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3D (Bio) Printing Combined Fiber Fabrication Methods for
Tissue Engineering Applications: Possibilities and

Limitations

Waseem Kitana, Indra Apsite, and Leonid lonov*

Biofabrication is an emerging interdisciplinary field of engineering that aims to
develop technologies for applications in tissue engineering and regenerative
medicine. A progressing biofabrication technology is 3D (bio) printing
(3DBP), which allows for controlled spatial deposition of cell-laden bioinks in
a layer-by-layer approach to fabricate biologically active constructs. Although
3DBP can create some biologically relevant structures, it uses hydrogels,
which are isotropic in nature and do not provide sufficient mechanical
properties to reconstruct many tissues, such as cartilage, bone, and skin.
Additionally, hydrogels alone do not replicate the complex hierarchical buildup
of native tissue extracellular matrix (ECM), which contains both gel-like and
fibrous components. Replicating native tissue’s structure both mechanically
and biologically by incorporating fibers would result in enhanced biological
performance. This is possible by integrating biofabrication technologies such
as 3DBP and fiber fabrication techniques. Thus, harnessing the strengths of
each technique and eliminating their limitations. This will enable the fabrication
of hybrid 3D constructs with multiscale hierarchy and enhanced mechanical
and biological performance comparable to native tissue. This review aims to
highlight attempts to combine fiber fabrication methods with 3DBP for tissue
engineering applications. Additionally, different fiber fabrication techniques are

1. Introduction

Biofabrication technologies allow the fabri-
cation of both biologically and mechanically
relevant 3D tissue-like constructs for tis-
sue engineering and regenerative medicine
applications using additive manufacturing
technologies. The ultimate aim of biofab-
rication is to fabricate tissue-like 3D scaf-
folds that can closely resemble the in-
tricate 3D multiscale, multi-material, and
multi-cellular architecture of many native
tissues and organs. Thus, biofabrication
provides the tools and technologies for
the fabrication of such 3D constructs to
produce fully functional tissues that ul-
timately solve the issue of donor tissue
and organ shortage worldwide.[!! Biofabri-
cation involves the use of various technolo-
gies covering a wide range of fabrication
scales ranging from nano to macroscale,
such as electrospinning (ES), melt elec-
trowriting (MEW), and 3D (bio) print-
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ing (3DBP), respectively. There are also
many other less common biofabrication
techniques, such as particulate leaching,
freeze drying, and many others. Although
these biofabrication technologies can in-
dividually produce some tissue-relevant
constructs, they cannot solely resemble
many natural tissues’ complex multiscale, multi-material, and
multi-cellular hierarchical structures. Indeed, the native tissue
extracellular matrix (ECM) of many tissues is composed of intri-
cate hierarchical fibrillar structures embedded within a gel-like
ground material. Replicating the complex architecture of native
tissues as closely as possible by harnessing the capabilities of
different biofabrication technologies would further advance the
field of biofabrication toward fully functional tissue and organ
development (Figure 1).[1><£2] While each biofabrication technol-
ogy has its own strengths and weaknesses, selectively integrat-
ing or combining different biofabrication technologies unravels
more freedom in the fabrication and design of biomimetic 3D
scaffolds. For instance, integrating 3DBP with fiber fabrication
methods would allow for both the automated patterning of 3D
cell-laden biomaterial inks in the macroscale as well as the fabri-
cation of mechanically anisotropic fibers in the nano-and/or mi-
croscale. This will result in a hybrid or composite construct that
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Figure 1. Graphical abstract showing the added advantages of integrating 3D (bio) printing of cell-laden hydrogel precursors with synthetic- and natural-
based fiber fabrication methods to yield a composite 3D construct for tissue engineering applications.

better mimics the mechanical and biological properties of ECM
of many biological tissues. Furthermore, this integration of hy-
drogel and fiber systems would improve the overall structural sta-
bility of the fabricated 3D constructs both in vitro and in vivo. This
review discusses the integration of 3DBP of hydrogel precursors
with the most commonly used fiber fabrication methods in the
nano, microscale, and macroscale. ES as a conventional fiber
spinning method, MEW as an emerging fiber fabrication tech-
nology, and melt thermoplastic/FDM 3D printing as an advanc-
ing fiber fabrication technique. Additionally, other fiber fabrica-
tion techniques that have already been or would be of interest to
be integrated with 3DBP for tissue engineering applications are
discussed, highlighting their strengths and limitations from the
combined approach perspective.

2. Anisotropy of Biological Tissues

Native biological tissues are characterized by their biological and
mechanical anisotropy, which provides tissues with functions
and properties that are orientation dependent. This anisotropy
is provided through the intricate hierarchical structure of tis-
sues’ ECM or due to the orientation of cells themselves. Besides
water, tissue ECM mainly comprises two main components:
i) fibrous component comprising predominantly of collagen and
elastin fibrils as structural and mechanical support and ii) gel-
like ground materials mainly including proteoglycans (PGs) and
glycosaminoglycans (GAGs) such as hyaluronic acid and keratan
sulfate. The gel-like component of ECM provides an aqueous hy-
drated environment for cell proliferation and migration and con-
tributes to the ECM’s compressive mechanical properties.[*l The
synergy between the different components of the ECM regulates
a plethora of cellular activities, such as cell differentiation, cell
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migration, and mechanotransduction, through a wide range of
biophysical, biomechanical, and biochemical cues that regulate
tissue function and remodeling.?3<4] In addition to that, the
mechanical anisotropy is mainly governed by the fibrous compo-
nents of the ECM, in which collagen, the most abundant fibrous
protein in ECM (up to 85% of total protein mass), is mainly re-
sponsible for the tensile properties of tissues. In contrast, elastin
gives elasticity to the overall structure that is, in turn, modulated
by the orientation of the ECM fibers.[3#>45] Moreover, these fibers
cover a wide range of scales ranging from a few nanometers (e.g.,
collagen fibrils 10-500 nm) to a few hundred micrometers (colla-
gen fibrillar fibers 1-300 um) in diameter. This size scale depends
on tissue type, fibrillar organization, and tissue function, which
modulate tissue mechanical properties and act as guidance cues
for cell adhesion, alignment, and direct tissue development.3]

Fiber alignment and arrangement (individual fibers or bun-
dles of fibers) mainly determine the mechanical and structural
anisotropy as well as the mechanical strength of several ma-
jorly divergent tissues. This includes the musculoskeletal sys-
tem (skeletal muscles, tendons, ligaments, and articular carti-
lage), other types of muscles (smooth muscles and myocardium),
and many other tissues and/or organs (e.g., skin and stroma
of the cornea). Examples include the skeletal muscle,”! heart
myocardium,®! articular cartilage,®) meniscus,[' and corneal
stroma.[!!l For instance, skeletal muscles show a high degree
of alignment of their myofibrils that originates from the align-
ment of precursor muscle cells called myocytes and their sub-
sequent differentiation into myotubes. Finally, these myotubes
fuse into myofibers that, in turn, bundle into tightly packed par-
allel muscular fascicles. This alignment is induced by both me-
chanical and structural properties of skeletal muscles governed
by the direction of the generated forces and collagen fibers’ main
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Figure 2. Native tissue anisotropy, where a) native skeletal muscle tissue organization, i) skeletal muscle is composed of aligned myofibers along the
direction of extracellular matrix fibers orientation and force generation, adapted with permission from.['22] Copyright 2015, American Chemical Society,
and ii) fluorescence microscope images of native skeletal muscle tissue compared to engineered counterpart, adapted with permission.[”2] Copyright
2015, Acta Materialia Inc. Published by Elsevier Ltd. b) Meniscus tissue cell and fiber anisotropy from different views, which is composed of collagen
fibers at different orientations in the radial and circumferential orientations as well as a mesh-like network of fibers and different types of cells are present
at different orientations and with different biological functions, adapted under terms of the CC-BY license.["P] Copyright 2024, The Authors. Publishing
services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. ¢) Schematic representation of the human cornea anisotropy, where the corneal
stroma composed of highly aligned collagen fibers with the keratinocytes aligned along the direction of the collagen fibers, adapted under terms of the
CC-BY license.[?8] Copyright 2021 by the authors, Licensee MDPI, Basel, Switzerland. d) Tendon extracellular matrix (ECM) composition and anisotropy,
where i) tendons are composed of aligned collagen fibers with tendon cells (i.e., tenocytes) showing orientation along the main axis of tension and ii)
the difference between healthy and diseased tendon tissues, in which in diseased tissue, both the collagen fibers and tenocytes orientation is disrupted,
adapted under terms of the CC-BY license.['¢] Copyright 2020, The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

orientation. At the cellular level, this orientation is fundamen-
tal for the differentiation of oriented myoblasts, and at the tissue
level, it allows for synchronized skeletal muscle contraction along
the generated forces (Figure 2a).7**'2] The myocardium is also
composed of highly aligned muscular fibers oriented in a wrap-
like structure in different orientations along the different layers
of the myocardium. This orientation of the fibers is crucial for
the proper functioning of the heart through synchronized elec-
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trical and mechanical signal propagation along the cardiac my-
ofibers’ main direction.®¥13] Fibrocartilaginous meniscus is also
characterized by its highly dense and anisotropic nature. In the
meniscus, collagen fibers are organized into three different ori-
entations in three different layers along the circumference, the ra-
dius, and at an angle (mesh). These orientations of collagen fibers
give rise to the impressive mechanical properties of the meniscus
in resisting high loads, for instance, in tension, compression, and
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torsion, from all directions. On the other hand, the gel-like con-
tent within the different layers of collagen fibers, along with the
water content of the meniscus, mainly aids shock absorption and
acts as a lubricant. Moreover, the different regions of the menis-
cus have different types of cells that dominate over other cell
types, providing different regional functions (Figure 2b).[*21014]
Corneal stroma is another example, where collagen fiber align-
ment, along with their interaction with other ECM components
such as proteoglycans, is vital for the proper physiological behav-
ior of the eye. In the cornea of the eye, the optical transparency,
mechanical anisotropy, and mechanical strength of the cornea
are highly governed by the arrangement of the collagen fibers
in the stroma. These collagen fibers are arranged orthogonally
between stromal cells such as keratocytes and further assemble
into tightly packed lamellas within a proteoglycan-rich substrate
and highly aligned cells. In addition to that, the localized dif-
ferences in collagen fibers’ interfibrillar distances regulate func-
tional properties of the cornea, such as light attenuation and re-
fraction. Moreover, any loss of collagen fiber alignment due to
scar formation or other pathophysiological diseases can lead to
vision loss or blindness (Figure 2¢).'"%] Tendons and ligaments
are types of connective tissues in which the collagen fiber orga-
nization is crucial for its considerable mechanical properties. In
tendons and ligaments, collagen fibers are aligned in an orga-
nized hierarchical manner in the longitudinal, transversal, and
horizontal directions. This will allow tendons and ligaments to
withstand forces from different directions, including rotational
ones. Although collagens are the major component of tendons
(up to 85% of total dry weight), other non-collagenous compo-
nents are present, such as elastin, proteoglycans, and glycopro-
teins. Proteoglycans play a major role in tendon tissue integrity,
compressive properties, and tissue lubrication. Moreover, the ma-
jor cell type present is called tenocytes, which are highly elon-
gated cells aligned along the tissue’s main axis of load, and the
disruption of the alignment of tenocytes could lead to tissue dys-
function and tendon degenerative diseases (Figure 2d).[*®! In con-
nective tissues, the fraction of total collagen, the main structural
protein in ECM, varies widely depending on the tissue type and
its main function. For that, it is important to have knowledge
about the composition of collagen and other ECM components
in the human tissue ECM. In addition to that, connective tissues
are characterized by their high content of fibrous components
such as collagen and elastin (Table 1).

3. 3D (Bio) Printing (3DBP) Techniques

3DBP, as a propitious biofabrication technology, uses a set of
different techniques that involve the spatial deposition of cells,
biomaterials, and/or bioactive components or molecules with
high-level of precision and accuracy to build heterogenous 3D
constructs for tissue engineering, pharmaceutical, and regener-
ative medicine applications.[?) This technique uses computer-
aided additive manufacturing (AM) techniques for the automated
sequential patterning of cell-encapsulated (bioink) and/or cell-
free (biomaterial ink) hydrogel precursors in a layer-by-layer
approach, yielding a geometrically relevant and functional 3D
tissue-like construct.”**! For the fabrication of such constructs,
3DBP uses different modalities such as extrusion, inkjet (droplet-
based), volumetric (light-based) /digital light processing (DLP)
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(light-based), laser-assisted (light-based), and stereolithography
(SLA) 3DBP.[2%31]

Extrusion 3DBP is the most commonly used variant due
to its simple and cost-effective setup that is based on the di-
rect extrusion of bioinks or biomaterial inks through a noz-
zle into continuous filaments or strands using either mechani-
cal or pneumatic extrusion methods (Figure 3a).l**><*?] In con-
trast, Inkjet 3DBP is a droplet-based bioprinting technique that
uses different approaches to control the deposition of bioinks
in a droplet-by-droplet manner. These approaches include us-
ing thermal, piezoelectric, or electromagnetic stimulation to con-
trol the frequency of bioink jetting in the picolitre range of in-
dividual droplets (Figure 3b).[2°233] On the other hand, volumet-
ric 3DBP involves the use of light-sensitive biomaterial formu-
lations known as bioresins for the fabrication of 3D constructs.
This is done by controlled light exposure in space (volume) that
crosslinks the bioresin at predefined positions through a series of
predefined light patterns while the building platform is rotating
(Figure 3c-i).2*31] Another 3DBP set of techniques, which uses
light to crosslink light-sensitive bioinks in a layer-by-layer ap-
proach, is stereolithography (SLA)/digital light processing (DLP).
SLA is a conventional method in which a scanning raster laser
beam is used to photocrosslink the photopolymer in a single spot
following a predefined pattern to form a layer. Once the first layer
is done, the platform usually moves a certain distance in the z-
direction to form the subsequent layers. In the case of DLP, a
set of digital mirrors or digital display light projections (digital
masks) are used to form a complete single layer. Next, the plat-
form moves a certain distance in the z-direction, followed by
the formation of the next layers, making it significantly faster
than the conventional SLA. One drawback of these techniques
(SLA/DLP) is that the 3D (bio) printed structure requires post-
treatment, and it is limited only to low-viscosity bioinks that
should be as well readily photo-cross-linkable. Another drawback
is the difficulty of using multi-material SLA/DLP 3DBP since
the 3D (bio) printing process occurs inside a reservoir of lig-
uid bioink, where the 3D (bio) printed structure is submerged
in the bioink reservoir. Although SLA/DLP multi-material 3D
(bio) printing has been introduced, this leads to higher chances of
cross-contamination when transferring between different bioink
reservoirs, and it requires additional rinsing or cleaning steps be-
jor difference between SLA/DLP and volumetric 3DBP is that
volumetric 3DBP is a digital light processing unit with a rotat-
ing platform to generate light patterns that cure the photopoly-
mer in 3D rather than layer-by-layer 2D patterns. This makes
it remarkably faster than both SLA and DLP techniques. Laser-
assisted 3DBP (LAB) is a nozzle-free 3DBP technique based on
laser-induced forward transfer (LIFT) technology. This technique
uses a pulsating focused laser beam to transfer the energy to an
energy-absorbing layer. Directly beneath this energy-absorbing
layer, there is a layer of a cell-containing biomaterial solution.
Due to energy transfer, a high pressure is generated and the cell-
containing biomaterial ink is deposited on a substrate located at a
distance from the cell-biomaterial layer in drop-by-drop manner
(Figure 3c(iv)).[2%¢3%]

