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In embedded extrusion 3D bioprinting, a temporary matrix preserves a paste-like filament ejecting from a
narrow nozzle. For granular sacrificial matrices, the methodology is known as the freeform reversible
embedding of suspended hydrogels (FRESH). Embedded extrusion 3D bioprinting methods result in more
rapid and controlled manufacturing of cell-laden tissue constructs, particularly vascular and multi-com-
ponent structures. This report focuses on the working principles and bioink design criteria for implement-
ing conventional embedded extrusion and FRESH 3D bioprinting strategies. We also present a set of
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experimental data as a guideline for selecting the support bath or matrix. We discuss the advantages of
embedded extrusion methods over conventional biomanufacturing methods. This work provides a short
recipe for selecting inks and printing parameters for desired shapes in embedded extrusion and FRESH 3D
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1. Introduction

Biofabrication technologies allow the creation of 3D in vitro
biomimetic models with the complexity of tissues and
organs."? 3D bioprinting includes an automated deposition of
cells, spheroids, or multi-cellular organoids embedded in
bioinks based on a predefined computer-aided design model.?
The current challenges in 3D bioprinting involve cell sourcing,
vascularized modeling, creating thick constructs, improving
surface artifacts, and ensuring processing safety.””> Embedded
extrusion 3D bioprinting can make high aspect-ratio constructs
at a proper resolution at a clinically relevant scale.’® This
method uses a shear-thinning material, such as gelatin, as a
temporary bath or matrix,” which preserves the filament shape.
The shortage of shear-thinning reversible hydrogels has limited
the growth of embedded extrusion 3D bioprinting. In response
to this challenge, freeform reversible embedding of suspended
hydrogels (FRESH) has been proposed by making a granular
matrix.® The support matrix can be quickly melted or removed,
leaving behind the desired 3D tissue or the whole organ.’
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Embedded 3D bioprinting uses low-viscosity bioinks such
as collagen, alginate, hyaluronic acid (HA), and fibrin to
produce vascular, kidney, brain, heart, and other biomimetic
models.® Embedded extrusion 3D bioprinting can be classi-
fied into granular (i.e., FRESH) and non-granular matrices.
The FRESH strategy enables using a broad range of syn-
thetic polymer bioinks, such as epoxies,'® silicones,"
urethanes,'® and photoresist,"> when paired with a suitable
support matrix. The principles of embedded extrusion 3D
bioprinting are illustrated in Fig. 1A, and different types of
bioink, crosslinking routes, paths for printing, and support
matrix compositions are summarized in Fig. 1B. The
FRESH uses shaped microparticles created by the mechani-
cal blending of a large gelatin block. Lee et al.™® developed
a coacervation approach to generate gelatin microparticles
with (i) uniform spherical morphology, (ii) reduced poly-
dispersity, and (iii) decreased particle diameter around
~25 pm.

In this work, we reviewed existing embedded extrusion 3D
bioprinting methods. We provided a handy guide for develop-
ing an appropriate granular matrix using the experimental
results on two well-used matrices: gelatin and agarose. We also
made master curves to summarize the rheological landscape
for the support matrix, which can be converted into the extra-
cellular matrix (ECM) in the final product. After summarizing
fundamental working principles and ink design criteria for
implementing the strategy, this review highlighted the advan-
tages of embedded extrusion or FRESH strategies over tra-
ditional extrusion-based techniques across a spectrum of bio-
medical applications.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Embedded extrusion 3D bioprinting: (A) A print container is filled with a yield-stress gel microparticle support matrix to serve as the embed-
ding medium for the intended components (i), the aqueous phase of the support matrix can be tuned to drive crosslinking/gelation of the nozzle-
extruded bioink as the microparticles support the print during layer-by-layer deposition (ii), as the needle moves through the support matrix, the
microparticles yield providing a space for the extruded bioink and subsequently heal behind the needle providing support to the curing bioink (iii);
the flow behavior of the support bath is Bingham plastic (iv). (B) Classification of different synthetic or natural bioinks, different crosslinking routes,
different paths for printing, and matrix compositions (adapted from ref. 9 with permission from AIP Publishing, copyright 2021).

2. Principles of embedded extrusion
3D bioprinting

2.1. Support bath preparation

Shear-thinning biomaterials, such as various yield-stress
fluids, can be used as the support matrix. The surface pro-
perties of the matrix material enable their selection as the
support matrix. Hydrophilic shear-thinning materials for the
support matrix include gellan, gelatin, alginate, agarose,
Carbopol, and nano-clay (LAPONITE®). Hydrophobic support
matrix materials include silicone elastomers, fumed silica in
oils, and micro-organogels, whereas amphiphilic support
materials such as Pluronic F127 have been used owing to their
unique interfacial characteristics.'* Hinton et al. demonstrated
the 3D printing of hydrophobic polydimethylsiloxane (PDMS)
prepolymer resins within a hydrophilic Carbopol gel support
via freeform reversible embedding.””> In this method, the
Carbopol support acts as a Bingham plastic that yields and
shows fluidity during extrusion. A combination of the immisci-

