cells

Extrusion n.s. [143]

Dextran Methacrylated dextran and HA Chemical (UV) Chondrocytes Extrusion n.s. [152]

DNA Polypeptide-DNAconjugate

and complementary DNA

linker

DNA hybridization AtT-20 and

HEK-293

cells

Extrusion

(microvalve-

based)

n.s. [100]

Gelatin Gelatin Enzymatic (microbial

transglutaminase)

HUVECs and

HEK293 cells

Extrusion n.s. [72]

Gelatin and fibrinogen Thermal and

enzymatic (thrombin

and

transglutaminase)

hMSCs, hNDFs

and HUVECs

Extrusion Vascular [92]

Gelatin, alginate, dermal

homogenates and EGF

Thermal and ionic

(Ca)

Epithelial

progenitor

cells

Extrusion Sweat

gland

[69]

GelMA Chemical (UV) HepG2 Extrusion n.s. [17]

Methacrylated and acetylated

gelatin

Chemical (UV) Chondrocytes Inkjet n.s. [65]

Gellan gum Gellan gum, alginate HAp

particles

Ionic Chondrocytes Extrusion Cartilage [83]

Hyaluronic acid HA-pNIPAAM and HAMA Thermal and chemical

(UV)

Chondrocytes Extrusion Cartilage [82]

HAMA and GelMA Chemical (UV) HAVIC Extrusion Cardiac [42]

Thiol HA and thiol gelatin

with gold nanoparticles

Covalent interactions Fibroblasts Extrusion n.s. [183]

Thiol HA (Heprasil�), thiol

gelatin (Heprasil�),

decellularized ECMs, and

PEG-based crosslinkers

Chemical (Michael-

type addition and

UV)

Cell liver

spheroids

Extrusion Liver [185]
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their native functions. Binder et al. [18, 184] developed a

device for the in situ skin printing composed of a cartridge

delivery system containing a series of inkjet nozzles and a

laser scanning system, both mounted on a portable XYZ

plotting system. The data obtained from the laser was used

to reconstruct a 3D model of the wound, which was sub-

sequently employed to determine the skin area that was

missing from the wound. Afterwards, the printheads filled

the wound site with a bioink containing skin cells in a

layer-by-layer manner. The potential of the system to

induce the skin regeneration was firstly evaluated through

the printing of human keratinocytes and fibroblasts sus-

pended in a fibrinogen-collagen precursor solution into a

full thickness skin lesions (3.0 9 2.5 cm2) created on nu/

nu mice [18]. After printing each layer, a thrombin solution

was sprayed on top of the deposited layer to induce

hydrogel formation. Results showed the complete closure

of the wound in 3 weeks and the formation of new skin

with similar properties to the native tissue. Histological

analyses also revealed that the newly formed skin con-

tained organized dermal collagen and a fully developed

epidermis. The same research group used a similar proce-

dure and bioprinting technique to print amniotic fluid-

derived stem cells (AFSC) and bone marrow-derived

mesenchymal stem cells (MSC) suspended in a fibrinogen-

collagen gel into full-thickness skin wounds in mice [184].

The cell-biomaterial solution was dispensed to the skin

wounds (2.0 9 2.0 cm2) with uniform cell distribution.

The closure and re-epithelialization of wounds treated with

printed AFSC and MSC were significantly better than those

of wounds treated only with the fibrin-collagen hydrogel.

Histological sections of skin samples harvested 2 weeks

after printing/implantation showed well-defined and orga-

nized epidermal layers of the regenerated skin in MSC and

AFSC-treated wounds, which was accompanied by

increased neovascularization and blood vessel maturation,

particularly in the case of AFSC-treated wounds. However,

findings also demonstrated that cells only remained tran-

siently at the lesion site and did not permanently integrate

with the host tissue. Another limitation of this bioprinting

approach relies on the slow crosslinking time of the bioink

system, which increased the overall procedure.