Irrespective of the 3DBP technique used, 3DBP mainly
uses naturally derived hydrogel precursor polymer solutions
(biomaterial inks) for the biofabrication of hydrogel-based 3D
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Figure 3. Schematic representation of the different 3D (bio) printing techniques, where a) extrusion-based 3D (bio) printing, in which bioinks are extruded
using various methods such as pneumatic, mechanical piston, or screws, reproduced with permission.!'?] Copyright 2013, Wiley-VCH. b) Inkjet 3D (bio)
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tissue-like constructs. Although hydrogels are able to mimic the
ECM gel-like hydrated microenvironment of many tissues (cru-
cial for cell growth and migration), hydrogels are usually char-
acterized by their poor mechanical properties and low struc-
tural integrity. These properties are usually inappropriate for
many tissue engineering and regenerative medicine applications
that require mechanical robustness, such as bone, cartilage, and
tendons.['32¢3¢] Despite the fact that the mechanical properties of
hydrogels can be enhanced by increasing the crosslinking density
of the hydrogel and/or by increasing the concentration of the hy-
drogel precursor. This would have detrimental adverse effects on
cells’ bioactivity and survival, in which oxygen and nutrient dif-
fusion, as well as cell motility and migration, would be hindered.
Moreover, hydrogels are inherently isotropic, which does not re-
semble the anisotropic nature of ECM of many tissues. Thus, hy-
drogels require reinforcing components that elevate their wide
applicability to further tissue engineering applications.['22¢36b]

4, Fiber Fabrication Methods for Tissue
Engineering

Fibers are present in abundance in nature, such as in plants (e.g.,
wood) and in animals (e.g., silk), and have been used through-
out human civilization for many different applications, such
as building materials and textile manufacturing. Thanks to the
impressive mechanical properties of fibers and their inherent
anisotropy, they contribute to the inspiring mechanical proper-
ties of human tissues, such as muscles and fibrocartilaginous
tissues (e.g., meniscus). In tissues, these fibers either show dis-
tinct orientation/unidirectional alignment, such as in skeletal
muscles, disordered orientation, such as in the skin, or a combi-
nation of different orientations (unidirectional, circumferential,
and mesh-like), such as in the knee meniscus. These kinds of ori-
entations contribute to a set of various mechanical and structural
properties in different tissues serving different unique functions.

Fiber-shaped structures can serve as a fundamental building
block to form complex functional 3D objects for various appli-
cations, such as tissue engineering applications. These fibers are
characterized by a set of distinct properties; they are long and thin
(have an incredibly high aspect ratio), flexible, and have higher
elastic modulus and strength compared to their bulk counterpart
due to the alignment of polymer chains. This makes their orga-
nization into ordered structures of interest for building complex
hierarchical 3D constructs. This can be done using different tech-
niques such as weaving, braiding, wrapping, folding, winding,
and reeling.*®] In tissue engineering, there are other types of pro-
cessing techniques to fabricate fibers of different sizes ranging
from a few nanometers to hundreds of micrometers as continu-
ous single fibers as in melt electrowriting (MEW) or continuous
jetted fibers as in electrospinning (ES). These fibers are also col-
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lected using different collection methods depending on the fab-
rication technique and collector type used. For living cells, it is
essential that the fabricated microenvironment closely resembles
their native ECM environment, in which they should have an ap-
propriate aspect ratio and fiber diameter size that corresponds to
the fibrous proteins found in ECM, such as collagen fibers. For
instance, native collagen fibrils have a diameter range of ~10-
500 nm and an estimated aspect ratio of 14-50 x 10* (see sec-
tion 2 above for more details on the native collagen organization
and structure in native tissues).l*]

The fiber formation process usually consists of i) pulling of
polymer solution or melt, ii) its solidification by either evapora-
tion of solvent (dry spinning), precipitation in poor solvent (wet
spinning), or solidification below glass transition temperature
or due to crystallization (melt spinning). The polymer can be
formed into fibers from the state when it is fluid, either in solu-
tion or melt state. Different forces or sets of forces can be involved
in the fiber fabrication process: electrostatic, mechanical, and/or
magnetic. The advantage of using electrostatic forces is that they
can be applied to any polymeric material and cause its polariza-
tion. But on the other hand, the precise or localized application
of electrostatic forces is challenging. Furthermore, high electro-
static potential is harmful and needs special safety precautions.
In contrast to electrostatic forces, magnetic forces are considered
not harmful, allowing them to be used without any special safety
measures. Nevertheless, the polymers used should be sensitive to
the magnetic field by including magnetic particles in the polymer
composition. In addition to that, the local application of magnetic
forces is also challenging. In the case of mechanical forces, me-
chanical forces can be applied to the entirety of the polymer to
be fabricated into fibers, such as centrifugal spinning, which al-
lows for fast fiber fabrication. However, mechanical forces can
also be applied locally, allowing for precise fabrication of indi-
vidual fibers with a low fiber production rate. Independent from
the fiber fabrication method and applied force, fiber formation
highly depends on the rheological properties of the polymer solu-
tion or melt, which in turn depends on the type of interaction be-
tween polymer chains, molecular weight, concentration, temper-
ature, and magnitude of applied force. In this chapter, the most
commonly used fiber fabrication techniques used in tissue engi-
neering are discussed: electrospinning (ES), melt electrowriting
(MEW), and thermoplastic/fused deposition modeling (FDM) 3D
printing, as well as other fiber fabrication techniques that would
be of interest to be combined with 3DBP.

4.1. Common Fiber Fabrication Techniques
4.1.1. Electrospinning (ES)

Currently, ES is the most commonly used technique for the
fabrication of fibrous mats and meshes for tissue engineering

printing, in which droplets of the bioinks are deposited using different drop-based mechanisms such as thermal and piezoelectric; and light-based 3D
(bio) printing such as i) volumetric 3D (bio) printing, in which a bioresin is cross-linked using light projections in volume while the platform is rotating,
reproduced with permission.l3”] Copyright 2020, Lawrence Livermore National Security, LLC. Published by Wiley-VCH GmbH. ii) Digital light processing
(DLP) and iii) stereolithography (SLA), in which the bioresin is cross-linked in a layer-by-layer approach, using digital mirrors (DMD or LCD) or focused
scanning beam, respectively, with permission.[342] Copyright 2023, the Author(s), Elsevier. And iv) laser-assisted 3D (bio) printing, in which laser is used
to deposit a bioink droplet by directing the laser into a layer of bioink attached to a ribbon or an absorbing layer, reprinted with permission.[3%] Copyright
2021, Wiley-VCH GmbH.
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Table 1. Structural and organizational properties of collagen fibers in different tissues.

Total collagen Fibrillar Interfibrillar space Fibrillar diameter ~ Fibrillar fiber (bundles) Fiber orientation Refs.
collagen [um] diameter [um]
Skeletal muscle 70% of total protein 52% of total ~ Densely packed 0.01-0.3 0.6-50 Aligned along the main axis [3d,17]
protein (parallel arrangement)
Articular cartilage 59% of total protein 45% of total Highly variable 0.02-0.24 n.a. Parallel, perpendicular, and [3d,18]
protein (Superficial, random.
middle, deep,
and calcified
zone)
Tendon 81% of total protein 66% of total ~ 0.05 um (densely 0.02-0.15 1-300 Aligned along the main axis [3d,19]
protein packed) (parallel arrangement)
Bone n.a. 90% of total Highly variable 0.03-0.12 1-3 Parallel arrangement [3d,20]
protein (dense or (non-uniformly distributed,
trabecular) transverse, longitudinal, and a
combination of transverse and
longitudinal)
Adipose tissue Below 45% of tissue dry n.a. Loosely dense 0.01-0.06 30 Parallel arrangement in the septa  [21]
mass follows a circular-like pattern
(around lobules)
Intervertebral disk  Annulus fibrosus: 60% of n.a. Variable (Periphery 0.02-0.19 5 Annulus fibrosus: Parallel with [22]
tissue dry mass; to center alternating angles +30°
Nucleus pulposus: 15% gradient) (ply-angled)
of tissue dry mass
Meniscus 85% of tissue dry mass n.a. Highly variable 0.03-10 150-300 Mesh-like, circumferential, and [23]
between transverse
different layers
Skin 80% of tissue dry mass n.a. 1-20 pm 0.05-0.12 20-50 Multilayered organization: [24]
Reticular dermis: aligned
(follows Langer’s lines);
Papillary and periadnexal
dermis: random orientation
Cornea 82% of total protein 51% of total 0.06 um Stroma: 5-35 Orthogonally stacked (central [25]
protein 0.03-0.07; cornea) and circumferential
Sclera: 0.03-0.3 alignment (periphery)
Blood vessels n.a. 40% of tissue n.a. 0.01-0.1 Media: 2—-4; Adventitia:  Media: Circumferential (Parallel  [26]
dry weight 15-26; Lumina: 5-30; arrangement); Adventitia:
Ablumina: 4-25 (Aorta) longitudinal (Parallel
arrangement)
Myocardium 42% of the total protein in n.a. n.a. 0.05-0.15 1-10 Multilayered organization: [27]
the heart Longitudinal and

circumferential to the myofiber
direction (Parallel arrangement)

applications. This technique is based on drawing fibers from a
polymer solution droplet by applying an extremely high electric
voltage, usually in the range of tens of kilovolts (kV), between the
oppositely charged electrode within a distance ranging from 5 to
30 cm. The process starts with applying a voltage difference be-
tween the tip of the needle and the collector, which depends on
the dielectric properties of the polymer solution used. In addi-
tion to that, it highly depends on the formation of a proper Tay-
lor cone of the polymer solution at the electrified (usually pos-
itively charged) tip of the needle for the proper fiber jet forma-
tion and subsequent fiber collection in the range from tens of
nanometers to few micrometers in diameter (10 nm-10 um) on
the oppositely charged collector with relatively large linear rate
(several m s71) (Figure 4a and Table 2). This requires the fine ad-
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justment of the contents of the spinning dope, voltage applied,
needle tip to collector distance, and type of collector to achieve
the required droplet surface tension and subsequent fiber jet
initiation.["®*] Additionally, any instabilities in the electric field
and environmental conditions, such as temperature and humid-
ity, cause uncertainties in the fiber fabrication process.*!] More-
over, the polymer solution’s initial viscosity is an important fac-
tor for smooth bead-free fiber formation. The reported viscosity
range of the ES polymer solution is 1 — 5000 mPa-s.*?] Although
electrospinning provides several advantages for several tissue en-
gineering applications, such as a high surface area for cell adhe-
sion and proliferation as well as a high degree of porosity at the
cellular level, it usually results in 2D fibrous structures with lim-
ited thicknesses (usually <1 mm) rather than 3D structures with
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b) Melt Electrowriting (MEW)

Generates high-resolution porous macrostructures profiting from electrically charged fluids
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Figure 4. Comparison between the most common fiber fabrication methods working principle showing the most common setup, where a) electrospin-
ning (ES). Reproduced with permission.[>*] Copyright 2016, Elsevier B.V. All rights reserved. b) Melt electrowriting (MEW). Reproduced under terms of
the CC-BY license.[>13] Copyright 2023, The Authors, Published by Elsevier B.V. And c) fused deposition modeling (FDM) 3D printing, reproduced under
terms of the CC-BY license.>12] Copyright 2023, The Authors, Published by Elsevier B.V.

controlled 3D architecture mimicking the 3D architecture of
many tissues ECM.['1>1443] Additionally, increasing the electro-
spun fibrous mat thickness usually leads to denser structures
with limited porosity for cell infiltration and nutrient and oxy-
gen diffusion. While having a dense fibrous structure could be
beneficial for some tissue engineering applications, where it
acts as a physical barrier for limiting bacterial penetration!**) or
limiting surrounding fibrotic tissue infiltration.**] Having less
dense fibers with controlled porosity is beneficial for other tis-
sue engineering applications where cell infiltration and light
transmittance are crucial, such as for corneal tissue engineering
applications.!"'?! Besides that, the fabrication of commercially rel-
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evant fibrous structures is limited due to the relatively slow fabri-
cation process and high energy consumption, which might take
several hours to a few days to fabricate fibrous structures in the
range of a few cm?.[3%246] Moreover, due to the use of high electri-
cal fields, the orientation of the polymer chain in the fabricated
fibers cannot be precisely controlled, resulting in fibers with
poorly predictable mechanical properties compared to that pro-
vided by other fiber fabrication techniques.[*’! Another drawback
of ES is the limited ability to fabricate constructs with complex
geometrical structures, which are anatomically relevant.["***] A
further major drawback of the ES process is the poor control over
fiber deposition on the substrate, which leads to polymer losses

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 2. Comparison between the most commonly used fiber fabrication methods based on different process parameters showing the most common
configuration and reported ranges.

