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Manufacturing 3D Biomimetic Tissue: A Strategy Involving
the Integration of Electrospun Nanofibers with a 3D-Printed
Framework for Enhanced Tissue Regeneration

Aayushi Randhawa, Sayan Deb Dutta, Keya Ganguly, Tejal V. Patil, and Ki-Taek Lim*

3D printing and electrospinning are versatile techniques employed to produce
3D structures, such as scaffolds and ultrathin fibers, facilitating the creation
of a cellular microenvironment in vitro. These two approaches operate on
distinct working principles and utilize different polymeric materials to
generate the desired structure. This review provides an extensive overview of
these techniques and their potential roles in biomedical applications. Despite
their potential role in fabricating complex structures, each technique has its
own limitations. Electrospun fibers may have ambiguous geometry, while
3D-printed constructs may exhibit poor resolution with limited mechanical
complexity. Consequently, the integration of electrospinning and 3D-printing
methods may be explored to maximize the benefits and overcome the
individual limitations of these techniques. This review highlights recent
advancements in combined techniques for generating structures with
controlled porosities on the micro-nano scale, leading to improved
mechanical structural integrity. Collectively, these techniques also allow the
fabrication of nature-inspired structures, contributing to a paradigm shift in
research and technology. Finally, the review concludes by examining the
advantages, disadvantages, and future outlooks of existing technologies in

engineering employs a combination of
cells, biochemical components, and engi-
neered materials.'l A key challenge in this
research lies in the generation of a patient-
specific framework that accurately mimics
the biological and physical characteristics,
as well as the intricate hierarchies of na-
tive tissues. 3D printing, frequently referred
to as additive manufacturing, has become a
widely employed technique for the develop-
ment of personalized and biomimetic scaf-
folds. This process involves layer-by-layer
fabrication of the desired material.?) The
versatility of 3D printing as a customized
manufacturing process makes it a promis-
ing technique for various biomedical ap-
plications. This technique has persistently
emerged from the design of small-scale and
extensive 3D objects.l?!

In contrast to traditional methods for
simulating tissues, 3D-printed scaffolds
exhibit well-regulated spatial biochem-

addressing challenges and exploring potential opportunities.

1. Introduction

Tissue engineering has evolved to apply scientific and techni-
cal concepts to the restoration and replacement of damaged
or diseased organs. To enhance healthcare protocols, tissue
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istry and geometry because this technique

enables the highly organized assembly

and deposition of numerous components,

including polymer materials, cells, and
functional chemicals. 3D-printing techniques, such as stere-
olithography (SLA), digital light processing (DLP), and con-
tinuous liquid interface production, which rely on the photo-
cross-linking principle, are the most widely used techniques for
manufacturing tissue-specific scaffolds.l*! Nevertheless, most of
the existing 3D-printing techniques cannot generate the high-
resolution fibrous structures required for building scaffolds for
various tissues.]

Electrospinning has been one of the most widely used
techniques over the last few decades due to its ability to
fabricate a range of fibrous (micro/nano) architecture with
high porosity, surface functionalization, and tunable structural
characteristics.[®! Electrospinning is a reliable and straightfor-
ward approach that utilizes high voltage to generate fibrous struc-
tures with nanoscale dimensions and a significant surface area.
It is an efficient and effective method for elongating and align-
ing polymer chains to create nanofibers that simulate the physi-
cal characteristics of a natural extracellular matrix (ECM). This
provides a variety of attachment sites for cell growth and ad-
hesion, thereby influencing cellular proliferation and morpho-
logical behavior.”) Although nanofibers provide a suitable basis
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Figure 1. A schematic representation of the current study. Types of 3D printing and electrospinning techniques. Combined 3D printing and electrospin-
ning strategies to produce biomimetic structures for tissue engineering applications.

for the administration and sustained release of peptides, drugs,
and other bioactive substances by encapsulating them within
the fibers or through surface immobilization, their limited me-
chanical properties constrain their applications in the biomed-
ical field. To overcome the shortcomings of both 3D printing
and electrospinning techniques, combining these methods en-
ables the fabrication of highly porous structures with enhanced
mechanical performance.®! The generation of advanced micro—
nano fibers by employing electrospinning and 3D printing al-
lows the generation of tissue-specific structures, overcoming the
limitations associated with individual techniques. This review
emphasizes recent progress in both techniques and the role of
the materials used in creating tissue-specific structures. The in-
tegration of the two separate techniques and their importance
in the fabrication of biomimetic structures are also discussed.
Finally, this review summarizes the challenges and prospects.
A schematic overview of this systematic review is presented in
Figure 1.

2. Electrospinning

The technique by which a polymeric solution is transformed into
fibrous structures under the influence of a strong electric field is
known as electrospinning. The power supply used in electrospin-
ning can be a direct current or alternating current (Figure 3a(i)).
In traditional electrospinning machines, a syringe containing the
spinning mixture is linked to the positive terminal, whereas the
negative terminal is grounded to the collecting device.”) Once
the syringe is filled with the polymeric solution and coupled to a
high voltage, the droplet at the nozzle gets electrically charged,
with the generated charges distributed equally at the droplet’s
surface. This cumulation of charge begins to alter the typical
droplet shape produced by the surface tension, and the apex of
the droplet acquires a cone shape, creating a “Taylor cone”.!%
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A narrow stream of the charged polymeric solution flows out
through the Taylor cone when the strength of the electric field ex-
ceeds a certain threshold, where the repelling electrostatic force
defeats the surface tension. The stream of the charged polymeric
solution then undergoes whipping and stretching due to electri-
cal fluctuations, creating a series of spiraling loops. These whip-
ping and stretching fluctuations lead to the formation of long,
narrow threads. Synchronously, the solvent evaporates, leaving
solid polymeric threads stacked on the collector.['!] In brief, the
electrospinning method generally involves four successive steps:
i) establishment of a Taylor cone or cone-like jet by electrically
charging the droplet, ii) elongation of the jet in an uninterrupted
straight line, iii) electric field-assisted thinning of the jet and for-
mation of whipping instabilities (also called electrical bending
instabilities), and iv) hardening and accumulation of the jet in
the form of solid fibers onto the collector.*?]

2.1. Modifications in Electrospinning Techniques

The electrospinning technique is simple and easy to operate in
the laboratory, but increasing its output and accuracy remains
difficult. Consequently, by altering the setup through the develop-
ment of numerous needles in series, near-field electrospinning,
and needleless electrospinning techniques, research has been
conducted diligently to enhance the efficacy of the electrospin-
ning process. In this section, we focus on the modifications of
electrospinning techniques, including needle-based and needle-
less methods of producing nanofibers.

2.1.1. Needle-Based Electrospinning Method

The 3D single-needle electrospinning method provides the foun-
dation for the multi-needle electrospinning technique, which
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Figure 2. a) Basic horizontal electrospinning setup. Adapted with permission.[?’] Copyright 2017, Wiley and b) Vertical electrospinning setup. Adapted
with permission.['?] Copyright 2019, American Chemical Society. ¢) Schematic of a needle-less spinneret electrospinning apparatus. Adapted with
permission.[28] Copyright 2019, Elsevier. d) Multiple jets were generated with the needleless electrospinning setup at higher voltages. Adapted with
permission.[211 Copyright 2021, Wiley. ) Multiple-needle-based electrospinning setup, and f) the distribution of electric field at the nozzle tip during

multi-nozzle spinneret for electrospinning. Adapted with permission.[?°] Copyright 2019, Wiley.

creates a matrix of orifices as a series of spinnerets organized
in specific configurations.["¥] Depending on the application, var-
ious multi-needle configurations have been explored.!'*! Needle-
based electrospinning involves horizontal and vertical methods
(Figure 2a,b). Vertical electrospinning, also known as a top-down
system, involves forming fibers on the gravity axis. The Taylor
cone in the vertical method remains uninterrupted due to the
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same direction as the gravitational and electrostatic forces. In the
horizontal electrospinning system, the syringe tip and collector
arrangement ensure that electrospinning occurs parallel to the
ground. Gravity remains perpendicular to the electrical forces in
this case. The Taylor cone direction in horizontal methods is dis-
torted due to the perpendicular directions of electrical force and

gravity.
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Multi-Needle Electrospinning: Multi-jet electrospinning (also
known as multi-needle) was created to solve the low efficiency
of single-spinneret electrospinning.'®! As the name suggests,
multi-needle electrospinning uses multiple spinnerets to speed
up fiber manufacturing. Multi-needle electrospinning can cre-
ate specific composite mats by incorporating different spinning
dopes—even incompatible polymers—into the spinnerets. With
the increase in spinnerets, needle clogging worsens, thereby hin-
dering the output. Thus, while performing multi-jet electrospin-
ning, higher viscosity spinning dopes are typically more appro-
priate for needleless electrospinning methods.['®! Reduced ef-
ficiency may result from jet-to-jet repulsion among the spin-
nerets. In particular, the electric field and charged densities at
the tip of the needle are considerably influenced by the mul-
tiple spinnerets. This change in the electric field and jet-to-
jet repulsion results in irregular fiber structure and diameter
distribution.*>%] Needle arrangement, number, and spacing are
crucial factors that must be considered when maximizing electric
field uniformity during the multi-needle electrospinning tech-
nique (Figure 2ef).[°?]

Furthermore, generating fibers from several distinct materials
at once is also possible using multiple needles, which encourages
the development of membranes with greater functionality.'’!
Thus, the notion that the inner structures and chemical con-
stituents of electrospun fibers can be tuned has inspired re-
searchers. For instance, Loscertales et al. revealed that electro-
hydrodynamic stress caused the production of coaxial jets of
non-miscible liquids with a micro/nanoscale diameter.[*®] For the
coaxial spinneret structure to offer distinct paths for inner and
outer solutions, the single needle was substituted by two coax-
ial capillaries, in which two passageways were linked to the two
reservoirs.['] The capability to build delicate structures is one
of the key benefits of the needle-based electrospinning method,
and the generation of nanofibers primarily relies on the drafting
impact caused by electric field force.[?”! Nevertheless, there is a
significant barrier to the widespread use of this technique due
to the complicated structure of the multi-needle electrospinning
system.[2!]

2.1.2. Needleless Electrospinning

This electrospinning method has been developed to overcome
the shortcomings of needle-based electrospinning systems. The
primary objective behind the development of needleless elec-
trospinning was to create an electrospinning setup with a high
production level while avoiding the challenges posed by tradi-
tional electrospinning methods.??] The needleless method uti-
lizes protrusions formed on the liquid’s free surface to oper-
ate multiple jets simultaneously by applying high voltages, such
as fiber generators, significantly enhancing manufacturing ca-
pacity (Figure 2c,d).[?*) The spinning dope is actively stirred as
a high voltage is supplied during needleless electrospinning.
The Taylor cone subsequently develops on the flat surface of
the spinning dope as a consequence of the combined influ-
ence of the resultant electric field and stirred solution. The Tay-
lor cone’s tip produces polymer jets that move to the collector
where nanofibers are formed. This method has effectively imple-
mented needleless electrospinning for many fluid agitation tech-
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niques, including disk, bubble, ball, coil, spiral, slot, and rotatory
cones.[?221]

A previous study employed the “bubble electrospinning”
method to utilize specific airflow to facilitate jet initialization
from the free fluid surface.l”! In bubble electrospinning, the ag-
itation of the spinning dope involves compressed air to generate
bubbles on the solution’s surface. The resulting bubbles serve as
the fiber producers and initiation sites for developing polymer
jets. Advantageously, it has been demonstrated that this method
can generate fibers of #50 nm and have an efficiency level thatis a
minimum of two orders of magnitude higher than that of conven-
tional electrospinning.[??) Nevertheless, bubbles, which are frag-
ile and unstable, form the basis for fiber formation. The fiber
shape is frequently of poor quality and might appear spherical or
strip-like.[] Furthermore, fibers typically exhibit a wide variety
of diameters and are inconsistent in structure. However, needle-
less electrospinning offers an output 20-60 times greater than
conventional electrospinning.[?*]

Although needleless electrospinning has effectively increased
the pace of fiber production, it has its challenges. Needleless elec-
trospinning encounters greater solvent evaporation because of
greater exposure of the spinning dope to air. The resulting spin-
ning dope’s polymer content is consistently raised by this evapo-
ration, which results in coarser fibers. Moreover, when trying to
scale up or transfer this technique to a commercial setting, the
accumulation of evaporated solvent could be hazardous, depend-
ing on the type of solvent employed.[2+2]

2.2. Polymers for Electrospinning

Nanofibers have been produced via electrospinning from a vari-
ety of materials. Although polymeric materials are the mainstay
of electrospinning, fibers can be generated from metals, ceram-
ics, and inorganic chemical substances when a carrier polymer is
present. The carrier polymer can then be retained or eliminated
upon post-fabrication processing. The most frequently utilized
materials are organic polymers, which come in suspension or
melt form. Small particles can also be electrospun straight into
nanofibers if they self-assemble and create enough chain entan-
gling. As-obtained solutions have also been employed for electro-
spinning by adding nanoscale elements to polymer mixtures with
diverse dimensions and topologies, such as nanorods, nanopar-
ticles, nanowires, nanotubes, and nanosheets.>3% Compos-
ite substances are electrospun promptly into nanofibers when
paired with sol-gel processing.3!! Brief descriptions of all these
varying materials in the electrospinning or electrospun nanofiber
setting are provided in the following subsections.