Table 2 continued

Bioink Composition Crosslinking method Cell type Bioprinting

technology

Application References

Adamantane and b-
cyclodextrin modified HA

Supramolecular

assembly

MSC and 3T3

fibroblasts

Extrusion n.s. [63]

MatrigelTM Matrigel and alginate (3:1)

containing VEGF-loaded

gelatin microparticles

Ionic (Ca) hEPC Extrusion Bone [155]

M13 bacteriophage

(phage)

Genetically engineered M13

phage and alginate

Ionic (Ca) MC3T3-E1

cells

Extrusion Bone [97]

Silk Silk fibroin and gelatin Enzymatic (mushroom

tyrosinase) and

physical crosslinking

(sonication)

hTMSC Extrusion n.s. [37]

Synthetic origin

PEG PEGDMA Chemical (UV) Chondrocytes Thermal

Inkjet

Cartilage [36]

PEGDMA containing cell

adhesive and MMP sensitive

peptides

Chemical (UV) hMSCs Thermal

Inkjet

Cartilage [48]

Pluronic Acrylated and non-acrylated

pluronic F127 and HAMA

Chemical (UV) Chondrocytes Extrusion Cartilage [118]

AFSC amniotic fluid-derived stem cells, bMSC bone marrow stromal cells, Ca calcium, GelMA methacrylated gelatin, HAMA methacrylated

hyaluronan, Hap hydroxyapatite, HA-pNIPAAM poly(N-isopropylacrylamide) grafted hyaluronan, hASCs human adipose-derived stem cells,

HAVIC human aortic valvular interstitial cells, hEPCs human endothelial progenitor cells, HepG2 hepatocarcinoma cell line, hNDFs human

neonatal dermal fibroblasts, HNSC human neural stem cells, hTMSCs human inferior turbinate-tissue derived mesenchymal stromal cells,

hTMSCs human nasal inferior turbinate tissue-derived mesenchymal stromal cells, HUVECs human umbilical vein endothelial cells, n.s. not

specified, p(HPMAm-lac) poly(N-(2-hydroxypropyl)methacrylamide lactate) functionalized with methacrylates, PEGDMA poly(ethylene) glycol

dimethacrylate
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In addition to suitable mechanical, swelling and

biodegradation characteristics, bioinks for in situ skin

printing should exhibit fast crosslinking to reduce the

printing time, support cell activity and eventually act as a

delivery vehicle of biological factors. In order to meet such

requirements, Skardal et al. [186] developed a pho-

tocrosslinkable heparin-conjugated hyaluronic acid (HA-

HP) hydrogel for in situ printing capable of sequestering

and releasing cell secreted growth factors. The bioink

system, composed of thiolated HA with conjugated heparin

groups, thiolated gelatin, PEGDA cross-linker and I2959 as

photoinitiator, was loaded with AFS cells and printed

directly onto full thickness skin wounds (2.0 9 2.0 cm2) in

a nu/nu murine model (Fig. 4). After printing, the bioink

was crosslinked in situ via thiol-ene photopolymerization

upon exposure to UV light. In vitro tests indicated the

effectiveness of heparin-mediated growth factor binding in

modulating the release of pro-angiogenic AFS-secreted

FGF and VEGF from HA-HP hydrogels. Wounds treated

with cell-laden HA-HP hydrogels showed slightly higher

closure rate and re-epithelialization compared to both HA-

treated and non-treated wounds, though the differences

between groups were not statistically significant after

14 days post-printing. Histological characterization of the

harvested skin tissue indicated that HA-HP hydrogels

promoted higher microvessel density which may be due to

the sequestration of and release of AFS cell-secreted

growth factors as well as increased deposition of elastin.

Although this work demonstrates the potential of pho-

topolymerizable heparin-containing HA-based bioinks

combined with AFS cells for in situ skin printing, further

characterization regarding the effectiveness of this strategy

on the wound healing and quality of new skin is necessary.

Fig. 3 Bi-layered skin substitute produced by BioLP through the

printing of fibroblasts and keratinocytes and characterized after

11 days of in vitro culture at the air–liquid interface (a–f) or in vivo

implantation in nude mice (g–i). a–c Fluorescent microscopy images

showing the presence of red keratinocytes (HaCaT-mCherry) and

green fibroblasts (NIH3T3-eGFP). d–fMasson’s trichrome staining of

sections containing collagen (green) and the cells (reddish), indicat-

ing the formation of a dense epidermis on day 5. G Construct in the

dorsal skin fold chamber in nude mice immediately after implantation

and after 11 days. h Fluorescence microscopy image of the construct

with green fluorescence emitted by HaCaT-eGFP cells and red

fluorescence emitted by fibroblasts (NIH3T3-mCherry). i Histological
sections of the tissue construct stained with Masson’s trichrome

showing a dense epidermis (empty asterisks) and a corneal layer [117]
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Printed skin constructs as in vitro models

The interest in printing invitro human skinmodels as platforms

for toxicity and efficacy testing of topical medications and

cosmetics has been significantly increasing due to the need for

cost-effective alternatives to animal experimentation.