Electrospinning (ES)

Melt electrowriting (MEW) Fused deposition modeling (FDM)

Voltage needed

Common material
feeding system

Nozzle to collector
distance

Maximum temperature
Maximum thickness
Fiber diameter

Typical viscosity range

Polymer feed

Volumetric flow rate
(fabrication rate)

Head movement speed

Material loss

8-40 kv

Pneumatic
5-30cm

n.a.
Tmm
10 nm-100 pm
1-5000 mPa-s

Solution (most commonly used solvents:
chloroform, DMF, and DMSO)

10-5000 pL h~" (10-2000 mm? h~")

n.a.

high

Main features Fibers are stretched; In the basic setup,
fibers are disordered; Alignment of the
fibers can be obtained by using a parallel

plate or rotating collector.

Fibers are not stretched; Nearly any
pattern is possible; Continuous fiber

geometries, where fiber overlapping

1-15 kv n.a.
Pneumatic Mechanical
0.1-3 cm Direct contact
150 °C 350 °C
10 mm Limited to printer height
0.8-150 um 50-600 um
100-1000 Pa-s 10-100 000 Pa-s
Melt Melt

0.5-50 uL h=! (0.5-50 mm? h~1) 10 000-115 000 uL h~!

(10 000-115 000 mm? h~")

100-6000 mm min~' 600-30 000 mm min~!

low Depending on the amount of support
needed

Fibers are not stretched. Any pattern or
geometry is possible. High

formation occurs for complex dimensional accuracy. Do not use

extremely high voltages for fiber

occurs. fabrication.

and inhomogeneous fiber distribution along the collector with
regions having larger fiber thickness compared to other regions
on the substrate. Besides that, by nature, ES produces disordered
fibrous structures in which the fibers are randomly oriented. For
the fabrication of aligned fibers for tissue engineering applica-
tions, usually a highly rotating mandrel is used. In this case, the
mandrel is rotating at a tangential rotational rate higher than the
fiber production rate, producing fibers mainly oriented in the di-
rection of rotation. On the other hand, at lower rotational speeds
(lower than fiber fabrication rate), the fibers crimple and lose ori-
entation. Generally, these rotational speeds generate high cen-
trifugal forces, which limits its integration with other biofabri-
cation techniques that deposit materials on stationary flat sur-
faces, such as 3DBP. Although there are less commonly used
methods to produce aligned fibers using ES, each approach has
its own limitations. For further information on different meth-
ods to produce aligned fibers using ES, please refer to the re-
view paper of Robinson et. al.[*®l In summary, the extremely high
voltage used, poor control over fiber orientation and deposition,
sensitivity to polymer solution conductivity and environmental
conditions, low fabrication rate for commercial applications, and
the limited thickness to fabricate 3D structures limit its wide ap-
plication in advanced tissue engineering applications.[*¥] Thus,
the combination of ES with 3DBP would resolve the majority
of the abovementioned limitations, yielding more complex 3D
geometries.

4.1.2. Melt Electrowriting (MEW)

MEW also known as melt-based electrohydrodynamic (EHD)
printing is one of the most commonly used biofabrication tech-
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niques for the fabrication of fibers in a controlled deposition
manner. This technique is based on using high electrical voltage
in the range of a few kV (usually 1-15 kV) over a collector-to-
nozzle distance of 0.1-3 cm to draw a single continuous fiber in
the range of a few micrometers in diameter (usually 1-150 um)
from an extruded polymer melt using AM techniques (Figure 4b
and Table 2).1*1 Although the viscosity is dependent on the tem-
perature and the shear rate used, the typical melt shear viscosity
is in the range of 100-1000 Pa-s, with the highest zero shear vis-
cosity reported at 1 X 10° Pa-si**l and the lowest melt shear vis-
cosity of 3 Pa-s at a shear rate below 30 s~! and temperature of
190 °C.5% Unlike ES, MEW uses a high-viscosity polymer melt
with a low flow rate rather than a low-viscosity polymer solution.
MEW was first introduced by Brown et al. in 2011 with the name
melt electrospinning writing. Since then, there has been an in-
creased number of publications highlighting the use of MEW
for the fabrication of tissue engineering scaffolds. This technique
was introduced to solve the problem of non-controlled and ran-
dom deposition of fibers provided by solution ES, which usu-
ally results in non-controlled pore geometry and size as well as
non-controlled fiber diameter and fibrous mat thicknesses. Al-
though MEW results in a relatively larger fiber diameter com-
pared to solution ES, it provides superior control over fiber spa-
tial deposition. This results in an automated controlled fabri-
cation of high-resolution 3D fibrous constructs with controlled
pore geometry for tissue engineering applications. In this tech-
nique, a close consideration of the polymer flow rate/jet speed
and extrusion head/collector movement rate is crucial for the
formation of straight fibers rather than buckled or lagged ones
(critical translational speed). Additionally, in MEW, the polymer
flow rate/jet is controlled by the synergy between extrusion tem-
perature (governing polymer viscosity), nozzle inner diameter,
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extrusion pressure, and voltage. The extrusion head and collector
movement can be precisely controlled by the MEW setup hard-
ware and software.l*»<%1] From the rheological point of view,
the movement rate should be lower than the reciprocal relax-
ation time of the polymer melt. If the movement rate exceeds
this limit, the fiber will lose its ability to adhere to the substrate
properly, and the fibers will be stretched between the nozzle and
substrate without adhering to the substrate. Although MEW pro-
vides enhanced spatial control over the deposition of fibers com-
pared to ES, the thickness of the fabricated constructs using the
most common setup is limited to ~#7 mm due to charge dis-
sipation with increased height and does not provide clinically
relevant thicknesses alone.['*49¢52] Recently, using a modified
setup of MEW, the thickness limitation has been increased to
~10 mm. This was achieved by incorporating a charge neutral-
ization module besides the MEW extrusion head.[?] In addition
to that, MEW is characterized by its slow fiber fabrication rate
and, more specifically, for the fabrication of fibers in the lower
fiber diameter limit of this technique, in which polymer flow
rate in the range of from hundreds of nL h™! to few pL h7! is
crucial.>13] Additionally, MEW provides a limited material choice,
since it requires polymers with low melting point, relatively low
viscosity, and high degradation temperature, such that PCL with
molecular weight of up to 100 kDa. By far, PCL is the most com-
monly used polymer for MEW due to its low melting point and
its preferable crystallization dynamics.l**?] Adding to that, in the
MEW process, reversing the movement direction rapidly is chal-
lenging due to the mass of the electrical and mechanical compo-
nents involved in the fabrication process. The rotation or move-
ment of the rotor of the stepper motor, lead screw, and extruding
unit must be reversed rapidly to change the movement direction
effectively. This fast motion will result in vibrations, which re-
quire the gradual deceleration of the fabrication process, leading
to a further reduction in the fabrication rate. Even though this
effect can be reduced by fabricating considerably larger sample
sizes, the limiting factor will be controlling the flow rate of the
polymer by decreasing the polymer melt viscosity (i.e., increas-
ing temperature).°??! In a typical MEW setup, the polymer melt
is deposited in a relaxed state (i.e., the polymer chains are not
oriented), meaning that the MEW fibers have a lower modulus
than fibers produced with stretched chains. The use of polymers
with low molecular weights that are needed to have a viscosity in
a proper range also limits the strength and toughness of fabri-
cated structures. Another limitation of MEW is that it requires a
conductive substrate, and the deposition of free-hanging fibers is
not possible, and for that it requires support for deposited fibers.
In summary, the main limitation of the MEW process lies in its
relatively slow fabrication process, the limited thickness of its fab-
ricated substrates, the requirement of a conductive substrate and
support for deposited fibers, and the limited material choice. This
can be solved, for instance, by integrating MEW with other bio-
fabrication techniques to yield 3D constructs with clinically rele-
vant thicknesses and with an increased fabrication rate. It is also
noteworthy to mention that there is also a variant of EHD print-
ing (solution-based EHD printing) that uses polymer solutions
for fiber fabrication. Solution-based EHD printing is less com-
monly used in tissue engineering applications since it usually
yields fibers in diameter ranges (>tens of micrometers) higher
than melt-based EHD printing. For detailed information on EHD
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printing possibilities and limitations, please refer to J. He, et al.
2020.52°)

4.1.3. Fused Deposition Modelling (FDM) 3D Printing

FDM 3D printing, also known as thermoplastic melt 3D printing,
involves the heating of a thermoplastic polymer above its melting
point and subsequently pushing the melted polymer through a
nozzle (0.1-1.5 mm in diameter) into filaments or strands onto a
heated bed (30-120 °C) by direct contact between the nozzle and
the heated bed. Through computer-aided manufacturing (CAM)
processes, these filaments are deposited in a layer-by-layer ap-
proach to fabricate 3D constructs based on a predesigned model
using computer-aided design (CAD) tools (Figure 4c and Table 2).
Although FDM 3D printing is superior to other fiber fabrication
techniques for the fabrication of reproducible and geometrically
relevant 3D structures in the macro range, it is technically chal-
lenging to produce fibrous structures at the cell level that repli-
cates the fibrous structure of native ECM, which is in the range
of nanometers to few micrometers.!'*3] For instance, depending
on the 3D printing settings and nozzle size used, FDM 3D print-
ing can produce fibrous structures as small as 50 pm—although
challenging—using 0.1 mm nozzle up to hundreds of microme-
ters using larger nozzle sizes (Table 2).[1#14251%] This would limit
the interaction of cells with FDM 3D printed fibers due to the lack
of proper mechanical and spatial cues at the cell level provided by
the FDM 3D printed fibers, which limits cell alignment and its
subsequent differentiation.*3! In conclusion, the main limitation
of FDM 3D printing is the limited resolution and the need for el-
evated fabrication temperatures.

4.2. Other Fiber Fabrication Techniques

In this section, other fiber spinning techniques that have the po-
tential to be or have already been integrated with 3DBP methods
for the fabrication of hybrid structures composed of fibers and
hydrogels are discussed.

4.2.1. Mechanical Pulling

In mechanical pulling, straight fibers can be fabricated by stretch-
ing at a rate larger than the reciprocal relaxation time of poly-
mer when it is in an elastic state and behaves as a rubber. In this
case, a close consideration of the applied strain degree is highly
important, as considerably large strains (fiber stretching during
spinning) occur at large extension rates when the material is in
a rubbery state, resulting in the failure of the fibers. In addition
to that the stretched fibers require a collection or deposition step
to be deposited on a platform or substrate. For that, a wide range
of fiber collection methods have been proposed and discussed.
Table 3 shows a direct comparison between the different fiber
fabrication methods that will be addressed in this section based
on fiber fabrication conditions, and Table 4 shows the polymer
state and main force used to fabricate the fibers in comparison
with ES and MEW.

Touch Spinning (TS): TS was first introduced as a promis-
ing technique for the fabrication of nanofibrous constructs as
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scaffolds for tissue engineering and regenerative medicine ap-
plications in 2015 by Tokarev et. al. TS can be described as a sim-
ple, controllable, customizable, and scalable method for the fab-
rication of biomimetic scaffolds by mechanically drawing fibers
from a polymer solution or melt using a shaft with high rota-
tional speeds into fibrous meshes with fibers in various orienta-
tions, controlled densities, varying thicknesses, and fibers from
different polymers combined or alone. In this technique, a poly-
mer solution/melt is usually introduced using a syringe pump
through a needle with a consistent droplet formation in close
proximity to a collecting rod that is attached to a rotating disk.
Once the rod touches the polymer solution droplet, it mechani-
cally pulls the droplet and extends it into fibers that are collected
on a static or rotating collector (Figure 5a). This will eliminate
the need for extremely high voltages that are commonly used in
other fiber fabrication techniques, such as ES and MEW. The fab-
ricated fiber diameter is usually uniform in the range of a few
nanometers to a few micrometers and can be accurately adjusted
by varying the used polymer concentration or molecular weight,
the spinning speed, and the polymer flow rate.[*%+] [n solution
TS, the fiber formation is based on the use of highly volatile
or fast-evaporating solvents that evaporate during the fiber for-
mation process by creating a larger surface area upon polymer
droplet stretching. Meanwhile, in the case of melt TS, the fiber
formation is based on polymer cooling during the fiber spin-
ning process. Thus, this technique allows for fiber formation
from a wide range of polymer solutions and/or melts without
the need for adjusting the dielectric properties of polymer so-
lutions, which is usually needed in the case of ES. Examples of
polymers that have been investigated for TS include polycapro-
lactone (PCL), polyethylene (PE), polycaprolactone polyurethane
(PCL-PU) copolymers, Polyethylene glycol (PEO), polyacryloni-
trile (PAN), and polyvinyl alcohol (PVA). Another advantage of TS
is the ability to produce fibers in different orientations (aligned
or random) due to the nature of this technique, which allows for
enhanced control over fiber alignment and orientation, although
the fibers are straight.[*0*#155] Additionally, using this technique,
the polymer crystallinity and polymer chain alignment in the
amorphous phase can be better regulated in comparison to ES,
which will enhance the mechanical properties of the fibers in the
case of TS.[*135] Moreover, TS shows enhanced stability of the
fibers and, hence, better alignment in extended cell culture ex-
periments in comparison to ES.*!] Another advantage of TS, in
contrast to the conventional ES, is that the deposition of fibers is
relatively precise, in which the location of the deposited fibers is
determined by the point where the droplet touches the rotating
rod. This will allow for better control over the spatial deposition
of fibers on the substrate compared to ES techniques. However,
the limitation of TS lies in the fact that the rod rotates around
the substrate where the fibers are collected. This will impose re-
strictions on the total thickness of the substrate that can be pro-
duced but would still allow for a larger thickness compared to that
achieved by ES and MEW. In TS, there is also a size limitation,
in which the width and length of the sample are limited to the
length of the fiber-spinning rotating rods and the radius of the
rotating disk. Adding to that, as the size and the rotation speed
of the fiber-spinning rods increase, the free end of the rods starts
to deflect considerably from their long axis. This will negatively
influence the consistent contact between the formed droplet and
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the fiber-spinning rotating rods, which will affect the quality of
the fabricated fibers.