This journal is © The Royal Society of Chemistry 2024

bility of hydrophobic PDMS and hydrophilic Carbopol was
used to maintain dimensional stability. The Carbopol support
gel then releases the embedded PDMS prints using a phos-
phate-buffered saline solution to reduce the Carbopol yield
stress. Rocca et al. developed multi-material embedded extru-
sion 3D bioprinting'® where the supporting matrix relied on a
thermo-responsive biomaterial, Pluronic F127, with a revers-
ible sol-gel phase transition temperature of around 4 °C."”
Bingham plastic-like rheology allows a laminar flow of the
3D printing bioink. In contrast to fluids with conventional
Newtonian, shear thinning, or shear thickening responses, a
support bath behaves as a solid till a certain shear stress
loading, as shown in Fig. 1Aiv. Newtonian fluids have a vis-
cosity (un), where the shear stress (z,,) and shear rate (y,) are
linearly related by the equation z,, = y,-},,. Bingham plastic has
a plastic viscosity (up), where the shear stress (z,) and shear
rate (y,) are related by the equation 7, = 7, + pt,-7p. In this defi-
nition, 7, is the yield point or the stress threshold, and the
material will flow proportionally to the applied shear above 7.
Maintaining shape fidelity when printing into a suspension

Biomater. Sci, 2024,12, 4506-4518 | 4507
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medium."® The Bingham plastic matrix provides rigid support
to the extruded bioink while instantly yielding and recovering
during and after the passage of the nozzle.'*>> The Bingham
plastic response describes the property of certain materials
that act as solids until shear forces exceed a threshold, which
causes the material to transition and have liquid-like behavior,
thus allowing a thin nozzle to move freely through the matrix.
Indeed, the granular support matrix with compacted micro-
particles behaves as Bingham plastic’®> and solidifies after
the nozzle deposition. This approach has been demonstrated
by depositing liquid hydrogel precursors within self-healing
support materials.'>?*7>8

Patricio et al. reported a widely available and cost-effective
natural polymer based on xanthan gum with a high molecular
weight that provides high viscosity at low shear rates for a
sacrificial support matrix.*® Bulk hydrogel based on reversible
physical crosslinking, such as host-guest HA?® shows the
required shear-thinning pseudo-plasticity to be used as
support matrices, and its continuous matrix ensures improved
printing resolution compared to granular systems. The resolu-
tion, size, and 3D architecture of produced tissue models can
be adjusted, while enzymatic cleavage or mechanical separ-
ation can be employed for bath removal. Embedded extrusion
3D bioprinting is better suited for thick structures and compo-
site models than other methods.

Non-embedded extrusion methods such as light-assisted
3D printing, Inkjet 3D printing, and conventional extrusion-
based methods distort the soft and liquid-like bioinks due to
gravity, causing subsequent loss of fidelity and collapsing the
structure. Without physical support, most bioinks are challen-
ging to print layer-by-layer and cannot cure or crosslink quickly
enough with sufficient rigidity to allow for structure stability.*!
The embedded environment provides physical support for 3D
shapes. Some commonly used bioink-support matrix combi-
nations and their applications are listed below in Table 1.

2.2. 3D bioprinting parameters

The friction forces between the filament and the support
matrix help the nozzle stability®" (Fig. 1Aiii). To maintain cell
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viability, the matrix should be sterile, aqueous, and sup-
plemented with buffers in its aqueous phase. The design para-
meters are (I) optimal yield stress, (II) printing speed, and (III)
nozzle size. The optimal yield stress depends on the needle
diameter, print speed, and biomaterials. The syringe needle
diameter affects print resolution and feature size. Smaller (e.g.,
<100 pm) nozzles allow higher-resolution prints with increased
print time. Larger nozzles (e.g., >100 pm) increase printing
speed (~50 mm s ') due to increased layer height and filament
width but decrease printing resolution. Smaller needle dia-
meters necessitate slower printing speed (~10 mm s~ *).*?

2.3. Biophysical properties of support matrix

The microparticle concentration in the granular matrix affects
its mechanical properties and the printability of the extruded
materials.** Higher concentrations provide more structural
support and increase the viscosity (i.e., resistance to depo-
sition). Lower concentrations offer better printability but com-
promise the mechanical stability. Gelatin concentrations of
4.5% w/v (in 0.125% w/v CaCl, when alginate is a part of the
bioink system) are used to make the gelatin matrix, but the
optimal concentration can vary depending on the specific
bioink and printing conditions.

The cooling rate and microparticle density can adjust the
gelation temperature for gelatin. Agarose gelation is around
28-36 °C, and gelatin occurs at around 22-25 °C. Different
microparticle sources can have varying gelation temperatures
and swelling properties, affecting the gel strength. For
example, the gelatin microparticle matrix at 4.5% w/v concen-
tration behaves like Bingham plastic at low temperatures and a
more viscous liquid above 37 °C. This thermo-reversible behav-
ior makes gelatin an ideal support matrix for the embedded
extrusion and FRESH 3D bioprinting.* The mechanical resis-
tance offered by the matrix provides immediate support and
structural stability to the extruded print.

