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Abstract: The growing demand for improvements in in vitro drug screening, disease modelling, and
regenerative tissue therapies poses an urgent clinical need for the continued development of innovative tissue
engineering strategies. Several promising biofabrication and aggregation solutions have been developed to
overcome these challenges, such as three-dimensional (3D) bioprinting and chip-based physiological models.
However, replicating the structural and cytoarchitectural complexities of native tissue types to achieve
biomimicry of epithelial, nervous, muscular, and connective tissues remains a significant area of investigation.
Innovative research efforts focused on the thread-like morphologies of bodily tissues have been developed
to overcome these challenges. This review features the recent and current work done in fiber fabrication
methods and the associated textile assembly techniques utilized to create fiber-based microphysiological
systems, specifically for applications in disease modelling and high throughput drug testing. The advantages
and disadvantages of these different fiber fabrication and assembly approaches are compared. Finally, the
applications of these textile-based biofabrication approaches in epithelial, nervous, connective, and muscle

tissue engineering are reviewed.
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Introduction

There is an existing clinical need for reproducible disease
models for improving drug and therapeutics screening
rates. Evolved drug screening and testing methods on
disease models can improve upon animal drug testing
and traditional two-dimensional (2D) assays in both cost
and efficiency (1). Fiber-based microphysiological disease
models offer promising and realistic solutions to this
clinical need, chiefly in physiological tissue types where
cell alignment is important to the biological function, and
tissues that are fibrous in nature. These constructs may be
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fabricated using different methods to model physiological
tissues; various manufacturing and assembly methods for
microphysiological fiber-based systems can demonstrate
biomimicry of epithelial, connective, skeletal muscle,
smooth muscle, and peripheral nervous tissues. These
fiber-based constructs offer flexibility in fiber size, length,
assembly of fibers, pore size, and material composition.
Different fiber manufacturing methods allow for organic
and synthetic extra-cellular matrices (2), fibers with complex
surface morphologies (3), and multi-material coaxial fiber

formation (4), for example. The material properties of
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these structures can be further manipulated by using textile
assembly methods to create multifunctional systems.

A general decline in the productivity of pharmaceutical
research indicates that drug screening processes need to be
redesigned to more dependably recapitulate the pathological
mechanisms of human disease, without assay, target, or
compound biases (5). Animal model drug toxicology
tests oftentimes provide limited data with questionable
relevance to the human disease or condition; they allow for
an understanding of molecular targets, but are expensive
and lengthy to run (1). Since 1996, high throughput drug
screening of 2D miniaturized cell-based assays has been
a regulated process used in drug design for identifying
compounds that cause undesired side effects in the target
drug (6). However, 2D assays do not show the full picture
of drug toxicology effects that are evident in an iz vivo
3D model. The time and collateral limitations of current
drug screening methods can be addressed by bridging
the gap between iz vitro and in vivo (1). These issues may
potentially be overcome, and drug screening throughput
increased, by fiber-based microphysiological systems which
mimic the physiological environment of native tissues.
Engineered tissues can be used to test drug reactions on
multiple organ systems and stand in for iz vivo testing.
Advanced biofabrication techniques of fiber assembly aim
to address the challenge of creating physiologically realistic
tissues through material and 3D mechanical structural
manipulation. Artificial textile fibrous structures and their
effect on the mechanical properties of engineered tissues
is an underlying theme in this review. Fiber-based tissue
engineered systems can be manufactured to mimic the
mechanical properties of biological human tissue structures
and further be seeded with cells, growth factors, and other
biologics to provide suitable cellular compositions and
tissue-induced signaling cues (7).