2.2.1. Organic Polymers

Most materials used in electrospinning are organic polymers,
which occur as melts or solutions. For ease of reference, we refer
to the corresponding techniques as melt and solution electrospin-
ning. Due to their prevalence, numerous natural, synthetic, and
partially synthetic polymers have been successfully electrospun
into fibers. Robust electrospinning solutions can be made from
polymers of all types, including homopolymers, copolymers, and

© 2024 Wiley-VCH GmbH

858017 SUOWILLIOD 8A 18810 3(ealdde aup Aq pauienob ae sejolife YO ‘85N JO SaInJ o Akeid18ulUO A8]IM UO (SUORIPUOO-PUB-SW.BI W00 A8 | 1M AeIq 1 BU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S [202/20/70] Uo AriqiTauliuo A1 ‘AisieAlun uoiieN uomBuey Aq 69260£20Z 11WS/Z00T OT/I0p/LL0o" A3 1M AReid 1 |euluo//:Sdny wo.y pepeo|umoq ‘0 ‘62895 TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

mixes. Mixed polymers combine two or more polymers instead of
copolymers containing covalent bonding. Copolymers and poly-
mer mixes are frequently used to achieve hybrid physical, chem-
ical, and mechanical qualities. However, uniformity and repro-
ducibility between batches must produce homogenous, uniform
fibers with the expected structure. In theory, most naturally occur-
ring polymers can be electrospun with the help of an appropriate
solvent (for polymeric solutions) or by acquiring melts lacking
thermal decomposition (for polymer melts).[*%!

Solution Electrospinning: In this electrospinning method,
whipping instabilities cause a jet of the polymeric solution
to be elongated, stretched, and thinned. As a result, the sol-
vent rapidly evaporates, solidifying the jet and depositing tiny
solid fibers onto the collector.[**) Over a hundred distinct vari-
eties of organic polymers comprising both synthetic and natu-
ral polymers have been extensively investigated. For commer-
cial purposes, including environmental preservation, synthetic
polymers such as poly(vinyl) chloride and polystyrene have been
used to generate nanofibers. The selection of synthetic poly-
mers generally occurs based on molecular force characteris-
tics and thermal behavior. Thermoplastics such as polyesters,
nylon-6, polyvinylidene fluoride (Figure 3a(iv)), elastomers such
as polyglycerol sebacate and polyurethane, and thermosets in-
cluding polymethyl methacrylate and polyurethane can be read-
ily electrospun into nanofibers. Other synthetic polymeric com-
pounds that are biodegradable and biocompatible, such as
poly(lactic-co-glycolic acid) (PLGA) and poly-L-lactic acid (PLLA)
(Figure 3a(ii)), as well as polycaprolactone (PCL) (Figure 3a(iii)),
can be effectively electrospun into nanofibers and are currently
being investigated as scaffolds for tissue engineering applica-
tions. Naturally derived biopolymer solutions have also pro-
duced nanofibers, including chitin, silk fibroin (SF), chitosan,
DNA, dextran, collagen, alginate, and gelatin. Electroconduc-
tive polymers, such as polypyrrole and polyaniline, are em-
ployed to generate nanofibers with conductive properties. Table 1
presents a selection of available electrospinning techniques and
materials.

Generally, several factors linked to the polymer, polymer so-
lution, solvent, operation parameters, and environmental factors
influence the achievement of electrospinning a polymer solution
and the morphology and structure of the resulting nanofibers.**
The two critical prerequisites for efficient solution electrospin-
ning are i) a polymer with a sufficiently higher molecular mass
and ii) the selection and availability of an appropriate solvent
to dissolve the polymers. The rheological and electrical proper-
ties of the solution are significantly influenced by the molecu-
lar mass of the polymer used. Due to the restricted chain en-
tanglement, the low molecular mass results in beads instead of
threads. The solvent’s solubility factor is important in produc-
ing a homogenous polymer solution; however, a solvent with an
elevated solubility parameter does not always produce an ideal
solution for electrospinning.I**! The vapor pressure and volatil-
ity of the solvent govern its evaporation rate, which determines
the jet solidification rate. The elevated volatility is not ideal for
fiber spinning, since the jet may instantly harden after leaving
the spinneret. When the volatility is very low, the nanofibers
remain moist after settling on the collector. The solvent’s di-
electric constant regulates the strength of the electric repulsion
between the surface charges on the jet. The applied voltage
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needed to produce a steady jet will rise as the dielectric constant
increases.

The common solvents are chloroform, dichloromethane,
dimethylformamide, acetone, tetrahydrofuran, dimethyl sulfox-
ide, trifluoroethanol, and hexafluoro-isopropanol. Due to the in-
creased dielectric constant, water is not considered a desired sol-
vent for fiber generation. Consequently, the electrostatic repul-
sion diminished. It may occasionally be required to combine var-
ious solvents to create the optimal mixture for electrospinning.
Along with the molecular mass of the polymer and the kind of sol-
vent, the spinnability of a polymer solution is highly influenced
by the concentration and conductivity of electricity. To generate
the fibers, a minimum concentration of electrical conductivity is
necessary for the network entanglement to transition from elec-
trospraying to electrospinning.3®! Below this concentration, the
jet splits into droplets, and small particles or polymeric beads are
produced instead of continuous filaments, a procedure known
as electrospray. This is because the interactions in the chains of
polymers are too weak to withstand Rayleigh’s instability. Once
the concentration rises, the jet stops dispersing, the morphology
of the beads transforms from circular to spindle-like, and eventu-
ally, uniform fibers form due to an upsurge in viscosity and chain
entanglement.

Nevertheless, overcoming the viscoelastic force will be chal-
lenging if the concentration is excessively high, and no jet will
emerge. Reducing the concentration encourages the emergence
of thinner filaments within a reasonable range. Nevertheless, the
polymer concentration also impacts the surface tension and vis-
cosity of the solution, and these parameters affect the shape and
dimensions of the resulting fibers. The manufacturing of thin-
ner fibers is generally favored by reducing surface tension and
viscosity. However, this can also be accomplished by adding a sur-
factant instead of decreasing the polymer concentration.’’! If the
viscosity of the solution is very high, the solution ejection from
the spinneret becomes challenging, and if the solution has low
viscosity, no fiber will be generated. Electrospinning is difficult
for completely insulating solutions because their low conductiv-
ity prevents the transmission of charges from their interior to
their surface. However, reduced electrostatic repulsion makes it
difficult to produce a Taylor cone or initiate bending instability if
the solution is excessively conductive, since surface charges can-
not build up on conductive jets.*] Owing to the jet’s significant
bending, a rise in conductivity will only encourage the develop-
ment of thinner fibers within a certain range. Incorporating ionic
substances, including mineral acids and salts, into a solution of
polymers is a reliable method for enhancing conductivity.[*"]

Melt  Electrospinning: Several — polymers,  particularly
polypropylene and polyethylene, are hard to dissolve in suitable
liquids for electrospinning solutions. Under these circum-
stances, these polymers can be electrospun directly from melts
into fibers.[* A schematic of the common melt electrospinning
apparatus at different critical translation speeds is shown in
Figure 3b(i-vii).’®) The typical workflow of new-generation
melt electrospinning using novel polymers comprises three
main steps: i) parameter assessment, ii) application, and iii)
dimension-dependent design. In assessment, crucial variables
are changed, preferably digitally, to determine their precise influ-
ence on the results of melt electrospinning.>!! PCL (Figure 3c)
is typically preferred as a readily flexible polymer substance for
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Figure 3. a)(i) Depiction of the jet formation during electrospinning with alternating current. Adapted with permission.l'?] Copyright 2019, American
Chemical Society. a) SEM images of the electrospun fibers of (ii) PLLA, (iii) PCL, (iv) PAN, and (v) PVDF organic polymers, respectively. Adapted with
permission.|3#b] Copyright 2017, American Chemical Society. b) (i) Schematic of melt electrospinning of a stable jet and electrospinning of molten jet
onto a substrate in equilibrium so that the feed rate to the spinneret matches that of high voltage stabilized polymer jet to avoid fiber pushing. (ii) Images
of a PCL MEW jet direct-written at the critical translation speed (CTS) on a flat collector with the jet “heel” (white arrow) indicated and (iii) above the CTS
on a cylindrical mandrel. (iv) a series of fibers deposited at increasingly lower collector speeds, starting above the CTS, v) x0.75 CTS, vi) x0.35 CTS, and
vii) x0.10 CTS, c) SEM images of the several melt electrospun PCL scaffolds. Adapted with permission.[’?] Copyright 2019, Wiley. d) SEM image of the
electrospun (i) colloidal particle such as LiCoO2 fibers, (ii) small molecules such as lecithin fibers morphology, (iii) formation of lecithin droplets after
electrospinning a solution of lecithin. Adapted with permission.l”2] Copyright 2019, Wiley. e) (i) SEM images of the electrospun composite nanofibers
comprised of PVP and Ti(OiPr), solution, (ii-iii) TEM images of the PVA-Ag nanoparticle composite nanofibers, (iv) SEM images of the composite
nanofiber of PVA and SiO, particles showing necklace-like structure, (v) TEM image of a composite nanofiber obtained by electrospinning of PVP and
Ag nanowire solution. Adapted with permission. Copyright 2019, American Chemical Society.?]
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Electrospinning method Material Properties Application References
Needle-based electrospinning Polyethersulphone, bioactive glass Improved proliferation and Bone regeneration and drug [40]
nanoparticles progenitor adhesion, delivery
phenotypic maintenance of
CD34+ cells
Alginate Highly bioactive, biocompatible Wound healing, skin regeneration [471]
and bio-adhesive
Solution electrospinning Hyaluronic acid High mechanical strength, Soft tissue reconstruction, [42]
macrophage polarization, myofibroblast differentiation
infiltration, and recapitulating
ECM microenvironment
Polyether polyurethane High mechanical strength and Tendon, ligament regeneration, [43]
biocompatibility wound healing
Polycaprolactone-gelatin-carbon High mechanical strength, Cardiac and neural tissue [44]
nanotube electroconductive engineering
Polycaprolactone, Silk fibroin High mechanical strength and Bone remodeling and wound [45]
cytocompatibility regeneration
Wet electrospinning Polyvinyl alcohol, melamine Water resistant, high stability Filtration, drug administration [46]
formaldehyde
Needleless electrospinning Poly-L-lactic acid, polypyrrole Highly electroconductive, Cardiac regeneration [47]
adhesive, and biocompatible
Monoaxial electrospinning Furfuryl-Gelatin High biocompatibility, superior Cardiac tissue engineering [48]
elastic modulus
Co-axial electrospinning Polycaprolactone-gelatin-carbon High mechanical strength, Cardiac and neural tissue [44]

nanotube

electroconductive

engineering

highly efficient fabrication and iterations. The dataset produced,
either manually or through software for jet visualization, is next
examined for operational stability, beginning with regulating the
mass flow rate to get rid of fiber pulsation.l>?

