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Abstract:

Bioinks are employed in the fabrication of 3D scaffolds containing cells and macromolecules that
can be applied in regenerative medicine. The use of such bioinks facilitates the controlled
introduction and localization of macromolecules, bioactives and cells for the biofabrication of living
tissues. To enable the successful preparation of the bioinks, strategies involving the use of so-called
cross linkers, which may be ionic, chemical, photo- etc. based, are employed. Some of these
strategies such as the use of glutaraldehyde as a crosslinker or harsh crosslinking conditions may
however compromise the cytocompatibility of the bioink. To circumvent this challenge, the
employment of click chemistry technology has been proposed. This is because, click chemistry can
enable the preparation of well-tuned bioinks in the absence of problematic cross-linkers, while
ensuring that favorable gelation rate, degradation rate, and cell viability properties of the bioinks
are not compromised. Indeed, the bio-orthogonal nature of click chemistry has been suggested to
enhance the maintenance of high cell viability in scaffolds. In this regard, the current study explored
the potential of using different click chemistries in specific bioprinting techniques. Major bioinks
produced using click chemistry were also identified, with existing challenges and future trends
discussed. It is anticipated that this review will be invaluable to the tissue engineering field by
providing an important resource for bioengineers and a basis of future decisions regarding the
selection of the preferred click chemistry for specific bioink functionalities.
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1. Introduction

In recent years, tissue engineering and regenerative medicine have become important strategies
to treat human organ damage and loss of function caused by injury, disease, or surgery '. With the
rapid development and application of 3D bioprinting technologies, including extrusion,
stereolithography, inkjet printing, and laser-assisted printing, it is becoming possible to realize and
improve tissue structure, printed both in vitro and in situ 2. The combination of cells, biomaterials,
and growth factors during 3D bioprinting, could enable the accurate fabrication of desired constructs
3.4 The desirable properties of the bioinks employed in the fabrication of the constructs include
good biocompatibility, appropriate mechanical properties and chemical signals to promote tissue
regeneration 33

Bioink is an important part of bioprinting, and could be composed of cell-loaded biomaterials,
bioactive factors, or biomaterial mixtures and employed in the fabrication of biologically active and
functional 3D tissue structures'. Cell activity, viability and stability of growth factors are key
properties to ensure the effective combination of cells and scaffolds in the 3D constructs. In this
regard, bioinks should have suitable viscosity, cross-linking performance, printability,
biodegradability, and biocompatibility, and they can provide growth environments similar to the
extracellular matrix (ECM) for cells in the printing process ®®. During the printing process, the
bioink solution is cross-linked to form a gel with a 3D structure, which physically binds and protects
the suspended cells from damage and hostile external conditions. Crucially, however, the use of
crosslinker may affect the mechanical properties, physicochemical properties, and cell behavior of
loaded cells °. The harsh crosslinking conditions have negative effects on cytocompatibility. For
example, the extended UV, high polymer concentration (15-20wt%), restricted temperature range
(15-20°C) significantly decrease the rate of cell migration'%!2. Additionally, the use of some
synthetic cross-linking agents such as carbodiimide, poly-carboxylic acids etc., have been reported
to have limitations such as low biodegradability and low biocompatibility '3. An approach that
limits or avoids the use of such crosslinkers is therefore required, with the application of click
chemistry widely proposed in this regard.

Click chemistry is a bio-orthogonal reaction that can be performed without crosslinking
reactions of functional groups. Bioinks can spontaneously form a hydrogel based on click chemistry
without the need for templates and linkers. Click chemistry can also improve the flexibility and
versatility of bioinks and aid the design of hydrogels with controllable gel formation times,
mechanical properties, and degradation 4 13,

Herein, we begin by exploring the types of click chemistry and application of click chemical
reactions for 3D bioprinting technology and bio inks. The specific bioprinting techniques and the
bioink prepared using click chemistry were then extensively discussed with the limitations of the
click reactions employed in the preparation of the bio inks, highlighted. Finally, this paper discusses
the future application and potential of click chemistry in bioink preparation with special emphasis
on the progress, challenges, and opportunities in using click chemistry reactions for 3D bioprinting.