Current manufacturing methods such as electrospinning
(8-10), wet spinning (11-13), microfluidic spinning
(14-16), biospinning (17,18), interfacial complexation
(19,20), melt spinning (21,22) produce fibers which are
assembled through weaving, kitting, and braiding textile
methods, to create precise compositions, geometries, and
integrated structures. Electrospinning have been widely
applied to biomedical tissue engineering for applications
such as wound dressings and wound tissue substitutes (23);
the inherent adaptability in fiber diameter, scaffold pore
size, and material properties allows for a wide range of
extra-cellular matrix (ECM) applications. Wet spinning
methods can be used to fabricate fibers from bioactive
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polymers with porous structures and large pore size, to
facilitate cell adhesion or encapsulation, proliferation,
and migration (12). Used extensively in fiber-based tissue
engineering application, biospinning of natural protein
fibers results in high tensile strength and biocompatibility
(17). Interfacial complexation allows for the encapsulation
of cells and particles with several polyionic polymers (19,20).
Meltspun fibers allow for various constructions which may
facilitate improved cell alignment and orientation (21,22).

In this review, we will focus on applications in epithelial,
connective, muscular, and nervous tissue engineering, where
fiber-based microphysiological tissue constructs are utilized
for the development of disease models and regenerative
tissue engineering. These constructs have potential to
be applied to high throughput drug screening as in vitro
3D models. Electrospinning, wet spinning, microfluidic
spinning, biospinning, interfacial complexation, and melt
spinning fabrication techniques for fibers with controllable
mechanical properties, surface morphologies, and material
compositions will be discussed. In addition, the advantages
and limitations of warp and weft knitting, weaving,
braiding, and winding textile methods of fiber assembly
will be examined. The structural, physical, biological, and
economical properties of the fabricated fibers are compared.
Finally, emerging applications of fiber-based disease models
and drug testing for research and clinical practice are
explored.

Methods of fiber fabrication

Different approaches have been reported for the fabrication
of micro and nanofibers from both natural and synthetic
polymers. These fabrication techniques have significant
effects on the fiber features such as the mechanical
properties and size. Electrospinning, wet spinning,
microfluidic spinning, mold casting, biospinning, interfacial
complexation, and melt spinning are the main approaches
for fiber fabrication and are shown in Figure 1. A description
of each fabrication method is presented, and the benefits
and drawbacks of each method are compared.

Electrospinning

During the electrospinning process, continuous fibers are
formed by flowing a polymeric solution through needle
by applying an electrical field between the needle and
collector plate, placed a distance from the needle (30).
The fiber diameter can be tuned from 100 nm to microns
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Figure 1 Different fiber fabrication techniques for microphysiological applications. (A) (I) Formation of electrospun fibers through flowing
polymeric solution under applied voltage between the needle and collector at a fixed distance. Reprinted with permission (24). Copyright
2012 RCS Pub; (II) different types of electrospinning collectors (8); Mirjalili, M. 2016, Review for application of electrospinning and
electrospun nanofibers technology in textile industry, © The Author(s), used under the Creative Commons Attribution 4.0 International
Licence. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/; (B) (I) wetspinning of alginate-based hydrogel
template fibers using two step crosslinking to form stable fibers; (II) SEM micrograph of the template fiber; (IIT) fluorescent image of
particle-laden template fiber. Reprinted with permission (25). Copyright 2015 John Wiley and Sons; (C) (I) coaxial microfluidic setup
[Reprinted with permission (26). Copyright 2014 John Wiley and Sons] for fabricating continuous fibers with various structures; (II) helical
[Reprinted with permission (27). Copyright 2017 John Wiley and Sons]; (IIT) spindle-knot [Reprinted with permission (28). Copyright
2016 John Wiley and Sons]; (IV) hollow [Reprinted with permission (14). Copyright 2009 John Wiley and Sons]; (V) grooved [Reprinted
with permission (16). Copyright 2015 John Wiley and Sons]; (D) Schematic and digital images of programmable microfluidic platform used
for mimicking silk biospinning of spider. Reprinted with permission (3). Copyright 2011 Springer Nature; (E) biospinning of randomly
oriented silk fibroin protein by A. Mylitta silkworm. Reprinted with permission (29). Copyright 2012 John Wiley and Sons; (F) interfacial
complexation procedure in which fibers are drawn from the interface of two oppositely charged polyionic polymers. Reprinted with
permission (15). Copyright 2013 Elsevier; (G) meltspun fibers are formed through heating a polymer followed by extruding through a
spinneret. Reprinted with permission (15). Copyright 2013 Elsevier. SEM, scanning electron microscope.
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based on the physical properties of injected solution (i.e.,
concentration, viscosity, electrical conductivity), polymer
solvent, solution flow rate, applied voltage, needle to
collector distance, needle size, and the complexity of the
collector (8). In addition, the crystallinity and orientation
of the electrospun fibers are highly influenced by the type
of collector. For instance, using stationary or rotating
collectors enable the production of randomly oriented or
aligned electrospun fibers, respectively (15,31). Numerous
polymers such as collagen (9), gelatin (10), hyaluronic
acid (32), silk fibroin (33), and chitosan (34) have been
used to fabricate electrospun fibers for different biomedical
applications. Electrospun mats and fibers have been used
for manufacturing temporary tissue grafts (35), wound
dressings, biosensors, and drug carriers (8); controlled, on-
demand drug delivery can be achieved using thermally
responsive electrospun synthetic and organic polymers
(36,37). Electrospinning is a relatively simple method that
enables precise control over the fabrication variables and
allows for the possibility for production scale-up (38).
However, this method brings with it significant challenges,
like small pore size in electrospun fibers which limits cell
penetration inside the electrospun mats, as well as poor
ability to fabricate complex thick 3D structures (39,40). In
addition, this method has a low potential for fabricating
cell-laden fibers and encapsulating live cells, mainly due
to the small fiber size, poor cell distribution within the
polymeric solution, and cell exposure to potentially harmful
solvents during the fabrication process (15,41).