After being released from the spinneret, due to the heat ex-
change between the jet and the medium (usually air), the jet cools
and hardens to produce fibers in a molten state. Due to the elec-
trohydrodynamic consequences, the heat exchange rate can sig-
nificantly increase when an electric field is present.>3! The air
near the outer edge of the jet can be favorably ionized—resulting
in a positively charged corona expulsion—when the edge of the
spinneret and collector is exposed to the positive potential segre-
gated by a dielectric component, i.e., molten jet and air.>*! The
applied voltage must be kept above the corona emergence, lower-
ing the air gap collapse voltage. The heat exchange rate can be in-
creased by several magnitudes when the corona voltage disturbs
the thermal barrier connecting the jet and the air. Due to the rapid
“freezing” and cooling of the jet brought on by electrohydrody-
namic quenching, the jet’s amount of stretching is significantly
reduced.>’]

In contrast to solution electrospinning, melt electrospinning
significantly reduces the whipping instabilities of the jet.>®] This
variation can be mainly attributed to the special characteristics
of a polymer melt, which include (i) its ability to conduct elec-
tricity, which generally falls less than 107° S m™!, and (ii) its
viscosity, generally between 40 and 200 Pa s™!. As a result, the
molten jet has fewer surface charges, reducing whipping insta-
bility. The whipping instabilities can be further suppressed when
the temperature of the jet falls below the glass transition tem-
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perature of the polymeric material, and more intense electro-
static repulsion is needed to compensate for the viscoelastic force.
As a result, the jet typically proceeds in a straight direction and
is thinned by the electrostatic force produced by the surround-
ing electric field.’”] The jet bends during compression, and the
fibers twist over the midline during accumulation over a station-
ary collector. The fibers deposited on the collector do not pre-
vent incoming new fibers. Melt electrospinning generates fibers
that are typically thicker than the fibers produced with solution
electrospinning due to the absence of solvent evaporation and
whipping instabilities. In melt electrospinning, only a small pro-
portion of commercially available polymers have been effectively
investigated.>®! The polymer must undergo a glass transitioning
step that involves melting at a temperature with no thermal de-
terioration. As a result, proteins, thermally unstable polymers,
and thermoset polymers cannot be spun by melt electrospin-
ning. Thermoplastics like polyurethane, PCL, polylactide, and
PLGA are the most commonly utilized polymers.[*?]

2.2.2. Colloidal Particles

In a colloid comprising a continuous phase, a medium of suspen-
sion, and a dispersed phase, the suspended particles are suitable
for electrospinning when there is enough entanglement between
the particles to keep the jet as a constant structure. A classic ex-
ample is the electrospinning of aged inorganic sols possessing
spinnable viscosities produced by the breakdown and condensa-
tion of metal salts or alkoxides. A stable electrospinning method
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requires a particular dimension of the colloidal particles and
cross-linking between them, with viscosity being a crucial factor
in defining the diameter of the fiber. In a standard approach, a
silica sol was made using ethanol, tetraethyl orthosilicate, dis-
tilled water, and hydrochloric acid, which was then stirred at
80 °C for 30 min.l*® Silica fibers with diameters between 0.4 and
1 um were obtained shortly after electrospinning. Likewise, sil-
ica nanofibers with a diameter smaller than 400 nm were created
by modifying the aged sols’ characteristics.[*®) In another inves-
tigation, electrospinning was done using an aged sol made from
cobalt acetate, lithium acetate, citric acid, and distilled water.["]
The electrospun fibers were then calcined to produce LiCoO,
fibers with diameters between 0.5 and 2 ym (Figure 3d(i)). The
transmission electron microscopy image shows that the fiber
comprises homogenous LiCoO, nanoparticles with a 20-35 nm
diameter. Ceramic fibers comprised of oxides, such as NiO,
Co,0,, and a combination of ZnO and Al,O, were synthesized
using the sol-gel technique.

Nevertheless, the resulting fibers often had a diameter greater
than a few micrometers. The difficulty in properly managing
the rheological characteristics of a sol also makes it difficult
to manage the size and homogeneity of the fibers.®!] High
concentrations of metal nanoparticles in a solution provide a
spinnable mixture that can be used for electrospinning. In one
study, Ag nanoparticles (40 + 5 nm) were dissolved in ethylene
glycol with a concentration of 50 weight%. The Ag nanoparti-
cles in the solution aggregated and became electrically respon-
sive, resulting in Ag nanofibers with an estimated diameter of
338 + 35 nm following electrospinning and thermal processing
at 150 °C in air. However, the difficulty of making extremely
concentrated metal nanoparticle solutions limits this study’s
potential.[%]

2.2.3. Small Molecules

Small molecules can be electrospun into fibers directly if the
chain entanglement is strong enough to maintain the electri-
fied jet and prevent Rayleigh’s instability. In the electrospinning
of small molecules, chain entanglement plays a key role be-
cause it can regulate molecular mobility and prevent the inde-
pendent motion of molecule segments. By improving the chain
entanglement, Rayleigh’s instability can be reduced, and a sta-
ble jet can be maintained.l%’] Under ideal circumstances, small
molecules can self-assemble under the influence of suitable
solution conditions, for instance, via anionic and non-anionic
noncovalent bonds, which helps attain the adequate chain
entanglement required to electrospin fibers. Small molecules
such as phospholipid amphiphiles, tetraphenyl-porphyrin, and
mono- and dipeptides can be easily electrospun.®*¢* Some
small molecules, including phospholipids, show entangle-
ment characteristics in their melts, forming continuous fibers.
For instance, a phospholipid named 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine, with a molecular mass of
718 g mol™, produces significant aggregates during its
melt.[%]

The presence of sufficient intramolecular interactions within
a lecithin solution, composed of a 70:30 weight% mixture of
chloroform and dimethylformamide with a concentration of
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43 weight% (exceeding the critical micelle concentration), re-
sults in the generation of continuous fibers with an average di-
produced from the solution with a concentration correspond-
ing to the critical micelle concentration. Furthermore, an in-
crease in concentration (50 weight%) results in the thickening
of fibers (diameter of 5.9 um). Likewise, bioactive peptide am-
phiphiles and Gemini surfactants have also been electrospun di-
rectly to produce fibers in a micrometer scale diameter.[®! Cy-
clodextrin derivatives contain doughnut-shaped glucopyranose
rings and can develop aggregates by hydrogen bonding, re-
sulting in a highly viscous solution with properties like a vis-
coelastic solid.[”] The electrospinning of a solution containing
120% (w/v) hydroxypropyl-cyclodextrin in dimethylacetamide
produced fibrous structures ranging from 0.4 to 1.8 pm. Since
a small molecule cannot generate a stable intramolecular in-
teraction to achieve the necessary chain entanglement, incor-
porating carrier polymers into the polymer mixture can cre-
ate stable interactions, which are further eliminated by post-
fabrication techniques such as heat or solvent treatment. In situ
polymerization techniques, including photopolymerization, are
additional approaches for manipulating small molecules into
fibers.(68]

2.2.4. Composites

Modern fibrous components are often created using compos-
ite mixtures of polymers that follow sol-gel chemical engineer-
ing concepts. Composites are generally produced by incorpo-
rating nanoscale molecules and sol-gel substrates into a poly-
meric solution and have been widely investigated in solution
electrospinning. Polymer—polymer composites can be prepared
by adding polymers with various physicochemical properties to
form unique composites with different characteristics, including
customized biocompatibility, degradability, and mechanical sta-
bility. Incorporating colloids into a polymeric solution can im-
mobilize nanoscale particles in a fibrous architecture. Colloids
serve as excellent models of electrospun structures made with
polymer—particle composites, depending on the molecular aggre-
gation that occurs in the solution during electrospinning. Ade-
quate particle distribution and entanglement allow stable main-
tenance of the polymer jet, which in turn allows the formation
of composite fibers.['?l When using the sol-gel precursor, limit-
ing the sol-gel reaction rate in the stock solution is important.
The precursor sol-gel processes, such as condensation, gelation,
and hydrolysis, begin in the jet after contact with the air.!%! The
efficiency of the sol-gel processes in the jet is significantly influ-
enced by the type of precursor used.l®? Quick gelation produces
a less flexible jet, forming thicker fibrous structures, whereas
swift hydrolysis frequently blocks spinnerets. Metal salts, such
as nitrates, alkoxides, acetates, sulfates, and chlorides, are fre-
quently used as precursors. Additives, such as hydrochloric acid,
acetic acid, and propionic acid, are required to maintain the sta-
bility of the precursor solution and provide a steady electrospin-
ning process.[*®7% The viscosity of the polymer solution is a key
factor in the stretching and extension of the jet and can be reg-
ulated by adjusting the polymer and precursor concentrations.
Salts such as (CH3),NCl and NaCl are employed to enhance
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electrical conductivity for the development of thinner fibrous
structures.

Furthermore, a controlled environment around the jet is cru-
cial. Usually, an environment with reduced humidity and sol-
vent vapor significantly slows gelation and hydrolysis rates, even-
tually resulting in continuous electrospinning.[®!l By adjusting
these parameters, the morphology and diameter of the electro-
spun fibers can be reduced by up to several nanometers. The
dispersion of nanomaterials in a polymeric solution by ultra-
sonication and intense stirring allows for the preparation of
composites utilized in solution electrospinning. Nanoparticles
fabricated with metals, such as Au, Ag, and TiO,, as well as
metal-organic framework substances, carbon nanotubes, Ag or
Au nanowires, graphene nanosheets, and clay tablets are among
the most frequently used nanomaterials. In this context, the elec-
trospinning of SiO, particles networked with polyvinyl alcohol
fibers results in the generation of necklace-shaped structures
(Figure 3e(i~v)).l"1]

3. 3D-Printing Techniques
3.1.SLA

SLA is one of the most widely used 3D-printing techniques. De-
spite being the earliest and oldest, it is also the most popular be-
cause it produces objects with intricate geometries and smooth
surfaces, owing to its excellent printing resolution. The first SLA-
based 3D-printing process, a subset of vat photopolymerization,
was invented and patented by Charles Hull in 1984. The term
SLA consists of two words: “stereo” meaning solid and “lithogra-
phy” meaning light or photo. SLA is characterized by the process
of creating solid materials in the presence of light. This technique
employs photopolymerizable materials, indicating that the mate-
rial solidifies when exposed to a specific wavelength of light that
controls the structure’s shape and size.l”?]