The applicability of the TS approach for the biofabrication of
fibrous meshes or mats for tissue engineering applications was
confirmed by multiple studies.[?6>402:41:5556] In one study, it has
been proven that simultaneous cell deposition and fiber TS is
possible by spraying mouse NIH-3T3 fibroblast cells and touch
spinning of PCL. Therefore, it was demonstrated that sprayed
cells were homogeneously distributed throughout the fibrous
construct. To further demonstrate the capability of TS to fabricate
fibrous structures for tissue engineering applications, a TS mat
spun out of PCL was prepared, and mouse 4T1 breast tumor cells
were cultured on top of it, observing the cell alignment.[*%2] Sim-
ilarly, PCL nanofibrous scaffolds with varied mechanical prop-
erties were prepared by TS, and NE-4C neural cells were cul-
tured on top of the highly aligned fibers to study their differen-
tiation phenotype. It has been found that the mechanical prop-
erties of the TS fibers have an effect on the differentiation path-
way of the neural stem cells into either neuronal or glial cells.
Thus, fibers with higher crystallinity and chain alignment and,
hence, higher mechanical properties stimulate neuronal differ-
entiation, whereas fibers with lower mechanical properties pro-
mote glial differentiation.[*!] Likewise, in another study, TS was
used to fabricate highly aligned TS fibers using PCL in chloro-
form as a spinning solution, and NE-4C neural cells were seeded
on top of the fibers. Additionally, electrospun fibers were fabri-
cated with a comparable fiber alignment and diameters to the TS
fibers as a control. In this case, a higher degree of neurite align-
ment with smaller cell aggregates and more extended neurites on
the TS fibers was observed compared to the electrospun fibers.
This difference in neural cells’ behavior was attributed to the en-
hanced crystallinity and, hence, the higher mechanical properties
of the touch-spun fibers.[>>) One study used a PCL-PU copolymer
as a touch-spinning solution to fabricate highly aligned fibrous
mats with soft and elastic properties for muscle tissue engineer-
ing applications. It has been shown that C2C12 mouse myoblasts
cultured on top of the fibrous scaffolds are able to elongate along
the highly aligned touch-spun fibers with a preferred orientation
along the main axis of the fibers.**->71 TS has been recently inte-
grated with 3DBP in a single setup (Please see section 5.1.4.).

Handspinning (HS):  Another fiber fabrication technique that
is promising for the fabrication of highly oriented fibers in com-
bination with 3DBP is called handspinning (HS). HS relies on
pure mechanical drawing or stretching of fibers by placing a vis-
cous polymer solution or melt between two parallel plates that
are in direct contact with each other. Thus, the fibers are formed
by the controlled displacement of the parallel plates from each
other creating a stretching force pulling the polymer solution.
Next, the well-oriented fibers in the sub-micrometer range (hun-
dreds of nanometers) are directly deposited on a flat surface,
and this process can be repeated (push and pull motion) with
a controlled and consistent polymer supply (Figure 5b). Com-
pared to ES, HS does not require the use of highly toxic and
environmentally unfriendly solvents common for electrospin-
ning of chemically resistant polymers. In the studies exploring
the HS technique, polyvinyl acetate (PVAc) and polypropylene
(PP) were used for the fiber fabrication. Although HS is a rela-
tively simple, low-cost, and straightforward fiber fabrication tech-
nique that produces fibers with diameters comparable to ES, HS
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Figure 5. Other fiber fabrication techniques and the possible integration with 3D (bio) printing using dry spinning techniques, where a) the working
principle of solution touch-spinning where the process starts with a rotating rod touching a polymer droplet and extending it into a continuous fiber upon
solvent evaporation. This technique allows simultaneous cell spraying for tissue engineering applications. Reproduced with permission.[4%2] Copyright
2015, Wiley-VCH. b) The handspinning (HS) technique, in which the process starts with having a polymer solution placed between two plates, followed
by moving the plates away from each other, stretching the polymer solution with the plates moving further away from each other, and depositing fibers on
a flat surface, adapted under terms of the CC-BY license.[4’] Copyright 2016, The Author(s), published by Springer Nature. c) The pull spinning process,
in which a highly rotating bristle touches a polymer solution feed while rotating, creating a polymer jet that is elongated into fibers that are stretched
between the polymer feed and oppositely placed posts or rotating collector, creating aligned suspended fibers, adapted with permission.[**] Copyright
2017, Wiley-VCH. d) the spinneret-based tunable engineered parameter (STEP) technique, in which the process starts with a polymer solution droplet
making initial direct contact with a collector followed by translating away from the collector, stretching the polymer droplet. The fibers are collected
using two approaches: i) a rotating collector to create wrapped fibers or ii) the point-to-point approach on a flat surface to create suspended fibers
yielding different types of fibrous constructs. Reproduced with permission.[8%] Copyright 2011, Elsevier Ltd. Reproduced with permission.l8%] Copyright
2009, Wiley-VCH. and adapted with permission from.[8%] Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim., e) The track spinning
technique, in which fibers are fabricated using rotating tracks that converge at a single point, where polymer solution is fed at the intersection point. The
fibers are formed by stretching the polymer solution while the tracks diverge from each other, thinning the fibers further and depositing them on a flat
surface, adapted with permission.[%°] Copyright 2019, American Chemical Society., f) Centrifugal rotary spinning, in which the fibers are formed mainly
by centrifugal forces. The process starts with jetting a polymer through a set of nozzles while the polymer reservoir is rotating at high rotating speeds,
forcing the polymer jet to stretch and deposit on a set of polls located at the circumference at a distance from the nozzles, adapted with permission.[*3]
Copyright 2010, American Chemical Society.
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currently has low throughput compared to other fiber fabrication
methods.[*>8] This fiber fabrication technique is still not well
characterized and needs improvements on the setup to increase
the fiber fabrication throughput, among others, including its ap-
plicability for tissue engineering applications. Although HS has
not been explored for its integration with 3DBP or 3D printing
in general in a single setup, from the technical point of view, it
is feasible to integrate through simple alternation between fiber
deposition and 3DBP. This can be done, for instance, by intro-
ducing a printing stage or platform that can move up and down
along the z-axis (common for FDM 3D printers) to collect fibers
and allow for the 3DBP step to occur by raising the platform be-
yond the parallel plates.

Pull Spinning: A fiber spinning technique based on both cen-
trifugal spinning and TS was also developed and termed pull
spinning. In pull spinning, a highly rotating bristle of several tens
of thousands of rounds per minute (rpm) makes initial contact
with a polymer solution supply. Subsequently, the bristle pulls
fibers out of the polymer solution and stretches them into thin
fibers while completing a full rotation. Finally, fibers are jetted
directly onto a collector at a certain distance from the rotating
bristle, creating suspended fibers between the collector and the
polymer solution supply reservoir (Figure 5c¢). This fiber fabri-
cation technique is able to produce sub-micrometer fibers from
synthetic and natural polymers with aligned orientations and ran-
dom meshes on a rotating or static collector using a synergy be-
tween centrifugal and viscous forces. Different polymer solutions
have been tested, including PCL, nylon, PU, and a blend of nylon
and PU. The applicability of pull spinning for muscle tissue engi-
neering was confirmed by the fabrication of highly aligned fibers
that support myoblast and smooth muscle cells alignment, fu-
sion, maturation, and contraction.>®! This technique can also be
integrated with 3DBP by modifying the current setup to allow for
the automated collection of fibers. This can be done, for instance,
by using a movable platform that approaches the fiber mat from
below, stretching the fibers slightly. This will allow for fixing the
fibers on a flat surface, which allows for straightforward 3DBP in
a subsequent step. Finally, the fibers can be cut at both ends, and
the whole platform moves away from the fiber spinning setup,
allowing for the next layer of fibers to form.

Spinneret-based Tunable Engineering Parameters (STEP): An-
other technique is called Spinneret-based Tunable Engineering
Parameters (STEP), a fiber fabrication technique that is able to
deposit and stack highly aligned fibers either sequentially or con-
tinuously with a controlled distance between individual fibers
through automated movement.[®) This technique is based on the
dry spinning of fibers in the micro-/nanoscale using a glass mi-
cropipette that extrudes a viscous polymer solution into a droplet
that comes into contact with the collecting platform. Next, the
fiber is drawn by vertical movement away from the building plat-
form, followed by either the rotational movement of the collec-
tor to form continuously wrapped fibers around the substrate
(Figure 5d(i)) or by the horizontal movement of the building
platform forming a suspended fiber with two attachment points
(Figure 5d(ii)).[%%<] As for other fiber fabrication techniques that
are based on mechanical pulling, this technique is based on using
a highly volatile solvent to form fibers through complete evap-
oration of the solvent and subsequent mechanical drawing of
fibers through automated movement. This creates fibers in the
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range from nanometers to sub-micrometers (50-500 nm) and
fiber spacings in the range from sub-micrometer to microme-
ter. This technique has been tested on different polymer mate-
rials, including PS, Polymethyl methacrylate (PMMA), polylactic
acid (PLA), and poly(lactic-co-glycolic) acid (PLGA).[°<] The ma-
jor difference between TS and STEP techniques is that in the case
of TS, the fibers are formed by a rotating collector that deposits
the fibers directly on a stationary substrate. In contrast, the STEP
technique uses attachment points to create suspended fibers on
a stationary substrate or directly wrap fibers around a rotating
substrate.

This fiber fabrication technique was also investigated for tis-
sue engineering applications, in which the adhesion, alignment,
and migration of C2C12 myoblasts were studied. The results
showed that myoblasts were able to instantly adhere to, migrate
along, and align to the highly aligned fibers, showing elongated
morphologies.[®®<] In addition to that, STEP integration with
3DBP was also investigated.l%% For that, highly aligned fibrous
structures were first fabricated using PS, followed by inkjet 3DBP
of growth factors into the desired pattern. Finally, cells were
seeded on top of the prepared construct. It has been found that
by controlling the inkjet (bio) printing pattern of different growth
factors can be used to control cell differentiation into different
fates on a single construct.[°®] Additionally, the STEP technique
was applied for the nanopatterning of already prepared 3D sub-
strates using a technique called spun-wrapped aligned nanofiber
(SWAN) lithography. The fabricated nanostructures using the
SWAN technique can be used to guide cell adhesion and orien-
tation for tissue engineering applications.[®!]

3D Melt Blowing (3DMB): The melt-blowing fiber fabri-
cation method was recently adapted for the biofabrication of
high-throughput scalable tissue-relevant fibrous scaffolds for tis-
sue engineering applications, which is called 3D melt blowing
(3DMB). In this technique, highly organized fibers ranging from
a few to tens of micrometers (1-100 pm) are fabricated using
AM techniques and robotics.!'*] In this fiber fabrication method,
the thermoplastic polymer is heated up and extruded in a con-
trolled flow through a die (set of coaxial nozzles) with flow and
temperature-controlled coaxial airflow. By precisely controlling
the heated airflow and the rheological properties of the polymer
melt, the air pressure forces the polymer jet formation and its
subsequent drawing into fibers. The fibers are then collected on
a multi-axis robotic arm-controlled platform with various fiber
collection geometries that can be attached to the platform (e.g.,
flat and cylindrical).[*346.62] Moreover, synchronization between
the collector movement rate and the fiber jet is of high impor-
tance to obtain fibers of preferred orientation rather than buck-
led fibers. Moreover, 3DMB has been investigated for fiber pro-
duction using PCL, PLA, PU, and thermoplastic polyester elas-
tomer (TPC-ET). Additionally, 3DMB applicability for tissue en-
gineering applications was demonstrated by fabricating a biore-
sorbable hernia plug composed of PCL and PLA fibrous layers
at different aligned orientations with proper mechanical charac-
teristics for surgical manipulations. In addition to that, a patient-
specific meniscus scaffold was fabricated using PCL to demon-
strate the capability of 3DMB to fabricate complex tissue-relevant
geometries.['*] Although 3DMB has the capability to fabricate
fibrous scaffolds at high throughput, several limitations need
to be addressed. For instance, unlike other fiber fabrication
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techniques, 3DMB requires significantly higher amounts of poly-
mer to fabricate a single scaffold. In addition to that, the 3DMB
setup is relatively complex and large in size compared to other
fiber fabrication techniques since it uses a robotic arm with
multi-axis control.'+38] This technique can also be applied to
polymer solutions (solution blowing), in which, in solution blow-
ing, the fiber formation is governed by solvent evaporation
by the pressurized air jet.[1*+%3] Solution blowing has recently
shown its promising applicability for several tissue engineering
applications.[** From the technical point of view, 3DMB can be
combined with 3DBP since it involves using a multi-axis robotic
arm for fiber collection on different collector types, including flat
surfaces.

Track Spinning: Track spinning is a fiber fabrication tech-
nique based on a direct drawing of fibers using two rotating
tracks that come into contact at a single point, where the poly-
mer solution or meltis fed. Starting from the point of contact, the
tracks diverge at an angle, pulling fibers with increased distance
between the tracks. The pulled fiber diameter is further reduced
while the distance between the tracks further increases, produc-
ing highly aligned fibers in the range from hundreds of nanome-
ters to a few micrometers in diameter that are directly deposited
on a collection platform (Figure 5e). In principle, track spinning
is similar to the handspinning (HS) technique, with the differ-
ence that track spinning is able to produce continuous fibers in
an automated manner through rotating tracks that diverge at a
variable angle. In addition to that, track spinning possesses the
same advantages as the HS technique, with the additional advan-
tage of being able to have a higher fiber fabrication throughput by
using automated rotating tracks and the ability to fabricate fibers
of variable lengths. Moreover, similar to HS, track spinning is
able to produce fibers from a wide range of polymers with high
and low viscosities and from composites with magnetic and elec-
tric nanoparticles. This technique has also been tested for a few
polymer solutions, including PVAc and PU, and its applicability
with tissue engineering applications has not yet been tested.[®]
Track spinning can be relatively easily integrated with 3DBP in a
straightforward manner by incorporating a 3DBP head that can
move in all axes while the track can slide in one axis. For instance,
once the fiber fabrication step is done, the dual-track setup slides
away, leaving the collected fibers below. This will allow the 3DBP
head to move freely and start the 3DBP layer.