2. Click chemistry

Inspired by the synthesis of biological molecules in nature, click chemistry focuses on the
efficiency, spontaneity, selectivity, and modularity of chemical reactions. It can synthesize various
molecules via splicing or dynamic combination of small units in a short time. Under the strict control
of technical requirements, click chemical reaction refers to a chemical technology that utilizes active
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reactants to ‘link” molecular substances or components based on C-X-C bond, under mild reaction
conditions '® 7, It has several advantages, such as the availability of raw materials, insensitivity to
water or oxygen, fast reaction rate, easy separation of products, and high yield. In this section,
common click chemistry reactions in the field of 3D bioprinting are therefore introduced in Figure
1 and discussed in the subsequent section.
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Figure 1. Summary of click chemistry employed in 3D bioprinting

2.1 Azide-alkyne cycloaddition reaction

Azide-alkyne cycloaddition reaction, known as CuAAC reaction, occurs between the azide and
alkyne groups catalyzed by copper. This reaction was firstly reported by Arthur in 1983 and was
established as an important class of reactions by Huisgen et al '®. Here, the alkyne group acts as a
dipole, and the azide acts as 1,3-dipole. The alkyne group retains its stability under most conditions
and can be deprotonated to form highly electrophilic Cu(I) acetylide in CuAAC reactions '°, while
the Azide group is easily activated when combined with the Cu(T) alkyne complex !°. Unlike other
click reactions, the CuAAC reaction mechanism involves the transient formation of super reactive
coordination complexes catalyzed by clusters of Cu(I) atoms 2°. These Cu(I) clusters rapidly react
to form aggregates to achieve gelation 2'. However, copper ions can be toxic to cells since they can
promote oxidation leading to cDNA degradation, polysaccharide denaturation, and protein

denaturation 2% 23

. For example, neuronal oxidant damage produced by copper may trigger
neurodegenerative diseases, Parkinson's disease, and Alzheimer's disease 2. Long-term exposure to
high levels of copper (II) can accumulate and cause damage to the liver and kidney, along with an

imbalance in cellular processes 2°



The cross-linking density can be adjusted by variation of azide: alkyne molar ratio in pre-
functionalized biopolymers 2. For instance, hydrogels synthesized by alkyne-modified chitosan and
azide-modified dextran, at varying azide: alkyne molar ratios from 1:0.5, 1:1, 1:1.5, to 1:2, showed
a positive correlation between the increasing crosslinking densities and increasing molar ratios of
azide to alkyne group.

The gelation time can also be tuned by varying the molar ratio of azide: alkyne and catalyst
concentration. In the presence of copper (I) catalyst, the gelation time of cellulose derivatives
bearing azide and alkyne moieties was between 55 s and 1594 s. Moreover, the gelation time
depends on the degree of functionalization and the concentration of copper (I) catalyst. For instance,
it was reported that the increase of copper concentration, from 5 to 10 mmol/L, increases the gelation
rate of the mixture by a factor of 20 27. The gel point and complete gelation of alkyne-functionalized
PEG were detected after 13.5 min and 17.5 min, respectively. Without the reaction of Cu(I), the
gelation kinetics was slow, and the gelation point was about 26.5 min 28, The reason for the kinetics
difference is the nucleophilic activation of the alkynes, which is produced from the Cu-ligand (L)
complex 2!,

The cross-linking function of CuAAC is stable, and the degradation performance of the cross-
linking scaffold depends on the intrinsic degradation characteristics of polymers. For example,
hydrolytic stability of hydrogels synthesized with alkyne functionalized gelatin and PEG-diazide
crosslinkers have been reported to retain stability for > 7 weeks at 37 °C 2. Another study reported
that PEG with spiropyran groups hydrogels, synthesized via CuAAC, remained stable for 2 weeks,
after being implanted 3°. PEG-PTMC (poly(trimethylene carbonate )) hydrogels formed with
CuAAC prolonged the degradation time of PEG hydrogels under the same conditions, from 1 to 8
days 3!. CuAAC chemistry reaction can be utilized in 3D bioprinting, such as extrusion printing for
immobilization of bioactive molecules®?, and inkjet printing for modification in mesoporous silica
particles to tune microdot arrays>>.

