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ARTICLE INFO ABSTRACT

Keywords:

Extrusion-based bioprinting (EBB) holds potential for regenerative medicine. However, the widely-used bioinks

Bioink of EBB exhibit some limitations for skin regeneration, such as unsatisfactory bio-physical (i.e., mechanical,

Extrusion-based bioprinting
Cutaneous wound healing
Skin regeneration

structural, biodegradable) properties and compromised cellular compatibilities, and the EBB-based bioinks with
therapeutic effects targeting cutaneous wounds still remain largely undiscussed. In this review, the printability
considerations for skin bioprinting were discussed. Then, current strategies for improving the physical properties

of bioinks and for reinforcing bioinks in EBB approaches were introduced, respectively. Notably, we highlighted
the applications and effects of current EBB-based bioinks on wound healing, wound scar formation, vasculari-
zation and the regeneration of skin appendages (i.e., sweat glands and hair follicles) and discussed the challenges
and future perspectives. This review aims to provide an overall view of the applications, challenges and
promising solutions about the EBB-based bioinks for cutaneous wound healing and skin regeneration.

1. Introduction

Cutaneous wounds are becoming a growing worldwide medical
burden. In developed countries, about 1-2% of the general population
suffer from chronic wounds throughout their lifetime [1]. In United
States, the Medicare cost estimates of acute and chronic wound care
ranged from $28.1 billion to $96.8 billion [2]. Among all wound kinds,
surgical wounds and diabetic foot ulcers cost the highest expenses [3]. In
China, a recent cross-sectional study identified that the prevalence rate
of chronic wounds was as high as 1.7%. among patients in hospitals [4].

Current progress highlighted the versatile roles of three-dimensional
(3D) bioprinting for cutaneous wound healing. Based on their native
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prototypes, 3D bioprinting techniques are categorized as extrusion-
based, droplet-based, laser-based and stereolithography bioprinting
[5]. Among them, extrusion-based bioprinting (EBB) integrated with
cell-loaded bioinks is the most prevalent used techniques for cutaneous
wound care because of its accessibility, cost-effectiveness and capacity
to replicate tissue complexity [6]. Specifically, EBB extrudes or dis-
penses continuous strands of “bioinks”, which are mainly comprised of
biomaterials, living cells and/or bioactive molecules, onto a free-moving
platform in a predesigned layer-by-layer manner to fabricate geometri-
cally well-defined 3D complex structures. Usually, bioinks are extruded
through a nozzle in an EBB system powered by pneumatic-, piston-,
screw-based, or microfluidic mechanisms [7].

Compared with other 3D bioprinting techniques, EBB can process a
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Abbreviations

3D three-dimensional

4D four-dimensional

DPC dermal papilla cell

EBB extrusion-based bioprinting

ECM extracellular matrix

ELR elastin-like recombinamer

FRESH Freeform Reversible Embedding of Suspended
Hydrogels

GelMA  gelatin methacryloyl

MSC mesenchymal stem cell

TAZ tafazzin

YAP yes-associated protein

much wider variety of biomaterials or cell types [8] and cause relatively
less process-induced cell damages [9]. The EBB-related bioinks, which
are generally comprised of natural-derived (i.e., collagen, fibrin, gelatin,
hyaluronic acid, chitosan, alginate, agarose, etc.) or synthetic bio-
materials (i.e., polycaprolactone, polyethylene glycol, polylactic acid,
etc.) [10], are a mixture of high-molecular polymers possess
shear-thinning properties and can be further crosslinked for stabilizing
[11]. By tuning biophysical mechanical parameters or adding functional
growth factors or drugs into bioinks, EBB approaches can promote cell
growth or even direct cell fates toward targeted regeneration applica-
tions [12].

However, current EBB-based bioinks exhibit some limitations, such
as unsatisfactory bio-physical (i.e., mechanical, structural, biodegrad-
able) properties for skin regeneration, and a compromise between the
printability and cellular compatibility of EBB-based bioinks usually has
to be made. Despite a few published reviews [10], EBB-based bioinks
with therapeutic effects targeting cutaneous wounds still remain largely
undiscussed.

Here, we discussed the four key features about the printability (i.e.,
extrudability, filament classification, shape fidelity and printing accu-
racy) of EBB-based bioinks. Then, current strategies for improving the
physical properties (i.e., mechanical properties, structural properties
and biodegradability) of bioinks and possible solutions for reinforcing
EBB-based bioinks (i.e., reinforcing bioinks with functionalized poly-
mers, supramolecular hydrogels, nanocomposites and surface modifi-
cations) were introduced, respectively. Notably, we highlighted the
applications and effects of current EBB-based bioinks on wound healing,
wound scar formation, vascularization and the regeneration of skin
appendages (i.e., sweat glands and hair follicles) and discussed the
challenges and future perspectives. This review aims to provide an
overall view of the features and applications targeting cutaneous wound
healing and skin regeneration, and to discuss current challenges and
promising solutions about the EBB-based bioinks.

2. Printability considerations for skin bioprinting

Skin is the largest organ around body compared to other tissues, and
the regional heterogeneity of skin requires different physical and
cellular parameters such as stiffness, pore size and cell types for 3D
bioprinting approaches. An ideal bioprinted skin substitute should
exhibit the following properties [13]: (i) a biocompatible surface
chemistry for cell attachment, (ii) a highly porous inner architecture
with interconnected pores for cell immigration, nutrients transportation,
and wound exudates absorption, (iii) a large surface area to volume
ratio, (iv) suitable pore sizes (usually 200-400 pm) to promote cellular
activities and protect the wound from microbial invasion [14], (v) a
proper biodegrading speed to maintain its 3D structures for at least 3
weeks for fibroblast and epithelial cell proliferation and for allowing
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ingrowths of blood vessels [15].

The printability, a crucial parameter of bioinks for skin bioprinting,
generally refers to the ability of bioinks to be printed and is greatly
influenced by a range of biophysical and biochemical attributes of bio-
inks, such as shear-thinning, gelation kinetics, recoverability, biodeg-
radation and biocompatibility [16]. During EBB-based skin biopriting,
bioink filaments were continuously extruded from a nozzle at a
well-regulated printing speed between 700 mm/s ! and 10 pm/s ™! [17],
and were deposited in predefined geometries with the resolution ranged
from 50 to 1000 mm [16]. Specifically, the bioink should possess a lower
viscosity to protect cells from excessive fluid shear stress and prevent
possible clogging at the extrusion nozzles, and should undergo rapid
solidification to maintain the deposited shape upon deposition on the
printer bed [18]. The viscosities of EBB-based bioinks are usually ranged
from 30 to 6 x 107 mPa s [19].

Currently available hydrogel-related bioinks for skin regeneration or
wound healing are outlined based on four key features targeting print-
ability, i.e., (i) extrudability, (ii) filament classification, (iii) shape fi-
delity and (iv) printing accuracy.

Extrudability refers to the ability that a bioink is extruded through a
micrometer-scale nozzle. Notably, viscosity is the main rheological
measure of extrudability because higher viscosity directly results in
lower extrudability. Bioinks are generally a mixture of high-molecular-
weight polymers exhibiting shear-thinning properties, i.e., the viscos-
ity decreases under shear strains. Shear-thinning effects of bioinks are
caused by the disentanglement of polymer chains and the alignment
along the direction of shear during flow, which prevent clogging at the
nozzle during printing processes and contribute to regain immediate
structural consistency post-printing [20]. The cell viability during an
EBB approach is closely related to the pressure loaded on the piston, the
shear force at the needle and the residence time of the cells in the syringe
[21]. Hence, the extrudability of bioinks can be quantified by rheolog-
ical properties or measuring the pressures required to achieve a specified
flow rate [22]. In other cases, the extrudability of a bioink is also indi-
rectly evaluated by live/dead assay following the bioprinting process
[23].

A filament classification system should be established in order to
accurately describe different types of deposited filaments because bio-
inks will form a variety of filament types after being extruded from the
nozzle in an EBB approach. Water droplets and filaments are two main
shapes formed after bioinks being extruded into the air [24]. Specif-
ically, the filaments can be sub-categorized by either smooth or
nonuniform exteriors [24]. Smooth filaments deposition is precisely
controlled by the 3D printer, but nonuniform filaments often deviate
from the predetermined printing paths [25]. In addition, the deposited
filaments can be quantitatively measured by the following parameters,
e.g. the perimeter of single lattice of bioprinting structures relative to
perfect square [24], the inhomogeneity of single filament width [26],
etc.