Wet spinning

In wet spinning methods, a prepolymer solution (such
as alginate) is extruded into a coagulation bath (such as
Calcium Chloride 2%) in order to crosslink and form long
continuous fibers (11). The injection of polymer can be
carried out manually with a syringe pump (12) or through
applied pressure (42). The polymeric solution is generally
insoluble or poorly soluble in the coagulation solution. The
size of wetspun fibers ranges from 30-600 pm and may be
controlled by needle gauge, polymeric composition, and
flow rate (15). Introducing various reinforcing components
such as carbon nanotubes (43), calcium phosphates (44),
and graphene oxide (45) to the polymer solution enhances
the overall mechanical properties. Various structures
including solid, hollow, and grooved fibers can be fabricated
by wet spinning methods (46). In addition, this method
can be extended to fabricate wetspun fibers from bioactive
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polymers such as gelatin, agarose, gelatin meth-acrylate
(GelMA), poly (ethylene glycol) diacrylate (PEGDA), and
poly (vinyl alcohol) (PVA) by entrapping the polymers into
a sacrificial polymeric template like alginate (25), shown in
Figure 1. Wetspun fibers can be randomly deposited onto a
substrate or rolled up for scaffold fabrications (47,48). The
fabricated fibers are relatively thick, with an intrinsic porous
structure and large pore size which facilitates cell adhesion,
proliferation, and migration into the fibers (12). Besides,
cell laden fibers can be fabricated using this method by
incorporating live cells in the initial polymer solution
(13,49). However, depending on the application, long
exposure to cytotoxic chemicals during the crosslinking
process can limit the loading possibilities of cells within
fibers (15).