In an SLA system, a coherent illumination source, usually a
UV-emitting laser, is used to allow polymerization of the lig-
uid resin material. One of the key benefits of this technique is
the high spatial accuracy provided by a concentrated laser beam.
In SLA, light exposure is performed sequentially by scanning a
laser beam across the surface of a photoresponsive material. The
rate at which the laser beam is scanned and the dimensions of
the illuminated region define the period required to obtain one
slice of the construction.[”* The curing depth is affected by the
exposure dose, such as the illumination time and light inten-
sity, which may explain the rare use of grayscale capability in
actual applications. The most laborious procedure in SLA does
not involve laser scanning but the deposition of a fresh film of
photosensitive material, in which the viscosity of the material
plays an important role. Solvents or nonreactive additives can
control the viscosity of photosensitive polymers, which are com-
monly known as photopolymers. Figure 4a,b(i,ii) depicts the pho-
topolymerization of polymers, such as polyamic diacrylate ester,
to generate a complex 3D structure using the mask-projection
micro-SLA technique.””! With the emerging field of SLA, it is
possible to develop an improved enzyme immobilization carrier
that partially fulfills the requirements for commercial enzyme
catalysis.[7¢]
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3.2. DLP Printing Technology

Conventional 3D-printing techniques have recently undergone a
significant change, primarily due to DLP-dependent 3D-printing
methods, which have substantially improved production speed
and resolution.”*] DLP projects the image of an object’s cross-
section onto a photosensitive resin using a projector similar to
that utilized for business presentations. This technique allows
for controlled image generation and printing accuracy. It has
been over 20 years since the introduction of the DLP technique.
Figure 4c(i) presents a schematic of a typical DLP printer, show-
casing the opportunities and challenges offered by UV and vis-
ible light. An optical semiconductor, also known as a DLP chip
or digital optical microscope, is the fundamental component
of the DLP technique, originally invented by Dr. Larry Horn-
back (1977) and manufactured by Texas Instruments in 1996.7%]
Modern, sophisticated electronic DLP devices and their acces-
sories are known as DLP technologies. Figure 4c(ii) depicts the
process of visible light curing during DLP printing, which in-
volves a general mechanism of oxidative quenching for a three-
component system with the structures of photo-initiators and
photo-redox catalysts involved during the process.”” The flip-
ping time of the DLP device’s microscope can approach sev-
eral periods per second, displaying gray shades of 1024 pixels
and converting the received image and video signals into a de-
tailed grayscale picture. As a result, DLP printing offers sub-
stantial printing precision and can produce printed structures
as small as 50 um in dimension. The DLP printer employs an
LED light source with a wavelength of 405 nm because UV light
cannot be used to print semiconductor materials. Plane expo-
sure is used in DLP printing; however, the exposure region is
constrained.!”?]

DLP printing has been used to manufacture complex struc-
tures, such as highly stretchable photopolymers, luminous 3D
objects, customized nerve-directing conduits, reprogrammable
thermosets, organic and inorganic composites, and conductive
electrical constructs, among others.”* Free-radical photopoly-
mer resins are typically used in DLP 3D-printing systems. This
printing technique avoids cationic photopolymerization because
the cationic photo-initiator seldom functions under 405 nm ir-
radiation. A few cationic photo-initiators perform their function
upon irradiation with 405 nm light, but their high cost limits their
use. Furthermore, DLP printers do not use sufficient illumina-
tion to photolyze cationic photo-initiators, which prevents them
from inducing photopolymerization.® The primary advantages
of a DLP printing system are its high precision and accuracy.®
Nevertheless, the dimensions of the projection are constrained
to ensure high precision. Hence, it can only print structures with
smaller sizes.[®]

3.3. Inkjet Printing

Inkjet printing is one of the most well-known 3D-printing
techniques and has garnered significant interest in accu-
rate 3D manufacturing.®*! With high resolution and efficacy,
this technique allows the deposition of biomolecules, poly-
mers, electrical components, and various living cells using
a non-contact method.®*l Inkjet printing techniques can be
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Figure 4. a) Chemical structure of the photopolymer PADE used in SLA-based printing system. (b) (i) Photographs of the complex 3D structures printed
with the SLA printers. b) (ii) Steps involved in the post-printing process of 3D-printed structures. (ii) The dimensional shrinkage of the structures
during the post-printing process. Adapted with permission.[”] Copyright 2017, Wiley. ¢) (i) The schematic illustration of the DLP printer with its benefits
and opportunities. c) (ii) Visible-light photocuring during DLP printing and its mechanism of a three-component system. Adapted with permission.[”’]
Copyright 2020, American Chemical Society.
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3D Printing method Materials Properties Application References
Stereolithography Poly (propylene fumarate) /diethyl Fabrication of complex internal Bone tissue engineering [104]
fumarate, features,
Poly (propylene fumarate)/diethyl Patterning of proteins, growth
fumarate/Hyaluronic acid factors, and cells
Extrusion-based printing Nano biphasic calcium Improved biocompatibility, Bone remodeling, articular [105]
phosphate/Polyvinyl alcohol biological activity, and cartilage
osteogenic differentiation
Polylactic acid/Fe; O, Biodegradable shape-memory Congenital heart disease [106]
occluders promoting cell
proliferation and rapid
endothelialization
Fused-deposition modeling Poly-L-lactic acid, Improved biological performance, Bone remodeling, [107]
Polycaprolactone/poly ethylene mechanical strength, and antibacterial properties
glycol, Polyurethane osteogenic differentiation
Polycaprolactone/Poly (glycerol Improved elasticity, mechanical Cardiac tissue engineering [108]
sebacate) properties, and inhibition of left
ventricular dilation
Solution and melt-based Polycaprolactone Enhanced synchronous beating, Cardiac tissue engineering [108, 109]
electrohydrodynamic printing cellular adhesion, and
proliferation of cardiomyocytes
Photolithography SU-8 (epoxy Thermo-responsive and improved Drug delivery and tissue [110]

Digital light processing

polymer) /Polycaprolactone

Polycaprolactone methacrylate

mechanical properties

Shape-memory recovery and high

engineering

Development of

111

mechanical properties endoluminal device for

respiratory tract

divided into two categories based on the ink droplets de-
veloped in the printer: i) continuous inkjet printing and
ii) drop-on-demand inkjet printing.®®} In continuous inkjet
printing, a liquid stream emerges from the nozzle because
of Rayleigh-Plateau instability.®®! Nonetheless, due to the
printer’s intricacy, bioink waste, and possible material con-
tamination, printing with a continuous inkjet printer is
limited.®”]

Compared to continuous inkjet printing, drop-on-demand
inkjet printing achieves greater accuracy and effectiveness by
ejecting droplets only when required.!®] In addition, the general
structure of the device is streamlined, making it an excellent
choice for 3D printing in laboratories and industries. Further-
more, it is possible to customize the drop-on-demand printer
with several nozzles and a diameter range as low as 18 um.®
The ejected droplets with diameters less than 30 um facilitate
the fabrication of 3D constructs with a higher resolution.!*"!
Drop-on-demand printers use nozzles with piezoelectric,
thermal, and electrostatic actuation to deposit droplets for
printing.[8890]

3.4. Materials Used in 3D Printing

The choice of material depends on the manufacturing process.
Different polymers originate from natural and synthetic sources
and develop structures with well-defined characteristics. Addi-
tionally, 3D printing allows the fabrication of 3D constructs with
complex geometries for specific applications in tissue engineer-
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ing, biosensors, and biorobots, among others. Materials used
for 3D-printing applications vary from photopolymer ceramics to
thermoplastics and concrete. The commonly used materials and
printing techniques are listed in Table 2.

3.4.1. Photopolymers

Vat photopolymerization is an additive manufacturing process
that utilizes light of a specific wavelength (UV light) to cure
the photopolymers present in the vat via light-induced poly-
merization, allowing layer-by-layer fabrication of 3D structures.
3D-printing techniques, such as SLA and DLP, rely on the
principle of photopolymerization. In these techniques, printing
occurs inside a UV-responsive liquid-resin chamber, where a
UV light source locally cures the polymer resin along the pro-
jected or printed segments to create a solid structure. The sec-
ond resin layer is then cured on top of the first layer as the
printing advances in the Z-direction. Photopolymers show very
high sensitivity to UV light, and cross-linking occurs after ex-
posure to UV light. Generally, following the printing process,
printed structures require liquid or ultrasonic baths to remove ex-
cess untreated resin residues.®!l Most photocurable constituents
include functional monomers, oligomers, photo-initiators, and
other additives.[?l Oligomers make up most of the photocur-
able resins (with a weight ratio of 70-80%), and their proper-
ties significantly impact the overall efficacy of printing. Poly-
merization commences upon activation of the photo-initiator.
It is crucial to determine the physical manufacturing efficiency,
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such as the curing rate and resin viscosity, as well as mechanical
characteristics, such as hardness and shrinkage rate.[®’] Acrylate-
and methacrylate-based polymers, such as gelatin methacrylate
(GelMA), chitosan methacrylate, hyaluronic acid methacrylate,
and collagen methacrylate, are most commonly used because
of their rapid reaction rates, adjustable mechanical characteris-
tics, and long-range stability.7***] Figure 5a illustrates the Pt(IV)-
triggered photopolymerization of the GeIMA construct for post-
operative cancer therapy. A microfluidic printing technique was
used to create the Pt-GelMA framework from a solution contain-
ing GelMA and Pt(IV). In this context, the manufactured struc-
ture of Pt(IV) not only exhibits the potential for light-driven re-
duction to Pt(II) for effective tumor eradication but also triggers
the production of N3- required for the cross-linking of GelMA.[%!
However, these monomers exhibit significant volume shrinkage
issues during chain expansion in photopolymerization, leading
to the production of extremely brittle objects and restricting their
use in further applications. The production of alkyne carbonate
molecules with improved toughness has been demonstrated to
have comparable curing rates, substantially greater conversion,
and lower cytotoxicity than acrylates.[! Several alkyne-carbonate-
based molecules engage in thiol-yne photochemical processes
with various thiols, facilitated by a photo-initiator following ex-
posure to blue light at a wavelength of 465 nm in a 3D printer.
Notably, network uniformity and decreased shrinkage during
the thiol-yne photopolymerization of alkyl carbonates result in
the generation of polymer compounds with adequate tough-
ness. The degradability of the resulting polymer compounds
could be selectively controlled by altering the amount and type
of thiol monomers. Alkyne carbonate resins are potential candi-
dates for the 3D fabrication of rigid biomaterials, such as bone
frameworks.[°]

3.4.2. Ceramics

Ceramics are an intriguing family of materials used in chem-
ical manufacturing because of their strong chemical and ther-
mal resistance and ability to incorporate catalytically active
constituents.””] There are two primary strategies for 3D printing
ceramics using high-resolution SLA: i) the use of a preceramic
solution or ii) the generation of photocurable composites. Ce-
ramic particles (preferably nanoparticles) have been mixed with
a photocurable binder matrix to create photocurable compos-
ites. Similar to fused silica glass, these composites can be 3D
printed using SLA to produce a strong ceramic after being sub-
jected to thermal sintering (Figure 5b). Several chemically and
thermally robust ceramics, such as alumina, can be printed us-
ing SLA.%®l Preceramic polymers were introduced in 1960. Fol-
lowing heat treatment, pyrolysis of organosilicon polymers re-
sults in several useful ceramics for chemical production, such
as SiOC.*! Bioceramic scaffolds composed of calcium silicate,
bioactive glasses, and calcium phosphate are gaining attention
in tissue engineering because they resemble natural bone con-
stituents. These ceramics play important roles owing to their po-
tential bioactivity, osteoconductivity, hydrophilicity, biocompat-
ibility, and osteo-inductivity.'®! Various 3D-printing methods,
such as selective laser sintering, SLA, and fused deposition mod-
eling, rely on ceramics for various biomedical applications. These
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printing techniques vary depending on their principle of fab-
rication; for instance, selective laser sintering utilizes a sinter-
ing approach to sinter the particles, SLA uses UV irradiation
for layer-by-layer fabrication, while fused deposition modeling
involves the layer-by-layer deposition of filaments on a work-
bench to create scaffolds.l'®!] A CaSiO; ceramic made of bioac-
tive materials has been investigated for bone regeneration.[1%!
Immersion of these biomaterials in simulated body fluid re-
sults in the formation of a carbonated hyaluronic acid layer with
a bone-like appearance on the surface, which creates a strong
chemical link between the bone tissue and the surrounding
biomaterial.[1%]

3.4.3. Shape Memory Polymers (SMPs)

SMPs are materials that respond to different external stimuli.
SMPs are frequently used in 3D printing to produce soft robotic
systems. These materials retain their original shape and can re-
vert to their original shape after being manually distorted into
temporary structures. Despite many distinct shape memory ac-
tuators activated by thermal, light, or chemical stimuli, ther-
mally responsive SMPs have been investigated extensively.[!12]
Two crucial physicochemical conditions must be fulfilled for a
polymer to exhibit a thermal shape memory response: chemi-
cal or physical cross-linking. This process establishes the perma-
nent structure and melting temperature, functions as a molec-
ular switch, and determines the temporary shape. In the last
decade, SMPs have been developed for 3D-printing techniques,
such as fused deposition modeling, vat polymerization, and
poly jets.'3] Figure Sc(i) shows the chemical structures of tert-
butyl acrylate and di(ethylene glycol) diacrylate, which are SMPs
that work on network formation between the tert-butyl acry-
late monomer and di(ethylene glycol) diacrylate crosslinker dur-
ing UV photopolymerization.”l Most research on 3D printable
SMPs aims to enhance shape memory response, mechanical
properties, and melting temperature control. SLA and poly jets
are the two 3D printing processes primarily utilized to develop
printable SMPs.