2.2 Strain-promoted azide-alkyne cycloaddition,

Strain-promoted azide-alkyne cycloaddition (SPAAC) was initially reported by Bertozzi et al.,
in 2004 34, This biological orthogonal reaction is driven by the high tension of active cyclo-alkynes,
which can produce a chemical region-selective click reaction without a copper catalyst. As a
catalyst-free biorthogonal chemical reaction, SPAAC has good biocompatibility, proceeds
effectively in a mild reaction environment, and effectively forms a crosslinked triazole 3% 3,
Although the reaction rate constant of SPAAC (0.01~1 M-!s™) is lower than CuUAAC (10~200 M-'s-
1) 36,37 it can still achieve rapid gelation for 3D bioprinting applications by combining other
crosslinking strategies. For example, the synthesis of hydrogel with cyclooctyne-functionalized
PEG and azide-functionalized PEG, was reported to have a short gelation time of 5 min®®. By mixing
the azide- and monofluoro-substituted cyclooctyne (MFCO)- PEGs to fabricate PEG-based
hydrogels, the gelation time was determined to range from 8-120 min. Moreover, the gel time varied
with changes in the different polymer concentrations 3. It was also reported that when SPAAC and
non-covalent ionic bonds of Ca?" and bisphosphonate groups, where combined, the PEG-based
macromers gelled rapidly (i.e. < 60 s) 0. This rapid gelation rate facilitates the application of
injectable hydrogel formulations to repair tissue defects.

Since there is no copper catalyst involved in the reaction, SPAAC effectively avoids
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cytotoxicity and is suitable for cell encapsulation in the hydrogel. According to the literature, PEG
precursors (PEG-AZ and PEG-MFCO) and unmodified PEG have similar properties, such as little
toxicity and cell viability of >85% 3°. However, the cell viability of hydrogels formed by PEG-AZ
and PEG-MFCO through SPAAC is higher and maintained at 95%, even after a 16 h incubation *°.
Thus, bone marrow stromal cells encapsulated in poly(ethylene glycol)-co-polycarbonate hydrogels,
prepared with SPAAC click chemistry (about 10° cells mL™"), were reported to present higher
cellular viabilities than those encapsulated in photo-cross-linked hydrogels *'. Lee et al. +
determined that keratinocytes diffused and formed a confluent layer on the surface of SPAAC cross-
linked collagen gels, whereas this phenomenon was absent on non-cross-linked gels 4. In addition,
keratinocytes coverage areas on the SPAAC crosslinked gel surface (>95%) were higher than non-
cross-linked gels (< 50%).

SPAAC reaction can be used to prepare UNIversal Orthogonal Network (UNION) bioinks
since the SPAAC reaction can graft bioorthogonal groups onto the polymer backbone and modify
the cross-linker molecules. The crosslinking agent molecules diffuse into the bioinks, and SPAAC
crosslinking reaction occurs to enable the crosslinking of the hydrogel, without loss of
biocompatibility #*. The UNION bioink was reported to enable the maintenance of good viability
and functional expression when employed in the encapsulation of human corneal mesenchymal
stromal cells (c-MSCs) and human-induced-pluripotent stem cell-derived neural progenitor cells
(hiPSC-NPCs) 4.

2.3 Diels-Alder reaction

Diels-Alder is a cycloaddition reaction between a conjugated diene and alkene/alkyne, in which
the cycloaddition products are fabricated by the overlap of two molecular orbitals 4. They are the
highest occupied molecular orbitals of the diene 4= electrons and lowest occupied molecular orbitals
of the dienophile 2x electrons, respectively . The formation of ¢ bonds drives the reaction because
it has better energy stability than  bonds. The [4+2] cycloaddition reactions between electron-rich
dienes (cyclopentadiene and furan derivatives, etc.) and electron-deficient dienes (maleimide
derivatives, etc.) form a stable cyclohexene compound #. Diels-Alder chemistry reaction usually
proceeds at moderate reaction conditions without a metal catalyst. The reaction is thermal reversible
between a diene and a dienophile, and the synthesized polymer is decomposed into the original
monomer when heated 4. The Diels-Alder reaction has high reaction efficiency, especially in water,
since the reaction rate was reported to be up to 10* times compared to the rate in organic solvents 47>
48 The bioink formed by the Diels-Alder reaction exhibits good shear thinning, excellent printable
performance, and long-term stable shape fidelity *°. For instance, the PEG crosslinking bioink
modified by Diels- Alder reaction maintains the mechanical properties of the printed constructs and
effectively improves cell viability (90-95%) 3. For the hydrogels formed with Diels-Alder adducts
and hydrazone bonds, the adjustment of viscoelasticity is accomplished by changing the ratio of two
types of crosslinks. Hydrazone crosslinks displayed dynamic properties and a short lifetime (in the
order of ~800 s). This makes the resulting hydrogels easy to process during the first stage of gelation.
The Diels-Alder cross-linking also enhances the mechanical strength and structural stability of the
hydrogel network. Hence, these hydrogels are suitable for extrusion-based 3D printing °'.