Microfluidic spinning

The principles of microfluidic spinning are similar to that
of wet spinning, such that fibers form inside microchannels
by co-axial flows of prepolymer and crosslinking solutions.
Coaxed streams of core and sheath solutions prevent
crosslinking of fibers within the channels and leads to
continuous fiber formation. These fibers may be rolled
up using a rotating roller or fabricated into a scaffold with
aligned fibers (15). The size of microfluidic spun fibers
can be tuned by changing the solution flow rate, channel
size, solution viscosity, and collecting roller rotation speed.
The size of fabricated fibers may vary from a few to several
hundreds of micrometers (50). Various structures such as
grooved (51), hollow (26), helical (27), and spindle-knot (28)
can be fabricated using microfluidic spinning to mimic
biological structures. This method allows for the fabrication
of heterotypic functional fibers in which compositional
and topographical properties are varied by coding digital
programable controls to mimic the biospun threads of
spiders (3). Microfluidic spinning enables fabrication of cell-
laden fibers and several studies have been conducted on this
issue. For instance, Lee et /. created a microfluidic spun
alginate fiber with a endothelial cell-loaded core structure,
embedded within a smooth muscle cell-encapsulating
bulk agar hydrogel (14). Shi et a/. adopted microfluidic
spinning techniques to fabricate GelMA grooved fiber,
in which cells were simultaneously encapsulated within
the fiber and seeded on the micro-grooved surface of the
same fiber (16). Generally, this method has a high potential
in fabricating biological fibers with various chemical
compositions, morphological, and structural features.
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Recent advancements in microfluidic technology have
enabled high-throughput production of microfluidic spun
fibers (27,52-54). However, generally microfluidic spinning
methods result in fibers with poor mechanical properties for
use in typical textile scaffold fabrication methods.

Biospinning

Insects are used to fabricate silk fibers in biospinning
fabrication. Silk is a natural protein fiber with high
tensile strength and high biocompatibility, which has
been extensively used in fiber-based tissue engineering
applications. Silk can be derived from cocoons and nets
created by insects such as worms and spiders, with a core of
fibroin and a shell of sericin (17). The fibers can be obtained
by natural or manual drawing from immobilized insects. The
size of obtained fibers is a function of the method of drawing,
such that the fiber diameters are 25-30 and 65-70 pm
for manually and natural drawing, respectively (18). Since
these fibers have relatively high tensile properties, they have
been used for load bearing applications (17). However, this
method is associated with major challenges such as resource
limitations, lack of control over fabricated fiber diameter, lack
of cell incorporation possibilities, procedure expense, and
time required.

Interfacial complexation

In the interfacial complexation process, a solid fiber is
fabricated from two oppositely charged polyelectrolyte
droplets by drawing the interface upward using forceps
or a bent needle. A mechanical roller can be used for
drawing the fiber and for fabricating continuous fibers (19).
Fiber size (10-20 pm) and tensile strength (20-200 MPa)
are highly affected by the type and concentration of the
polyelectrolytes, as well as interface area (15). Several
polyionic polymers such as alginate, chitosan, and dextran
sulphate have been used to fabricate fibers with this
method (19). Interfacial complexation is simple method
capable of encapsulating cells and particles as reported by
Yim et 4l. (20). However, this method is not promising for
industrial scale systems, as it is limited to few materials and
small-scale fabrication. In addition, fabricating cell-laden
structures has difficulties due to the limited size range of
fibers.
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Melt spinning

This process refers to making continuous fibers by
heating a synthetic polymer like poly (3-hydroxybutyrate)
to its melting point and extruding the molten polymer
through a spinneret (21). Meltspun fibers can have various
constructions such as multifilament and complex cross-
sectional fibers, which may facilitate cell alignment and
orientation (21,22). However, the high temperature
requirement restricts the application to non-cell laden
and protein loaded fibers. This method is also associated
with other limitations such as expensive equipment,
high pressure requirements, and technical issues during
fabrication such as viscosity decrease and mass loss during
fabrication (15,55,56).

Methods of fiber assembly

Once fibers have been fabricated, there are four main
techniques of assembly to arrange them into useful 3D
constructs. These are knitting, weaving, braiding, and
winding; traditional textile techniques that are recently
finding application in tissue engineering (57,58).

Knitting

Knitting is a well-known method of fiber assembly,
where loops of materials are interlocked into complex
structures. This technique can be used to produce 2D and
3D arrangements. One key advantage of the knitting process,
especially in light of the precise nature of tissue engineering
and drug screening, is the high formability of knitting (59).
However, in the assembly process there is a difficulty
associated with incorporating stiff, fragile or brittle fibers,
as knit structures are inherently complex (60).