Another parameter is the presence of a chemical or enzy-
matic crosslinker. Crosslinkers improve the extruded
material’s stability while maintaining print fidelity. After the
extrusion process, the support matrix is melted at 37 °C while

Table 1 Common bioink-support matrix combinations for embedded extrusion 3D bioprinting

Support
type Support matrix Bioink Application Ref.
Granular Alginate microparticles in xanthan gum  Sacrificial gelatin Vascularized heart model 32
k-Carrageenan (CarGrow) Fibrin Bone- and cardiac- constructs 33
Agarose gel microparticles Collagen, gellan gum, alginate, and Carotid artery, T7 invertebral disc 34
i-Carrageenan
Alginate microparticles in collagen & Stem cells & sacrificial gelatin Neural models, vascular-like 35
hyaluronic acid channel
Carbopol micropartices Gelatin methacryloyl (GelMA) In vitro (neuroblastoma) model 36
Non- Cellulose nanocrystals (CNC) Gelatin, GelMA, alginate, platelet lysate, Tumor-on-a-chip model, in vitro 37
granular Pluronic F-127 tendon model
Oxidize bacterial cellulose Poly-1-lysine In vitro vessel model 38
Poly(ethylene oxide)-rich matrix after Poly (acrylic acid), dextran On-demand in vitro tissue model 39
phase separation
An organ building block based ECM iPSCs and sacrificial gelatin Perfusable cardiac tissues 40
Skin derived dECM Vascular tissue-derived dECM In vitro melanoma model 41
Vascular tissue derived dECM Calcium-Pluronic F127 In vitro atherosclerotic model 42
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the printed bioink material undergoes gelation. This reversible
property of the extruded material is another parameter that
makes embedded extrusion efficient for making soft biomater-
ials. The support matrix generally comprises gelatin or agarose
microparticles that behave as a Bingham plastic or Herschel-
Bulkley fluid, where it is a solid until sufficient shear stress is
applied, after which point it starts to develop liquid-like behav-
ior.’® Fast crosslinking helps minimize the effects of gravity
and prevents the soft bioink from collapsing.

The biophysical considerations can be summarized: (1) The
support matrix should reveal a Bingham plastic response; (2)
The support matrix should liquify at physiologically relevant
temperatures (37 °C), allowing for the non-destructive release
of the printed constructs; (3) The aqueous phase of the matrix
should support multiple independent crosslinking strategies,
such as pH changes, divalent cations, and UV exposure, to gel
different hydrogels and other soft polymeric materials.
Extrusion within the support matrix can mitigate the effects of
gravity, allowing for freeform printing of delicate constructs.*?

2.4. Matrix rheology in FRESH

A key parameter specific to FRESH is the microparticle size,
ranging from tens to hundreds of micrometers.*®
Microparticles of 25 pm diameters are ideal as they maintain
their polydispersity and sphericity.”” Smaller microparticles
allow for higher-resolution 3D printing but may reduce
mechanical stability. Larger microparticles provide better
structural support but can limit the achievable resolution. The
matrix shear-thinning enables the fluid to flow smoothly
through the printing nozzle during deposition. The viscosity
should be low enough to facilitate extrusion but high enough
to prevent excessive spreading or collapse of the structure. The
viscosity should be adjusted to ensure proper flow, allowing
smooth extrusion through the nozzle while maintaining struc-
tural stability. For example, overall viscosity ranges from 5 to
30 Pascal-seconds (Pa s) for the gelatin matrix.*®

The existing literature lacks comprehensive information
regarding the rheological characteristics of matrices. To
address this gap, we generated these matrices through
mechanical blending, employing diverse concentrations and
blend times, as discussed in the Experimental section. The
resulting viscosity shear-rate responses obtained for the
matrices prepared by blending 5-10% w/v gelatin matrices are
shown in Fig. 2A, and by combining 2-4% w/v agarose
matrices are demonstrated in Fig. 2B. The average size in
Fig. 2C and D increases by the blend time or decreases by the
gel concentration, which can improve the resolution. We
observed that at blend times longer than 120 s (using a com-
mercial blender), the gel particles began to dissolve and form
a solution instead of a granular form; therefore, they could not
be used in FRESH 3D bioprinting. To illustrate all rheological
responses of the matrices, we illustrated two collective master
curves for gelatin (Fig. 2E) and agarose matrices (Fig. 2F) by
describing the variations of the shifted viscosity (8-) versus the
shifted shear rate (a:y) in logarithmic scales. The master
curves show a universal rheological landscape for the granular

This journal is © The Royal Society of Chemistry 2024
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matrix methods. The calculation, interpretation, and utiliz-
ation of the proposed master curves are discussed in the sup-
plementary and the raw data is available in the ESL{