2.4 Thiol-ene reaction

Thiol-ene chemistry is carried out by a stepwise growth polymerization mechanism, containing
three steps®2. Firstly, the thiyl radical is added to the carbon of ene group. Secondly, the hydrogel of
the thiol group is extracted by the carbon radical and then transferred to thiyl radical. Lastly, the
reaction is terminated by radical coupling.

Thiol-ene click reaction enables the formation of the covalent bond between thiolated (-
SH/thiol) molecules and alkene (C-C double bond) groups with the “ene” groups containing vinyl,
allyl, and norbornene 3. This reaction products have low volumetric shrinkage, less sensitivity to
oxygen>*, and fast reaction kinetics *°. If there are some compounds with different groups, a
heterogeneous polymer network will be formed ¢. Thiol-ene can be carried out in a mild
environment to obtain highly biocompatible hydrogels. Some natural and synthetic polymers can be
functionalized with thiol or ene groups, such as hyaluronic acid (HA), gelatin, alginate, and
polyethylene glycol.

Photoinitiated thiol-ene chemistry is a well-suited technique for handling compounds that
require a low/oxygen-free environment for efficient cross-linking. It is an efficient, orthogonal
chemical reaction with good oxygen resistance and relatively fast kinetics, and can form a
homogeneous hydrogel network > 38, These properties make the thiol-ene reaction suitable for
bioprinting. Since the thiol-ene click reaction follows the base catalysis mechanism, the reaction
process is characterized by fast gelation speed and controllable gelation time. The gelation time
varies from 18 s to 2 min depending on the pH, molar ratio, and polymer concentration conditions
%, The homogeneous network hydrogel via thiol-ene photo-crosslinking provides a suitable
environment for cell encapsulation. For instance, the keratinocytes loaded onto a thiol-ene produced
hydrogel enabled the formation of a compact, dense, skin-like epidermal layer %°. Additionally,
hMSCs encapsulated in thiol-ene cross-linked hydrogels achieved proliferation and diffusion within
one day®!. This is because reason thiols can adjust the stress relaxation of the crosslinked network
structure such that excess free thiols react with thioesters in the linker through transesterification
reaction to generate new thioesters and release thiolate. This pathway for the generation of new
thioesters and release of thiolate accelerates the stress relaxation rate of the cross-linked structure

and adjusts the viscoelasticity. This relaxation ability also allows the cells to spread through the gel.