Centrifugal/Rotary Jet Spinning: Centrifugal/rotary jet spin-
ning uses extremely high rotational speeds (<75 000 rpm)
to produce high-throughput circumferentially aligned nano-/
microfibers on a static collector.l*3>>%%] In this process, the poly-
mer solution or melt is loaded in a rotational container and fed
through an orifice or set of orifices at high rotational speeds. This
forces the polymer to eject and subsequently stretch due to shear
forces led by a combination of centrifugal forces, air resistance,
and solvent evaporation/polymer melt cooling. The jetted poly-
mer fibers are then collected on a stationary platform located
at a variable distance from the center of the rotating polymer
container shaft (Figure 5f). Due to the extremely high rotational
speeds used, this technique is characterized by a high production
rate, which is significantly higher than ES and MEW.[*366-67] Thig
technique has been tested on a variety of polymer solutions, in-
cluding PLA, poly(t-lactide) (PLLA)—polyacrylic acid (PAA), PEO,
polyvinylpyrrolidone (PVP), and gelatin. Centrifugal/rotary jet-
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spun fibers were also investigated for tissue engineering appli-
cations, including cardiac tissue engineering!*! and other tis-
sue engineering applications.[®®] Although this technique has a
high fiber fabrication rate, its combination with 3DBP of bioinks
might be limited due to the use of extremely high rotational
speeds.

Magnetospinnng: Magnetospinning uses a combination of
magnetic field forces and mechanical forces applied to a poly-
mer solution mixed with magnetic nanoparticles (i.e., ferrofluid)
to deform the polymer droplet, forming a liquid bridge that is
further elongated into fibers while the permanent magnet is dis-
placed and the solvent evaporates. This yields nano-/microfibers
in the range from 50 nm to 5 pm. This approach can be applied
to a wide range of polymer solutions independent of the dielec-
tric properties of the polymer and/or the solvent by simply incor-
porating stabilized magnetic nanoparticles to the polymer solu-
tion made of, for example, PCL, Polytetrafluoroethylene (PTFE),
PEO, PS, polyvinylidene difluoride (PVDF), and PMMA mixed
with nickel oxide or iron oxide nanoparticles as well as polymer
solutions incorporated with Ag nanowires or multiwalled carbon
nanotubes mixed with nickel oxide or iron oxide nanoparticles.
Similar to rotary jet spinning, the fibers are collected circumfer-
entially on a pillar or set of pillars located around the center of a
rotating stage that either additionally angularly rotates, rocking a
magnet sphere around for pulling fibers, or the magnet itself acts
as a rotating pillar.[®®! This technique can be considered as a vari-
ant of touch spinning, in which an additional force is used, that s,
the magnetic force to pull fibers through direct contact with the
polymer droplet by continuous rotation of the magnet and the
fiber fabrication platform. This technique has been explored for
its compatibility with tissue engineering applications by seeding
fibroblasts on top of the collagen-coated magnetic fibers, demon-
strating the magnetic fibers’ biocompatibility. Magnetospinning
can be combined with 3DBP by modifying the current setup!®%"]
to be similar to the current TS setupl*®! in which the fibers are
collected on a stationary substrate located in between the rotating
magnet and the rods.

Gravity Fiber Drawing (GFD): GFD is a technique used to
draw vertical freestanding single fibers ranging from a few hun-
dred nanometers to tens of micrometers in diameter from a poly-
mer solution supply with precise control over individual fiber ori-
entation and interfibrillar spacing. This will allow for the build-
ing of 3D architectures using AM techniques. In this technique,
a polymer solution is supplied through a nozzle at a certain ver-
tical distance from a platform. The droplet free falls by gravita-
tional forces, producing a single fiber suspended between the
tip of the nozzle and the platform. The solidified fiber is formed
by the evaporation of the solvent during the free-falling process.
The fiber diameter can be precisely controlled by controlling the
distance between the nozzle tip and the platform, polymer so-
lution properties (e.g., viscosity), and solvent evaporation rate.
The formed freestanding fibers can be used as building blocks
to fabricate 3D constructs with controlled fiber organization us-
ing custom-made fiber handling machinery or other well-known
fiber handling techniques such as weaving or braiding. Com-
pared to other fiber spinning/drawing techniques mentioned
earlier, including the most commonly used techniques (ES and
MEW), this technique has a superior capability in controlling sin-
gle fibers 3D organization (alignment and interfibrillar spacing)
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and covering a wide range of diameters (100 nm-100 pym) fab-
ricating freestanding fibers with controlled fiber drawing ratio.
This will allow for the biofabrication of ECM mimetic 3D con-
structs with a wide range of fiber diameters and porosities, cru-
cial for cell infiltration and nutrient and oxygen diffusion. For
that, PCL grid-like structure of fibers with porosity of 99%, in-
terfibrillar space of 50 um, layer gap of 45 um, and thickness
of 430 pm were fabricated using GFD. The fabricated struc-
tures were seeded with cells, showing that the cells were able
to proliferate, infiltrate, adhere to the fibers, and follow the fiber
pattern.[”] Thus, the main advantage of GFD is that it allows for
the deposition of freestanding fibers on a platform with no lim-
itation on the thickness of the fabricated construct, with a rela-
tively high production rate and controlled fiber organization. Un-
like other methods that have limitations on sample thickness and
size, GFD can produce fibrous constructs of varying thicknesses
and dimensions. Nevertheless, a limitation of this technique is
that the vertically oriented platform may not be suitable for ap-
plications that require true integration with 3DBP.

In Situ Fiber Tethering via Orbital Spinning: In situ solution
fiber tethering using orbital fiber spinning is a technique based
on fabricating fibers directly on the surface of any living biolog-
ical structures or tissues (e.g., skin, chicken embryo, and hu-
man hair) with the ability to precisely control fiber density and
organization. In this technique, the fiber deposition is guided
by the target object’s macro- and microscale surface topography,
allowing the fibers to accommodate the shape of the substrate,
whether it is curved or irregular. The setup is composed of an ex-
trusion head that moves in all axes with a rotating fiber-pulling
arm that mechanically draws or pulls a single fiber at a time
from an aqueous viscoelastic polymer solution supplied through
a needle (i.e., non-continuous fiber formation). Next, the fiber
is wrapped around the substrate located in between using low
rotational speeds (=55 rpm) that allow the fiber to accommo-
date the substrate shape and/or surface topography (estimated
fiber deposition force 10 uN). With each rotation, a single fiber
in the range of sub-micrometer to micrometer in diameter (0.5-
10 um depending on contact state) is drawn, and due to the move-
ment of the fiber spinning head, the fiber density and coverage
area can be controlled. Initially, the fiber is deposited in a solu-
tion or wet state on the target object or substrate surface, and
then the fiber dries within a few seconds at ambient conditions.
This technique has been tested for bioelectronic applications us-
ing PEDOT:PSS (poly (3,4-ethylenedioxythiophene):polystyrene
sulfonate) as a conductive component with PEO and sodium
hyaluronate (HA) as a fiber-forming component. Thus, this ap-
proach is mainly characterized by its ability to produce fibers in
the sub-micrometer to a few micrometer range at precise loca-
tions and various orientations on any substrate. The fibers are
also able to follow the curvature and topography of the surface
while applying extremely low fiber deposition forces in the mi-
cro Newton range. The applicability of this technique has been
investigated for tissue engineering applications by fiber spin-
ning directly on chicken embryo, in which the fiber spinning ap-
proach did not affect the normal growth and development of the
embryo.”% Although this technique is able to produce fibers in
a highly aligned manner, it wraps fibers around the substrate, as
for touch spinning, which could limit its broad applicability in
tissue engineering, where, in some cases, fibers are needed to
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be deposited on top of the surface rather than wrapping around.
Similar to touch spinning, this technique can be combined with
3DBP.

4.2.2. Wet-Spinning Techniques

Microfluidic Fiber Spinning: In contrast to other fiber fabri-
cation methods mentioned earlier (i.e., ES, MEW, TS, etc.) in
microfluidic fiber spinning, fiber is not pulled from the end but
rather pushed like in extrusion 3D printing, which essentially in-
fluences the diameter of the formed fiber and its production rate,
which are connected to each other by Hagen-Poiseuille equation.
Microfluidic fiber spinning is based on using microfluidic chan-
nels for manipulating small volumes of solutions through mixing
and separation for the fabrication of fibers (50 nm-100 um) with
various structures such as hollow fibers,”! core-shell,**72 and
structures with spatiotemporal contrasts in chemical make-up
and morphology (e.g., grooved fibers and nanopatterned fibers)
(Figure 6a(i)).l”>73] Fiber formation is based on the instant gela-
tion or precipitation of a hydrogel precursor directly before ex-
trusion, such as using chemical, physical, and/or photo-cross-
linking 3873741 This fiber fabrication technique is particularly of
interest for fabricating fibers made of natural biomaterials that
are challenging to fabricate using other fiber fabrication meth-
ods. For instance, microfluidic systems were able to replicate
the silk fiber fabrication process seen in spiders.[”>7° Further-
more, this fiber fabrication technique allows for direct encap-
sulation of cells using a cell-friendly environment and in situ
fiber spinning.1*®73! Besides that, different fiber collection meth-
ods can be used to handle the fibers and collect them in dif-
ferent orientations using, for instance, braiding and weaving
techniques (Figure 6a(i)).’®”*! In order to harness the capabil-
ities of microfluidic fiber spinning, microfluidic 3DBP heads
were developed and used to biofabricate 3D constructs with
anisotropic properties for several tissue engineering applications
(Figure 6a(ii)).”"®747¢] This technique has been also used to fab-
ricate fibers out of alginate by direct gelation using divalent ions.
Thus, this approach offers a wide range of advantages but needs
further investigations and improvements to be widely applicable
in the biofabrication field.l*

Computer-Aided Wet Spinning (CAWS): Similar to microflu-
idic spinning, in computer-aided wet spinning (CAWS), fiber is
not pulled from the end but rather pushed like in common ex-
trusion 3D printing. CAWS uses AM techniques for the fabri-
cation of highly ordered fibers through the extrusion of a poly-
mer solvent directly into a coagulation bath. This will form solidi-
fied fibers through phase separation in a layer-by-layer approach,
yielding a 3D structure similar to FDM 3D printed ones. Com-
pared to FDM 3D printing, CAWS introduces the added advan-
tage of the ability to 3D print polymers that are not processable
by high temperatures and need post-processing to form stable
fibers such as polysaccharides and collagen as well as polymers
with loaded bioactive molecules such as inorganic ceramics (e.g.,
hydroxyapatite) (Figure 6b).”””] This approach was applied for sev-
eral tissue engineering applications such as bone tissue engi-
neering, in which geometrically accurate critical bone size defect
was fabricated and implanted in vivo.”’4¢! Although alginate was
wet spun in a calcium chloride (CaCl,) coagulation bath,/”% one
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Figure 6. Other fiber fabrication techniques and the possible integration with 3D (bio) printing using wet spinning/fiber fabrication techniques: a)
microfluidic wet spinning, in which microfluidic channels or printheads (e.g., coaxial nozzle) are used for mixing two or more materials in small volumes
and thus providing control over the extruded fiber contents forming fibers with spatiotemporal contrasts in morphology and chemical content. The
fibers can be either i) collected using different collection methods such as wrapping, braiding, and weaving or in situ fiber deposition. Reproduced with
permission.!”3] Copyright 2011, Springer Nature Limited, or can be ii) directly deposited on a platform using additive manufacturing (AM) techniques
(coaxial 3D (bio) printing). Reproduced with permission.[’6<] Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Computer-aided
wet spinning (CAWS), in this technique, the polymer solution is 3D printed directly into a coagulation path to form fibers due to the insolubility of the
extruded polymer in the coagulation bath and its precipitation. Reproduced with permission.[’’’l Copyright 2016, Society of Chemical Industry, John

Wiley and Sons.

limitation of potential integration of CAWS with 3DBP is that it
usually uses toxic or cell-noncompatible coagulation baths such
as ethanol for the fabrication of microfibers.

A unique feature of the above-mentioned wet spinning meth-
ods is that they are used to produce hydrogel-based fibers or pre-
cipitated fibers. In the first case, the hydrogel, in any case, has
poor mechanical properties that cannot be improved by drawing
— the isotropic structure is restored after drawing due to the mo-
bility of the polymer chain segments, even if the drawing was
applied. The hydrogel fibers also cannot be used to enforce 3D
(bio) printed hydrogels. In the second case, the deposited fibers
are porous due to solvent leakage, and they have not been drawn,
resulting in poor mechanical properties.

5. 3D (Bio) Printing with Integrated Fiber
Fabrication/Spinning Methods

Hydrogel-fiber composites for tissue engineering applications
are expected to enhance the overall mechanical and biological
properties of the hybrid or composite 3D construct due to the in-
clusion of mechanically anisotropic fibrous structures in the cell-
encapsulating hydrogel. In this system, the hydrogel provides the
cells with a hydrated environment that nurtures cell growth and
migration within a contained environment, whereas fibers act
as mechanical and structural support for the overall construct
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and act as mechanical guidance for a preferred cell orientation.
This section discusses the literature-reported integrated fiber fab-
rication methods (i.e., ES, MEW, and FDM 3D printing (ranging
from nanoscale to macroscale)) with 3DBP for tissue engineer-
ing. In addition to that, TS will be highlighted as a promising
technique for the direct automated sequential fabrication of hy-
brid constructs in combination with 3DBP. It is also noteworthy
that not in all cases to be mentioned or discussed, 3DBP was inte-
grated with fiber fabrication methods in a single device or setup.
Table 5 shows a summary of the majority of the studies that use
the combined or integrated approach of integrating or combining
3DBP with fiber fabrication techniques, including biological and
mechanical characterizations performed, highlighting the main
findings. Additionally, Table 6 discusses the possibilities and lim-
itations of the true or actual integration of the dry fiber fabrication
methods, including ES, MEW, and other fiber fabrication meth-
ods with 3DBP.