Shape fidelity represents the ability of bioinks to maintain structural
integrity after stacking layers, which directly determines the ultimate
size and complexity of the shapes that a specific bioink can generate
[27]. As multiple new layers are deposited on top of previous layers,
bioinks with poor shape fidelity will collapse due to the weight of those
layers. Ouyang et al. [24] developed the Pr value to characterizes the
shape fidelity of bioinks, which is positively correlated with the gelation
degree of bioinks. Although the Pr value is only applicable to the eval-
uation of the two-layer printing model, it has a positive guiding role in
the deposition processes of bioinks. Moreover, printing in support gel
was required to maintain the integrity of delicate structures.

Printing accuracy refers to the similarity between the actually prin-
ted structures and the ideal dimensions, which is similar to shape fidelity
in terms of measurement methods. The key distinction is that the
printing accuracy emphasizes different printing conditions, while the
shape fidelity emphasizes different bioinks. Filament height, width and
pore size are most commonly used to evaluate printing accuracy in an
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EBB approach. In addition, microcomputed tomography measurements
and weight/volume of printed construct measurements provide more
reliable evidence despite that they are time and cost consuming [28].
Despite of great progress, printing soft biomaterials into air inevitably
results in poor fidelity. Most recently, the emerging Freeform Reversible
Embedding of Suspended Hydrogels (FRESH) method has gained great
attentions for achieving high printing accuracy and building much
complex 3D architectures. Specially, the FRESH method is an embedded
printing approach that extrudes bioinks within a yield-stress support
bath that holds the bioinks in place until cured [29]. Coaxial
nozzle-assisted 3D bioprinting or 3D-bioprint collagen using FRESH
methods enabled rapid shape and high printing accuracy, which holds
potential for designing more complex skin scaffolds.

3. Strategies for improving the bioink performances

The bio-hospitable nature of hydrogels has made them the best
candidate of bioinks for printing 3D cell-loaded constructs [30]. Con-
trolling the characteristics (i.e., pore size, structure, mechanics,
biodegradation, etc.) of bioprinted scaffolds is a major focus of bio-
printing research. In this section, we discussed how the properties of
bioinks are related to its performances, and reviewed currently available
strategies for improving the performances of bioinks.

3.1. Improving physical properties of bioinks

3.1.1. Tuning mechanical properties

Mechanical properties are crucial guarantees for the guiding effects
of printed skin constructs at both macro- and micro-levels.

Macroscopically, the mechanical features of the implants should be
consistent with the target tissues. For example, bioprinted skin con-
structs are implanted into the body aiming for skin regeneration. Hence,
the mechanical properties should match those of native skin, such as
stiffness (1-5 kPa) and yield stress/strain [31]. Due to high-water con-
tent and tunability, the elastic modulus of hydrogels can be adjusted in a
wide range, e.g., soft collagen gels (<1 kPa) [32], stiff reinforced double
network hydrogels (>1 MPa) [33], etc. A printable hydrogel-based
bioink should exhibit a storage modulus between 10 and 10° Pa to
successfully maintain the stability of printed constructs [34].

Microscopically, the stiffness of bioinks significantly regulates the
behaviors of encapsulated cells. Multiple studies have shown that cells
could sense and response to stiffness of surrounding extracellular matrix
(ECM) [35]. For example, matrix stiffness can guide fibroblasts and
mesenchymal stem cells (MSCs) to migrate to damaged tissues and
promote tissue repair [36], and normal mammary cells would transform
into malignant cancer cells under high stiffness matrix treatment [37].
In addition, the matrix stiffness is able to regulate the differentiation

Mesenchymal stem cell (MISC)
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direction of stem cells. Mammary gland progenitor cells prefer to
differentiate into luminal epithelial cells when cultured on the surface
with lower stiffness, while turned into myoepithelial cells with higher
stiffness stimulus [38]. Gilbert et al. [39] identified that muscle stem
cells could maintain the regeneration capabilities and self-renew in vitro
when cultured on soft hydrogel substrates that mimic the elasticity of
natural muscle tissues. The differentiation of neural stem cells is also
vulnerable to the changes of stiffness, i.e., neural stem cells prefer to
commit the neurons fate on matrix with lower elasticity similar to brain
tissues, while they are likely to commit the glial cells fate on a rigid
matrix [39]. Similarly, neonatal cardiomyocytes or induced -car-
diomyocytes usually failed to function like normal myocardium, while
they were able to beat well and retrieve their differentiated states once
cultured on a physiologically stiff matrix with heart-like elasticity [40].
Moreover, stiffness could individually induce MSCs differentiating to the
osteoblasts or adipocytes in 3D printed matrices [41] (Fig. 1).

3.1.2. Tuning structural properties

Structural characteristics (i.e., pore size, isotropy, topology, etc.) are
closely related with mechanical properties and play an indispensable
role in guiding or even determining cell behaviors [36]. For example,
the increases of the diameter of the cardiac collagen fibers are related to
age-associated changes in cardiovascular dysfunctions [42]. Generally,
small pore sizes repress cell migration and reduce nutrient diffusion,
while larger pores are facilitated with cell proliferation and cell exten-
sion but decrease mechanical properties [36].

The structural properties of bioinks are closely related to skin bio-
printing, especially hypertrophic scar or keloids, which are character-
ized by disordered dermal microarchitectures and myofibroblasts.
Myofibroblasts are highly contractile and can secret a large amount of
ECM resulting in collagen network remodeling with higher stiffness,
which greatly affect cell behaviors [43]. Isotropic features like aligned
structures can maintain the stemness of muscle stem cells and activate
the myofibroblast to promote scar formation [44]. Another study also
reported that adipose stroma cells embedded in collagen gels with
increased fiber thickness and pore size developed a more contractile
phenotype, mechanically triggering myofibroblast differentiation [43].

3.1.3. Tuning biodegradability

Biodegradability generally refers to the ability of materials to be
degraded or broken-down over time in the host bodies [45]. Cell growth
in the bioprinted scaffold requires gradually expanded inner spaces and
the implanted construct is meant to be replaced with functional
neo-tissues. In ideal conditions, the biodegradation rate should be
balanced with the rate of the tissue regeneration process, whilst the
degradation products should not trigger violent foreign body responses
[45]. During wound healing, skin substitutes should be not only

Alginate-gelatin (Alg-Gel) hydrogel

[1% Alginate -3% Gelatin]
(1A3G)

[4% Alginate -10% Gelatin]
(4A10G)

A= Osteocyte

Stiffness

Fig. 1. MSCs in constructs show adipocyte differentiation with low stiffness and show osteocyte differentiation with high stiffness, respectively. Cited from Ref. [41].
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biodegradable but also stable enough to maintain its composite struc-
tures for at least three weeks to guide ingrowths of loose connective
tissue and blood vessels [46].

In 3D printing, the bioinks for skin substitutes are usually hydrogels,
and degradability of these constructs mainly depends on the selected
bioinks and external conditions (e.g., hydrogel components, concen-
trations, pH values, temperature, external additives, in vitro or in vivo,
etc.) [47]. Generally, peptide-based materials are degraded by enzymes
produced by cells and polysaccharide-based materials are degraded
through ion exchanges in the hydrogel. Rodrigues et al. [48] also found a
positive correlation between the oxidation level and the degradability of
the bioprinted scaffolds. In another study, Madl et al. [49] generated a
family of hydrogels with a range of degradability and stiffness to
demonstrate that degradation rate of hydrogel was necessary for
maintenance of the stemness of neural progenitor cells.

Bioinks derived from natural polymers (e.g., collagen, gelatin,
fibrinogen, etc.) exhibit an ideal biodegradability. For example, collagen
exhibits high degradation rates, proper pore sizes and marginal me-
chanical strengths. In tissue-engineered bone or cartilage, collagen is
often used in combination with synthetic polymers or bio-inert materials
to slow down the overall degradation rate of bioinks [50]. While in
tissue-engineered skin, the composite bioinks of natural collagen and
gelatin exhibits a good biodegradability and printability, which have
been successfully applied for cutaneous wound care [51].