2.5. Matrix-mediated crosslinking of deposited strands

Biomimetic natural biomaterials, such as collagen, fibronec-
tin, alginate, gelatin, HA, and synthetic biopolymers, such as
polyethylene glycol, polycaprolactone (PCL), and Pluronic, are
among the most used cross-linkable bioinks (see Tables 1 and
2). Crosslinking can impact the behavior of biological com-
ponents.*® The ECM proteins crosslink and form stable hydro-
gels by an agent or post-processing steps. Alginate, a natural
and biocompatible polymer, is crosslinkable in the presence of
divalent cations, such as calcium, to form stable hydrogels,
making it difficult to be printed directly. They create and main-
tain their shape by embedding alginate structures in the
gelatin matrix with calcium ions. The high temperature melts
away the gelatin support matrix and releases the alginate struc-
tures.” Hydrogels such as collagen and other decellularized
ECM can also support the matrix with a pH buffer. HEPES, a
zwitterionic buffer capable of maintaining a pH of 7.3-7.4, is
used to supplement the support matrix for the embedded
extrusion of collagen. As the collagen bioink is extruded into
the HEPES-supplemented support matrix, the pH neutraliz-
ation rapidly crosslinks the extruded collagen, driving the
initial gelation process.

2.6. Extruding bioink requirements

The bioinks must shield cells from shear stresses during print-
ing and offer non-toxic gelation for optimal resolution. The
material’s chemical composition, structural morphology,
surface characteristics, surface charge, and mechanical pro-
perties can be modified to improve biocompatibility. The
material must be capable of rapid crosslinking to ensure the
layered formation of complex 3D structures. The bioink should
possess suitable rheological properties to allow extrusion or
deposition through the bioprinting nozzle while having the
cells intact. The gelation kinetics of the bioink can be triggered
by various mechanisms such as temperature, pH, light, or
enzymatic reactions. Proper control of gelation kinetics
ensures that the deposited bioink retains its shape.

Mechanical properties such as elasticity, stiffness, compres-
sive strength, and elongation at break can be tailored to
specific applications. The mechanical properties of hydrogel
vary depending on concentration and cell density.>® During
printing, sacrificial materials with improved mechanical pro-
perties should be selected as support, especially for most
natural polymers with intrinsically poor mechanical pro-
perties. Cell-loaded bioinks show reduced viscosity with
increased cell concentration.> While fibrin shows viscosities
between 2 and 162 mPa s, the blended bioink containing
fibrin and HA shows viscosities between 100-1000 mPa s.*®
These properties determine the extrusion rate and printability
of the bioinks.

Stability is another factor, as bioink should maintain its
structure and stability during and after printing, which

Biomater. Sci, 2024,12, 4506-4518 | 4509
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Fig. 2 FRESH-specific rheological response of different slurries made of (A) 5, 7, and 10% w/v gelatin and (B) 2, 3, and 4% w/v agarose, utilizing 20,
50, 80, and 120 s blend time; the average microparticle size obtained after blending the (C) gelatin and (D) agarose slurries; the calculated master

curve locus obtained for (E) gelatin and (F) agarose slurries.

requires composition optimization, including the choice of
matrix materials, crosslinking mechanisms, and rheology
modifiers to ensure successful 3D bioprinting.”” Sterilization
is another step for implementing biomaterials, using a variety
of processes, such as heat/steam treatment (autoclaving),
e-beam or gamma irradiation, ethylene oxide treatment, incu-
bating with ethanol, and other techniques to inactivate all
forms of microbial life.

3. Bioink selection

3.1. Natural hydrogels

Table 2 summarizes natural bioinks and relevant support
matrix for embedded extrusion 3D bioprinting. Alginate is a
polysaccharide derived from brown seaweed and algae cell
walls®® and has ECM characteristics.”* Pure alginate has low
viscosity, which impacts its ability to retain its shape.’®
Alginate has low bioactivity and lacks cell-binding sites for cell

4510 | Biomater. Sci,, 2024, 12, 4506-4518

proliferation.>® It crosslinks and forms a gel in the presence of
divalent cations such as calcium ions (Ca>").