Although there are severalworks demonstrating the printing of

bi-layered skin constructs and evaluating their properties

[156, 164], there is a lack of studies using and testing their

applicability for pharmaceutical or cosmetic testing. The

majority of these studies employ skin equivalents exclusively

created by manual methods [160, 205] or fabricated using

components obtained through 3D printing technologies com-

bined with manual deposition of cell-laden solutions [122].

Lee et al. [93] used a robotic cell dispensing technology

composed of a set of electromechanical microvalves to

fabricate 3D cell-laden constructs in vitro mimicking the

native skin anatomy (Fig. 5). Their approach involved the

printing of collagen hydrogel precursor solutions, ker-

atinocytes and fibroblasts suspension, followed by the

crosslinking of each printed layer using a nebulized sodium

bicarbonate solution as a gelation agent. Results indicated

no significant differences on the viability of printed cells

compared to manually plated cells, while confocal

Fig. 4 In situ printing of a photocrosslinkable heparin-conjugated

hyaluronic acid hydrogel system loaded with AFS cells into full-

thickness skin wounds in a nu/nu murine model. a Schematic

representation of UV light photoinitiated thiol-ene polymerization of

the hydrogel system. b Illustration of the in situ printing strategy.

c Macroscopic images of the wounds over the study, showing

enhanced closure of wounds treated with the hydrogel system

compared to the control groups. d Immunohistochemistry analysis

of tissue sections stained for collagen type I (red), collagen type III

(green), and DAPI (blue) [186]
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microscope images of printed 3D constructs after 4 days of

in vitro culture showed distinct layers of fibroblasts and

keratinocytes. This strategy was further explored and

optimized in another work from the same group, where

particular attention was given to the optimization of

printing parameters, cell densities and histological char-

acterization of skin constructs [95]. Printed multi-layered

constructs were cultured under submerged conditions fol-

lowed by exposure to the air–liquid interface to stimulate

proliferation of keratinocytes. At day 14, printed constructs

exhibited a dense epidermal layer and a sparsely populated

dermal layer without cell invasion and migration across the

two regions. Histological analysis revealed epidermis

compaction along the period of ALI culture, accompanied

by the formation of terminally differentiated stratum cor-

neum and thigh junctions between keratinocytes. Printed

constructs maintained the shape and dimensions without

shrinkage during the culture period, while conventional

constructs obtained by manual deposition presented

continuous shrinkage and shape modification. Further

improvements on the density of fibroblasts in the dermis, as

well as on the stratification and keratinization, are required

to better mimic the native skin tissue. In another work,

laser-assisted bioprinting was explored to produce 3D skin

grafts consisting of a collagen matrix containing fibroblasts

and keratinocytes in two main regions, aiming at mim-

icking the anatomic organization of native skin [90]. The

bi-layered 3D skin substitute was created by printing 20

layers of fibroblasts followed by 20 layers of keratinocytes.

Both cell types were embedded in a collagen matrix and

transferred onto a receiving slide coated with MatridermTM

(composed of collagen and elastin). After 10 days of

in vitro culture, cells remained viable and located at the

printed positions, without mixing between fibroblasts and

keratinocytes. Immunohistochemical analyses revealed the

formation of a laminin layer (main protein in basement

membrane) between the fibroblasts and keratinocytes

layers.