Specifically, alginate is one of the most widely used natural materials
in 3D bioprinting due to its excellent biocompatibility and great
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capability of patterning. However, the slow and difficult degradation of
alginate has restricted its applications. By adding alginate lyase, enzy-
matically degradable alginate/gelatin bioink was used for establishment
of 3D bioprinted constructs which can be degraded both in vitro and in
vivo. Cell adhesion, extension, proliferation and retention are promoted
in degradable bioinks and the enhanced cell communication between
grafted and host tissues meets the requirements of cytotherapy (Fig. 2)
[52]. In addition, Liu et al. [53] introduced alginate lyase into composite
gelatin methacryloyl (GelMA)/alginate hydrogel and the bioink with
proper lyase showed excellent movability and biocompatibility and
promoted the assembly 3D constructs. Another attempt for accelerating
the degradation rates of alginate is focused on chemically modifying its
molecular structures. For example, the partially oxidized alginate [54],
which is produced by employing sodium periodate to oxidize alginate
resulting in newly-generated aldehyde groups, exhibits significantly
accelerated degradation rates than non-modified alginates [55].

3.2. Reinforcing bioinks

The complex and diverse needs of bioinks have led to a powerful
drive to invent new ways to incorporate the best possible qualities into
bioinks. At the early stage, 3D printed hydrogel-based bioinks made a
compromise between the printability and the cellular compatibility.
With the development of 3D bioprinting, the demand of reinforcing the
bioinks in EBB approaches emerges rapidly.

In vitro culture

In vivo grafting

S mU/ml

-

Fig. 2. Alginate lyase-contained bioinks promote the degradation of 3D constructs in vitro and in vivo. A. Schematic illustration of bioprinting process using alginate
lyase-contained bioinks; B. H&E staining of bioprinted lattice with different concentrations of alginate lyase cultured for 14 days (Scale bars: 500 pm); C. H&E
staining of subcutaneously engrafted bioprinted constructs with alginate lyase of different concentrations at 14 days post-operatively (scale bar: 500 pm). Cited
from Ref. [52].
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3.2.1. Reinforcing bioinks with functionalized polymers
Synthetic-polymer-based hydrogels are usually covalently cross-

linked, while natural-polymer-based hydrogels are physically cross-

linked by conformational changes and physical interactions [56].

Generally, physical interactions are reversible and much weaker than

covalent bonds, which are easily affected by the environmental factors
such as temperature or pH values [57].
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Functionalization of polymers serves as promising solutions to solve
these problems. By covalently crosslinking natural-polymer-based
hydrogels, the mechanical properties can be improved and the sensi-
tivities to environmental factors can be reduced [58]. The properties of
bioinks including degradation, mechanical strength, stability and cell
attachment could be regulated by polymer functionalization [59].
Compared to single-crosslinked networks, polymer functionalization

OH HO,

PEGylated Chitosan
(CS-mPEG)

Pseudo-polyrotaxane
structure

; _ O""H_NHz ;
NH; =0 /O'C?....H—NH;E
| ; |

Fig. 3. Schematic illustration and flow chart of chitosan/polyethylene glycol formulation, bioink preparation, dual physical crosslinking and 3D bioprinting process.
Cited from Ref. [64].
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can produce stronger crosslinking and sometimes various crosslinking
modes can be interacted with each other to form a dual-crosslinked
network. Therefore, functionalization of polymers can sometimes
introduce new biological activities into bioinks.

One of the most popular approaches for functionalized polymers is
modifying the polymer backbones with methacrylic groups and the
functional groups of methacrylate can be photo-crosslinked at the
presence of a photo-initiator [60]. Various kinds of hydrogels (gelatin,
alginate, hyaluronic acid, etc.) have been subject to methacrylation by
now without affecting their bioactive properties, such as cell attach-
ments or enzymatic degradations. GeIMA is stable at room temperature
and resistant to rapid degradation, and the mechanical properties of 3D
printed structures based on GelMA bioinks could be readily regulated by
changing polymer concentration and crosslinking time [61].

3.2.2. Reinforcing bioinks with supramolecular hydrogels

Supramolecular hydrogels are composed of environmental-sensitive
short polymer strands and are self-assembled by non-covalent in-
teractions between functional end groups. Incorporating supramolecu-
lar hydrogels with bioinks can rapidly strengthen crosslinked networks,
which holds great potential for reinforcing bioinks.

Polyrotaxanes or pseudo-polyrotaxanes, whose structures are mainly
the inclusion of the polymers and cyclodextrins through host-guest in-
teractions, have been widely used in molecular machines, energy stor-
age and biomedicine [62]. In our previous studies, chitosan and gelatin
are utilized for bioinks due to their biodegradability and biocompati-
bility [63]. Chitosan was modified with polyethylene glycol to make it
water soluble, and then forms pseudo-polyrotaxanes structures with
a-cyclodextrin. Introduction of gelatin and the aggregation of
pseudo-polyrotaxanes structure provide increased viscosity and good
shear-thinning property for 3D bioprinting of the supramolecular
hydrogel (Fig. 3). The bioink exhibited ideal biocompatibility and
tunable strength which would determine stem cell differentiation [64].

3.2.3. Reinforcing bioinks with nanocomposites

The lack of bioinks with tailored bioactivity are becoming one of the
major obstacles that restrict the development of 3D bioprinting [65].
Presently, bioinks are mainly composed of hydrogels to mimic natural
ECM for cell adhesion and function. However, the potential of pure
hydrogels as bioinks usually compromises with fewer cell binding sites
(especially synthetic polymers), poor mechanical strengths and uncon-
trollable degradation rates [66].

Currently, new composite bioinks have been developed to not only
improve the physical properties (e.g., printability, mechanical strength,
etc.) but also to add bioactive ingredients for facilitating cell behavior
and tissue regeneration [67]. One representative type of such strategies
is hydrogel-inorganic composite system. By adding nano-sized fillers (e.
g., hydroxyapatite, bioactive glasses, silica nanoparticles, etc.) to the
hydrogel, the mechanical properties and bioactivity have been signifi-
cantly improved [68]. Furthermore, due to the unique microstructure
and chemical composition of these inorganic fillers, these materials are
able to promote cell adhesion, proliferation and some of them even
enable to regulate the cell fate of stem cells or progenitor cells [69].

Skin bioinks should mimic the characteristic of the ECM to maintain
cell viability and function. In the field of skin tissue engineering, com-
posite hydrogels are able to prepare tunable bioinks to match the fea-
tures of native skin [11]. Because of the high surface property of
nanomaterials, the performances of hydrogel could be influenced by a
low concentration of nanoparticles [70]. Nanomaterials are being used
to introduce new functions to bioinks such as mechanical reinforcement,
printability improvement and cell behavior regulation [71].

Bioactive nanoparticles are several kinds of silica-based bioactive
ceramics and glasses, which has significant effects on the structural,
chemical and biological properties in bioinks [72]. Incorporation of
bioactive nanoparticles in alginate/gelation hydrogel would improve
the printability of bioink and promote cell proliferation, and the
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expression level of Nanog and Oct4 which represents stemness of MSCs
was upregulated by the silicon ions released from the bioactive nano-
particles [73]. Interestingly, bioactive nanoparticles did not change pore
properties of the bioink and the influence on stem cell regulation is
attributed to the biochemical signals of bioactive nanoparticles (Fig. 4)
[69]. Zhai et al. [74] mixed laponite nanoclay in bioinks which could
release Mg?" and Si** to support osteogenic ability in vitro and in vivo.
Recently, graphene oxide serves as an emerging nanofiller for enhancing
the mechanical strength and electrical conductivity of bioinks due to its
high mechanical strengths, large surface areas (2300 m?/g) [75], and
high hydrophilicity with the presence of oxy-functional groups [76]. The
incorporation of graphene oxide into chitosan- or alginate-based bioinks
was reported to significantly improve both the G’ and G” and ¢’ and ¢”
values of bioinks but did not influence the gel point, which resulted in
increased rheology and printability [77]. The underlying mechanisms
were probably that graphene oxide enhanced the thixotropic behaviors
with a faster viscosity recovery post-extrusion which resulted in the
improved shape fidelity and resolution [78]. Moreover, the liquid
crystalline properties of graphene oxide contributed to generate aniso-
tropic threads after printing processes [78], which holds potentials for
bioprinting skin basal layers or dermal nerve fibers where cellular
alignment is required.