Collagen is the most prevalent ECM molecule found in
adult mammals, with an estimated 30% of the protein mass of
multicellular organisms.®® Under physiological conditions
(7.4 pH and 37 °C), collagen molecules start to self-organize
into fibrils, and collagen solution forms a hydrogel. Some
studies used low-concentration collagen solutions from 5 mg
ml ™" and rarely as high as 10 mg m1™".*' One of the possible
approaches to overcome this limitation is the use of supportive
hydrogels. When using a supportive hydrogel for 3D bioprint-
ing with collagen bioink, as seen in the FRESH method, the
whole process occurs inside the secondary hydrogel matrix.
This method allows printing complex structures using collagen
solutions of low concentrations with a polymerization period
of 40-60 min. For collagen type I at concentrations ranging
from 8.94 to 9.64 mg ml™" in 0.02 N acetic acid, the support
matrix is supplemented with HEPES to maintain a pH of ~7.4
to ensure the crosslinking of collagen into a gel after extrusion.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Selected extruding natural bioinks used for embedded extrusion 3D bioprinting
Ink Cell type Target Crosslinking Resolution Advantages Disadvantages Ref.
Alginate Fibroblasts, Bone and Ionic-bonding 400 to Quick gelation, shape ~ Rapid degradation, 57
keratinocyt-es, adipose tissue 600 pm integrity, inexpensive,  lacks cell-binding
hMSC, hASC good stability motifs, printer nozzle
clogging
Collagen  Fibroblasts, hMSCs, Skin, cardiac, Hydrogen- 1000 pm Biodegradable, Low mechanical 13
Type I HUVECs, HEK, liver, muscle bonding biocompatible, easily stability, poor gelation
hiPSC-CMs available, enhances kinetics, expensive, low
cell adhesion factors viscosity, limited
like RGD sterilization
Fibrin L929, hiPSC-CMs, cardiovascular Enzymatic N/A Good angiogenesis, Fast biodegradation, 58
NT2 neurons tissue, nerve action of fast gelation, soluble, irreversible gelation
tissue thrombin on biocompatible,
fibrinogen biodegradable, robust
Gelatin Fibroblasts, mouse Brain, cardiac, Covalent- and 350 to Low antigenicity, Less stable at cell- 45
MSCs, immortalized  skin hydrogen- 450 pm inexpensive, reversible  friendly temperatures,
glioblastoma cells, bonding poor mechanical
C2C12s, mouse properties
MSCs
Silk L929, porcine Meniscus tissue, Hydrogen-and 280 to Low cost, slow Lack cell binding 59
fibroin meniscal skin covalent- 320 pm degradation, good domains, low cell
chondrocytes, bonding mechanical properties, viability, allergic
human bone marrow non-toxic response
MSCs

HEPES neutralizes acetic acid. After printing, scaffolds are
incubated at 37 °C for at least 1 hour to cross-link the collagen
and melt the support bath.®*

Fibrin is a native biopolymer formed during blood coagu-
lation. Fibrin has RGD sequences that promote cell adhesion.
It is physiologically biodegradable through plasmin-mediated
fibrinolysis, which replaces fibrin by the ECM secreted by
cells.®® Fibrin can withstand high blood flow pressure, has a
high elastic deformation capacity, and is large and stretchable,
with an average breakage of >300% strain.®* The mechanical
properties of fibrin gel can be tuned by adjusting the concen-
trations of fibrinogen and thrombin, which affects the fibrin
polymerization mechanism and stiffness. Hinton et al
reported that fibrinogen bioinks could form complex struc-
tures when printed in a gelatin support matrix supplemented
with thrombin.”®

Silk fibroin (SF) is a naturally derived protein obtained from
Bombyx mori (B. mori) cocoons with excellent biocompatibil-
ity.®® It is commonly used in surgical sutures for clinical appli-
cations and is degradable by proteolytic enzymes.®® Gelation of
silk can happen without any important secondary structural
changes as intramolecular crosslinking between protein
chains takes place with the aid of electrostatic interaction,
hydrogen bonds, and hydrophobic interactions, forming
strong p-sheets. The gelation time can be shortened with the
aid of physical changes such as lowering the pH,®” increasing
the temperature,®® sonication,’® or adding chemical cross-
linking agents.”® Recombinant silk can be used for FRESH 3D
bioprinting by letting a silk-cell mixture gel overnight before
being used with extrusion printing.

The non-sulfated glycosaminoglycan HA is widely used in
bioprinting due to its cytocompatibility, biological properties,
and availability in chemical functionalization.”' HA molecular

This journal is © The Royal Society of Chemistry 2024

weights range between 100 and 2500 kDa. HA polymer concen-
trations range from 0.1%-4% w/v (depending on the used
molecular weight) with a large spectrum of mechanical pro-
perties and rates of biodegradation.”> Pure and unmodified
HA at working concentrations is unsuitable for producing
printable inks. HA solutions show no yield stress and no
shape retention upon printing. Therefore, rather than being
printed alone, it is combined with other biomaterials, either
natural or synthetic polymers, and thus can effectively be used
with for embedded extrusion 3D bioprinting.

3.2. Synthetic polymers and photocrosslinkable bioinks

Synthetic bioinks used for embedded extrusion 3D bioprinting
are summarized in Table 3. Poly(ethylene glycol) (PEG) is a
hydrophilic, biocompatible, and water-soluble synthetic
polymer that has been investigated in tissue engineering appli-
cations.”> When combined with light-sensitive molecules,
PEGDA-based biomaterial bioinks are among the most
common systems for fabricating high-resolution constructs
with stereolithography printing.”* However, the limited protein
binding sites on PEGDA lead to poor cell attachment on the
printed PEGDA scaffolds, hindering its application. To over-
come this obstacle, strategies of modifying PEGDA with cell-
adhesive components such as hexapeptide and RGD peptides
have enhanced cell survival, attachment, and spreading on the
printed PEGDA scaffolds.”® Pluronic is a block-copolymer con-
sisting of a central poly (propylene oxide) (PPO) block flanked
by poly (ethylene oxide) (PEO) blocks. Pluronic is a thermo-
sensitive polymer with inverse thermo-gelling properties, ie.,
at low temperatures, a solution of Pluronic is liquid, whereas
upon increasing the temperature, the solution forms a soft,
physical gel. In the case of Pluronic F127 (PF127), gels can be
formed below 37 °C for solutions above 14% w/v in the cell
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Table 3 Summary of synthetic bioink systems used for embedded 3D bioprinting