2.5 Thiol-Michael reaction

In the 1960s, Allen, Fournier, and Humphlett first reported the thiol-Michael addition reaction®?.
This reaction involves heteroatomic donors of thiol and electron-deficient enes. During the reaction
process, a thioester bond is formed by the addition of the thiol group to the double bond of vinyl
sulfone, acrylate, or maleimide . The formation of a side reaction disulfide bond promotes the use
of protective groups. As a high-efficiency and modular click reaction, the thiol-Michael addition
reaction is performed in mild, solvent-free conditions %, with the reaction rate of Michael addition
related to the electron deficiency of the acceptor %7, Increasing the concentration of the thiolate
anion and pH enhances the gelation and storage moduli % . Different groups can be utilized to
modulate gelation in thiol-Michael addition click reaction. The gelation time of poly(N-
isopropylacrylamide) (PNIPAAm) hydrogels fabricated by thiol-vinyl, poly(ferrocenylsilane)-PEG
based hydrogel prepared with thiol-acrylate, and dextran-PEG hydrogel crosslinked with thiol-
acrylate is 25-40 s, 60 s, and 22-50 s respectively 772, Thiol Michael addition reaction has been
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applied in crosslinked hydrogel synthesis for cell encapsulation. For instance, PEG crosslinking
bioinks formed by thiol-vinyl sulfone were reported to have a larger printable range than that of
PEGX-ACR, with the viability of encapsulated cells ranging from 90~95% . Furthermore, the
storage modulus of bioinks formed via the Thiol-Michael reaction, in the weak phase, is ~350 Pa,
which is larger than the storage modulus of PEGX-gelatin bioinks 73. Hyaluronic acid (HA)
modified with thiol groups (HA-SH), and poly (ethylene glycol) (PEG) functionalized with
vinylsulfone (PEG-VS) were crosslinked to form 3D network hydrogels within 14 min, via thiol-
Michael addition reaction 7. The chondrocytes were homogeneously dispersed into the hydrogels
and showed increased adhesion and proliferation of human fibroblasts cells. These features enable

Michael addition chemical reactions to be used in tissue engineering for novel bioink applications.

2.6 Oxime click reaction

The oxime click reaction, containing similar orthogonal functionalities, occurs between an
aldehyde or ketone group and aminooxy or hydrazide group. The formation of oxime bonds does
not require catalyst, UV, or a high temperature, and has been reported to have a high reaction rate
and chemoselectivity, with water constituting the only byproduct 7> 7. This allows the oxime
reaction to synthesize environmentally friendly and highly functional polymers. Moreover, the
dynamic characteristics of the reaction give the oxime group material reversible covalent properties
7. Compared to semicarbazone and hydrazone gels, oxime gel presents frequency dependence with
good viscoelasticity 78. These bioinks have good printability and form a stable grid structure. The
oxime bond formed by aminooxy under water conditions increases the stability of the hydrogel 7°.
After the functionalization of RGD adhesion peptide with a ketone, MSCs were encapsulated in
hydrogels cross-linked with oxime to determine cell viability. The results showed that cells survived
in the crosslinking process and proliferated. The disadvantage of oxime chemical reactions for
bioconjugation is the necessity of neutral pH conditions to reduce the possibility of the oxime

exchange reactions 'S.

2.7 Aldehyde hydrazide reaction

Aldehyde hydrazide reaction as a dehydration reaction that involves the bonding of aldehyde
molecules with hydrazide polymers without light irradiation, to form a hydrazone bond. This
reaction is simple, versatile, and without toxic end products with high reversibility. Compared to the
oxime reaction, the crosslinking network structure fabricated by hydrazone is more stable.

Aldehyde hydrazide click chemistry reaction is suitable for 3D bioprinting. The crosslinked
hydrogel prepared with aldehyde hydrazide reaction exhibits rapid gelation. The gelation time of
hydrazone crosslinked alginate-hyaluronic hydrogel is from 30 s to 5 min, and is determined by
polymer concentration and components %°. These hydrogels can support human pluripotent stem
cell-derived neuronal cell growth, and lowering polymer concentration is beneficial for neuronal
growth. Aldehyde-modified HA and carbohydrazide-functionalized gelatin enable the formation of
the hydrogel in seconds. The pore size of these hydrogels ranges from 15 pm to 55 pum, making it
suitable for the migration of endothelial cells 3'. These injectable hydrogels showed prolonged
degradation ranging from 1 day to 3 weeks in PBS at 37 °C, which is beneficial for inducing
angiogenesis ¥!. In addition, the hydrolytic degradability capacity can be adjusted at neutral pH
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values, and the time range is from weeks to months #2. Thus, the clearance rate of the printed scaffold
can be controlled.

Having explored the different click reactions, several limitations that may affect their utility in the
preparation of bioinks become apparent. For instance, the application of CUAAC chemistry in
practical 3D bioprinting can be limited by copper toxicity with structural heterogeneity due to poor
diffusion of copper in the bioink®. The application of the CuAAC may also be limited by poor
spatial and temporal control during fabrication. Toxicity concerns may also limit the applicability
of thiol-ene chemistry since there is a risk that the radicals employed to initiate the reaction are toxic
to cells that are encapsulated®®. The challenge of long gelation time may also limit the applicability
of Diels—Alder and CuAAC click reactions for cell encapsulation. For the photo initiated click
chemistry (i.e., thiol-ene) there may be a reduction in the reduced biocompatibility of the bioink
when a UV-sensitive initiator is used *.