In the poly jet method, computer-aided techniques enable con-
trolled deposition of distinct materials at a single voxel. The char-
acteristics of the printed object can be regulated and tailored at
the voxel stage. Wu et al. fabricated multiple digital SMPs using
3D printing, specifically Verowhite + TangoBlack. They aimed to
develop a structure with multiple morphological characteristics
according to temperature conditions.''* An intriguing method
for 3D-printed SMP actuators was illustrated by Ding et al., where
a bilayer elastomeric SMP actuator was printed in its temporary
shape, and, upon heating, the permanent structure was recov-
ered. This was a novel phenomenon, and the bilayer framework
exhibited a shapeshift.['1**) SMPs often exhibit irreversible move-
ment, but the typical actuation cycle involves transitioning from
a transient shape to a fixed shape. Thus, the object must be man-
ually reconfigured into a temporary configuration using an exter-
nal force to enable further actuation to occur. These drawbacks
limit the application of these materials in soft robotics. Recently,
reversible SMPs have been developed to overcome this prob-
lem. The combined method involves merging the mechanism
of the SMP with another actuation process, which is a primary
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Table 3. List combined 3D printing and electrospinning techniques with advantages and potential applications.

Hybrid biofabrication approaches Materials Effects and advantages Application References
Extrusion-based printing and Poly (lactide-co-caprolactone) Development of aligned collagen Peripheral nerve [120]
needle-based electrospinning hydrogel regeneration
Polycaprolactone/carbon Reduced cellular damage and Cardiac tissue regeneration [128]
nanotubes/Gelatin methacryloyl early maturation of the
cardiomyocytes, manufacturing
of complex structures
Poly lactide/polyhedral oligomeric High proliferation and Intervertebral disc [129]
silsesquioxane differentiation of stem cells, regeneration
mimicking the native
microenvironment of cells
Fused deposition modeling and Poly L-lactic acid/gelatin Improved cell adhesion, Subchondral bone and [124€]
needle-based electrospinning biocompatibility, cellular nasal cartilage
entrapment, and ease of regeneration
fabrication method
Extrusion-based printing and Myogenic differentiation, Muscle tissue engineering [130]
electrospinning Polycaprolactone/collagen/alginate vascularization, and
development of cell-laden
micro-nanofibers
3D printing utilizing handheld Polylactic acid/gelatin Improved mechanical strength, Skin tissue regeneration [137]
electrospinning degradability, fast production,
stability, portability, and
economical
3D printing of a sacrificial scaffold Poly(glycolic acid) /poly(ethylene Development of potential scaffold Wound healing [132]
and needle-based glycol) /polyvinyl alcohol delivering cells to the
electrospinning wound-affected area.
3D bioprinter and needle-based Polylactic acid/graphene Highly antibacterial and enhanced Tracheal regeneration [133]
electrospinning oxide/polyurethane cellular infiltration with external
support and protection
Direct deposition 3D printing and Polycaprolactone and gelatin Enhanced biocompatibility, Bone tissue engineering [134]
electrospinning proliferation, cell infiltration,
and improved printing
resolution
Electrohydrodynamic jet writing Polydimethylsiloxane Novel fabrication strategy for Soft robotics and [135]

and needle-based
electrospinning

microdevices with moveable biomedical engineering

membranes, pillar varieties, and

porous scaffolds

strategy for achieving reversibility. This can be accomplished by
manufacturing hybrid devices comprising two or more distinct
materials.'") As shown in Figure 5c¢(ii), 3D printing with multi-
ple SMPs enables the fabrication of microgrippers that can grab
and release objects with reversible movement.[1¢]

4. Strategies for Combination

4.1. 3D Printing onto Electrospun Fibers

Due to its adaptability, 3D printing can be used for vari-
ous shapes or surfaces.['’] However, 3D-printing systems have
only been applied to tubular or flat electrospun fibers because
of the limitations associated with the topology of electrospun
products.['1%120] A specialized SLA-based printer can deposit
a photoresponsive hydrogel on top of the aligned electrospun
fibers of PCL and PCL-gelatin scaffolds in a flattened form
Ref. [121] Additionally, the fused deposition modeling method
has been employed to print polylactide-reinforced meshes made
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of PCL, collagen, and gelatin derivatives on one surface of
the electrospun fibers.['"%) The fused deposition modeling tech-
nique has been used to coat electrospun PLLA-heparin tubu-
lar scaffolds with an interior diameter of 5 mm by employ-
ing an individual PCL loop as the outermost shield of the
tube.['22] The rapid prototyping technique was employed to in-
corporate a 0°/45° porosity architecture onto the electrospun
PCL structures by spinning the mandrel axis carrying the
tubes,[122b,123]

4.2. Electrospinning onto 3D-Printed Structures

Depositing electrospun filaments onto a 3D-printed scaffold
is a quick and easy method of accumulating nanofibers on a
3D construct. This straightforward and affordable method has
been employed by several researchers. Typically, scaffolds are
manufactured using the 3D-printing technique first. A variety
of polymers, including PCL, poly(ethylene oxide terephthalate),
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poly(lactic acid), polyurethane, PLGA, PLLA, and methacrylic
resins, have been used to manufacture 3D constructs.l?*] The
most common layout for 3D-printed structures is a flattened
shape with networks, whereas the shapes of different constructs
can be altered depending on their application.['2**125] Rajzer
et al.l'*¢l fabricated gelatin—PLLA scaffold by combining elec-
trospinning with a 3D-printing system for cartilage and bone
regeneration. They developed a hybrid scaffold by forming a
top layer of gelatin nanofibers on a fused deposition modeling-
printed porous PLLA scaffold. They found that the developed
construct could potentially be applied to subchondral and car-
tilaginous bone regeneration. An electrospun fiber framework
and 3D-printed structures created a capsule structure. A 3D
printer uses laser-cured liquid resin to generate a structure with
a substantial external framework and a small interior lattice to es-
tablish a luminal space.['?] The electrospinning equipment can
be positioned before a grounded metallic sheet and wired to an
electric current motor using a printed structure filled with
NaCl as the collecting unit. Then, the motor can be ro-
tated consistently while manufacturing the capsule to man-
age the fiber diameter and packing density. Furthermore,
electrospinning onto 3D-printed structures can be used
to obtain biomimetic fibrous structures for cardiovascular
tissue regeneration.'””] Combining these techniques of-
fers various advantages for creating complex geometrical
structures.['?®! Several hybrid techniques involving 3D print-
ing and electrospinning with their applications are given in
Table 3.

5. Development of Biomimetic Structures and
Tissue-Engineering Applications

Biomimetic structures are of significant interest in tissue-
engineering applications. Biomimetic structures refer to the de-
velopment and design of materials based on the biological en-
tities present in nature. For example, gardeners typically cre-
ate flowerbeds, and due to the emergence of 3D printing tech-
nologies, it is now possible to mimic structures for tissue-
engineering applications. For instance, bone is an essential body
partthat may be regularly repaired to preserve its load-supporting
properties.l3] Nevertheless, bone remodeling capacity is largely
compromised by pathological conditions and the size of the
defect.37] Bone regeneration is a medically intricate process that
requires considerable effort to compensate for the strength of
bone tissue and involves the interaction of numerous cell types
and biological variables.3®] Large bone deficiencies necessitate
surgical intervention using bone grafts to restore damaged tis-
sues. In addition to conventional treatment methods, tissue en-
gineering has been developed as an alternative option for repair-
ing bone abnormalities. This technique creates a dense and struc-
tured scaffold that provides structural stability and a 3D regener-
ation milieu with adaptable bioactivity. The 3D-printing method
allows the fabrication of complex geometries that can pinpoint
precisely where the cells, biomaterials, and other components
are located within the scaffold. At the same time, a fibrous con-
struct is considered a viable substitute that closely resembles the
natural microenvironment of the cell. In tissue-engineering ap-
plications, mimicking a native environment of the cells is pos-
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sible by producing a micro-nanofibrous scaffold with the de-
sired mechanical strength. Hence, in creating biomimetic struc-
tures, the fields of 3D printing and electrospinning hold great
potential for tissue regeneration as an alternative to regenerative
medicines.[!3%140]

5.1. Flowerbed-Inspired Biomimetic Structures

Angiogenesis and osteogenesis must be coupled during bone
remodeling."! Typically, biomaterial-mediated vascular devel-
opment focuses on vascular sprouts infiltrating the implanted
3D construct from the microvasculature of the surrounding tis-
sue. In this context, stimulating the development of a vascular
network in bioactive scaffolds is crucial. Inspired by the mor-
phological and functional properties of bone remodeling, a bone
microenvironment-imitating framework with a hierarchical ar-
chitecture and appropriate bioactivity should be conceptualized.
In most cases, gardeners create flowerbeds ornamented with
flowers and plants encircled by fences. When flowers bloom,
they draw a variety of pollinators (including butterflies and
bees) that help generate pollen. This specific geometry inspired
Zhou et al.['*?] bearing its biological purposes in mind, to de-
velop a bone microenvironment-imitating scaffold by combining
electrospun nanofibers with a 3D-printed framework. The 3D-
printed structures served as walls or fences to contain the plants,
and the assembled nanofibers laden with bioactive ingredients
served as flowers in the center of the flowerbed (Figure 6a(i)).
To ensure the desired controlled release of dual factors promot-
ing osteoclastogenesis and angiogenesis, strontium-containing
hydroxyapatite (StHA) and dimethyloxalyglycine-loaded meso-
porous silica nanoparticles (DMSNs) were embedded into a 3D-
printed PCL microfilament (StHA-PCL) and electrospun PLGA-
gelatin nanofibers (DM SNs-PG). Next, the porous structures of
SrHA-PCL were filled with a nanofiber suspension of DMSNs-
PG to formulate the biomimetic construct (DMSNs/SrHA-PGP)
(Figure 6a(ii)). Further characterization of the scaffold revealed
the presence of elements such as St, and the water contact angle
results showed the enhanced hydrophilicity of the DMSN/SrHA-
PGP composite scaffold. The mechanical properties of the scaf-
folds were significantly enhanced by the addition of SrHA to
the PGP composite. Importantly, the compressive modulus and
strength of the scaffold containing SrHA fell within the spec-
trum of the human tubular bone.l'*3] Degradation tests revealed
that the degradation of the PLGA-gelatin fibers provided ad-
equate space, allowing tissue expansion, whereas the delayed
degradation of PCL offered mechanical stability. The in vitro
drug release behavior of dimethyloxalyglycine and Sr’** indi-
cated synchronous delivery from the scaffold (Figure 6b). The
in vitro proliferation and angiogenic effects of human umbil-
ical vein endothelial cells (HUVECs) on composite scaffolds
were observed using confocal microscopy. The results revealed
a drastic increase in the cell number with the culture dura-
tion (Figure 6¢). Owing to the positive outcomes of the in vitro
analysis, an in vivo assessment was performed to study bone
regeneration efficacy. Micro-CT evaluation was carried out at
8 and 12 weeks and confirmed the development of new bone
at the defect site (Figure 6d). New bone formation was fur-
ther verified by hematoxylin and eosin and Masson’s trichrome
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Figure 6. a)(i) The combined fabrication process of the biomimetic flowerbed structure. (ii) Preparation of the construct with different nanofibers
content with SEM analysis. b) Chemical characterization of the developed scaffold. c) Cell proliferation rate upon culturing for various time intervals on
the scaffold. d) In vivo evaluation of the bone regeneration efficacy of the scaffold. e) H&E and Masson trichome staining of the rat calvarial bone defect
model for histological analysis. Adapted with permission.['42] Copyright 2023, American Chemical Society.
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staining. Histological evaluation confirmed the synergistic po-
tential of StHA and dimethyloxalyglycine in promoting osteo-
genesis (Figure 6e). The study concluded that the release of
SrHA and dimethyloxalyglycine had a synergistic impact on pro-
moting rapid vascularization by stimulating the immunoregula-
tory effects and the hypoxia-inducible factor (HIF)-1a signaling
pathway.[142]