Ink Method Cells Target Temp. Resolution Advantages Disadvantages Ref.
PDMS Extrusion No cell Bone, 65°C  100-400 pm  Optical transparency, high Lateral fusion of 15
cartilage biocompatibility, moldability, = extruded PDMS
submicron resolution filaments
PEG Stereo- MSCs Bone, 25°C  10-100 pm High transparency, tunable Cytotoxicity, low 78
lithography cartilage mechanical properties cellular adhesion, and
proliferation
PCL Extrusion hADSC, Bone, 60°C  100-1000 pm Good bioactivity, cells and Low accuracy 79
MSCs Cartilage hydrogels can be printed

Pluronic  Extrusion Chondrocytes Cartilage 37 °C 150 pm Reversible polymer Cytotoxic 80
F127

culture media.”® These gels show shear thinning behavior”
and good shear recovery, crucial for accurate 3D extrusion
printing. Pluronic can also be used as the support matrix.

4. Applications of embedded
extrusion 3D bioprinting

A 3D bioprinted tissue should have the following character-
istics: (1) replicate the tissue-specific vascular networks in a
certain size range (Fig. 3A and B), (2) possess sufficient
mechanical properties that match the host tissue, (3) integrate
with the body vascularization system to maintain tissue func-
tions. The embedded extrusion method allows combining and
optimizing strategies to induce in vivo-like characteristics for
the 3D bioprinted tissue (Fig. 3C). For example, Fig. 3D illus-
trates a FRESH-printed perfusable full-size coronary artery
composed of the artery lumen hollow. The coronary artery
segment is 3D FRESH printed in alginate with a needle
inserted at the proximal end, which, after perfusion, demon-
strates bifurcation. The method has been successfully used to
fabricate a full-size model of the adult human heart, showing
that the model deforms similarly to a real heart. Sectioning
the FRESH-3D-bioprinted aortic valves shows the notable
internal structure resolution (Fig. 3Dviii).

4.1. Vascularized models

Printing large free-form tissue structures is often challenging
due to soft hydrogel-based bioink’s inadequate structural integ-
rity and mechanical stability. The FRESH method has gained
popularity for constructing complex freeform structures in a
support matrix. The printed structures can be removed from the
suspension medium by washing away the matrix after raising
the temperature. A functional vascular network can maintain
high cell viability in tissue-engineered scaffolds to deliver ade-
quate nutrients and oxygen to the core of the grafts and promote
tissue regeneration. Several methods have been explored and
evaluated for the bioprinting of blood vessels. These methods
attempt to mimic a native blood vessel function. Researchers
have tried to include endothelial cells that line the inner walls of
the tunica intima, smooth muscle cells of the tunica media, and
a structural layer of 3T3 cells mimicking the tunica adventitia.®'
The endothelial cells perform several critical actions, including

4512 | Biomater. Sci,, 2024, 12, 4506-4518

but not limited to maintaining the tunica intima, regulating vas-
cular tone, and promoting antithrombotic activity. The tunica
media of the large vessels contains elastin and elastic fibers.

Hinton et al. proposed the FRESH technique'® and opti-
mized support matrix to make filaments down to 20 pm in dia-
meter and enabled direct printing of collagen, which usually
requires some degree of modification or blending for vascular-
like structures.®*®** Among them, alginate hydrogel has been
particularly attractive for creating vascular-like structures in
tissue engineering and biomanufacturing due to its favorable
properties, including biocompatibility, printability, and ease of
gelation. In the method of using alginate-calcium ion cross-
linking to fabricate vascular networks by using the FRESH
method, the calcium ions must be added to the matrix during
the liquid phase to initiate crosslinking and embed the
extruded alginate structure. Studies have shown that although
calcium ions promote cell growth, their varying concentrations
may induce distinct cell behavior.

Skylar-Scott et al. developed the sacrificial writing into func-
tional tissue (SWIFT) method in which a support matrix made
of dense cellular spheroids sustains the printing of a gelatin
sacrificial bioink. The authors demonstrated the bulk vascular-
ized tissue function by creating a perfusable cardiac tissue
that can fuse and beat synchronously over one week. Branched
hierarchical vascular networks were endothelialized with
HUVECs and enclosed in a compacted tissue construct. The
main limitation was that to maintain high fidelity, the dia-
meter of the sacrificial filaments needed to be ~400 pm, twice
the size of the spheroids.’® Since the sacrificial materials
involved no cell, a high fabrication resolution could be
achieved. However, the post-fabrication processes involving
matrix removal and endothelial cells settling due to gravity
were complicated and time-consuming, affecting cell viability
within the tissues.®® High-quality vascular networks need the
encapsulated cells to have the same activities as their native
counterparts. Integrating multiple cells within the vascular
networks is necessary to achieve vascular functions. FRESH 3D
bioprinting has already made it possible to print multiple
types of cells simultaneously at a clinical size scale.