3. 3D bioprinting techniques

Three-dimensional (3D) bioprinting, deriving from additive manufacturing, has been
developed significantly over the past decade. These strategies provide the application foundation
for tissue engineering and regenerative medicine. It involves 3D printing technology, cell biology,
material science, and other disciplines. Generally, biomaterials used for 3D bioprinting have the
ability to load biomolecules and living cells 3. During bioprinting, units with micrometer accuracy
can fabricate target products through depositing bioinks onto the platform. Owing to printing and
deposition of living cells, 3D bioprinting has some advantages compared with traditional printing,
such as precise control of the cell distribution and cell deposition with high resolution #. In general,
3D bioprinting process is divided into three steps: (1) acquire the information of the desired area
and structure from the medical images, including magnetic resonance imaging (MRI) or computed
tomography (CT) %, and then design the 3D model using CAD software; (2) choose the appropriate
bioprinting process for different bio-inks, such as cells, growth factors; (3) post processing. Form
connections between dispersed cells, and then obtain certain functions of tissue or organ with some
methods 3. In this section, the 3D bioprinting strategies related to click chemistry are discussed
(Figure 2 and Table 1).
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Figure 2. schematic illustrations of bioprinting techniques. (A) extrusion bioprinting. (a) pneumatic,
(b) Piston-driven, and (c) screw-driven dispensing method. The three driving forces are air pressure,
mechanical displacement, and rotation to drive the continuous flow of biomaterials through the
nozzle ¥. (B) inkjet printing method. (a) The thermal printing head uses a heating element to
increase the local temperature and generate bubbles to drive the droplets through the nozzle. (b)
when a piezoelectric head is used with a material, the shape of the material changes and is pushed
out under the voltage 7. (C) stereolithography bioprinting. (a) conventional stereolithography, (b)
Continuous liquid interface production %8,

3.1 Extrusion bioprinting

The extrusion bioprinting technique has a wide range of selectivity for cells and materials with
the ability to disperse highly viscous bio-inks with high cell density. The extrusion bioprinting
system forms 3D structure of layer-by-layer fabrication via continuously squeezing bio-inks through
nozzles %°. The typical extrusion bioprinting system has four components. (1) Dispensing head. It
consists of a syringe or cartridge carrying bioinks and can control temperature. (2) Positioning
system. It moves the dispensing head along the X, Y, and Z directions, and controls the accuracy of
arriving at the target position. (3) Printing platform. This platform controls the position and
temperature. (4) Computer. The computer can adjust the relevant parameters, involving the position
and temperature. At the beginning of printing process, the bioinks are loaded into syringe or
cartridge. Then, the bioinks are extruded through the nozzle under the drive of pneumatic or
mechanical to form continuous filaments. That is arranged on the platform following the
predetermined trajectory. Finally, the desired model is obtained through layer-by-layer
construction®.

Generally, there are three driving modes for extrusion bioprinting, which are pneumatic driven,
piston driven, and screw driven respectively. The principle of pneumatic driven is to use compressed
sterilized air as a driving force to dispense liquid. And the viscosity of the bioinks plays a vital role
in the printing process. Due to its shear thinning property, hydrogels can remain filament state after
extrusion. This shows that hydrogels with a wider range of viscosity can work sufficiently with a
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pneumatic drive system. The disadvantage is that the deposited mass is difficult to accurately control.
In piston driven system, the guide screw connects the piston and motor. During the operation, the
rotating motion of the guide screw drives the pistion to achieve linear movement, so as to extrude
the bioinks from the nozzle to form a filament. This system is suitable for high viscosity biomaterials
due to mechanical force driving. Screw driving is also a mechanically driven system. It is similar to
the piston-driven system in that the screw is used to connect the motor and extrude bioinks without
compressed air. This system provides higher pressures than piston driven system and is suitable for
biomaterials with higher viscosities. Extrusion 3D bioprinting has several advantages, such as good
flexibility, versatility, high printing speed, and easy operation. Nevertheless, cell deformation and
even apoptosis induced by shear stress during extrusion are the main disadvantages °'.