5.2. Development of a Biomimetic Intervertebral Disc

The intervertebral disc is the largest vascular tissue in the body.
It comprises three structures: the annulus fibrosus, nucleus pul-
posus, and vertebral endplates. The annulus fibrosus consists of
15-25 circular films of collagens I and II. The nucleus pulpo-
sus is a gel-resembling matrix of collagen, water, and proteogly-
can encircled by the annulus fibrosus. The intervertebral disc ex-
periences aging and degenerative alterations earlier than other
connective tissue types in the body. Spinal fusion, discectomy,
and artificial disc substitution are therapeutic approaches tradi-
tionally available for intervertebral disc degeneration. Tragically,
these procedures do not contribute to regaining function and
are associated with side effects, such as restricted mobility, re-
peated disc herniation, and surrounding segment degeneration.
Techniques involving regenerative medicine and tissue engineer-
ing can provide relief from discomfort and functional recovery
of degenerated tissues. Manufacturing biomimetic intervertebral
discs with the help of 3D printing and electrospinning technol-
ogy can provide a suitable microenvironment for regenerating
damaged tissues. Zhu et al.l'?%! constructed a biomimetic arti-
ficial intervertebral scaffold by combining electrospinning and
3D printing. To mimic the structure of the native intervertebral
disc, polylactide was employed to print the intervertebral frame-
work. The aligned permeable polylactide/octa-armed polyhedral
oligomeric silsesquioxane fiber clumps imitated the annulus fi-
brosus, whereas the gellan gum/polyethylene glycol diacrylate
hydrogel loaded with mesenchymal stem cells mimicked the nu-
cleus pulposus architecture. The morphological characterization
of the biomimetic intervertebral disc fabricated using 3D print-
ing and electrospinning is shown in Figure 7a. The mechanical
characteristics of the scaffolds were evaluated. They exhibited a
tensile modulus greater than the threshold of the average hu-
man annulus fibers, resembling the requirements for creating a
complicated mechanical environment for the intervertebral disc
(Figure 7b). The compression modulus of the hydrogel was es-
timated to be ~10 MPa, which provided high mechanical sup-
port for tissue repair. The properties of the designed interverte-
bral disc scaffold were controlled using 3D printing according to
the desired characteristics. An in vivo study using this approach
revealed that the height of the disc enables significant deposition
of collagen and proteoglycan required for the nucleus pulposus
(Figure 7c). Hence, this study provides a potential approach for
biomimicking structures for tissue regeneration and repair.['?]

5.3. Development of a Biomimetic Vascular Structure
Vascular networks are essential for maintaining the function

of the majority of tissues by simultaneously offering cells ad-
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equate amounts of nutrients and oxygen and enabling effec-
tive metabolite elimination.'** Cells typically reach a distance
of #150-200 pm from capillaries within microvascular networks
during growth.'¥’] Conventional scaffolds often exhibit simple
permeable architectures that facilitate mass exchange via free
diffusion.['*] The rate of natural vascular ingrowth is typically
only a few tens of micrometers per day. With the emergence
of 3D-printing technology, Lei et al.['*’] developed an organized
vascular microchannel network for a long-term functional trans-
port system. Using 3D printing, a perfusable microchannel, 3D
framework, and permeable porous walls were created to provide
a polymeric scaffold with a well-arranged hierarchical architec-
ture that resembled biological vascular networks at various lev-
els. Perfusable microchannel networks were created by 3D print-
ing, a sacrificial caramel-based template using a fused deposition
modeling printer. Their study used caramel as the sacrificial tem-
plate and PCL as the main biomaterial to develop the microchan-
nel structure. Thermoplastic PCL/polyurethane and thermoset
poly(glycerol-sebacate urethane) were used to mimic the native
vascular system. Subsequently, the designed hierarchical vascu-
lar networks were combined with PCL nanofibers to mimic the
natural extracellular microenvironment and facilitate cell prolif-
eration and differentiation.[*] The developed vasculature system
exhibited highly porous and perfusable capabilities, both in vitro
and in vivo.

If further promoted, mass exchange sustains a high density
of cardiac cells, contributing to longevity and assisting in the
integration of tissue revascularization in epicardial and subcu-
taneous implantations. The vasculature system effectively re-
duced fibrosis following myocardial infarction. By integrating 3D
printing and electrospinning, Fukunishi et al.'*8] developed a
tissue-engineered vascular graft for cardiac tissue engineering
using co-electrospinning polyglycolic acid and poly(L-lactide-co-
e-caprolactone) scaffolds. A computer-aided mandrel was first de-
signed and printed using a 3D printer, followed by electrospin-
ning of fibers around the mandrel (Figure 7d). Upon implanta-
tion into a sheep model, the graft showed high biocompatibility
and tissue remodeling. Figure 7e(i) shows hematoxylin and eosin
micrographs, indicating successful endothelialization associated
with the graft, similar to the native inferior vena cava. Further-
more, collagen deposition, maturation, and patterns confirmed
by picrosirius red and Masson’s trichome staining showed sim-
ilar patterns in tissue-engineered vascular grafts and the native
inferior vena cava (Figure 7e(ii)). The results of their study in-
dicated successful tissue remodeling and CD68* macrophages
triggered an inflammatory response in the enhanced wall thick-
ening of the graft, with an efficacy resembling that of the native
inferior vena cava, suggesting a promising approach for vascular
tissue engineering.!18]

5.4. Skin Regeneration

Skin is the first line of defense against harmful substances and
is essential for maintaining homeostasis.l'*! It is prone to in-
jury, as it is the outermost organ of the body. The structure
and function of the epidermis must be restored as quickly as
possible after trauma. Nevertheless, none of the current skin
substitutes, including epidermal and dermal substitutes, can
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Figure 7. a) Development and characterization of the 3D-printed intervertebral disc. And b) its mechanical properties. c) Histological evaluation of the
scaffold with H&E and Alcian blue staining. Adapted with permission.['2%] Copyright 2021, Elsevier. d) Schematic illustration of the vascular graft devel-
oped with combined technologies. €) (i) Hematoxylin and eosin, (ii) picrosirius red and Masson'’s trichome staining photomicrograph of vascular nano
tissue formation of the designed structure with the collagen and elastin accumulation in the tissue-engineered construct. Adapted with permission.[143]
Copyright 2017, Elsevier.
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entirely replicate or reestablish all the features and capabili-
ties of natural skin.">*) Modern biomanufacturing methods, in-
cluding 3D printing and electrospinning, have been combined
with bioactive chemicals, cells, and biomaterials to exploit novel
enhanced skin structures.'>!] By employing solvent exchange
deposition modeling, a versatile PLGA scaffold was manufac-
tured using a quick in situ manufacturing approach, which
was then coupled with electrospun nanofibers to create skin
substitutes.['*2] In a rat model study involving in vivo wound re-
pair and histological evaluation, the use of a scaffold-anchored
3,4-dihydroxyphenethylamine—epidermal growth factor, applied
through a bio-orthogonal technique, effectively enhanced full-
thickness wound healing.[*>3] Miguel et al.™>] initially described
the development of a 3D dermis asymmetric structure using
electrospinning and 3D-bioprinting methods.['>* The top elec-
trospun layer provided a suitable atmosphere for the penetration
of cells and the exchange of nutrients with dense and intercon-
nected nanofibrous networks. The bottom layer, comprising the
3D-printed structure with suitable porosity, wettability, and bio-
logical characteristics, allowed for cell migration, adhesion, and
proliferation, preventing the emergence of Staphylococcus aureus
and Pseudomonas aeruginosa.!'>*]

One of the most agonizing complaints of patients is discom-
fort from both acute and chronic wounds.!*®! It has been demon-
strated that patients have the greatest difficulty in replacing
dressings. Recently, researchers have concentrated on analgesics
and appropriate dressing materials to reduce patient discom-
fort while changing wound dressings. Maver et al. incorporated
analgesic drugs, including diclofenac sodium and lidocaine, into
combined electrospun fibers and a 3D-printed scaffold! "> to cre-
ate a single dressing. In this dressing system, the drug contained
in the electrospun fiber was instantly activated upon contact with
the injury, providing immediate pain relief. After an extended pe-
riod, the drug-loaded scaffold began to work and permanently
reduced pain. To accelerate wound healing, a resorbable fibrous
wound dressing that can deliver a cellular payload was developed
based on a sacrificial 3D-printed structure.[’3?] To achieve this, an
electrospun composite with an inner reservoir was produced us-
ing 3D-printed sacrificial components. The confined empty space
created by removing the sacrificial structures generated space for
cells and other payloads to be incorporated. The fibrous layer of
the electrospun fibers provided a large surface area, allowing the
cells to attach. The results showed that the construct improved
neovascularization, which aided wound healing.