3.2.4. Reinforcing bioinks with surface modifications

Although EBB approaches enable us to control geometric or archi-
tecture parameters of printed constructs, such as shapes, pore sizes and
spatial distributions, it remains quite challenging to tailor their surface
properties [79].

Surface modification strategies present promising solutions by tun-
ing the physical or chemical properties on the surfaces of implanted
biomaterials in order to offer a favorable interaction between the im-
plants and cells. Generally, surface modification strategies are catego-
rized as physical- and chemical-modifications [80] serving as a
follow-up processing post printing or being employed synchronously
along with printing procedures [47]. Physical modifications (also called
architectural reconfiguration) include changes in the morphology or
topography of the surface without changes in the chemistry, such as
machining, etching and grit-blasting [80]. Chemical modifications (also
called surface functionalization) utilize a variety of chemical reactions
to endow surfaces with defined biofunctions [81].

Based on currently available literature, chemical modification stra-
tegies are most widely used and are even regarded as the promising
solutions for closing the gap between EBB approaches and optimal
therapeutic effects of wound healing [80]. In this section, we briefly
discussed three promising chemical modification strategies, i.e.,
mussel-inspired strategy, antifouling strategy and antimicrobial pep-
tides (AMPs), which holds potential for reinforcing bioinks to favor
wound healing and skin regeneration.

3.2.4.1. Mussel-inspired strategy. Mussel-inspired strategy has opened a
new avenue for skin bioprinting by enhancing cellular attachments as
commonly-used bioinks only offer limited cell adhesion sites. Mussel-
inspired strategy is inspired by mussels’ secreted proteins containing
lysine and 3,4-dihydroxyphenyl-i-alanine with functional catechol
groups, which enable mussels to toughly adhere onto moist surfaces
[82]. Under alkaline conditions, dopamine can undergo oxidative
self-polymerization to form polydopamine films, which react with
amino- and thiol-containing compounds acting as platforms allowing for
secondary reactions generating numerous ad-layers (e.g., macromole-
cules grafting, metal films, self-assembly monolayers, etc.) [83]. More-
over, the biochemical reactions are tunable utilizing
artificially-modified amino compounds or metal ions to further impact
the adhesion capacities [84]. Exploiting the adhesion capacity of
dopamine and reductivity of self-polymerized polydopamine film,
various biomolecules (amino acids, peptides, growth factors, proteins,
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Fig. 4. Incorporation of bioactive nanoparticles in alginate/gelation hydrogel upregulated the stemness of MSCs. Cited from Ref. [69].

etc.) and some inorganic substances containing amino or thiol com-
pounds are able to be immobilized and deposited on substrates in-situ
[83].

As catechol and amine groups are key molecules that contribute to
the adhesive capacities of mussel-inspired coatings, Lee et al. [85]
developed a chitosan-catechol bioink that contains catechol and amine
groups, which achieved rapid complexation by using serum proteins and
generated 3D constructs without any external stimuli for cross-linking.
Guo et al. [86] utilized mussel-inspired polydopamine to promote the
adhesive properties of 3D printable bioinks in an EBB approach. The
bioinks are double-network hydrogels composed of hyaluronic acid and
alginate. In vitro cell culture experiments identified that this bioink
formulation significantly enhanced the adhesive properties and are
compatible with human umbilical vein endothelial cells. Another study
from Li et al. [87] reported a 3D printed bioceramic scaffolds with a
mussel-inspired surface coating which aimed to accelerate tissue
regeneration by regulating the paracrine-signaling network of
adipose-derived MSCs.

3.2.4.2. Anti-fouling strategy. The anti-fouling effect, also called “louts’
effect”, represents the abilities of hindering the non-specific adsorption
of cells or biomolecules onto the surface of biomaterials, which was
inspired by the fact that lotus leaf repels water droplets. In clinical ap-
plications, wound dressings have to be frequently changed resulting in
causing severe pains and possibly harming the newly-forming epithe-
lium. Moreover, the adhesion of bacteria can also represent a hidden
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infectious threat with delayed wound healing and antibiotic resistances
[88]. Despite of the fact that tissue engineered skin should favor cell
attachments, wound dressings are preferred to exhibit antifouling
capacities.

Zwitterionic hydrogels possess both negative and positive charges,
which confer superhydrophilic properties of low bio-absorptions [89],
low coefficient of friction [90] and high electrostatic attraction to water.
Pan et al. [91] utilized a zwitterionic photochemistry and optical ster-
eolithography to developed a novel tough and highly solvated hybrid
hydrogels, which exhibits superior antifouling capacities with signifi-
cantly less absorption of bovine serum albumin. However, zwitterionic
hydrogels are not able to kill bacteria. Ghavami Nejad et al. [92] syn-
thesized dually functional nano-silver particles and zwitterionic hydro-
gels which combine both antibacterial and antifouling capacities. The in
vitro and in vivo experiments suggested that nano-silver particles coated
with zwitterionic hydrogels can advance wound healing. Liu et al. [93]
also reported cationic polycarbonate/PEG hydrogels endowed with both
antibacterial and antifouling capacities which are synthesized through
Michael addition chemistry. Other attempts integrated anti-bacterial
with anti-fouling strategies for wound dressing which significantly
increased surface hydrophobicity and provided a superior ability to kill
bacteria [94]. Very recently, Yan et al. [95] reviewed the 3D printing
techniques for fabricating construct surfaces with superamphiphobicity,
i.e., superhydrophobicity and superoleophobicity. To our best knowl-
edge, antifouling strategy has been rarely used with 3D bioprinting for
wound care. It is predictable that antifouling strategy integrated with
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hydrogel-related EBB approaches are promising wound dressings, which
are skilled at covering wounds rapidly and changing without much pain.

3.2.4.3. Antimicrobial peptides. Traditional 3D bioprinted constructs are
highly susceptible to bacterial infection after being implanted into
wound sites [96]. Antimicrobial peptides (AMPs), which act as natural
immune defenses, are integral compounds secreted by natural organisms
including animals, plants or invertebrates [97]. Usually, AMPs are
endowed with broad-spectrum antibacterial activities, and only rarely
cause bacterial resistance. Therefore, they have recently attracted an
increasing attention as antibacterial agents [98]. Although there is a
great diversity among AMPs families, AMPs share some common char-
acteristics, one of which being that most of them are cationic peptides.
Generally, cationic AMPs can target the bacterial surface via an elec-
trostatic attraction between negatively charged cell surfaces and posi-
tively charged amino acids causing the physical disruption of cell
membranes and eventually bacterial death [99]. Among them, the
KR-12 peptide has exhibited a superior antibacterial activity against
MRSA, which is a bacterium variant commonly found in wounds of burn
patients [100]. The KR-12 peptide is the smallest antibacterial motif
(residues 18-29) of human cathelicidin LL-37 [101], which can not only
efficiently kill bacteria but also has several biological activities [102].
Liu et al. [103] identified that KR-12 antimicrobial peptides exhibited
superior antibacterial activity and significantly promoted wound
healing.

AMPs-integrated bioinks holds great potential to favor wound heal-
ing due to their superior antibacterial abilities. AMPs can be either
embedded with bioinks or be coated onto the surface of printed implants
afterwards. A controlled releasing fashion of AMPs is favored to achieve
long-term antibacterial outcomes [96]. Fidan et al. [104] coated AMPs
onto the surface of 3D-printed implants by surface modification using a
mussel-inspired strategy or a plasma electrolytic oxidation protocol.
Mohanraj et al. [105] utilized ink-jet printing to covalently attach AMPs
on porous ultrafiltration membranes, which exhibit surface antibacterial
activity against Pseudomonas aeruginosa and reduced biofilm growth.
Other available approaches about AMPs integrated 3D bioprinting are
involved of hydroxyapatite-related bone regeneration [106] and
polycaprolactone-related patches for treating trachea injuries [107].

In particular, there are two limitations of AMPs, i.e. an instable
molecular structure and a lack of selectivity in vivo. Hopefully, many
solutions are available to overcome the innate AMPs deficits and to
avoid the related cytotoxicity and side effects because AMPs are
possessed of an easily tunable molecular skeleton. On one hand, struc-
turally modified cyclic or branched AMPs exhibit a significantly more
stable molecular structure, and the integration of AMPs with nano-
particles can increase their in vivo stability [108]. On the other hand,
conjugating AMPs with antibodies represents a promising solution for
improving the selectivity [97]. In a recent study, polymersomes were
fabricated via self-assembly due to the hydrophobic interactions of
admixed aqueous and organic substances, and then AMPs were inge-
niously included at the peripheral hydrophilic region, while nano-silver
particles were included inside the hydrophobic corona. In vitro tests
indicated that the AMPs/nano-silver particles polymersomes exhibited a
satisfactory bacteriostatic activity as well as a low cytotoxicity toward
human dermal fibroblasts [109].