5.1.. Overview of the 3DBP/Fiber Spinning Integration Approach

5.1.1. Electrospinning (ES)

3DBP was combined with electrospinning for several tis-
sue engineering applications,*%**457] including cartilage,>%!
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bone,*! skin, %] nerve,794<l vascular,7**"#1) meniscus,”* and
neurosecretory!”%!l tissue engineering. In most of the studies, the
electrospun nanofibrous mats were first fabricated and then in-
corporated or inserted manually between the layers during the
3DBP process in a multi-step manner (Figure 7a).[*##>7%-¢] One
disadvantage of this approach is the difficulty in the manual han-
dling or manipulation of thin fibrous mats and the lack of an
automated process for the fabrication of such constructs. This
could limit the wide applicability of this approach in tissue engi-
neering and regenerative medicine applications.?%3793 Another
drawback of this approach is the need to treat the nanofibrous
mats’ surface to facilitate their adhesion to the hydrogel layers
in case the fibrous layers are hydrophobic. Without adjusting the
hydrophobicity of the fibrous layer, there would be a higher risk
of construct delamination.”®*®! On the other hand, few studies
have integrated 3DBP with ES in a single setup for the fabrication
of hybrid structures composed of both hydrogels and fibers in a
multilayer approach (Figure 7b).36279481] In such a case, the elec-
trospun layer was composed of randomly oriented fibers rather
than oriented fibers.[3624445790.d£g181] Thig is due to the techni-
cal difficulty in producing highly aligned fibers in combination
with 3DBP, in which the most commonly used ES setup needs a
highly rotating mandrel or disk (e.g., 11 m s7!) to produce rela-
tively highly aligned fibers.[“®! Additionally, using high rotational
speeds of the collector to produce highly aligned fibers could dis-
tort the structure of the 3D printed hydrogel due to centrifugal
forces,”"l which could have detrimental effects on cells while
undergoing high centrifugal forces. Although relatively aligned
fibers can be achieved by parallel bars (gap electrospinning), the
achieved fiber alignment is limited to the fiber mesh thickness
limit in this approach. With increased thickness, the alignment
is lost due to residual charge buildup, which leads to further poly-
mer losses (poor fiber deposition on the substrate and increased
fabrication time).[*°>#2] Moreover, the fabricated structures in the
abovementioned studies were limited to a few layers in thickness.
This might be due to the reduced electrical field when increasing
the thickness of the fabricated construct, which is a common is-
sue in ES.[“! Furthermore, increased thicknesses of the electri-
cally non-conductive hydrogel layer will further distort the elec-
trical field and hinder the successful ES of fibers, thus leading to
further fiber losses by fibers being deposited away from the col-
lector or substrate. In addition to that, the use of high electrical
voltages in the range of tens of kV (usually 10-30 kV) with elec-
trical current in the range of nano to milli amperes could have a
detrimental effect on living cells and needs to be kept at a level,
which does not cause irreversible damage to cells. Although this
can be achieved by reducing the voltage level, it could limit the
polymer choice that can be used for ES or result in inconsistent
fiber formation.®*) Thus, combining 3DBP with ES is simple and
straightforward—high voltage can be easily applied between noz-
zle and substrate—but achieving controlled deposition and for-
mation of aligned fibers is rather challenging, and the applied
voltage could have adverse effects on the cells.

5.1.2. Melt Electrowriting (MEW)
MEW was combined with different types of 3DBP, includ-

ing volumetric 3DBP (Figure 8a),!%* extrusion-based 3DBP

Adv. Funct. Mater. 2025, 2500450 2500450 (28 of 42)

www.afm-journal.de

(Figure 8b),>>® inkjet 3DBP (Figure 8¢),l***%°] and 4D biofab-
rication (Figure 8d)57%¢ for several tissue engineering applica-
tions. This includes skeletal muscle (Figure 8d),’”#% articular
cartilage (Figure 8c),[**?] myocardial (Figure 5b),®* and vascu-
lar (Figure 8a)!%*] tissue engineering.[***3] Instead of fabricating
a multilayered 3D construct with alternating melt electrowritten
fiber layer and 3D (bio) printed hydrogel layers, >3] the majority of
the studies,[22492,57.8480] \where MEW was combined with 3DBP,
the full thickness MEW construct was first fabricated followed
by 3DBP of the cell-laden bioink filling the predefined pore ge-
ometry of the melt electrowritten construct. One reason could be
that the deposited hydrogel layer could limit the fusion between
the MEW fibers upon stacking the subsequent layers since MEW
fiber’s adhesion in the z direction is mainly based on the solid-
ification of the molten polymer fiber on the previous layer. An-
other reason may be the poor or limited adhesion of the hydrogel
precursor layer to the MEW fiber layer.[?#>3] Moreover, it might
be due to the fact that MEW conditions are not fully compati-
ble with cells. The extended exposure of cells to the high volt-
age used in MEW for a long time and the relatively long fabri-
cation time to fabricate relatively large constructs could have a
detrimental effect on cell viability and their metabolic activity. To
investigate the effect of MEW voltage on cells, the effect of si-
multaneous MEW and cell-laden bioink on cell viability was in-
vestigated. For this, mesenchymal stem cell-laden GeIMA bioink
and PCL polymer melt were used to fabricate a 3D composite
construct of alternating MEW and 3DBP. It was found that the
metabolic activity of the stem cells decreased by 80% after 60 min
of fabrication time, with no significant increase in the metabolic
activity of cells upon incubation for 21 days in cell culture con-
ditions. Moreover, to study the effect of the increased voltage
on cell behavior, stem cell viability under the range of voltages
from 0 to 15 kV was investigated. It was found that the applied
voltage did not have a considerable effect on the cell viability
(>90% on day 14) under the testing conditions used, and the
cells were able to recover during cell culture with time. More-
over, it has also been confirmed that the effect of applied volt-
age on stem cells’ metabolic activity and differentiation ability
compared to a control (without fibers) was non-significant by
quantifying the ECM proteins secretion (glycosaminoglycans and
collagen 1I).15%)

5.1.3. Fused Deposition Modeling (FDM)

FDM 3D printing was also integrated with 3DBP of bioinks for
several tissue engineering applications.!13¢3236¢85287] From the
technical point of view, the integration of FDM 3D printing of
synthetic polymers with 3DBP of bioinks is the most forward of
all the other fiber fabrication techniques. This is due to the fact
that both FDM 3D printing and 3DBP are based on the same fam-
ily of AM processes, in which materials are deposited directly on
a building platform using mere extrusion of materials into fila-
ments through a nozzle in a layer-by-layer approach (Figures 4c
and 9a). In most of the studies where the integration of FDM
3D printing and 3DBP is investigated, the FDM 3D printed lay-
ers are not intended to act as a biologically active component but
rather as a mechanical or structural support for the mechani-
cally poor bioink or biomaterial ink being 3D (bio) printed and
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Multi step multi setup 3D (bio) printing combined electrospinning
Tubular Hybrid 3D Constructs
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Figure 7. Electrospinning combined 3D (bio) printing for the fabrication of hybrid 3D constructs composed of fibers and 3D printed cell-laden and
cell-free hydrogel precursors using a) multi-step multi-setup approach for fabricating, i) flat hybrid 3D constructs for tissue engineering applications.
Reproduced with permission.l”2bl Copyright 2019, IOP Publishing Ltd. And i) tubular hybrid 3D constructs for vascular tissue engineering application.
Reproduced with permission.[7>?l Copyright 2022, The Authors, Published by Elsevier Ltd; and b) single setup approach using i) cell-laden bioink for
fabricating flat structures using extrusion-based 3D (bio) printing. Reproduced under terms of the CC-BY license.l”'l Copyright 2024, The Authors,
published by AccScience Publishing. i) And tubular structures using rotary 3D (bio) printing. Reproduced with permission.[”"] Copyright 2021, IPEM.
Published by Elsevier Ltd. All rights reserved.
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Figure 8. Melt electrowriting combined with different 3D (bio) printing techniques, a) volumetric 3D (bio) printing combined melt electrowriting for
vascular tissue engineering applications, in which the process starts with melt electrowriting of fibrous scaffold on a tubular collector, then the tubular
fibrous scaffold is transferred into a volumetric 3D (bio) printing vial filled with a bioresin for light-based photocrosslinking of the bioresin to fabricate a
hybrid 3D tubular construct, adapted under terms of the CC-BY license.[?2] Copyright 2023, The Authors. Advanced Materials, published by Wiley-VCH
GmbH, b) extrusion-based 3D (bio) printing combined melt electrowriting showing the capability of this approach to fabricate tissue interfaces using
two different bioinks 3D bioprinted within predefined melt-electrowritten pore geometries for cardiovascular tissue engineering. Reproduced under
terms of the CC-BY license.[34] Copyright 2023, The Author(s), Published by IOP Publishing Ltd, as well as the ability of the hybrid approach to produce
out-of-plane free-standing fibers. Reproduced under terms of the CC-BY license.[>3] Copyright 2018, The Authors. Published by WILEY-VCH. c) Inkjet 3D
(bio) printing combined melt electrowriting for articular cartilage tissue engineering showing the localized cell organization within the pore geometry.
Reproduced under terms of the CC-BY license.l4%2] Copyright 2022, The Authors, Published by Elsevier Ltd. And d) extrusion 3D (bio) printing combined
melt electrowriting for skeletal muscle tissue engineering using 4D biofabrication (3D (bio) printing + shape morphing) approach, in which the melt
electrowritten fibers guide myoblast cells orientation and folding direction, adapted with permission.[3¢] Copyright 2021, American Chemical Society.

subsequently incubated in vitro or implanted in vivo.[872c-¢gh1p]
For instance, it was reported that the compressive stiffness was
considerably higher (approx. 150 times) in the hybrid construct
(fiber + hydrogel) (few MPa) compared to the alginate-based
hydrogel alone (tens of kPa).’>3#7ll In addition to that, FDM
3D printed layers provide controlled 3D interconnected porous
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geometries that ensure proper cell penetration, nutrient diffu-
sion, and oxygen exchange, which consequently allow for cre-
ating native tissue-relevant thicknesses compared to hydrogel
alone.[36¢872bd-Ehk] For example, cartilaginous tissue formation
similar to native tissue was significantly enhanced in hybrid con-
structs containing pores in the form of microchannels compared
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Figure 9. FDM 3D printing combined with 3D (bio) printing, where a) schematic representation of the FDM 3D printing combined 3D (bio) print-
ing of hybrid 3D constructs composed of thermoplastic polymer-based macrofibers with cell-laden bioinks in an alternating manner. Reproduced with
permission.[36<] Copyright 2011, The Author(s), Published by IOP Publishing Ltd. b) Optical and thermographic analysis of the FDM 3D printing com-
bined 3D (bio) printing setup using PCL-based thermoplastic polymer printed at 85 °C and 3D bioprinted gelatin-based biomaterial ink at 37 °C. Repro-
duced under terms of the CC-BY license.[27<] Copyright 2016, The Authors, licensee MDPI, Basel, Switzerland.

to constructs without microchannels, where the tissue formation
was limited to the outer edge of the construct with the necrotic
center in case of microchannel-free construct.l’fl Moreover, us-
ing FDM 3D printing, it is possible to create physical barriers
between the deposition of different cell-laden bioinks within the
same 3D construct, thus precisely controlling the arrangement of
different cell types in empty space.[?6¢8724%0p] Thig will allow for
the design of more complex 3D constructs composed of different
types of cell-laden bioinks and synthetic polymers that can biolog-
ically and mechanically mimic different tissue interfaces such as
the cartilage-bone interface [0l Additionally, the mechanical
properties of the FDM 3D printed structure can be fine-tuned or
modulated by precise control over the fiber deposition to create
different infill structures or pore geometries.[32575iP]

One concern regarding using FDM 3D printing in combina-
tion with 3DBP of cell-laden bioinks is that it uses temperatures
(usually >80 °C) that are considerably higher than physiological
temperatures (37 °C) for extrusion of thermoplastic polymers.
This could potentially have an effect on the cell viability while
depositing the thermally molten polymer on top of the cell-laden
bioink layer. For that, the cell viability within a 3D construct com-
posed of cell-laden bioink with 3D printed PCL fibers at 80 °C was
investigated directly after printing and found a decrease in cell vi-
ability from 92% to 85% upon further stacking of PCL layers.[*’¢]
In another study, alternating FDM 3D printing of PCL at 60 °C
with 3DBP of cell-laden bioink showed a cell viability of ~66%
on day 1. This relatively low cell viability on day 1 of incuba-
tion was regarded as the effect of the integrated 3D printing pro-
cess (FDM + 3DBP), in which heated polymer melt is extruded
directly in contact with the cell-laden bioink.[¥°] Nevertheless,
other studies using PCL have shown that the cells were able to
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recover upon incubation, reaching a cell viability of greater than
90% at days 7 and 14.8724°] To further investigate the effect of
the used 3D printing temperature of PCL on cell viability, heat
distribution maps of the 3D printing setup show an instant cool-
ing of the extruded PCL filament from 85 °C to temperatures be-
low 37 °C within few seconds with no significant decrease in cell
viability compared to the control (Figure 9b).[7*"il Similarly, it
was found that the biological activity of the cells in vitro, such as
cell proliferation, cell differentiation, and ECM protein secretion,
were not affected by the fabrication conditions used.!®7*>4fhil A]-
though the cell viability tends not to be affected by the used 3D
printing temperature when using PCL, which has a relatively low
melting/crystallization temperatures and does not need a heated
bed for the successful 3D printing, other synthetic polymers need
significantly higher printing and deposition temperatures (usu-
ally > 140 °C), which may increase the chances for irreversible
cell damage and hydrogel dry-out.l#*h To study this, the effect
of the increased 3D printing temperature of PCL on the cell vi-
ability of MSCs cells shows that the cell viability drops down
from 65% to 40% upon the increase of temperature from 100
°C to 180 °C, respectively, while the control had a cell viability of
~70%.1*%) In addition to that, the temperature to be chosen affects
the mechanical properties and structural stability of the overall
construct, in which both the adhesion strength between the ex-
truded filaments and the fracture strength are reduced by using
lower 3D printing temperatures closer to the melting point.[3?!
Moreover, using lower printing temperatures close to the melt-
ing point increases the viscosity of the polymer melt, which re-
quires higher printing pressures to maintain a high flow rate as
well as more frequent clogging of the 3D printing nozzle may
occur.[7h]
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5.1.4. Touch Spinning (TS)