5.5. Development of a Biomimetic ECM

The ECM structure, characterized by its inhomogeneity and com-
plexity, has been extensively studied in several tissues, including
the fibrocartilage, bone, ligament, and the Achilles tendon. De-
spite enormous variations among tissues, the composition and
architecture of the ECM are crucial for maintaining physiological
equilibrium and the development of pathologic conditions.[*>°]
The dura mater is a connective tissue barrier surrounding the
spinal cord and is an intricate microstructure with several physi-
ological roles. It is frequently damaged following spine surgeries,
leading to epidural fibrosis and several complications. Collagen
fibers in the dura mater are oriented parallel to the longitudi-
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nal orientation, with a few haphazardly dispersed fibers entwin-
ing with one another to form a complex heterogeneous struc-
ture that exhibits different characteristics on various sides.!'’]
In dura mater destructions, fibroblasts perform a complicated
role in the establishment of fibrosis and repair, presenting a dif-
ficult obstacle for conventional homogenous scaffolds in regu-
lating cellular processes. The two major conditions that must be
effectively prevented to substantially repair impaired dura tissue
are neurological dysfunctions and arachnoiditis induced by fi-
brosis. This fibrosis results from an excess of ECM constituents,
primarily fibronectin and collagen accumulation in the laminec-
tomy space, due to the tireless proliferation and activation of
myofibroblasts. Influenced by its functionality, microstructure,
and tissue fibrosis development mechanism, Xu et al.l'*¥l hy-
pothesized that a customized homogenous scaffold could meet
the demands of dura mater regeneration by controlling various
cell activities.['*®] Encouraged by the heterogeneous morphol-
ogy of the dura mater, they fabricated a double-layered diverse
micro—nanofiber framework, with an internal anisotropic sur-
face maintaining inactive fibroblast characteristics and an outer
dense surface inhibiting myofibroblast attachment, aiming to si-
multaneously resemble the dual properties of the dura mater to
aid healing and avoid fibrosis. Figure 8a shows a schematic de-
piction of the heterogeneous micro-nanofibers regulating cell
properties to heal dura meta defects and prevent fibrosis. A het-
erogeneous dual-layer fibrous scaffold was prepared using col-
lagen I and SF with varying collection durations (30, 60, 120,
and 120 s, and 1 and 2 h) and different mixing ratios of col-
lagen I to SF (5:95, 10:90, 15:85, 20:80, 25:75, and 50:50). Dif-
ferent topologies were constructed by controlling the experi-
mental conditions, including random and anisotropic topologies
(Figure 8b). Integrins mediate cell adhesion to the ECM and play
key roles in controlling cellular processes. To assess the effects
of the chemical composition and topology of the fibers, fibrob-
lasts were cultured on a fibrous matrix to detect integrin acti-
vation. Following 12 h of culture, the flow cytometry and im-
munofluorescent staining images revealed an increased expres-
sion of integrin-p1 with a well-spread structure of fibroblasts
in random SF-collagen I fibers (RSCF), with an elongated mor-
phology of the fibroblasts observed in the aligned SF-collagen I
fibers (ASCF) along with reduced integrin f1 expression. The
flow cytometry results of this study revealed that an elevated col-
lagen concentration led to an increase in integrin f1 expression
in both increased and random fibers. Nevertheless, integrin ac-
tivation on random fibers was more efficient than that on the
anisotropic matrix (Figure 8c) at the same collagen I mixing ra-
tios. This study established that the anisotropic structure sup-
pressed integrin B1 activation and an enhanced concentration
of collagen I promoted integrin f1 activation by increasing the
adhesion density. Focal adhesion reorganization by vinculin ex-
pression was further investigated using topology-guided varia-
tions. Immunofluorescence was used to examine vinculin ex-
pression in both random and anisotropic matrices. Vinculin on
RSCF fibers was expressed at the edge of the fibroblasts with a
thick and punctuate morphology red fluorescence, which was ab-
sent in the anisotropic fibers, revealing alterations in the adhe-
sion phases of cells in different topological structures. The pro-
liferation, spreading, and morphology of the cells were further
characterized using scanning electron microscopy after 48 h of

© 2024 Wiley-VCH GmbH

858017 SUOWILLIOD 8A 18810 3(ealdde aup Aq pauienob ae sejolife YO ‘85N JO SaInJ o Akeid18ulUO A8]IM UO (SUORIPUOO-PUB-SW.BI W00 A8 | 1M AeIq 1 BU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S [202/20/70] Uo AriqiTauliuo A1 ‘AisieAlun uoiieN uomBuey Aq 69260£20Z 11WS/Z00T OT/I0p/LL0o" A3 1M AReid 1 |euluo//:Sdny wo.y pepeo|umoq ‘0 ‘62895 TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. $imidll

www.advancedsciencenews.com www.small-journal.com

(b)

A SF-COL ratio (%)

Colt

Colt

et
Density
Cytoskeleton
. VAP oo 7 = et
Anisotropic 7 | g ehed § ’ . -
topology e < [f“———ﬂr, fj= secemmont
Iohiiing integin dustering
VAP oo opomaen
ocsasion | e
Isotropic e -
topology ¢ Hoforostast
FPromoting integrin clustering
c
Dura mater reconstruction
Spine L4-L6 segment Promoting dura regeneration
- %@\ \\O‘ inhibiting epidural fibrosis
\ \# t
) \ P \

Rabbit laminoctomy and
pripdekelmiect ECM-nspired dual-dayer heterogeneous
microfnanafiber scaffold

(c) (f) D-ASCF/RSF D-ASCF/RSF B

F-actin DAPI Integrin g1 Merge

DT A TSN RS
A i L s00um \ ) 1 \a\\'})&\ﬁ- = 3% 71
fI T VAN

(3) AlSF-COL) 95:6 D-ASCF/RSF

ASCF

(d) A(SF-COL) 80:20
(¢) A(SF-COL) 75:25
() A(SF-COL) 50:50

Stress (MPa)
(? N S o o

RSCF

0 10 20 30 40 50
Strain (%)

[ Resrconsss  (a)
(b) R(SF-COL) 90:10
(c) R(SF-COL) 85:15
@ Rise.cor) so20
(o) misr-cou) 75:25
() R(SF-COL) 50:5¢

ASCF

D-RSCF/RSF

L mEET
ety
Sl

3 @
0 10 20 30 40 50 60

Qévmin (0L

ASCF

RSCF

Normal Control D-RSCF/RSF D-ASCF/RSF

YAP DAPI F-actin Merge

—
D
N

ASCF

RSCF

ASCF

RSCF

Ladll?:#1EA,

Figure 8. a) Diagrammatic representation of the heterogeneous fibrous structure controlling various cellular responses to heal the dura damage and
avoid epidural fibrosis. b) Characterization of ASCF and RSCF fibers with different Col-I and SF ratios. c) Evaluation of heterogenous nanofibers on
the expression of integrin protein. d) Morphological characterization of fibroblasts and myofibroblasts cultured on micro-nano fibers. e) Anisotropy
regulated function and YAP activity of fibroblast cells on heterogeneous fibers. f) Physical characteristics and biological evaluation of the double-layered
heterogeneous fibrous scaffold. g) In vivo, evaluation of the epidural tissue and spinal dura mater following 8 weeks of implantation. Adapted with
permission.!>8] Copyright 2020, Science.
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culture. This indicated that the cells on ASCF exhibited a spin-
dle morphology with polarization and elongation owing to the
contact supervision of the topology and anisotropic fibers. How-
ever, the cells grown on random fibers were scattered in differ-
ent orientations, forming sizable lamellipodia (Figure 8d). The
increased concentration of collagen I suggested an increase in
the cell density and scattering area. The activation of quiescent
fibroblasts during tissue repair is represented by the emergence
of a-SMA tension fibers associated with the F-actin cytoskele-
ton. Immunofluorescence staining and the percentage of a-SMA
activation were manually calculated for each group. The study re-
vealed that an anisotropic matrix reduced a-SMA expression and
inhibited the differentiation of fibroblasts into myoblasts. Colla-
gen I expression from cells cultured on ASCF and RSCF showed
that collagen I generated from fibroblasts on ASCF exhibited a
directed distribution and that the fibroblasts on RSCF were dis-
organized, suggesting a topology-guided role of matrix fibers in
ECM secretion and remodeling. Localization of yes-associated
protein (YAP) in the ASCF and RSCF enhanced activation more
in random fibers than in anisotropic fibers. The cells cultured
on random fibers exhibited an expanded cytoskeleton, with in-
creased YAP expression in the nucleus (Figure 8e). In contrast,
the cells grown on the anisotropic matrix showed a small expand-
ing area, with several YAP-associated cells. The collagen fibers
constituting the dura mater are arranged in a diverse array: the
longitudinal collagen fibers remain parallel, whereas the fibrous
fibers are haphazardly interwoven with each other. Based on this
heterogeneous structure, a dual-layered heterogeneous construct
was fabricated to mimic the native structure of the dura mater,
promoting the healing of the spinal dura and inhibiting scar for-
mation. A dual-layered heterogeneous scaffold was prepared by
combining the internal layer with ASCF or RSCF and an exter-
nal layer made of SF. Scanning electron microscopy images of
the fabricated scaffold revealed an aligned and compact struc-
ture in the internal layer, with irregular interwoven fibers and
higher porosity on the surface of the internal layer. Mechanical
characterization of the scaffold suggested that the internal layer
using 15% collagen I and the outer layer electrospun at 3 h ex-
hibited remarkable mechanical properties (Figure 8f). The bio-
logical properties of the dual-layered scaffold showed that the
cells on the internal anisotropic layer extended and elongated
along the fibers, and the cells on the internal layer with ran-
dom fibers exhibited a well-spread and flat structure with lamel-
lipodium development. Moreover, the fibroblast cells on the scaf-
fold exhibited infiltration into the internal layer of the layered
scaffold, despite the irregular or anisotropic architecture. In con-
trast, myofibroblasts could grow in the outer (SF) layer, showing
the barrier properties of the external layer upon infiltration. To
compare the in vitro results, an in vivo analysis covered the de-
fective spinal dura with a dual-layered scaffold (D-RSCF/RSF or
D-ASCF/RSF). Epidural tissue attachment among the controls
(without scaffold) showed increased scar adhesion between the
defective dura and surrounding tissue, which was significantly
lower in the treatment groups (D-RSCF/RSF and D-ASCF/RSF).
Furthermore, hematoxylin and eosin and Masson’s trichrome
staining revealed no new dural tissue development in the con-
trol group (Figure 8g). In contrast, the group treated with the
D-ASCF/RSF scaffold showed the formation of continuous col-
lagen at the defective site, mimicking native tissue. In contrast,
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a new, discontinuous, and irregular collagen layer resembling
scar fibrosis was observed in the D-RSCF/RSF group. Neverthe-
less, both D-ASCF/RSF and D-RSCF/RSF showed the potential
to prevent epidural scar development. Next, an immunohisto-
chemical study of collagen I and a-SMA in epidural tissue was
conducted to study the influence of a double-layered scaffold in
inhibiting scar adhesion. The control group exhibited dense col-
lagen I type, whereas D-ASCF-RSF and RSCF-/RSF exhibited
reduced collagen I type expression, resembling native epidural
tissue. Additionally, the control group showed higher a-SMA-
positive cells culturing near the blood vessel and the corner of the
wound. In contrast, the ratio of a-SMA-expressing fibroblasts sig-
nificantly decreased in the D-ASCF/RSF and D-RSCF/RSF treat-
ment groups. Consequently, in vivo analysis further revealed that
the inner anisotropic structure of the double-layered scaffold pro-
moted healing and regeneration of the dura tissues. The outer
layer of the SF fibers inhibited myofibroblast proliferation and
adhesion at the laminectomy site. It also decreased the a-SMA-
expressing fibroblasts to avoid excessive ECM constituent de-
position and to prevent fibrosis and scar formation in epidural
tissue.