Despite of the fact that AMPs cause less frequent instances of bac-
terial resistance, various studies have proved beyond any doubt that
many kinds of bacteria do resist AMPs even in the presence of high levels
of locally delivered AMPs [108,110,111]. The resistance mechanisms
exhibit a great diversity because most microbial species contain
AMP-resistance genes [112,113]. Generally, the mechanisms of bacte-
rial resistance to AMPs are the following: (1) secretion of exo-polymers
or biofilms; (2) activation of efflux pumps; modification of cell surface
charge; and changes in membrane fluidity; (3) secretion of trapping
proteins or proteases; (4) generation of sensing systems via selective
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gene expression. As antibiotics-embedded bioinks for cutaneous wound
care are rarely used, AMPs represents one of the limited alternative
options for reinforcing printed implants with the antibacterial abilities
and holds tremendous potential for EBB-based skin bioprinting.

4. Applications
4.1. Bioinks for acute or chronic wounds

4.1.1. In vitro bioprinting

Skin is composed of epidermis, dermis and hypodermis involving
more than 50 different cell types (i.e., keratinocytes, fibroblasts, mela-
nocytes, stem cells, etc.) [114], which are populated in a collagenous
and anisotropic extracellular matrix (ECM) containing collagen, elastin,
laminin, fibrillin, etc. [48]. Acute wound healing involves a spatiotem-
poral activation of various kinds of cells and proteins. A large family of
growth factors is involved in wound healing, such as platelet derived
growth factor, fibroblast growth factor, vascular endothelial growth
factor, etc.

The healing processes of acute wounds are singled out in four stages,
which successively appear and overlap one after the other, i.e., hemo-
stasis, inflammation, novel tissue generation, and remodeling stage
[115]. Once wound healing processes have not progressed for more than
a month, it could be classified as chronic wounds [48]. For example,
diabetic patients are usually characterized by high blood glucose levels
due to reduced autologous insulin secretion or increased insulin resis-
tance, which results in multiple metabolic dysfunctions, such as
impaired microcirculation, peripheral neuropathy, tissue self-repairing
deficits, as well as persistent bacterial infections, and possibly hamper
the physiologic healing processes and bring about chronic wounds
[116].

Traditional therapeutic approaches for acute or chronic wounds are
unsatisfactory due to the weak resistance to bacterial infections, limited
vascularization, the absence of major appendages (i.e., hair follicles and
sweat glands) as well as unavoidable scarring and related physical
dysfunctions [115]. EBB technologies serve as a promising strategy to
overwhelm the current impasses. Despite the disadvantages of EBB (i.e.,
limited mass-production, the inconvenience of transportation and stor-
age, etc.), EBB still exhibits remarkable advantages when compared with
conventional wound patches, such as personalized customization, live
cell processing and replicating the complexity of skin [6]. Specifically,
skin-derived cells or stem cells can be appropriately isolated from donor
sites and embedded in bioinks, then be printed layer-by-layer forming
skin-mimetic constructs, which is quite challenging for conventional
wound patches or other biomaterial fabrication methods [117] (Fig. 5).

Commonly used EBB strategy for wound care is in vitro bioprinting, i.
e., the skin-like structures were printed, crosslinked and probably
cultured for a period of time, then were transplanted into wounds. High
swelling ratios of bioink can maintain moisture wound area to exchange
nutrients and facilitate cell proliferation so as to restore the skin integ-
rity and accelerate the wound healing processes [20]. Cells embedded in
bioinks are categorized as adult cells, such as human- or animal-derived
dermal fibroblasts and epidermal keratinocytes, as well as progenitor
cells or stem cells, such as Wharton’s jelly MSCs [118], amniotic
epithelial cells [119], endothelial progenitor cells and adipose-derived
or bone marrow-derived MSCs [120]. Especially, MSCs exhibit multi-
lineage differentiation capacities and are able to differentiate into
multiple kinds of skin-like cells. Moreover, circulating MSCs are found to
be recruited and differential into skin cell phenotypes during physio-
logical process of cutaneous wound healing. Despite the risks of stem
cell-related tumorigenesis and the foreseeable shortage of donors, MSCs
hold great potential for in vitro skin bioprinting.

4.1.2. In vivo bioprinting
Notably, more attentions have been paid to in vivo (also called in situ)
bioprinting, i.e., bioinks are directly deposited into wounds and are
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Fig. 5. Schematic diagram of in vitro and in vivo skin bioprinting.

crosslinked simultaneously with some rapid and non-toxic crosslink
methods, such as visible light crosslink [121] or “two photon cross-
linking”. At this situation, the spatiotemporal distribution of cells and
biomaterials are achieved to replace the missing tissue in cutaneous
wounds (Fig. 5).

In a recent study, autologous epidermal keratinocytes and dermal
fibroblasts were embedded in a hydrogel-related bioinks. An integrated
imaging technology were used to scan topography information of exci-
sional wounds. The gathered information was encoded into computer-
ized files guiding the EBB system to precisely delivery tailored bioinks
directly into appropriate locations restore the layered skin structures.
Results showed rapid wound closure and reduced contraction [122].

In vivo bioprinting enable fast coverage large area of cutaneous
wounds with therapeutic live cells and standardized complex structures,
which possesses a significant advantage over in vitro bioprinting. Highly
automation of in vivo bioprinting processes holds great potentials in
cutaneous wound care especially in mass casualty burn incidents. In
addition, possible damages of the predesigned 3D topology caused by
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the transportation and culturing of the printed constructs are also suc-
cessfully avoided.

As in vitro cultured stem cells are vulnerable to differentiate and
subject to losing stemness, in vivo bioprinting enable bioink-embedded
stem cells to choose a defined fate because these stem cells are
cultured in a known wound environment at the very beginning. By
tuning biochemical or biophysical cues of bioinks, stem cell fates are
promisingly tailored for optimal skin regeneration.

4.2. Bioinks for reducing scar

Skin scaring is defined as a pathological process involves the
fibroblasts-to-myofibroblasts trans-differentiation and the extensive
deposition and contraction of skin ECM secretion from myofibroblasts.
However, to our best knowledge, no available literature of formulating
bioink aiming at directly reducing scar outcomes were found. Here, we
talk about promising elastin-related bioinks with potentials of reducing
scar outcomes.
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Currently available elastin for bioinks are mainly natural tropoelas-
tin or synthetic elastin-like recombinamers (ELRs) [123]. The tropoe-
lastin precursors generate elastin monomers and then further are
crosslink into polymeric elastic networks, while ELRs are genetically
engineered polypeptides offering versatile elastic-tailored applications
for wound care.

Recent studies identified that both tropoelastin and ELRs present
beneficial effects to favor skin wound healing. Tayebi et al. [124] per-
formed rheology analyses and selected a specific bioink (comprising 8%
gelatin, 2% elastin and 0.5% sodium hyaluronate) as the most suitable
composition for 3D printing guided tissue regeneration. Lee et al. [125]
mixed the recombinant human tropoelastin into a highly elastic bioink
for 3D printing to successfully generate a vascularized construct for
establishing functional soft tissues. Chen et al. [126] integrated GelMA
hydrogel with an ulvan type polysaccharide from a cultivated source of a
specific Australian Ulvacean macroalgae. Results showed that this bio-
ink embedded with human dermal fibroblasts promoted the deposition
of elastin. Wu et al. [127] developed self-assembling bioink based on
ELRs and graphene oxide with or without human umbilical vascular
endothelial cells. The ELR-related bioink was printed in a 3D bioprinting
approach to generate capillary-like structures.

Despite emerging versatile usages of tropoelastin and ELRs in bio-
inks, limited literature has been hitherto identified their therapeutic
effect to recovery elasticity of the regenerated skin.

4.3. Bioinks for vascularization

Vascularization plays a critical role in skin regeneration and wound
healing process. Vascular networks should be generated to connect
wound bed tissues and printed constructs in order to provide nutrients
and oxygen and remove metabolic wastes for bioink-embedded cells.
Novel 3D bioprinting approaches for developing perfusable vascularized
skin constructs mainly involve two aspects, i.e., vasculature structures
with branched and convective channels, and stem cells integrated with
chemical or mechanical cues [10].