The process of knitting creates a structure by
drawing fibers through pre-existing loops to form new,
interconnected loops, as illustrated in Figure 2. The
direction of the loops categorizes the knitting process
into one of two subcategories, as either weft or warp
knitting (59). Within these two broader subcategories
exist a plethora of possible knitting structures, but only a
limited number of these are considered practical for tissue
engineering applications, due to considerations of strength
and fabrication intricacies. Knitting can provide support
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both parallel to and normal to the fabric, thus allowing for
the creation of 3D bio-structures (15). The characteristics
of knitted structures are typically anisotropic and are
dictated by the fibers and parameters of the knit, like stitch
density (59). Coupled with fine control over the
microstructure of knit structure granted by computer
aided design systems, this means there is great potential
for engineering highly specified tissue structures based
on knitting (64). Knit constructs are very well defined—
there exist mathematical models, originally defined by Leaf
and Glaskin, for quantification of knit structures, based
on parameters such as yarn diameter and loops per unit
length (60). This model has been expanded upon by
Ramakrishna ez 4/. to develop a model for predicting the
mechanical properties of a knit structure (65).

Weft knitting

A textile is considered to be weft-knitted if it is made from
a single fiber, fed through the loops perpendicular to the
direction that the textile is growing (60). An example of weft
knitting is shown in Figure 2. Weft knitting is typically less
stable than warp knitting, takes longer to produce, but is a
simpler structure to assemble (59).

Warp knitting

By contrast, warp knitting uses a separate fiber for each
needle, and forms loops that run lengthwise, parallel to
the extrusion of the textile (60). The structure of warp
knitting is shown below, in Figure 2. Warp knitting works
by interlocking the loops into adjacent columns, creating a
much more stable structure than weft knitting at potentially
higher speeds, at the cost of increased manufacturing

complexity (59).

Weaving

Weaving is a second technique for fiber assembly which
relies on the use of a loom. In this process, a series of fibers
are pre-stretched across the loom, called warp threads, and
a weft thread is woven between them. The characteristics
of the final textile can be tuned by adjusting the weaving
parameters, such as the spacing or tension on the warp and
weft threads (57). Typical looms are large affairs, designed to

produce textiles for large-scale applications, but micro-sized
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looms have been built for microfluidic weaving, as shown in
Figure 2. One example developed by Onoe et al. uses combs
with affixed small hollow silicon tubes to guide the warp
fibers, while the weft fiber was guided between them. The
entire procedure was carried out in a liquid environment
consisting of culture medium or PBS with calcium ions,
which is important for hydrogel formation and cell
culture (4). Akbari et al. similarly modified an off-the-shelf
loom to work in a wet environment, for weaving hydrogel-
coated fibers. This apparatus produced a woven structure
that was mechanically sound, yet easily manipulated both
during and after weaving (57). While weaving is typically a
strictly 2D process (15), Moutos et 4l. developed a technique
to create 3D woven structures to produce hydrogel
composites for cell culture (63). This was accomplished by
using a third set of fibers in the Z-direction to interlock the
weft and warp fibers of the structure, as shown in Figure 2.

Braiding

Braiding is a simple textile technique, producing a more
complex fiber from three or more fibers, and is suitable
for producing complex 1D structures (64). Braiding has
a number of possible applications, as it can be used to
replicate physical characteristics of a structure, or to co-
culture different loaded fibers together (57), as shown in
Figure 2. In this example, Akbari et al. co-cultured human
umbilical vein endothelial cells (HUVECS), fibroblasts,
and hepatocytes by loading three different fibers with
the respective cell types, and then braiding them to form
a model of a liver (§7). Braided fibers have found many
applications, including tendon implants, orthopedic
implants, and nerve guides (66).