In another study, Cubo et al. [131] used an extrusion-

based bioprinter to create a human plasma-derived bilay-

ered skin using fibroblasts and keratinocytes. The dermal

component was created by printing fibroblasts embedded

within a plasma-derived fibrin hydrogel, which was

allowed to polymerize for 30 min before the seeding of

keratinocytes to generate the epidermal component. For

in vitro testing, skin constructs were printed on transwell

inserts, allowed to differentiate at the air–liquid interface

for 17 days and evaluated for their resemblance to the

native tissue. Histological analysis showed the formation of

skin equivalents with structural resemblance to the human

skin, characterized by the presence of spread fibroblasts

within the dermal compartment and the terminal differen-

tiation of keratinocytes on the epidermal component. To

evaluate the in vivo differentiation capability of printed

constructs, the substitutes were printed, incubated over-

night and immediately grafted on full-thickness wounds

created on the backs of immunodeficient athymic mice.

Immunofluorescence results using different differentiation

markers indicated the presence of stratum basal, stratum

spinosum, stratum granulosum and stratum corneum on the

epidermal component, as well as the formation of the

dermo-epidermal junction at the interface with the dermal

component. Recently, Kim et al. [25] developed a hybrid

bioprinting approach to fabricate a human skin model with

a functional transwell system in a single-step process, as a

low-cost alternative to commercial transwell inserts. In

their strategy, an extrusion module capable of printing

hydrogel bioinks and thermoplastics was used to print the

dermal compartment and a polycaprolactone (PCL) mesh

to reduce collagen shrinkage during the construct matura-

tion, respectively. The fibroblast-loaded collagen bioink

was printed onto the PCL mesh to create the dermal region,

Fig. 5 a Schematic illustration of bioprinting strategy and compo-

sition of skin constructs. b immunofluorescent images of multi-

layered skin constructs (bi) showing keratin-containing KC layer (bii)
and b-tublin-containing KC and FB (biii) [93]
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while an inkjet module was subsequently applied to print

the epidermal region through the deposition of ker-

atinocytes on the top of the dermis-like layer. The dermal

region exhibited smaller shrinkage compared to the control

group (fibroblasts in collagen gel), while inkjet printed

keratinocytes displayed a more uniform distribution and

higher proliferation rate when compared to manually

deposited cells. After 14 days of ALI culture, fibroblasts

were well-spread throughout the dermal region expressing

collagen type I, while stratified epidermis were formed on

the epidermal region with expression of both early (keratin

10) and late (involucrin) differentiation markers.

Printed skin constructs with appendages and pigmentation

To create biomimetic skin constructs, the complexity of the

tissue must be addressed behind generating the two major

macro-structures of skin, i.e., dermal and epidermal layers.

Thus, a great deal of interest has recently been focused on

the integration of appendage structures into skin constructs,

including sweat glands and pigmentation.

The regeneration of sweat glands using 3D printed

ECM-mimic environments was addressed by Huang

et al. [69] using a gelatin-based bioink. The bioink

composed of gelatin, alginate, mouse plantar dermis

components (collection of protein molecules with bone

morphogenic protein (BMP-4) the predominant growth-

factor protein) and EGF was designed to provide a 3D

niche to promote differentiation of epidermal progenitors

into sweat gland cells. Several bioink compositions (with

or without EGF and with plantar or dorsal dermis

components) were printed using an extrusion system,

crosslinked with calcium chloride, and their properties

evaluated regarding cell viability and differentiation.

Cellular hydrogels were deposited onto a cold glass chip

(gelatin at gel state) and physically crosslinked with

calcium chloride after printing, supporting cell spreading

and growth. Results also showed that embedded cells

within hydrogel containing EGF and plantar dermis

components differentiated into sweat gland cells, as

demonstrated by expression of luminal epithelial mark-

ers. After the in vitro characterization, 3D constructs

were implanted into mice burned paws to access their

performance. Printed hydrogels containing both EGF and

plantar dermis components restored the sweat gland

function upon 14 days of implantation, performing better

than the other tested groups. Histological analysis also

revealed the formation of sweat glands in regenerated

skin and degradation of the hydrogel network. Although

this study did not address the mechanisms of sweat

gland restoration, the suggested bioprinting approach

could be a useful tool for further research on the

restoration of skin appendages. In a later study, the same

research group demonstrated that the 3D architecture of

printed constructs determines the sweat gland morpho-

genesis [104]. 3D porous constructs (20 9 20 9 5 mm)

were printed using different bioinks (with and without

plantar dermis components) and printing nozzles (300

and 400 lm) and their effect on sweat gland cell dif-

ferentiation and morphogenesis evaluated. After 14 days

of culture, epithelial progenitors in constructs produced

with the 300 lm nozzle showed higher expression of

luminal epithelial markers, which is characteristic of

differentiation into sweat gland cells. At later culture

period (28 days), specific morphology of sweat gland

tissue was only present in constructs printed with the

300 lm nozzle and the plantar dermis-containing bioink.