4.3.1. Vasculature structures with branched and convective channels

Natural cutaneous vascular system is a hierarchical perfusable
network with anatomically heterocellular structures, such as endothe-
lium, vascular adventitia, vessel walls as well as widely distributed
capillary vessels. Inspired by that, the most endeavor of bioprinting
approaches for vascularization is devoted to generate lumen-containing
strands with branched vasculature structures and convective diffusive
transportation [128].

Recent approaches focused on embedding and removing sacrificial
materials to generate vascular networks [129]. However, the topological
channels are much different from natural vascular lumen. Moreover, this
kind of approach can only fabricate limited vascularized tissue with
temporally opened channels. With the proliferation and immigration of
cells and the infiltration of tissue fluid, the channels were easily subject
to block. Hence, attentions have to be paid to employ new bioinks to
generate bioprinted vascular skin substitutes with small-diameter lumen
and fully biological functions [130].

4.3.2. Stem cells integrated with chemical or mechanical cues

Various stem cells have been employed for creating vascularization
in 3D bioprinted skin constructs, e.g., amniotic fluid-derived stem cells,
human umbilical vascular endothelial cells, induced pluripotent stem
cell-derived endothelial cells and MSCs [131].

Current studies highlighted the crucial roles of chemical cues
endowed by cellular crosstalk or growth factors for directing stem cells
towards vascular-specific lineages. For example, the interplay between
these stem cells and surrounding cells (i.e., fibroblasts or epithelial cells)
are indispensable for stem cell differentiation [132]. Another approach
utilized laser-assisted bioprinting to pattern lines of cocultured endo-
thelial cells and MSCs seeded onto a collagen hydrogel, which indicated
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that a sufficient local density of endothelial cells are indispensable for
generating capillary-like structures [131]. Furthermore, adding exoge-
nous vascular endothelial growth factors allowed capillary-like struc-
tures formation and preservation of the printed pattern over time.

In addition, mechanical cues (i.e., flow shear stress) involved in
dynamic culture of blood vessels have long been neglected. Despite
various chemical cues are able to direct stem cells to vascular-specific
lineages, the newly-formed capillary networks are inaccessible with
limited convective channels due to their spontaneous and random for-
mation. Mori et al. [133] developed an endothelial-cell-coated vascular
system under dynamic culturing environment by using a perfusion sys-
tem composed of a peristaltic pump and silicone tubes, which high-
lighted that dynamic culturing with flow shear stress favored perfusable
vascularization in vitro.

Above all, the cellular microenvironment comprised of both chemi-
cal cues (i.e., cellular crosstalk or growth factors) or mechanical cues (i.
e., flow shear stress) play crucial roles for bio-functional blood vessels.

4.4. Bioinks for regeneration of skin appendages

4.4.1. Sweat gland regeneration

Sweat glands originate from epidermal progenitors and perform a
crucial role of thermoregulatory function in mammals [134]. However,
sweat glands exhibits limited regenerative potential and are very
vulnerable to injuries. Patients suffer from a large area burn injury could
result in sweat gland dysfunctions and are unable to tolerate tempera-
ture extremes. The regeneration of sweat glands remains challenging for
traditional tissue engineering applications [135].

To our best knowledge, the first successful 3D-printed application of
in vivo sweat gland regeneration in burned wounds came from Huang
et al. [136]. As mouse sweat glands are restrictedly distributed in the
paw pads of mouse, a home-made soluble dermal tissue homogenate was
isolated from mouse plantar dermis, which is mainly comprised as
dermis-derived ECM severing as one of the sweat gland-specific micro-
environmental factors. Then, the dermal tissue homogenate together
with epidermal growth factor were synchronously incorporated into
gelatin-sodium alginate composite hydrogels. Epidermal progenitor
cells were embedded in the hydrogel-related bioink for a BEE approach.
Direct transplantation of the bioprinted constructs into burned paws of
mice successfully resulted in functional restoration of sweat glands. In
this research, the sweat gland-specific microenvironment or niche (i.e.,
the printed 3D porous constructs integrated with dermal tissue ho-
mogenate, epidermal growth factors and alginate/gelatin composite
hydrogels) was able to direct the fate of epidermal progenitor cells into
sweat gland lineages (Fig. 6). A later study of the same team identified
that the artificial sweat gland-specific microenvironment also directly
reprogramed mammary progenitor cells into functional sweat glands in
vitro [137].

Previously, chemical cues were mainly utilized to create sweat gland-
specific microenvironment, i.e., by formulating a variety of soluble
chemicals, such as growth factors, cytokines, drugs, etc. However,
recent progress also highlighted the roles of physical cues for directing
sweat gland fates. Liu et al. [138] found that the structural cues with
defined 3D architecture are necessary for guiding the self-organized
formation of epidermal progenitor-derived sweat glands in vitro. In
another study, biophysical and biochemical cues synergistically work on
MSC differentiation into sweat gland cells in a printed 3D skin constructs
using alginate/gelatin bioinks. Higher stiffness probably activates the
expression of Yes-associated protein (YAP) and its transcriptional
co-activator tafazzin (TAZ), a pair of key proteins with synergistic effects
on the pathways of mechano-transduction. Then, YAP/TAZ up-regulate
proteins and genes related to sweat gland cells in MSCs or strengthen the
biochemical signaling involved in MSC fate determination [35].

Hence, sweat gland-specific microenvironment integrated both
chemical- and physical-cues is critical for restoring the biofunctions of
regeneration sweat glands.
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Fig. 6. 3D printed alginate/gelatin constructs integrated with dermal tissue homogenates and epidermal growth factors jointly directed the fate of epidermal

progenitor cells into sweat gland lineages. Cited from Ref. [136].

4.4.2. Hair follicle regeneration

Hair follicles are comprised of hair papillae, hair matrix, root sheath
and hair bulges. Hair follicles reside in the dermal layer of the skin
serving as important functional skin appendages and playing roles in
barrier function, thermoregulation as well as wound healing [139]. Hair
follicle loss caused by wound or trauma greatly affect cosmetic
appearance. Hence, the endeavors devoted to restore or regenerate hair
follicles are much more than any other skin appendage [140].

Dermal papilla cells (DPCs) and hair follicle stem cells serves as
availably promising stem cells or progenitors for hair follicle regenera-
tion [141]. Previous studies identified that the dissociated human DPCs
induce hair follicle neogenesis in grafted dermal-epidermal composites
[141]. Another study reported that intracutaneously transplanting of
intact DPCs and epithelial cells resulted in a fully functional regenera-
tion of hair follicles even with piloerection and restored hair cycles.
Also, the newly isolated hair follicle stem cells mixed with dermal cells
was identified to induce hair follicles regeneration [140].

Current research highlighted the indispensable role of 3D-cultured
DPC spheroids and specific microenvironment for hair follicle regener-
ation. For example, the human DPC cultured in 3D spheroids can initiate
the epidermal—mesenchymal interactions required for hair follicle
morphogenesis and successfully induce de novo hair formation when
placed in contact with human epidermis [142]. Notably, if the 3D
cultured DPC spheroids was dissociated, hair follicles cannot be
regenerated.

Due to the superior abilities of controlling inner microstructures and
architectures of printed constructs, 3D bioprinting exhibits a powerful
tool to achieve optimal hair follicle regeneration. In order to maintain
DPCs-aggregated spheroids and precisely control their sizes, Abaci et al.
[143] microfabricated plastic molds containing hair follicle-shaped ex-
tensions using 3D bioprinting. An array of microwells on a dermal
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fibroblast-loaded collagen gel was created by the plastic molds. Then,
DPCs were seeded into the bottom of these microwells resulting in the
DPCs-aggregated spheroids. The precise control of DPC aggregate size
was achieved by adjusting the diameter of the microwells. Despite a
great many successful attempts to restore bio-functional hair follicles
using traditional fabrications, 3D bioprinting-based applications for
regenerating hair follicles are so rare.