Winding

The simplest fiber assembly technique in common use is
winding. Winding around a mandrel is a typical storage
technique for fibers but is finding some application in
tissue engineering. For example, Akbari ez a/. wound cell-
seeded fibers around a syringe needle to produce a hollow
structure, potentially useful for producing blood vessels or
similar physiological bodies (57). Altman et 4/. developed an
engineered anterior cruciate ligament (ACL) replacement,
using a matrix of twisted silk fibroin. The matrix produced
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Figure 2 Fiber based assembly methods. (A) Illustration of weft knitting. Reprinted with permission (61). Copyright 2018 John Wiley

& Sons; (B) illustration of warp knitting. Reprinted with permission (62). Copyright 2001 Society of Plastics Engineers; (C) microfluidic

weaving machine developed by Onoe et al. Reprinted with permission (4). Copyright 2013 Springer Nature; (D) different configurations of

3D woven fibers. Reprinted with permission (63). Copyright 2007 Springer Nature; (E) braided fibers co-culturing different cell types for a

liver model. Scale bar is 200 pm. Reprinted with permission (57). Copyright 2014 John Wiley and Sons.

was comprised of six parallel cords, each made up themselves
of three strands wound counter clockwise together, each
strand being comprised of six clockwise wound bundles of
parallel fibers. The winding was performed with a winding
machine. This complex helical structure provided an
environment with multi-directional fibers similar to that
of a native ACL, thus providing a suitable environment for
cells to develop on, and closely mimicking the structural
characteristics of the native tissue (67).

Disease model applications

The introduction of fiber-based textile techniques for
fabricating complex tissue constructs has opened new
avenues for engineering tissue and disease models with
physiologically realistic mechanical and cellular properties.
These tissue constructs suggest future improvements in
drug screening applications. Fiber-based bioengineering and
textile assembly approaches have been applied to a variety of

© Microphysiological Systems. All rights reserved.

tissue engineering and epithelial wound healing applications.
Less complex methods of bulk 3D matrix culture exist for
producing 3D tissue constructs, as demonstrated in several
studies (68-70), however, these methods lack the mechanical
property and material variability required for replicating the
in vivo intricacies of biological tissues. Control over cell and
biomolecule placement, material distribution, and construct
geometry are all necessary for engineering structures with
anisotropic characteristics like connective tissues bone (71)
and tendon (72,73), and promoting unidirectional cell
alignment in skeletal muscles (74), cardiac muscle tissue (75),
and nervous tissue (76). Advanced fabrication methods can
be utilized to create multi-layer composite fibers (4) and
micropatterned fiber surface morphologies (74), through
the manipulation of synthetic and organic biomaterial
properties. This section outlines recent advancements
and emerging applications in fiber fabrication and textile
assemblies for epithelial, nervous, connective, and muscle
tissue engineering for the purpose of disease modelling and
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therapeutic testing.

Epithelial tissue diseases

Basement membranes in kidney tubules are specialized
extracellular membranes located beneath the epithelial
cells, which provide necessary structural and tissue
function support via growth factor signal regulation (77).
Mollet et al. created a renal tubular basement membrane
with ureidopyrimidinone-functionalized polymer and
bioactive peptides using melt spinning, for use in a renal
tissue model, shown in Figure 3. The basement membrane
had biophysical properties like those of collagen IV and
laminin. A monolayer of human kidney-2 epithelial cells
demonstrate attachment, proliferation, and infiltration on
the ECM and demonstrate modulation of gene expression
and membrane transport proteins (78). The fabricated
basement matrix acts an iz vitro replacement of the natural
ECM to support the growth of renal epithelial cells (78).
Onoe et al. demonstrate the application of a microfluidic
spinning device for creating double-coaxial meter-long
hydrogel microfibers, with encapsulated ECM proteins,
differentiated epithelial cells, and somatic stem cells. These
fibers shown in Figure 3, are assembled by textile weaving
and reeling techniques to mimic the intrinsic morphologies
and functions of living epithelial tissues, and were shown
to provide suitable microenvironments for cell behaviour
in vivo (4). Artificial skin substitutes also offer effective
therapeutic options for the treatment of burn wounds and
chronic diabetic ulcers. Sheikh ez #/. demonstrated a cold-
plate electrospinning technique with silk fibroin polymer
for producing full-thickness 3D nanofiber skin scaffolds
with high porosity and controllable sheet thickness (79).
This method overcame prior difficulties involving poor cell
infiltration into electrospun extracellular matrices due to
uncontrolled fiber deposition, and leads to improved cell
infiltration and water-binding abilities (79).