The authors suggest that the larger pore size of con-

structs produced with the 300 lm nozzle together with

the release of plantar dermis components (inductive

factors) from the constructs might influence and guide

the differentiation of printed cells. However, the mech-

anisms and cues that regulate cell response to the 3D

architecture and drive cell differentiation and sweat

gland formation still remain unknown.

Skin pigmentation is associated to the production of

melanin from melanocytes and its transfer to surrounding

keratinocytes, being an important requirement of skin

constructs. Min et al. [120] used a micro-valve based

bioprinter that deposits small liquid droplets to create

full-thickness skin constructs containing pigmentation.

The dermal component was created by printing five layers

of collagen precursor solution, which was crosslinked

through neutralization with sodium bicarbonate. During

the fabrication, a suspension of fibroblasts was printed

and embedded in the layers 2–4. After 1 day of culture, a

suspension of melanocytes was printed on the top of the

dermal layer in two different configurations (Fig. 6).

After 4 days of culture, a suspension of primary ker-

atinocytes was then printed on the top of the constructs,

followed by submerged culture (1 day) and ALI culture

for 4 days. Histological characterization showed the

formation of distinct dermal and epidermal layers with

terminal differentiation of keratinocytes, as shown by

loricrin staining. Printed melanocytes in the epidermal

layer formed multiple clusters of dark pigmentation, as

observed by visual inspection and bright-field micro-

scopic images. H&E staining revealed the presence of

pigmentation and melanin granules, while Melan-A IHC

staining showed that pigmented cluster consisted of

melanocytes and keratinocytes, though additional char-

acterization is required to investigate the location of both

cell types. Despite promising outcomes, constructs

exhibited non-uniform pigmentation, being necessary

further optimization to improve the homogeneity in skin

pigmentation.
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Printed vascularized skin constructs

The formation of biologically relevant constructs contain-

ing a functional, perfusable vascular network is a major

hurdle towards the full implementation and clinical trans-

lation of skin bioprinting. Vascularization of bioprinted

skin constructs is essential to recapitulate the vasculature of

dermis and to provide nutrients and oxygen to the

embedded cells. It also plays a key role in the integration of

implanted constructs with the host tissue, which remains a

limitation of current skin substitutes. In the absence of a

functional vascular network, nutrients, oxygen and soluble

factors are supplied to the cells by diffusion, which is a

slow and inefficient process that may lead to suboptimal

cell nutrition, cell necrosis or delayed new tissue formation

[158]. In vivo, vascularized tissues contain an organized

system of larger blood vessels that branch into smaller

vessels, which ultimately branch into capillaries distributed

throughout the tissue. Capillaries are in the close proximity

(maximum *200 lm) to the cells allowing nutrition,

oxygenation and removal of waste products [167]. The

natural formation of a vascular network in vivo is regulated

by two underlying processes of vasculogenesis and

angiogenesis. The first occurs during early embryonic

development to form a primitive capillary network, while

the second takes place in adults aiming at the revascular-

ization of damaged or diseased tissues from existing blood

vessels [133, 167]. Recapitulating these biological pro-

cesses in printed tissues is challenging and requires a

proper spatiotemporal interplay between vascular cells,

resident cells and surrounding ECM. Although several

strategies have been explored to promote vascularization in

skin constructs [62, 88], engineering branched vascular-

ization in 3D hierarchical architectures remains a great

challenge. Bioprinting technologies are attractive to engi-

neer a vascular tree within thick constructs by the precise

layer by layer deposition of multiple cell types and ECM-

like bioinks into prescribed spatial locations at high reso-

lution [202]. Promising approaches to generate vascular

networks have been reported using inkjet [34, 209], laser-

assisted [203], and extrusion bioprinting [16, 92, 132]. In

general, such approaches are based on four main strategies:

(1) direct patterning vascular cells onto a receiving sub-

strate [203], (2) continuous printing of polymeric bioink

loaded with endothelial cells followed by polymer removal

[96], (3) printing perfusable channels in a 3D construct for

subsequent injection of a cell suspension into the empty

channel [92], and (4) printing of multicellular spheroids

[132]. Vascular cells currently explored in bioprinting

include endothelial cells such as human umbilical vein

endothelial cells HUVECs or human dermal microvascular

endothelial cells (HMVECs), and smooth muscle cells such

as human umbilical vein smooth muscle cells.