In all of the studies mentioned earlier (section 4.2.1) where touch
spinning is used, cells were seeded on top of the touch spun fibers
(i.e., 2D), which does not provide an aqueous 3D environment
that resembles the native ECM environment of many tissues. To
resolve this issue, 3DBP was combined for the first time with TS
in a single setup for the biofabrication of a 3D scaffold composed
of the hydrogel-fiber composite construct.*®! In this study, an
alternating multilayered scaffold composed of touch spun PCL
fibers layers and 3DBP bioink layers (biomaterial loaded cells)
was fabricated into a composite structure for tissue engineering
application. It was found that fibroblast cells tend to adhere to
the fibers and align along the fiber main direction with cell body
alignment degree of as high as 90% and cell nucleus alignment
of higher than 40%. Additionally, the interaction of fibroblasts
with the fiber using time-lapse microscopy has shown that cells
were able to sense the fibers, adhere to them, and align along
them with the ability to snap between fibers and glide along
them.3%®] Tn conclusion, touch spinning allows for the fully au-
tomated hands-free integration of fiber spinning with the 3DBP
of bioinks (cell-laden hydrogel precursor) in a layer-by-layer ap-
proach for the fabrication of fiber-bioink multilayered construct.
In addition to that, compared to ES, TS eliminates the need for
the manual handling of fibrous mats to yield hybrid constructs
composed of alternating fibrous layers and hydrogel precursor
layers, thus highly reducing the possibility of contamination as
well as reducing the difficulty in handling thin fibrous mats.
Moreover, this hybrid technique minimizes the need for physical
or chemical crosslinking of hydrogel precursors during or post
3DBP, which is usually needed in the case of 3DBP alone to hold
the 3D (bio) printed structure shape and control the degradabil-
ity both in vitro and in vivo. In the case of the hybrid construct,
the hydrogel precursor is supported mechanically by the fibers
and acts as a barrier, slowing down the biodegradability of the
hydrogel precursor layers. Moreover, no or less crosslinking of
the bioink is beneficial for cell motility and migration, thus al-
lowing for dynamic interaction between the cells and the hybrid
construct (Figure 10).

5.2. Mechanical and Biological Advantages of the Combined
Approach

The combination of electrospun fibrous layers with 3D (bio)
printed hydrogel layers resulted in enhanced mechanical
properties and biological performance compared to hydro-
gel alone. Therefore, there was a significant increase and
improvement in compressive properties (Figure 11a),7%%Pi]
tensile properties (Figure 11Db),13%37%] gtructural integrity
(Figure 11c-i,ii),1?%+792Pil structural stability in cell culture
(in vitro) conditions (Figure 11c-iii),”® and burst pressure and
suture retention strength.”* For instance, it was reported that
incorporating even a low weight percentage of the electrospun
fibrous layer to the hydrogel layers increases the tensile strength
and Young’s modulus of the composite considerably. Moreover,
the toughness of the composite construct can be modulated by
adjusting the fibrous layer weight percentage compared to the hy-
drogel layer (Figure 11D).1%] The hybrid 3D constructs have also
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shown comparable mechanical properties to native tissues such
as native blood vessels!”*“#!] and nerve autografts.”*!) In addition
to that, the fiber-free constructs have shown noticeably higher
geometric mismatch (due to creeping under their own weight
and post-crosslinking) to the used 3D CAD model compared
to the fiber-containing constructs. Similarly, the shrinkage of
the fiber-free scaffold post-crosslinking was significantly higher
compared to the fiber-containing counterpart (Figure 11-i).[7%P]
This effect was caused by the fact that the nanofibrous mats have
nano topographic features that act as attachment or supporting
points for the hydrogel layer during the crosslinking process and
thus retain shape uniformity.!”*"!

The overall biological properties were also enhanced both in
vitro and in vivo, in which higher cell proliferation,*7°cefil
comparable cell viability, 36244792l directed cell orientation,!”®¢
more homogeneous cell distribution,[”*! enhanced cell adhe-
sion and differentiation,”**f1 and improved ECM proteins se-
cretion and cell-specific biomarkers expression!”*“!l compared
to the fiber-free 3D constructs were reported. For example, in
vivo the transplanted hybrid 3D constructs in tissue defect mod-
els have shown well-organized tissue-like structure with colla-
gen and glycosaminoglycans formation, angiogenic blood vessels
formation, immune infiltration ability, neovascularization abil-
ity, and improved integration to the surrounding native tissue
comparable to native cartilage tissue,!”!l nerve autografts (Figure
12d),174 and osteochondral tissue (Figure 12¢)/*) compared to
3D printed hydrogel alone. Moreover, transplanted hybrid con-
structs (3DBP collagen + ES) in mouse defect models have shown
improved ankle angle measurements comparable to nerve auto-
grafts regaining full ankle functional activity with time compared
to the control (bulk collagen + ES).l7°4 Thus, this suggests that
the implanted hybrid 3D construct has a potential for tissue re-
modeling. In addition to that, in cases where cell-laden bioinks
were 3D (bio) printed in combination with ES in a single setup,
it was demonstrated that the cell viability was not affected by
the ES process, in which cell viability was high and comparable
with that of the positive control while using 20 kV voltage for
a total duration of 1.25 h with cell viability of around 829%,3%I
and while using 10 kV for 10-20 s for each ES layer (3 layers
in total) with cell viability of around 93%.7°!l Thus, confirming
that the fabrication conditions were compatible with cell-laden
bioink 3DBP under high voltage ES. Although the beforemen-
tioned studies***7l showed high cell viability while using 3DBP
(with cells) in direct combination with ES, there are still con-
cerns regarding the long-term effect on different types of cells
and other biological components of the bioink. In addition to that,
for long fabrication periods (1.25 h), it was stated that direct ES
of PCL into a bath of PBS (phosphate buffered saline) solution
was extremely necessary to prevent cell dehydration and subse-
quent cell death in case of combining ES with inkjet 3DBP.[362]
In summary, in the hybrid constructs, both the mechanical and
biological properties were enhanced by better mimicking the na-
tive ECM, in which the electrospun layer allows for better cell
adhesion, improved mechanical support, and acts as a physi-
cal barrier while allowing efficient air exchange and tissue fluid
waste discharge. Meanwhile, the 3D bioprinted layer acts as a
water-absorbing and cell-supporting layer, allowing for cell en-
capsulation, aggregation, and migration, as well as ECM protein
secretion.[*+#7%]
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Figure 10. The integration of touch-spinning with 3D (bio) printing of cell-laden bioinks in a sequential multilayered approach to form a hybrid bioink-
fiber construct. Reproduced under terms of the CC-BY license.[3¢®] Copyright 2023, The Authors. Advanced Healthcare Materials, published by Wiley-VCH
GmbH.
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Figure 11. The enhanced mechanical properties of hybrid 3D constructs composed of hydrogel materials combined with fibrous structures. a) The
improved compressive mechanical properties of hybrid constructs compared to hydrogel alone and/or fibers alone using 3D (bio) printing combined
i) electrospinning. Reproduced under terms of the CC-BY license.[’3] Copyright 2018, The Authors. Published by Wiley-VCH. ii) FDM 3D printing. Left)
Reproduced with permission.[8”!1 Copyright 2016, Wiley-VCH. Right) Reproduced under terms of the CC-BY license.[32] Copyright 2022, The Authors. Pub-
lished by Elsevier Ltd. And iii) melt electrowriting, adapted under terms of the CC-BY license.[4%3] Copyright 2022, The Authors. Published by Elsevier Ltd.
b) The increased tensile properties of hybrid constructs with the increased fiber content compared to the pristine hydrogel, adapted with permission.[%8]
Copyright 2016, Elsevier Ltd. c) The structural stability of the hybrid construct upon the addition of fibrous mats in a layer-by-layer approach, in which i) it
enhances the shrinkage properties of the construct upon crosslinking and ii) the enhanced structural stability before and after compression. Reproduced
with permission.l7?0! Copyright 2019, 0P Publishing Ltd. d) The improved mechanical properties of hybrid tubular constructs fabricated using melt elec-
trowriting combined volumetric 3D (bio) printing, in which mechanical properties of the hydrogel tubular construct were enhanced upon changing both
the fibrous layer geometry and number of fibrous layers, where i) the burst pressure compared to the control (hydrogel alone) and ii) bending properties
of the hybrid construct with increased number of layers compared to the control (hydrogel alone). Reproduced under terms of the CC-BY license.[?2]
Copyright 2023, The Authors. Advanced Materials, published by Wiley-VCH GmbH.
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a) Skeletal Muscle Tissue Engineering (3DBP + FDM)
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c) Bone Tissue Engineering (3DBP + ES)
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Figure 12. The enhanced biological performance of the hybrid constructs fabricated using combined 3D (bio) printing fiber fabrication methods for
different tissue engineering applications. Integrated extrusion-based 3D (bio) printing with FDM 3D printing for a) skeletal muscle tissue engineering,
where the mouse-implanted hybrid scaffold was able to induce functional tissue maturation with myotube alignment and sustained structural integrity
with nerve tissue integration compared to the control. Reproduced with permission.[8’fl Copyright 2016, Springer Nature America, Inc. And b) ear
cartilage tissue reconstruction, in which the mouse model implanted (in vivo) hybrid construct was able to maintain its structural and cellular integrity
with increased tissue maturation and extracellular matrix (ECM) formation with time. Reproduced with permission.!3’l Copyright 2016, Springer Nature
America, Inc. c¢) The improved biological performance of the hybrid 3D constructs for bone tissue regeneration in vivo, in which the rabbit model
implanted hybrid construct was able to remodel the bone tissue and prevented fibrotic tissue infiltration compared to the control. Reproduced with
permission.!*’] Copyright 2021, The Authors, Published by Elsevier Ltd. d) Nerve tissue regeneration of the rat model implanted hybrid constructs in
vivo, in which the hybrid 3D tubular construct supported oriented dense nerve regrowth along the main axis of the tubular construct comparable to the

control (nerve autograft). Reproduced with permission.!”%d] Copyright 2020, Royal Society of Chemistry.

Similar to the combination of ES with 3DBP, integrating
MEW with 3DBP led to improved biological and mechanical
performance with the added advantage of the inherent ability of
the MEW process to control the spatial arrangement of fibers
with predefined pore geometry (e.g., hexagonal and rhombus).
This combined approach was found to guide the cellular or-
ganization of different cell types, including myoblasts, MSCs,
and iPSCs, in which the aligned fibers allowed for an oriented
cell alignment along the fiber main direction with higher cell
growth and improved cell differentiation as well as tissue-like
structure formation with oriented fibrillar collagen organization
comparable to native tissue.[*>>784858] [ jkewise, the mechanical

Adv. Funct. Mater. 2025, 2500450 2500450 (35 of 42)

properties of the hydrogels were significantly improved by their
combination with MEW of fibers, in which considerably higher
compressive properties,[***>3] improved tensile properties,!??]
enhanced structural stability,??] and improved burst pressure
(Figure 11d(i)) and bending properties (Figure 11d(ii))!®* com-
pared to hydrogel alone. For instance, the peak compressive
modulus was increased by 1150% from around 20 kPa for hydro-
gel alone to 250 kPa for the hybrid construct, thus demonstrating
the added advantage of improved mechanical properties.l>3! Ad-
ditionally, the mechanical properties of the hybrid construct can
be improved and modulated by controlling the MEW fiber mesh
architecture and number of layers to yield mechanical properties
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comparable to that of different types of native tissues
(Figure 11d(i)).®® From the point of view of the freedom in
design and controlled geometric properties, integration of MEW
with 3DBP allows for the fabrication of different geometrical
features such as tissue interfaces,® out-of-plane free-standing
fibers,I>3] and pores and fenestrations!?*! in a complex multiscale
hierarchical manner. In conclusion, the melt electrowritten
fibers act as both mechanical support to the mechanically soft
hydrogels and directional guidance for cells, whereas 3DBP
allows for cell encapsulation, proliferation, aggregation, and
migration.[2284]

FDM combined 3DBP have also shown enhanced biologi-
cal and mechanical properties. in vitro, these hybrid structures
(FDM + 3DBP) were able to guide cell orientation by using the
perpendicularly FDM 3D printed PCL fibers as pillars that sup-
port the longitudinally aligned 3D (bio) printed cell-laden hydro-
gel strands extending between the PCL pillars from both sides,
thus providing axial mechanical support, which is crucial for sup-
porting cell organization.!*”*#° Thus, myoblasts were able to align
and form aligned myotubes upon differentiation along the 3DBP
direction with 3D printed PCL fibers as a pillar support, whereas
samples without 3D printed PCL showed random orientation of
myoblasts (Figure 12a).87f]

Few studies have investigated the biological properties of the
hybrid construct composed of FDM 3D printing combined with
3DBP in vivo.®7¢fl For instance, hybrid constructs composed
of 3D (bio) printed cell-laden alginate and FDM 3D printed PCL
fibers were implanted in mouse models and have shown carti-
lage tissue remodeling with GAGs, proteoglycans, and collagen
matrix formation after 4 weeks of implantation, while maintain-
ing the overall structure of the implanted hybrid construct and
providing mechanical support for tissue maturation to occur in
vivo.[#ell Although PCL provided the proper mechanical stabil-
ity in vivo, it impedes tissue ingrowth due to the slow degra-
dation rate of PCL, which usually takes more than 1 year for
complete degradation.!##!%0l Similarly, hybrid structures com-
posed of PCL framework and cell-laden fibrinogen hydrogels
(1.2 mm thick) were implanted in vivo into a rat bone defect
model. The implanted 3D construct was able to integrate with
the native tissue by the formation of angiogenic blood vessels
and mature bone tissue compared to the formation of fibrotic
tissue with minimal vascularization and limited new bone tis-
sue formation for the controls (cell-free construct and untreated
defect site) after 5 months of implantation.!®*!) Biomechanical
analysis of the matured tissue after in vivo implantation of the
hybrid construct in mouse cartilaginous ear models was also
investigated. The results show that the in vivo implanted con-
struct had considerably better mechanical properties compared
to the non-implanted construct with higher bending strength
and can sustain its mechanical properties over cyclic loading
(Figure 12b). The electromechanical properties of in vivo im-
planted hybrid constructs were also studied for muscle tissue en-
gineering, in which muscle tissue formation with vascular and
nerve tissue ingrowth as well as enhanced muscle action poten-
tial compared to the negative control and comparable to native
muscle tissue after 1 month of implantation have been observed
(Figure 12a).187f]
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6. Fiber-Integrated 3D (Bio) Printing Biofabrication
Setups