5. Challenges and future perspectives
5.1. Mimicking natural skin environment

In order to mimic natural skin environment, the optimal printed skin
equivalent should be doped with a living pool of microenvironment
factors (e.g., cells, chemokines, growth factors, oxygen, ECM, mechan-
ical forces). However, some compromises have to be frustratingly made
in order to achieve a balance between biomimicry and manufactur-
ability [144]. Especially, the inclusion of skin microenvironment factors
in bioink-related EBB applications is often neglected, broadening the
disparity between the in vitro and in vivo environments.

The biofunctions of printed skin constructs are demonstrated by the
complex spatial interplay between cells (i.e., exogenous cells from bio-
inks and endogenous cells immigrated from adjacent wound sites) and
microenvironmental factors [145]. Hence, great efforts have been paid
for adding a cocktail of microenvironmental factors into bioprinted skin
substitutes. Recently, platelet-rich plasma (PRP) and decellularized ECM
serves as cocktails of soluble and non-soluble microenvironmental fac-
tors exhibiting promising potential for creating biomimetic natural skin
environment [146].
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5.1.1. PRP-related bioinks

The PRP consists of highly concentrated platelets and the panoply of
platelet-derived growth factors and cytokines [147]. The activation of
the platelets suspended in PRP releases several growth factors and
differentiating cytokines, setting off a chain of bio-reactions that accel-
erate wound healing [148]. Allogeneic PRP was identified to be superior
to plasma or platelets alone in stimulating the proliferation of fibro-
blasts, the sprouting of endothelial cells in fibrin gels, and the chemo-
taxis of white blood cells [149]. Karina et al. [150] found that the
combination of PRP with the stromal vascular fractions significantly
promoted the regeneration of skin appendages, blood vessels, and hair
growth in Sprague-Dawley rats. Moreover, clinical trials have indicated
that PRP benefited wound healing and reduced scar outcomes. A recent
clinical study enrolling 30 patients supported PRP’s superior therapeutic
outcome about wound healing and scar reduction at split-thickness skin
graft donor sites [147]. Another prospective and randomized clinical
study enrolling 60 patients also evidenced that allogeneic PRP appli-
cations significantly accelerated the healing of chronic wounds previ-
ously subjected to standard clinical treatments [151].

With the emerging concept of personalized medicine, bioinks con-
taining autologous PRP attracted more attentions serving as a patient-
specific source of autologous growth factors because of the conve-
nience that PRP can be easily incorporated to hydrogel-related bioinks
for 3D bioprinting applications. Faramarzi et al. [152] developed an
bioink comprised of alginate and PRP that can be printed and cross-
linked by calcium ions aiming to promote vascularization and stem cell
migration. In another attempt to formulate biomimetic bioinks,
gelatin-alginate and PRP were utilized to mimic the insoluble and sol-
uble factors of mnatural microenvironment, respectively. The
gelatin-alginate-PRP cocktails serve as promising bioinks in terms of
printability, shape fidelity, and cell activities in cell-laden 3D bio-
printing [153]. In addition, another group aimed to enhance the
vascularization of 3D printed cell-laden bioinks because insufficient
oxygen and nutrient supply hamper a long-term viability of encapsu-
lated cells. They integrated PRP and mesenchymal stem cells (MSCs)
together with biocompatible polylactic acid as novel bioinks, which
contributed to extensive vascularization after being subcutaneously
implanted either in rats or in nonhuman primates [154].

Despite the good therapeutic outcomes of PRP in terms of wound
healing, conflicting results of autologous fat grafts arose some concerns
about PRP’s therapeutic effectiveness. A clinical trial study enrolling 10
patients investigated the safety and effectiveness of utilizing PRP com-
bined with autologous fat grafts to face and hands [155]. The results
only offered a third level of evidence and indicated the further re-
quirements of longer follow-up periods and of a greater patients’ num-
ber. Other concerns came from the pre-clinical report by Lopez et al.
[156] that administering higher proportions of PRP and higher platelet
levels together with micro-fat grafts associated with a poor graft sur-
vival. Moreover, the donor variation and PRP’s changeable platelet
content further contribute to its undocumented therapeutic efficiency.

5.1.2. ECM-related bioinks

ECM is a mixture of molecular components secreted by host’s cells
with tissue-specific spatial topology as well as soluble microenviron-
mental factors [157]. The skin-derived ECM, also called acellular dermal
matrix (ADM), is generated by removing cellular components from the
dermis, which has a low immunogenicity and provides natural scaffolds
for cellular proliferation, differentiation, and migration. Compared with
other man-made biomaterials, the skin-derived ECM is endowed with
the best biomimetic components, ligands, chemical signals, and physical
properties, which help reconstitute a natural skin microenvironment.
Eweida et al. [158] reviewed twelve studies from 2010 to 2015 focusing
on the therapeutic outcomes of ECM for dermal regeneration and
identified that ECM scaffolds exhibit superior therapeutic effects for
wound healing.

In terms of 3D bioprinting for skin regeneration, Kim et al. [159]
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formulated skin-derived ECM as bioinks for a full thickness 3D human
skin model using cell-printing techniques. In vitro experiments identi-
fied the enhanced epidermal organization and dermal ECM secretion.
Next, the ECM-related bioink integrated with endothelial progenitor
cells and adipose-derived stem cells was further used to print 3D
pre-vascularized skin patch, which significantly promoted in vivo wound
re-epithelization and neovascularization. Similarly, Lee et al. [160]
developed bio-ink containing decellularized porcine skin powder, which
exhibited enhanced printability and biocompatibility for 3D bioprinting.

However, ADM is generated from decellularized skin tissue. Its
clinical use is still confronted by lots of hurdles, such as shortage of raw
materials, lack of a standardized production procedure, potential bio-
risks of transmitting infectious diseases, etc.

5.2. Four-dimensional (4D) printing

The novel four-dimensional (4D) printing enables on-going control
over the changing of the printed constructs, which seems like to inte-
grate the fourth dimension of “time” to traditional 3D printing [161]. 4D
printing (time as the fourth dimension) endows the printed constructs to
transform biofunctions or to produce the desired shapes under specific
stimuli to better adapt to the surrounding environment by pre-
programming dynamic bioinks [162]. To achieve that, 4D printing
should be integrated with smart biomaterials-related dynamic bioinks,
which not only deliver targeted bioactive molecules but also respond to
cellular behaviors over time.

5.2.1. Dynamic bioinks

The rationale of dynamic bioinks are categorized as three aspects, i.
e., shape memory properties, self-healing abilities, or stimuli-responsive
strategies [163], aiming at continuously regulating and programming
the 3D printed constructs. Among them, stimuli-responsive strategies
have been paid the most attention for the emerging 4D printing in the
field of skin regeneration and wound care [164]. Dynamic bioinks that
are enforced with stimuli-responsive strategies possess intelligently
tailored properties which can be triggered by external or internal stimuli
to exert newly-generated activities on cells and tissues [165]. Usually,
they are composite constructs having the ability to respond to envi-
ronmental agents triggering the release of growth factors, antibacterial
compounds, anti-inflammatory drugs, etc.

Many kinds of growth factors, cytokines, molecules, enzymes are
spatiotemporally involved in the wound healing process. Inspired by
these natural processes, a spatiotemporal delivery of defined drugs
during the different stages of the healing process might recreate an in-
ternal biomimetic microenvironment. Hence, dynamic bioinks inte-
grated with spatiotemporal drug delivery hold great potentials to
achieve better wound healing outcomes.

5.2.2. Stimuli-responsive strategies

The stimuli or triggers are categorized as external stimuli and in-
ternal stimuli [161]. External stimuli include light, pressures, voltage,
piezoelectricity, shape changes, etc. While internal stimuli include pH
levels, temperature, chemical molecules, etc. Regarding wound healing
processes, these stimuli can trigger the on-demand therapeutic proced-
ures, such as spatiotemporal drug delivery aiming at fighting resistant
bacteria and/or at promoting angiogenesis [166].

The candidates of stimuli or triggers is generally referring to wounds’
distinct target features due to ischemia, inflammation or bacterial ac-
tivity. For example, the typical characteristics of diabetic patients’
wounds are higher amounts of lactic acids, glucose, proteases, and
matrix metalloproteinases, as well as lower pH levels because of the
concurrent harm to capillaries and peripheral nerves. Among all the
peculiar characteristics, pH level changes play a vital role by revealing
pathophysiological changes occurring during the transformation of
acute wounds into chronic wounds due to infection, ischemia or
inflammation [162]. Reportedly, pH levels exhibit a potential capacity
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for monitoring the alkalization process, which involves the typical
pathophysiological pH changing when fresh wounds progress to chronic
wounds in diabetic mice. Hence, pH level serves as the most commonly
used stimulus.