To address the need for vascularization in skin substi-

tutes, Yanez et al. [209] used the inkjet technology to

fabricate capillary-like endothelial networks into a dermo-

epidermal skin graft consisting of neonatal human dermal

fibroblasts (NHDFs) and neonatal human epidermal ker-

atinocytes (NHEKs) embedded in a fibrin-collagen matrix.

HMVEC were mixed with thrombin and inkjet printed on

top of a manually plated layer of collagen-NHDF cells

containing fibrinogen. After formation of the fibrin

Fig. 6 Printed skin constructs containing melanocytes. a–d Macro-

scopic images of constructs with melanocytes printed in the area

model or spot model before (a, b) and after ALI culture (c, d) (scale
bars 5 mm). e, f Bright-field images of constructs after ALI culture

(scale bars 150 lm) and respective sections in H&E staining (i–iv)

(scale bars 200 lm). Pigmentation areas are indicated with arrows.

g Melan-A expression in the melanocytes/keratinocytes cluster (white

arrow) and around the melanocytes in the dermal–epidermal junction

(black arrows) (scale bar 100 lm). h Melan-A expression showing

the dendritic form of the viable melanocytes (scale bar 100 lm) [158]
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hydrogel, a layer of collagen containing NHEK cells was

pipetted on top of it to produce bi-layered structures.

These structures were then implanted into skin full-

thickness wounds on the back of athymic nude mice to

investigate healing properties and integration with the

native tissue. Wounds treated with printed substitutes

required 14–16 days to heal, contrasting with 21 days in

the control group (no skin graft) and 28 days in the group

implanted with Apligraf� (commercial tissue-engineered

skin substitute based on collagen with embedded fibrob-

lasts and further cultured with keratinocytes). Histological

characterization of the wounds treated with the printed

substitutes on post-operative day 14 showed the formation

of dermal and epidermal skin layers similar to the native

skin, accompanied by the presence of new micro-vessels

in the mouse tissue. It was suggested that new blood

vessel formation was stimulated by the presence of

endothelial cells, indicating partial integration of the skin

graft into the host tissue, which was further confirmed by

the presence of human cells in the mouse tissue. More

recently, Abaci et al. [1] developed an integrated strategy

to generate perfusable vascular networks in human skin

equivalents using primary and induced pluripotent stem

cell (iPSC)-derived endothelial cells (iECs). 3D printing

technology was explored to create moulds with the

desired vasculature pattern and functional components for

the fabrication of embedded vasculature. Sacrificial

channels composed of crosslinked alginate were printed

and embedded with dermal fibroblasts embedded with a

collagen matrix. After 7 days of culture, keratinocytes

were seeded on the top of the dermal compartment, cul-

tured under submerged conditions for 7 days and subse-

quently maintained at ALI interface for additional 7 days.

After this period of time, perfusable channels were cre-

ated by removing the alginate using a sodium citrate

solution, followed by the injection of either HUVECs or

iECs, which established proper endothelial barrier func-

tion. Vascularized skin constructs grafted on the back of

immunodeficient mice for 14 days were perfused with

blood, while both non-vascularized constructs and con-

structs with acellular channels remained non-perfused,

which suggest that engineered vasculature promotes and

guides neovascularization of skin constructs. Although

the skin construct was created by manual deposition of

cell-laden solutions rather than using bioprinting tech-

nologies, this study reports an integrated approach to

generate vascularized skin equivalents for tissue engi-

neering applications. A similar approach to fabricate

perfusable vascular channels within skin equivalents was

recently reported by Mori et al. [122], who’s demon-

strated the applicability of the vascularized skin equiva-

lent for dermatological studies and for drug testing.