Currently, there are a few setups that integrate 3DBP with
the most commonly used fiber fabrication methods: ES, MEW,
and FDM. One example is the R-Gen bioprinter series (RE-
GENHU, Villaz-St-Pierre, Switzerland); this setup integrates
3DBP (extrusion- and inkjet-based) with MEW, FDM, and ES.
REGENHU is one of the very few commercial providers of 3D
(bio) printers that integrated multiple biofabrication technolo-
gies under a single setup. This setup can accommodate up to five
printheads. This includes pneumatic-driven drop-based (inkjet)
printhead, pneumatic-driven extrusion-based bioprinting head,
pneumatic-driven melt, and syringe pump-based (piston-based)
melt extruders. All of these tools and their nozzles can be heat
controlled to temperatures up to either 80 or 250 °C, depend-
ing on the application (hydrogels or melts). In addition, there
are four different options for printing platforms to allow for volt-
age and heated/cooled options of the printing platforms. This
includes a standard, high temperature, physiological tempera-
ture, and electro-writing and -spinning printing platforms. A fur-
ther example, which integrates 3DBP with ES, MEW, and FDM,
is a commercial bioprinter called DomoBIO 4A 3D Bioprinter
from Domotek (Domotek, Donostia-San Sebastian, Spain) and
currently distributed by I'T3D Group (IT3D Technology, S.L, Va-
lencia, Spain). This setup can accommodate up to four indepen-
dent printheads of a total of six printheads available. This in-
cludes extrusion-based bioprinting head, heated extrusion-based
bioprinting printhead (up to 60 °C), solution electrospinning ex-
truder (up to 25 kV), filament-based melt extruder (up to 250 °C),
pellet-based melt extruder (up to 250 °C), and melt electrowriting
spin head (up to 250 °C and 25 kV). This setup also offers two
different printing platforms, a refrigerated/heated and a high-
performance heated platform.

A commercial setup that combines 3DBP with both MEW
and FDM is the BioScaffolder 3.x and 5.x from GesiM GmbH
(GeSiM — Gesellschaft fiir Silizium-Mikrosysteme mbH, Rade-
berg, Germany) with a wide range of modular printheads. This
bioprinter can accommodate up to four independent print-
heads with various printhead options, including pneumatic-
driven and/or piston-driven printheads with heating/cooling op-
tions of the tip and the cartridge and with a gradient mixer.
The setup also offers a MEW spin head (+ 30 kV), drop-based
(inkjet) micro dispenser (piezoelectric, solenoid valve, and oth-
ers) with droplet mixing, core-shell dispenser, high-temperature
piston-driven extruder (up to 250 °C), melt blending extruder,
filament extruder (FDM), capillary dispenser, and adhesives dis-
penser. A further example that integrates 3DBP with both MEW
and FDM is Axo series from axolotl biosystems (axolotl biosys-
tems Ltd, Istanbul, Turkey). The Axo 6 bioprinter can accom-
modate up to six printheads of five different types of print-
heads available. Available printheads include a pneumatic-driven
high-temperature extruder (up to 265 °C), pneumatic-driven low-
temperature extruder (as low as 3 °C), pneumatic-driven MEW
spin head (up to 265 °C and 15 kV), syringe pump (piston-driven)
printhead, and pneumatic-driven cell electrowriting spin head
(up to 15 kV). Another example is the ExploreONE bioprinter
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from biomotion (Biomotion Technologies FlexCo, Vienna, Aus-
tria), which has four independent printheads, including, sin-
gle/dual bioprinting printheads (pneumatic and piston-driven)
(4 - 60 °C), pneumatic-based MEW printhead (up to 250 °C),
and thermoplastic polymer extrusion (pellet (up to 300 °C), fil-
ament (up to 250 °C), and high-temperature pneumatic-driven
extrusion (up to 250 °C)) extruders, the electromagnetic droplet-
based printhead (up to 60 °C). This bioprinter also provides other
printing options such as rotary, non-planar, coaxial, and Freeform
Reversible Embedding of Suspended Hydrogels (FRESH) 3D
printing.

There are many setups that combine 3DBP with FDM 3D
printing; 3D-Bioplotter (developed by EnvisionTEC GmbH, Glad-
beck, Germany and currently distributed by Desktop Metal, Inc,
Massachusetts, USA) is one example. 3D-Bioplotter offers up
to five independent printhead slots with a high-temperature ex-
truder reaching up to 500 °C. Furthermore, it offers eight dif-
ferent modular printheads (high-temperature (up to 250 °C),
ultrahigh-temperature (up to 500 °C), inkjet (up to 70 °C), 2-
component (up to 70 °C), co-axial (2 — 70 °C), photocuring (fixed
at 25 °C) printheads. A further example is BioAssemblyBot (Ad-
vanced Solutions Life Sciences, LLC, Kentucky, USA), which is
characterized by its robotic arm that is capable of using a wide va-
riety of printheads (13 different printheads) and other tools (four
different tools, e.g., eight-channel pipette). Another example is
Dr. INVIVO 4D2 and Dr. INVIVO 4D6 (Rokit Healthcare, Seoul,
South Korea). Dr. INVIVO 4D2 offers two independent printhead
slots and three different types of printheads (pneumatic-driven
bioprinting (-4 — 60 °C) and melt (up to 350 °C) printheads as well
as standard filament extruder (up to 250 °C)). Dr. INVIVO 4D6
also offers two independent printhead slots. One of the slots uses
a rotary printhead set that can accommodate up to five indepen-
dent bioprinting printheads (up to 60 °C), and the second print-
head is interchangeable and used for melt extrusion (pneumatic-
(up to 350 °C) or filament-based (up to 250 °C)). This setup
is characterized by having a built-in cell incubator. REG4LIFE
and BIO V1 (Regemat, Granada, Spain) offer up to three inde-
pendent printheads with six types of printheads (syringe pump-
based bioprinting head (cooled (-20 — 100 °C) or heated (up
to 50 °C) (single or dual)), filament-based (single or dual), and
pellet-based melt extruder (up to 250 °C)). An additional exam-
ple is Brinter bioprinter (Brinter, North Carolina, USA), which
has an automatically interchangeable printhead slot that offers
eight different types of printheads/tools. These tools include a
pneumatic-driven bioprinting head (single and triaxial/coaxial (4
- 66 °C)), pneumatic-driven cooled bioprinting head, pneumatic-
driven drop-based (inkjet) head, pellet-based melt extruder (up to
250 °C), piston-driven extrusion-based bioprinting head, and mi-
crofluidic printhead. Another example is 3DXPrinter (T&R Bio-
fab, Siheung-si, South Korea), which offers up to six indepen-
dent pneumatically-driven printheads (melt (up to 200 °C) and
3D bioprinting heads (4 — 60 °C)). A final example is U-FAB
series (CLECELL, Seoul, South Korea). This setup can use up
to three modules, with one having three independent submod-
ules/printheads and two having six independent pneumatic and
piston-driven submodules or printheads (melt (up to 180 °C),
droplet, and extrusion-based (4 — 50 °C)) and filament-based melt
extruder (up to 285 °C). Table 7 summarizes the commercially
available setups integrating 3DBP with the most commonly used
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Table 7. Available biofabrication setups that integrates 3D (bio) print-
ing with most common fiber fabrication methods for tissue engineering
applications.

<
m
€
-
=)
<

Bioprinter 3DBP ES

AN

R-Gen bioprinter series
DomoBIO 4A
BioScaffolder
Axo
ExplorerONE
3D-Bioplotter
BioAssemblyBot
Dr. INVIVO 4D2
Dr. INVIVO 4D6
REGALIFE

BIO V1

Brinter
3DXPrinter
U-FAB series

A N N N N Y N N N N N NN
X X X X X X X X X X X X \ \
X X X X X X X X X \ N N N
A N N N N N N N N N N NN

fiber fabrication methods in tissue engineering: ES, MEW, and
FDM.

7. Conclusion and Future Perspectives

In conclusion, although 3DBP alone can provide a favorable en-
vironment for cell support by fabricating geometrically relevant
cell-encapsulated hydrated 3D structures, which allows for cell
maturation and ECM components formation with subsequent
tissue maturation for short-term in vitro studies. It lacks the
proper structural and mechanical stability for long-term in vitro
and in vivo applications due to the inherent poor mechanical
properties of the hydrogels used and their noncontrolled degra-
dation rate. This will result in the loss of their initial 3D struc-
ture and mechanical properties with time. In addition to that, the
isotropic nature of hydrogels and the lack of cell spatial guidance
cues would result in non-controlled cell differentiation and func-
tion. Despite the fact that the mechanical stability of hydrogels
could be increased by increasing the hydrogel precursor concen-
tration or crosslinking degree, it usually results in cell entrap-
ment, which disrupts many crucial cellular functions and im-
parts tissue in-growth. On the other hand, fiber fabrication meth-
ods provide fibrous scaffolds with the needed structural and me-
chanical properties but lack the ability to encapsulate cells within
the hydrated 3D environment.!”**8722911 Thus, compared to 3DBP
alone, hybrid 3D constructs fabricated using the combination of
3DBP and fiber fabrication methods allow for enhanced struc-
tural stability and improved mechanical properties as well as
better biomimics the structure of native tissues, which is com-
posed of gel-like materials and fibrous structures.!””!l For that,
different fiber fabrication methods can be used in combination
with 3DBP. The most common techniques are conventional so-
lution ES, FDM 3D printing, and MEW. ES is a relatively slow
fiber fabrication method, which yields fibers in the submicrom-
eter range relevant for cells but usually yields 2D structures with
non-controlled fiber deposition and limited thickness. Mean-
while, MEW yields relatively thicker fibers in the range of a few
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micrometers, which is characterized by the controlled deposition
of fibers to yield porous structures with controlled pore geome-
try. Similar to ES, MEW is a relatively slow fabrication method.
The considerably long fabrication time of the most used fiber
fabrication methods, including ES and MEW, remains a limit-
ing factor, which adversely affects cell viability due to the drying
of the 3D (bio) printed hydrogel precursor with time and the ex-
tended exposure of living cells to the harmful fabrication con-
ditions such as the high voltage and high temperatures. On the
contrary, from the point of view of scalability and direct integra-
tion, FDM 3D printing is a relatively fast fiber fabrication method,
but on the other hand, it is characterized by its low-resolution
fiber fabrication in the macroscale and the use of high temper-
atures for fiber extrusion and adhesin. Although many studies
have investigated the combination of 3DBP with ES, the majority
of them focused on a multi-step multi-setup approach. From the
point of view of automation, true integration is only valid when
there is minimal human intervention, in which the simultane-
ous interchange between 3DBP and fiber fabrication is semiau-
tonomous. The advent of machine learning (ML) would allow for
further breakthroughs in the field of biofabrication through the
development of systemized, fully automated integrated biofabri-
cation technologies.!') ML has been recently applied for the op-
timization of the ES parameters for wearable nanofiber acous-
tic energy harvesters using a feed-forward neural network.®?] In
the biofabrication field, ML was applied for the optimization of
MEW fiber fabrication parameters and conditions to yield porous
fibrous structures for fibroblast cell confinement. Furthermore,
the cell response and adhesion to the MEW fibers as a function
of variable substrate geometry and porous structure were studied
using ML

TS is a promising fiber fabrication method that allows au-
tomated integration with 3DBP in a cell-friendly environment.
Using this technique, fibers are fabricated using pure mechan-
ical drawing, yielding a well-controlled fiber alignment, crys-
tallinity, diameter, and polymer chain alignment compared to
ES and MEW. In order to expand the range of polymers that
can be used for fiber fabrication and allow for true integra-
tion with 3DBP, a variety of promising fiber fabrication meth-
ods need to be further investigated for their possible integra-
tion with 3DBP. This will open new avenues for more ad-
vanced biofabrication processes to better replicate native tis-
sues for several tissue engineering and regenerative medicine
applications.

Integrating 3DBP with other fiber fabrication methods can
also be applied to different fields of research, such as cellular agri-
culture. The most common application of cellular agriculture is
the production of cultured meat and seafood. The use of this inte-
grated approach would allow for the biofabrication of multimate-
rial multicellular 3D constructs, which better mimic the texture
and structure of different types of natural meats. This is done
by incorporating fibrous layers into cell-laden 3D (bio) printed
layers in a precise and controlled manner. Additionally, these fi-
brous structures will support the mechanically soft bioink. Us-
ing this approach, multizonal multicellular cultivated meat prod-
ucts can be fabricated.* The 3D (bio) printed constructs are usu-
ally cultured in a dynamic culture environment using a bioreac-
tor for better control over the culture conditions towards mature
constructs.
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The biofabricated hybrid constructs could also benefit from us-
ing bioreactors to develop fully functional tissues. The design of
tissue-specific bioreactors would provide the biofabricated hybrid
constructs with a controlled dynamic environment that mimics
the native environment of cells. This will further stimulate the
embedded or cultured cells with, for instance, mechanical and
electrical cues towards fully functional tissue maturation. In ad-
dition to that, a dynamic cell culture environment using a biore-
actor would enhance the oxygen and nutrient diffusion in thick
3D constructs (>200 um).["%1 Moreover, using integrated bio-
fabrication technologies can facilitate the fabrication of bioreac-
tors and scaffolds for tissue engineering applications in a single
setup. This will eliminate the need to use multiple setups to fab-
ricate the bioreactor and 3D (bio) printed construct individually,
which reduces the possibility of contamination and the difficulty
of handling soft 3D (bio) printed or thin fibrous constructs.
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