Nervous tissue diseases

Neurological disease phenotypes are presented through
measurable changes in cell morphology such as neuronal
process length and soma size (5). Nerve tissue engineering
processes can be used to create physiologically accurate
disease models for drug testing applications via the
quantification of physical neuronal changes. Successful
engineered neural tissues rely on controlled cellular
behaviour and tissue progression by development of
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supporting scaffolds for cell cultures, akin to that of
native ECM (80). Zamani er /. developed a synthetic
scaffold environment by electrospinning onto a rotating
drum collector, to support neurite outgrowth in specific
orientations, with the purpose of bridging the gap across
nerve defects through axon growth (76). Electrospun fiber
scaffolds best influence neural cell growth when the fibres
produced are aligned, as shown by the morphologies of
A-172 neuron cells on scaffolds with different alignment
geometries in Figure 3. The biocompatible, immunological
inertness, and electrically conductive properties of the
nanofiber electrospun scaffold promoted cell direction,
morphology, and proliferation (76). Further work by Onoe
et al. demonstrate the ability to encapsulate cortical cells and
ECM proteins within hydrogel fibers, using a microfluidic
spinning fabrication process. Neurons extended along the
direction of the fiber forming a neuronal network (Figure 3)
with spontaneous and synchronized Ca™ oscillations. This
suggests that the fiber environment exhibits the intrinsic
functions required for regulating cellular interactions (4).

Connective tissue diseases

Current therapies for connective tissue repair generally
result in poor clinical outcomes, due to the low regenerative
capacity of tendons, inherently low cellular counts, and
hypovascularity (73). Regenerative connective tissue
constructs can improve these outcomes by incorporating
cultured cells on scaffolds with structural and mechanical
properties tunable to that of soft tissues, such as tendon and
ligaments, and the connection points between soft tissues
and bone. Costa-Almeida ez /. have developed a composite
suture fiber with a biodegradable cell-laden hydrogel layer
for surgically repairing damaged tendons and anchoring
tissue grafts. Human tendon-derived cells (hTDCs) were
shown to migrate from the hydrogel layer and align along
the core fiber direction. The collagen matrix produced
by the h"TDCs remodelled the environment to resemble
native tendon tissue, shown in Figure 3. These fibers were
also used in 3D constructs through textile processes such
as braiding, to mimic the architecture, tensile strength, and
load bearing capabilities of tendons and ligaments (73).
A biodegradable scaffold for regeneration of the tendon-
bone junction was developed by Ramakrishna er a/., using
textile braiding assembly methods to create tubular scaffolds
from PLA yarns, cultured with joint progenitor cells (72).
The tubular scaffolds for tendon and bone constructs were
created with fibers of different surface morphologies. Cell
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viability, attachment, and proliferation was confirmed on
all scaffolds, suggesting the potential use in regenerative
surgical repairs. Further, the overall strength and elastic
Young’s modulus of the scaffolds closely mimicked that of
the separate tendon and bone components (72).