Conclusions and future perspectives

The field of skin bioprinting has experienced exciting

advances in the direct printing of cellularized hydrogel

constructs as effective alternatives to current therapies for

skin repair and regeneration. Bioprinting technologies have

been applied to create 3D constructs that recapitulate, to

some extent, the architecture and cellular composition of

native skin. Although those processes allow the precise

patterning of skin cells and ECM components in the form

of 3D constructs capable of promoting in vitro and in vivo

skin formation, the field of skin bioprinting is still in an

early stage, facing numerous challenges in diverse areas. A

critical issue is the availability of bioprinters capable of

producing constructs that replicate the intricate ECM

composition of skin. Since most of the bioprinters currently

used in laboratories result from technical modifications of

available technologies and/or equipment, they usually have

limited resolution and accuracy, which imposes serious

restrictions to the processing conditions, range of print-

able biomaterials and characteristics of the printed con-

struct. Despite the existence of dedicated bioprinting

technologies capable of processing biologically relevant

biomaterials and living cells already available for com-

mercialization (e.g., 3D Bioplotter�, 3DDiscovery�), the

printing speed and resolution should be increased in order

to better reproduce the heterogeneity found in natural tis-

sues and produce constructs with clinically relevant

dimensions in acceptable periods of time. Another impor-

tant aspect relies on the inclusion of physical and chemical

crosslinking methods in the bioprinting process to induce

rapid gelation during biofabrication in order to maintain

shape fidelity and prevent loss of resolution. The devel-

opment of hybrid bioprinting approaches for skin tissue

engineering, through the combination of bioprinting and

other biofabrication techniques with different scales of

resolution, is also an important challenge that could

enhance the functional outcomes of constructs and over-

come technical limitations. Another important limiting

factor in skin bioprinting is the lack of printable bioinks

exhibiting appropriate rheological, mechanical and bio-

logical properties. As a result of the distinctive requisites of

each bioprinting strategy, most of the natural and synthetic

hydrogels that have been applied for skin wound healing

need to be re-engineered to allow adequate processing

through bioprinting. Besides printability, such materials

must exhibit a plethora of characteristics, including bio-

compatibility, biodegradability, ability to preserve cell

viability and function during/upon printing, appropriate

immunological properties and the ability to promote inte-

gration with host tissue. Bioinks should also allow the

introduction of cell adhesion sites and cleavable bonds to
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control cell behaviour and biomaterial degradation rate,

respectively. Current bioinks for skin bioprinting are

essentially limited to the use of alginate, collagen, hya-

luronic acid and fibrin, which restricts the range of

mechanical and biological properties of the fabricated

constructs. Although the ability of bioprinting approaches

to generate 3D constructs with complex architectures,

while allowing good control over the spatial location of

biomaterials, cells and biologically active compounds, has

already been demonstrated, replicating the complexity of

native skin tissues has not yet been successfully achieved.

To improve the level of biomimicry, efforts should be

made to consider additional aspects regarding the skin

appendages, gradients of ECM components, and func-

tional vascular networks. Skin appendages are responsible

for several important functions, including protection,

sensing and temperature regulation, while the gradients of

ECM components play a primordial role in both cell

behaviour and biomechanical properties of the skin.

Novel bioinks allowing the reproduction of ECM gradi-

ents present in different skin layers should be designed

and their effects on cell viability and function well

characterized and documented towards regulatory

approval. Although vascularization is essential for the

long-term viability of the construct, it remains a huge

challenge in almost all tissue-engineering strategies.

Recent developments in bioprinting of functional vascular

networks can be explored to design 3D hierarchical skin

constructs with embedded vascular cells, which will rep-

resent an important advance in the field. Finally, efforts

should be concentrated in the translation of bioprinting

therapies into clinical practice. This is a long and difficult

issue that depends on several factors, including the scale-

up of the process, and many regulatory and commercial-

ization aspects. Since novel bioprinting approaches for

skin repair and regeneration are complex and multidisci-

plinary, aspects related to the bioprinting technology,

bioinks, cell sources, integration with existing medical

devices (e.g., robotic surgical arms, medical imaging

systems, real-time imaging technology), automation,

reproducibility and affordability must be considered right

from an early stage to reduce the time to reach the market.

Collaborative work should also be focused on the estab-

lishment of good manufacturing practices, standardization

of assays to control the properties of manufactured con-

structs, and methods for the monitoring and inspection of

the printing process.
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