4.2. Large-scale tissue scaffolds

3D bioprinting of large-scale tissue scaffolds has been a chal-
lenge due to the structural complexities present while printing

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Vasculatures using embedded extrusion printing, (B) angiogenesis models using fugitive/sacrificial bioinks, (C) a review of different struc-

tures and slurry materials used in FRESH strategy, (D) a FRESH-printed perfusable full-size coronary artery (i), 3D scan of the human heart (ii), the
model is segmented to isolate a region of a coronary artery superimposed on the left ventricle wall (iii), coronary artery was further processed to
make the artery lumen hollow (vi), coronary artery segment in alginate with a needle inserted at the proximal end (v), coronary artery segment after
perfusion with red glycerol demonstrating patency through the bifurcation (vi), a full-size adult human heart model and stained with a 0.1% (w/v)
Alizarin red (vii), alginate heart (not stained) handled in the air to show that the model deforms similar to a real heart (vii), and sectioning the aortic

valves to show the resolution (viii), the scale bar is 1 cm (adapted from ref. 45 with permission from American Chemical Society, copyright 2020).

in a layer-by-layer fashion. It is often challenging to print
complex tissues or organs encompassing geometrical features
such as branches, thin walls, and overhangs, as most hydro-
gels used as bioinks in bioprinting are too soft to provide ade-
quate self-support.®® To address this issue, the FRESH method
can be used to provide a sacrificial support matrix to assist
with extrusion. For example, Kang et al. used polycaprolactone
(PCL) and Pluronic-F127 as the framework and sacrificial
printing material, respectively, to support the printing of cell-
laden composite hydrogels into complex human-tissue-scale
constructs such as those for mandibles and ear cartilage.””
Biomimetic models such as human femurs are FRESH
printed in alginate microparticle matrix (Fig. 4Ai,ii). The
printed femur under uniaxial tensile testing demonstrates the

This journal is © The Royal Society of Chemistry 2024

ability to be strained up to 40% and elastically recover compar-
able to the natural femur (Fig. 4Aiii).® FRESH also enables
printing a wide variety of low viscosity bioinks, such as col-
lagen and decellularized ECM (dECM), which are necessary for
the functional maturation of soft tissues.®” Lee et al. used col-
lagen bioink printed in shell layers to support the deposition
of a high-concentration (3 x 10® ml™") cardiomyocyte sus-
pension. They fabricated a cellular contracting model of the
heart’s left ventricle."® Noor et al. printed a miniaturized cellu-
lar heart model containing the major blood vessels by printing
dECM-based bioinks in a hybrid support medium of calcium-
alginate nanoparticles and xanthan gum.*?

Bliley et al. FRESH 3D bioprinted a heart tube collagen
bioink into a gelatin support matrix (Fig. 4Bii and iii) and cast

Biomater. Sci., 2024, 12, 4506-4518 | 4513
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Fig. 4 Biomimetic models: (A) (i) a human femur model from 3D CT data is FRESH printed in alginate microparticle matrix, (ii) and after removal
from the support matrix, it closely resembles the model and is easily handled, (iii) and uniaxial tensile testing of the printed femur demonstrates the
ability to be strained up to 40% and elastically recover (adapted from ref. 58), (B) (i) isometric view of a linear heart tube model which is FRESH
printed with collagen bioink into a gelatin support matrix; (ii and iii) the bioprinted hollow tube is placed in a PDMS cavity, (iv) then casted with cardi-
omyocytes and fibroblasts in a collagen mastermix, (v) the cast compacts after collagen polymerization, (vi) max intensity projection of heart tube
surface shows cardiomyocytes positive for sarcomeric < actinin (red), actin (green), and DAPI (blue) > (inset: 2.5 mm), (vi) magnified images of the
heart tube surface showing densely interconnected and striated cardiomyocytes (inset: 20 pm) and relative calcium fluorescent intensity with
regular beating rate of the tissue at 1 Hz stimulation, (viii) fluorescent beads are displaced after tissue contraction at diastole and systole (scale bar:

300 pm, adopted from ref. 88 with permission from IOP Publishing, copyright 2009).

cardiomyocytes and fibroblasts in a collagen master. The heart
tube showed densely interconnected cardiomyocytes and rela-
tive calcium fluorescent intensity at the center of the tissue
with regular beating rate and tissue contraction at diastole and
systole (Fig. 4vi and viii), demonstrating how the FRESH-3D-
bioprinted heart tube can pump fluid similar to a heart
muscle.®® Integrating a vasculature system that supplies essen-
tial nutrients and oxygen to the cells while removing metabolic
waste is a major hurdle in the bioprinting of large-scale tissue
scaffolds. Lewis et al. developed a sacrificial printing strategy
of simultaneously printing cell-laden bioink and sacrificial
bioink to create a vascularized tissue.®* Another strategy has
been the omnidirectional bioprinting technique in a suspen-
sion matrix. More biomimicry has been achieved as it enables
layer-by-layer deposition of the bioink. FRESH 3D bioprinting
is a cell-compatible platform to produce complex three-dimen-
sional geometries using cell-laden bioinks. Several challenges
persist when cellularizing a tissue construct at full organ size.
The first hurdle is the long duration of the printing process,
where some models take more than four days to complete. The

4514 | Biomater. Sci, 2024, 12, 4506-4518

next challenge is the cost of biomaterials and the requirement
for culturing billions of cells for the cell seeding process.