Mirani et al. [167] developed a pH-responsive hydrogel-based
wound dressing, which releases antibacterial agents to wounds triggered
by a pH-dependent color change. Zhu et al. [168] utilized peptide-based
bis-acrylate and acrylic acid to fabricate a novel hybrid hydrogel with
pH-responsive swelling properties. In higher pH (alkaline) environ-
ments, the hydrogel swelling ratio significantly increased resulting in a
controlled drug delivery. Another approach by Kiaee et al. [169] showed
that a pH-responsive drug release can be controlled by applying a
voltage. Specifically, a pH-sensitive poly(ethylene
glycol)-diacrylate/laponite hydrogel incorporated with drug-loaded
chitosan nanoparticles was coated on the surface of electrodes.
Applying a voltage can change the environmental pH, which next trig-
gers the release of defined amounts of drugs. Recently, combining a
chemo-photothermal therapy with pH-responsive capabilities based on
polydopamine-coated gold nanorods inspired another advanced design
concept of wound dressings focusing on anti-infectious activity [170].
During the fabrication procedure, dopamine was first self-assembled
into polydopamine and next coated onto the surface of gold nanorods
to acquire a high loading efficiency in regard to glycol chitosan and Ag*
ions. Cy5-SE fluorescent agents were used to label the integrated system.
When exposed to infectious environments with lowered pH levels (pH ~
6.3), the neutrally charged system starts to become positively charged
which triggers the release of loaded Ag™ ions. Interestingly, a positive
feedback loop then occurs. On the one hand, Ag™ ions damage bacterial
membranes thus improving the antimicrobial efficiency of the photo-
thermal therapy. On the other hand, the hyperthermia increases Ag™"
ions release further improving Ag" ions antibacterial efficiency.

In addition to pH-responsive strategies, usually molecules or en-
zymes exhibit biochemical activities that cleave ionic or covalent bonds,
serving as a property enabling potential applications also in stimuli-
responsive wound care. For example, wounds can contain higher
amounts of ROS, which break thioketal bonds. Based on this mechanism,
Tang et al. [171] developed ROS-responsive nanoparticles containing
thioketals and stromal cell-derived factor-1a. When these nanoparticles
are applied to wounded tissues, ROS break thioketal bonds and then
release stromal cell-derived factor-1a. A mice model of full-thickness
skin defect showed that the wound’s higher amounts of ROS-released
stromal cell-derived factor-1a did accelerate wound healing. Similarly,
Li et al. [172] developed stimulus-triggered liposomal hydrogels that
release Phospholipase A2, an enzyme enriched in wound exudates. Next,
Phospholipase A2 hydrolyzes the liposomal lecithin, thereby destroying
the liposomes and releasing curcumin to kill bacteria in infected
wounds. Liu et al. [173] reported a near-infrared (NIR) laser triggered
on-demand drug release for wound healing and cancer therapy. Briefly,
a homogeneous layer of polycaprolactone was coated on a 3D printed
alginate-gelatin hydrogel scaffolds aiming to reduce the free diffusion of
drugs from the core gels. Then, polydopamine was coated throughout
the outermost layer endowing the 3D printed structs with photothermal
effects triggered by near-infrared (NIR) laser. In another study, a 3D
printed temperature-responsive hydrogel achieved sustained delivery of
antimicrobial agents, which demonstrated antimicrobial activity against
a variety of commonly seen bacteria in wounds and exhibited
non-cytotoxicity towards fibroblasts [174].

The cutting-edge 4D printing has opened up a new window to
fabricate very complex constructs with dynamic revolutions or bio-
functions to mimic natural skin architectures as well as pathological
conditions, such as injuries and scars [175]. However, the potential
bio-risks for stimuli-responsive strategy are the non-targeted delivery
triggered by adverse analogues of stimuli. Moreover, brief burst releases
of drugs pose a great risk. Generally, the spatiotemporally controlled
delivery of suitable doses of drugs to targeted sites is highly dependent
on the specific strategy used. Optimal pharmacokinetics require to
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ingeniously control the delivery of each drug. The more numerous are
the incorporated drugs, the more complex the drug releasing platform
needs to be.

5.3. Skin organoids and on-a-chip technologies

Nowadays, multidisciplinary approaches have been utilized for
enforcing EBB, which also called hybrid 3D bioprinting [176] and have
opened up new avenues toward advanced wound care or skin regener-
ation. Among these attempts, skin organoids [177] and on-a-chip tech-
nologies [71] integrated with EBB has presented an unprecedented
potential for recapitulating key features during skin regeneration or
creating more complex 3D constructs mimicking natural heterogeneous
microenvironments.

Organoids are defined as the well-organized and dynamically
changing in vitro 3D cell constructs with generally small-scale aiming to
represent in vivo tissues or organs [178]. Very recently, the skin organoid
bearing appendages (i.e., hair follicles and glands) were firstly reported,
which were generated from pluripotent stem cells through step-wisely
modulating transforming growth factor p (TGFB) and fibroblast
growth factor (FGF) signaling pathways [177]. Skin organoids represent
the bio-processes that the dissociated stem cells or skin progenitors
undergo in vitro self-organization resulting in a skin-mimetic phenotype
[179], which is not identical to embryonic skin formation [135]. In
other words, the morphologies of skin organoids are jointly specified by
the cross talks between the genetic codes endowed by stem cells and the
biophysical cues endowed by the microenvironments or specific archi-
tectures [180]. Hence, it is predictable that enormous progress of skin
organoids will be contributed by 3D printing technologies due to their
superior abilities about controlling spatial inner architectures. More-
over, 3D printing technologies are perfectly qualified in terms of the
generally smaller sizes of skin organoids and the demands of the
repeatability with high throughputs [181].

On this basis, the on-a-chip technologies enable the connection of
multiple organoids of different tissue types through microfluidic de-
vices, which will uncover a more complete mechanism of how the body
as a whole may respond to therapeutics [178]. The currently related
achievements are focused on multi-organ interactions [182], human
disease models [183] and cancer metastatic models [184]. Inspired by
that, different types of 3D-printed organoids, such as skin, subcutaneous
tissues, capillary vessels, peripheral nerves, etc., could be connected on
the microfluidic platforms to explore possible solutions of some key
challenges, such as tailored drug screening, optimal wound healing with
reduced scaring, or skin regeneration with fully restored appendages,
etc.

6. Discussion

The final goal for cutaneous wound care is to generate functionally
ideal skin equivalents. Although 3D bioprinting techniques stand out for
unique advantages, some other limitations of EBB-based bioinks still exit
in cutaneous wound care, such as restricted biomaterials choice, inad-
equate vascularization, and limited strand resolutions of the printed
constructs. In addition, there is an antagonism between print fidelity and
cell survival for hydrogel-related bioinks. As hydrogels exhibit
comparatively insufficient mechanical strength, higher content of
hydrogen polymers is favorable in order to increases the viscosity and
mechanical properties of bioinks, which also limits the diffusion of nu-
trients or oxygen and decreases cell spreading [24]. Just like Morgan
et al. [185] said that “current bioinks are often engineered from what we
have, rather than designed for what we need”.

Great endeavor should be devoted into transforming laboratory 3D
bioprinting into clinical applications. The global 3D bioprinting market
is expected to reach $1.82 billion in 2022 [130]. Unfortunately, 3D
bioprinting of skin equivalents is still in the early phase of laboratory
research and are far from being available to clinical settings [144]. Also,
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it is such a pity that clinical trials concerning the use of bioprinting for
skin conditions in humans are so rare. One of the insurmountable ob-
stacles is human immune rejections against bioprinted transplants,
which are mediated by numerous cell types such as B-cells, T-cells,
neutrophils, dendritic cells, natural killer cells, macrophages, and mo-
lecular signals such as cytokines, antibodies, and reactive radical species
[186]. Notably, human immune responses are against both biomaterials
and embedded cells after the transplantation. Surface properties of im-
plants, such as the surface roughness and wettability [187], and the
surface-coated degrading products [188], generally dominate the pro-
cesses of immune responses. Further researches focusing on mitigating
immune rejections, such as macrophage activation, polarization, and
immune modulation, are promising solutions for these challenges.
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