5.6. Development of a Biomimetic Leaf-Venation Structure

The ability to successfully construct functioning cardiac tissues
offers considerable potential for cardiotoxicity testing, disease
modeling, and repair of the impaired myocardium in countless
patients. The heart is an intricate, effective pump with crucial
anatomical and functional features. The extremely aligned and
closely packed cardiac cells create intercellular interactions that
communicate the contractile force and electromechanical behav-
ior of the myocardium, which effectively transports a substan-
tial amount of nutrients and oxygen to meet the metabolic needs
of the myocardium. The simulated anisotropic characteristics of
the myocardium display various effective rigidities in the circum-
ferential orientation to nourish the systole and diastole of the
heart. Over the past few decades, a significant amount of research
has been conducted to develop cardiac structures that mimic
the extracellular microenvironment, which possesses multifunc-
tionalities that imitate cardiac tissue features and correlate with
the biological function and structural organization of the natural
myocardium.['>]

Previously, several artificial scaffolds with precisely aligned
electrospun fibers were created to mimic anisotropic architec-
ture, offering topographical signals to guide cell arrangement.
However, these scaffolds were devoid of ECM signals neces-
sary for cell integration and hierarchical angiogenesis. To tackle
these shortcomings, Mao et al.l'®*] developed a leaf-venation-
directed technique abbreviated as “LVD” for generating a func-
tional prevascularized scaffold mimicking the electrophysiolog-
ical and anisotropic properties of the myocardium. Leaf vena-
tion is a nature-designed, hierarchically organized network com-
posed of aligned fibers and closely spaced cells that mimic elec-
trophysiological functions in the myocardium. In addition, leaf
venation has a highly effective fluid flow function.['*!] Influenced
by these features, a leaf venation system was employed to gov-
ern the anisotropy of hydrogel-cell hybrids into tissue struc-
tures with a compact layout and robust functions. The LVD
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Figure 9. a)(i—xiii) Schematic illustration of the LVD technique for fabricating large-scale tissues with tight intercellular connections and highly synchro-
nized populations using HUVEcs. b) (i—ix) Investigation of the development mechanism of LVD-HUVEC tissues with densely packed tubular features
and structural evaluation of the engineered LVD-rat cardiac tissues. c) (i—iv) Development of 3D pre-vascularized LVD cardiac tissue construct with tun-
able mechanical characteristics. d) (i-ix) Injectable administration of the 3D LVD-cardiac tissue construct. Adapted with permission.['%0] Copyright 2023,

Nature Portfolio.

method utilizes microchannels resulting from the leaf-venation
system as a pattern of confinement to direct the morpholog-
ical development of highly populated cells in the hydrogel. A
polydimethylsiloxane surface with microchannels, including a
main channel and several branched channels, was produced us-
ing a leaf-venation system framework.['*2) Amphibolic produc-
tion was conducted to avoid adhesion between the cell-hydrogel
and PDMS and was considered the treatment group, whereas the
non-amphiphilic group was the control group. The microchan-
nels were then gelled by incorporating a cell-loaded fibrin hy-
drogel solution (Figure 9a(i)). The evenly distributed cells start
spreading and applying friction to the matrix to initiate LVD
structural features, which allow the contraction of the hydro-
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gel and self-assembly into tightly packed tissue, eventually re-
sulting in interconnected bundles of tissue aligned within the
microchannels.'} Figure 9a(ii) demonstrates the LVD tech-
nique for successfully designing a large number of prevascu-
lar tissues possessing interlinked hierarchical connections re-
stricted to leaf-vein-motivated microchannels. The mixture of
hydrogel solution and HUVECs separated from the channels
and progressively condensed within the microchannels. After
48 h of culturing, the cells in the treatment group became
stable and self-assembled with smooth borders. The cells in
the control group remained intact and randomly distributed
(Figure 9a(iii,iv)). The scanning electron microscopy images re-
vealed a highly compacted and elongated pattern of the cell
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bundles (Figure 9a(v)). Characterization of the protein expres-
sion and cytoskeleton arrangement of endothelial cells in the
LVD system revealed that the cells attained confluency with sig-
nificant alignment along the microchannels (Figure 9a(vi-viii)).
The cells in the control group were randomly arranged in an
irregular pattern (Figure 9a(vii,viii)). The cells exhibiting cell-
cell contact in LVD-HUVEC tissues exhibited increased expres-
sion of the CD31 marker, indicating the phenotypic maintenance
of endothelial cells and generation of dense intercellular junc-
tions (Figure 9a(ix—xi)). In contrast, the control group expressed
reduced levels of CD31 in a random pattern (Figure 9a(x)).
Furthermore, the cells in the LVD structure formed interlinked
tubular patterns in all primary and branched channels, while the
cells in the control were allocated at the base of the microchannels
(Figure 9a(xii,xiii)), revealing the potential for generating a vas-
culature system in vivo. The process of self-assembly of the LVD-
HUVECs from an even distribution to a densely arranged aligned
tubular structure was further studied (Figure 9b(i)). Figure 9b(ii)
shows confocal microscopy images of the cells and fibrin hydro-
gel cultured over different time intervals. HUVECs settled at the
bottom of the fibrin hydrogel after being seeded within the mi-
crochannels. Following a 6-h culture, a decrease in fibrin hydro-
gel thickness was observed, resulting in an enormous reduction
in the direction of thickness. Several cells began to line the outer
surface of the compressed fibrin rod, but most of the cells re-
mained at the bottom of the hydrogel. After 18 h, the cells mi-
grated from the bottom to the top surface, generating a tubu-
lar vascular structure with densely loaded fibrin. Eventually, the
haphazardly arranged cells and fibrin formed continuous tubu-
lar networks surrounded by cellular membranes. The quantita-
tive outcomes showed that as the growth of LVD tissues pro-
gressed, the mean cross-sectional area of the cell-fibrin hydro-
gel decreased by ~13- and 33-fold in the primary and branched
channels, respectively (Figure 9b(iii,iv)). A significant reduction
in the volume of the cell-fibrin composites resulted in enhanced
mechanical characteristics. Hence, following 48 h of culture, the
atomic force microscopy results revealed an increase of ~45-
fold in the average Young’s modulus from ~0.8 to 37.3 kPa.
Densely organized fibrin filaments in the LVD tissue were di-
rected along the microchannels. The fibrin filaments in the con-
trol group persisted in a porous structure with a random distri-
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bution. Quantitative data showed that the alignment of fibrin fil-
aments in the control and LVD tissues followed a cellular align-
ment trend (Figure 9b(v—vii)). The LVD-HUVECs were then en-
cased in a gelatin gel and diffused in a nanobead solution. The re-
sults revealed a self-assembly process involving various sequen-
tial stages (Figure 9b(viii,ix)). At stage 0, the cell-hydrogel solu-
tion was evenly loaded into the microchannels. In stage 1, round
cells were located at the bottom of the hydrogel. In stage 2, the
cells expanded by exerting a force on the surrounding cells and
ECM to gather them in the central area, at which point a strain
was generated in the hydrogel along the longitudinal axis of the
microchannels. Stage 3 included the combined function of longi-
tudinal strain and cellular force, compressing the hydrogel fibers
into a rod-shaped structure. The cells then migrated from the bot-
tom to the surface of the compressed fibers. After reaching the
final stage 4, the fibers were more compressed, and the cells at-
tained confluence around the dense fibers and were aligned along
the longitudinal axis.

The LVD technique has been further employed to engi-
neer cardiac tissues with aligned, densely packed, and intercon-
nected structures possessing electrophysical properties and beat-
ing functions. Furthermore, to avoid the occurrence of post-
infarction left ventricular remodeling and ensure the long-term
viability of the heart, it is essential to engineer 3D cardiac tis-
sue with appropriate mechanical characteristics and prevascula-
ture. A scaffold-directed technique was developed to allow the
transfer and assembly of LVD-HUVECs and LVD-cardiac tissues
into 3D tissue composites. An elastic structure with a precisely
specified serpentine microstructure was anticipated to replicate
the viscoelastic and anisotropic characteristics of the natural my-
ocardium. Figure 9c(i) depicts the assembly and transfer pro-
nite element analysis simulation and macroscopic images of the
3D construct upon stretching. Figure 9c(iv) depicts a significant
consistency in the mechanical properties along the circumfer-
ential and long axes, demonstrating the combination of hypo-
thetical and printed structures exhibiting properties similar to
those of native cardiac tissues. To prevent chest surgery, implan-
tation of the LVD cardiac structure using minimally invasive tech-
niques was continued to investigate the viability of the construct.
The four membrane cardiac constructs were expected to be
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administered by tube penetration through the chest wall. Before
the injection, the cardiac construct was coiled over a rod and
transferred into a tube to stabilize the tissues (Figure 9d(i,ii)). The
construct rushed out of the tube in running water and attained
its original shape (Figure 9d(iii)). This solution was injected into
the ventricle of the ex vivo heart. The construct showed highly
adhesive properties upon injection and maintained structural in-
tegrity (Figure 9d(iv,v)). Finite element analysis was used to exam-
ine the stress—strain distribution in the LVD tissues consisting of
the fibrin hydrogel and the scaffold, which revealed an enhanced
strain force in the scaffold compared to the hydrogel. The live—
dead evaluation showed no remarkable change in the number of
viable cells before and after injection, indicating that the com-
pressive stress caused by coiling and fluid-assisted recovery had
no detrimental effects on the 3D LVD tissues (Figure 9d(vi-ix)).

6. Conclusion and Future Perspective

Achieving the repair and regeneration of damaged tissues in the
field of tissue engineering remains exceptionally challenging. It
involves the precise design of a 3D construct that supports the re-
growth of defective tissues by incorporating biomimetic mechan-
ical features, an adequate support system, and desirable perme-
ability to facilitate tissue colonization and infiltration with high
biocompatibility. Owing to their adaptability in generating struc-
tures that range from the micro- to macroscale and by imple-
menting their benefits, such as cost-effectiveness and relative in-
expensiveness, 3D-printing techniques have garnered enormous
research attention, particularly in recent years. These advantages
have made them competitive with conventional production meth-
ods, such as machining. 3D-printed scaffolds are used as bio-
materials in bioprinting to encapsulate and print cells. However,
scaffolds frequently suffer from inadequate structural integrity,
despite offering a conducive environment for cells to thrive dur-
ing construction. To overcome this limitation, hybrid technolo-
gies, including electrospinning, must be combined with con-
ventional 3D-printing methods to fabricate cellular microenvi-
ronments. Integrating 3D printing and electrospinning substan-
tially affects scaffold manufacturing, overcoming the drawbacks
of scaffolds made solely by using 3D printing or electrospinning.
This review examined the current status of this hybrid technique
in the field of tissue engineering.

Structures mimicking native tissue architecture with a variety
of designs, characteristics, and functions have been created by
merging the two techniques in diverse ways. These structures
have been demonstrated for use in a wide range of biomedical ap-
plications, including bones, abdominal tissues, vasculature, and
wound healing. The main advantages of the combined methods
discussed in this review are as follows: i) the production of a hier-
archical structure that mimics the native ECM, facilitating nutri-
ent transport through a 3D printed structure, and ii) the mainte-
nance of long-term structural support by combining the rapidly
degrading fibers with delayed degrading 3D constructs, or vice
versa. However, the combined approach poses several challenges,
such as i) a complicated fabrication process, which requires ad-
ditional efforts to optimize the desired properties, and ii) a time-
consuming process owing to the involvement of more than one
technique—the integration of these methods extends the overall
time compared to using a single technique.
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Future studies should thoroughly examine the performance of
hybrid frameworks, including how macroscale processes, such
as osmosis, diffusion, and perfusion, influence cell penetration
and shape. Additionally, the mechanical characteristics of the
scaffolds should be adaptable to the in vivo microenvironment,
which can be accomplished by combining electrospinning and
3D-printing techniques in multiple ways. The precise morpho-
logical characteristics of native tissues can be generated in vitro
using hybrid technology. The development of polymers required
to fabricate structures with various geometries can be achieved
using elastomeric polymers to regulate the relationship between
structure and properties. The balance among structural sup-
port, tissue development, and polymeric deterioration must be
adjusted to correct defects of various sizes, reduce tissue over-
growth, and avoid (re)stenosis.

Developing and integrating electrospinning based on piezo-
electric materials with 3D-printing technologies can provide an
advanced platform for next-generation healthcare management
(Figure 10). However, challenges such as multifunctionality, pro-
longed operation, and cost-effectiveness of the developed struc-
tures must be overcome with the emergence of technologies for
use in tissue engineering and medicine. In addition, there are
numerous potential uses for scalable fabrication methods that
combine 3D printing and electrospinning in the areas of in vitro
assays, immunoassays, drug-testing platforms, biomedical mi-
crodevice technology, and customization of the structure and
function of tissue engineering scaffolds. Subsequently, the struc-
tures developed by combined technology have been tested in pre-
clinical and clinical trial phases owing to limitations, such as
the inability to tune mechanical efficiency and the discrepancy
between polymer breakdown and tissue ingrowth and inflam-
mation. Nevertheless, current studies have revealed that com-
bined technologies significantly surpass individual technologies;
hence, these practices should be implemented in routine clinical
applications with enhanced features in the near future.
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