5. Future directions

There is a current trend to use embedded extrusion 3D bio-
printing methods to create non-temporary matrices. There is a
need for crosslinkers that can work with various bioinks.
Hull et al.®® created bioinks where polysaccharides, protein,
and manufactured spine polymers were utilized to form
bioinks crosslinked by a common “click chemistry” where
numerous materials can be printed together to create a bound-
together scaffold (see Fig. 1B). Physical crosslinking can
include the addition of metal ions or photoinitiators to the
bioink solution, applying electromagnetic fields or stress/
force, and controlling temperature. For example, in collagen, a
gelatin matrix is supplemented with a zwitterionic buffer,
HEPES, allowing for crosslinking the extruded collagen
material while supporting cells in the bioink.*” The tempera-

This journal is © The Royal Society of Chemistry 2024
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Table 4 Future directions in embedded extrusion 3D bioprinting

View Article Online

Review

Future direction Description

Expected impact

Advanced materials
development

Developing bioinks with high resolution and biocompatibility, as well as
crosslinkers that can work with various bioinks to create non-temporary

Enhanced precision and cell
viability in printed tissues

matrices and support bath for FRESH bioprinting

Enhanced printing
techniques

Implementing multi-material printing and merging different types of
extrusion and stereolithography based techniques with FRESH bioprinting.

Creating more complex and
functional tissue constructs

Moreover, utilizing automation and Al for precision and efficiency

Optimization of sacrificial
support matrices

biofabrication
Scalability and Scaling up production and establishing regulatory standards for clinical
standardization grade bioprinting of thick tissues and organs

ture of the support matrix is then raised to 37 °C for thermal
crosslinking as an additional condition for accelerating col-
lagen polymerization while melting away the support gelatin
matrix.

Another form of physical crosslinking is photocrosslinking.
An excellent example of photocrosslinking is via creating the
photopolymer GelMA with an ideal concentration of GelMA
5-15% (w/v).”" The gelling/liquefying points identified are
24 °C and 26 °C for 5% and 10% GelMA solutions, respectively.
To address the issues of long gelation time and poor mechani-
cal and degradation properties of GelMA, the FRESH 3D bio-
printing method can be used to directly bioprint GeIMA into
the support matrix. This is followed by photo-crosslinking
under UV light, enabling the fabrication of complex 3D con-
structs.”” The support matrix is illuminated with UV light,
which crosslinks the extruded photosensitive biomaterial held
within the matrix. An optimal threshold or balance exists
between the degree of crosslinking and the resulting structure.
A low degree of crosslinking may cause the bioink to disperse
within the matrix.

A high degree of crosslinking may cause blockage in the
extruder needle, preventing the material from being printed.
Some of the crosslinking methods may have effects on cell via-
bility and behavior in bioink. Photocrosslinkers such as UV
irradiation may provide the added advantage of sterilization by
killing micro-organisms, but exposure to light irradiation or to
free radicals generated from photoinitiators can increase the
risk of phototoxicity or DNA damage and thus can influence
the functionality of the cell-laden printed construct.”® The
matrix is translucent, and the size of the support matrix and
the printed structure will affect the amount of UV light pene-
tration. The UV light source is generally placed outside the
support matrix. This means not all matrix parts will receive the
same amount of irradiation, further affecting cross-linking
quality during printing. Other limitations include the non-
uniform mixing of the supplemented crosslinkers in the
gelatin matrix, which may cause non-uniform crosslinking of
the printed structure. Table 4 summarizes some future direc-
tions in developing embedded extrusion 3D bioprinting.

Embedded extrusion can include other methods, such as
the hierarchical assembly of silk fibroin in 3D macroscale
architectures with inherent biocompatibility, mechanical

This journal is © The Royal Society of Chemistry 2024

Fine-tuning rheological properties and developing biodegradable matrices
with predictable Brigham plastic flow behavior especially for in vivo

Improved support during
printing and in vivo applications

Wider adoption and clinical
application

robustness, and desired geometry. Mu et al. tweaked the com-
position of salt ions (0.5 M of dipotassium phosphate and 4 M
of sodium chloride) in an aqueous bath to direct silk fibroin
assembly. The salt bath recapitulated native spinning solvent
conditions, including dehydration, acidification, and ionic
gradients.”*°® This method allowed for monolithic protein
composition and improved mechanical performance resulting
from the salt-directed hierarchical molecular assembly.
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