Muscle tissue diseases

Engineered functional muscle constructs have important
applications in regenerative medicine for treating various
debilitating muscular disorders through tissue repair and
myofiber regeneration (81). Additionally, these muscle tissue
models can be used to examine altered contractile responses
to drugs and therapeutics. Bioengineered muscle tissues are
generally been lacking in contractile properties comparable
to native muscle tissues (74). Ebrahimi ez 4/. developed a
microfluidic spinning system for fabricating hydrogel fibers
and examined the effects of topographical surface cues and
biochemical stimulation on cultured C2C12 myoblasts.
Micropatterned and agrin stimulated fibers promoted
myoblast cell alignment and myotube formation during
differentiation, thus improving the contractile function of
engineered skeletal muscle tissues, shown in the contraction
analysis in Figure 3. A wet spinning method for fabricating
coaxial smooth-muscle tissue constructs was used by Hsiao
et al. to yield self-assembling spring-like fibers with precise
3D orientation and alignment of encapsulated multipotent
de-differentiated fat (DFAT) cells (82). These manufactured
fibers mimicked the circumferential spatial organization
of smooth muscle fibers located in many organs of the
gastrointestinal, urinary, cardiovascular, and reproductive
system, and showed differentiation of DFAT cells to smooth
muscle lineage (82). These smooth muscle constructs
show promise in regeneration of treating smooth muscles
in vivo. Fleischer et al. developed a nanocomposite scaffold
with gold nanoparticles and cardiac cells for heart muscle
tissue (75). A static electrospinning method was used to
fabricate coiled fiber scaffolds, to mimic the perimysium
bundles of coiled fibers in native heart tissue, which yields
its unique mechanical properties for continuous muscular
contraction. The incorporation of gold nanoparticles
ensured anisotropic electrical signal transfer between
cardiac cells, allowing for higher contraction and relaxation
forces of the engineered tissue, and the formation of
elongated and aligned cardiac cells iz vivo (75). Fiber-based
engineered muscle tissue mimics native muscle and 3D
constructs have the possibility of providing information on
contractile muscle function in response to applied drugs and

© Microphysiological Systems. All rights reserved.
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therapeutics.

Conclusions and future outlook

The development of fibrillar biofabrication methods in
conjunction with assembly techniques akin to those used
in textile applications has resulted in exciting research
developments in the areas of tissue engineering, disease
modelling, and drug screening. Each of the biofabrication
techniques presented in this review offer different
advantages and disadvantages for engineering complex tissue
structures. Electrospinning is a relatively simple method
which allows for production scale-up and precise control
over variables. However, small scaffold pore size may limit
cell penetration, and there are inherent limits to electrospun
mat thickness for use as 3D structures. Wet spinning results
in porous fibers that facilitate cell adhesion, proliferation,
and inner migration, and also allows for the incorporation
of live cells in the initial polymer solution. However, long
exposure to cytotoxic chemicals in the crosslinking process
can limit the loading possibilities of cells within fibers.
Microfluidic spinning is used to fabricate fibers with a
large range of chemical compositions, morphological, and
structural features. The resulting fibers have relatively poor
mechanical properties for use with typical textile scaffold
fabrication methods, however.

The different fiber assembly methods presented
again offer advantages and disadvantages for engineered
tissue constructs, depending on the required structural
morphologies. Knitting provides both parallel and
perpendicular support, which allows for the creation of
3D structures with fine control over the microstructure of
highly specified tissue structures. However, this inherent
complexity makes incorporating stiff, fragile or brittle fibers
more difficult. While weaving commonly produces only 2D
structures, these structures can be converted into 3D, which
can be taken advantage of for tissue scaffold and cell culture
applications. Braiding is a very simple textile technique
but is only suitable for producing complex 1D structures.
Winding is the simplest fiber assembly technique and can
produce multi-directional helical structures that mimic a
variety of physiological tissue constructs such as ligaments
and circumferential smooth muscle fibers located in many
organs of the gastrointestinal, urinary, cardiovascular, and
reproductive system.

The combination of biofabrication and assembly
techniques has enabled the fabrication of complex fiber-
based microphysiological tissue systems. These techniques
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have also provided an effective means of employing careful
control over cell placement, surface and construct geometry
for engineering structures with anisotropic characteristics
like connective tissues bone (71) and tendon (72,73), as
well as promoting unidirectional cell alignment in skeletal
muscles (74), cardiac muscle tissue (75), and nerves (76).
Advanced fabrication methods have been utilized to create
multi-layer composite fibers (4) and electrospun full-
thickness 3D nanofiber skin scaffolds with high cellular
infiltration (79), to mimic the intrinsic morphologies
and functions of living epithelial tissues through the
manipulation of synthetic and organic biomaterial
properties.

Overall, these advances in biofabrication techniques
of bio-fibers and constructs, hold great promise in fields
of regenerative tissue engineering, disease modelling,
and suggest future improvements in platforms for high
throughput testing of chemical compounds, drugs, and
therapeutics.
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