Extrusion bioprinting fabricates the persistent filaments under continuous extrusion pressure
to provide well-defined structural integrity. Therefore, this technology is used to form some viscous
biomaterials and cells with different densities®?>. Bioinks with viscosity ranging from 30 mPas to
6x107 mPa-s and high cell densities (>10% cells/mL) are suitable for extrusion bioprinting, which
follow non-Newtonian fluids®* 4. Bioinks with high viscosity provide structural support for printed
tissues/organs, however the higher shear stress is harmful to encapsulated cells®. In contrast, low
viscosity bioinks provide cellular bioactivity for the target product and minimize nozzle-clogging,
but cannot retain shape following extrusion leading to poor feature definition®® *’. Its viscosity will
decrease when subjected to deforming forces during the extrusion process. The relationship between
steady-state viscosity () and shear rate (y) of bioinks is characterized by fitting the power law
equation ( = Ky ™ 1) and derived values of consistency index (K, defined as the viscosity when
the shear rate is 1s”') and shear-thinning index (n, also referred to flow behavior index)®®. The
printability of bio-ink depends almost entirely on its shear thinning coefficient. For hydrogels of
alginate, chitosan, xanthan gum (XG@), kappa-carrageenan (kCA), gelatin, and gelatin methacrylate
(GelMA), they shear-thinned with n <1%°. After adding nanoparticles, the shear-thinning behaviors
is changed, and the n decreases from =1 to =0.5, leading to retain the desired shape after printing'.
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Figure 3. The design and microstructure embedded by cells of photoclickable pectin bioinks. (A)
The diagram of the synthesis of norbornene-modified pectin. (B) Bioprinting process contains
bioink preparation, the adjustment of rheological properties of bioinks, and the photoinitiated thiol-
norbornene reaction. This post-processing process occurs between the norbornene group and the
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cysteine cell--adhesive peptide. (C) confocal images of cell morphology and ECM deposition in
hydrogels, including fibronectin (red, Ci) and collagen type-I (red, Cii). The green and blue areas

represent the F-actin and nuclei. '%!
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Extrusion printing requires the filament to be able to maintain the stability of the pre-designed
micro/ structure during the whole printing process. The microbalance between the bioink viscosity
and the filament rigidity is necessary for keeping the cell active and functional. It prevents cell
membrane damage. According to research findings, the thiol-ene chemistry between thiol-modified
peptide and norbornene-modified pectin offers precise regulation of hydrogel stiffness and
microstructure (Figure 3) '°!. Matrix stiffness plays a major role in the cellular response of
proteinase-degradable 3D hydrogels and controls biochemical and mechanical properties. During
the reaction process, norbornene moieties supply rapid chain transfer power and relative
polymerization rate due to their high electron density ¢ 19> 193 Meanwhile, the addition of thiyl
radical to the double bond leads to the significant relief of ring strain and the higher hydrogen-
abstraction rate of thiol hydrogen by the carbon center radical '°2. Since norbornene-modified pectin
provides crosslinking and functionalization of post printing hydrogel, bioinks have a rapid curing
rate. In consequence, the microbalance can also be tuned during the gelation process. The stable
filament shape and printing resolution could keep the microstructure fidelity and avoid collapse,
thus promoting printing accuracy and structural integrity as demonstrated in the study by Daniel et
al ', In the study, gelatin modification was mixed with norbornene moieties (GeINB) and lithium
phenyl-2,4,6 trimethyl-benzoylphosphinate (LAP) photoinitiation into bioinks, and then the
influence of thiol-ene chemistry and LAP on extrusion bioprinting accuracy, was assessed '%4. It
was determined that for two sizes of nozzles, 18 gauge (838 um i.d.) and 20 gauge (6-3 pm i.d.),
GelNB-based bioinks could be extruded smoothly through two sizes of nozzles to form a regular
filament. On the other hand, GelMA based bioinks could be only extruded through the 18 gauge
nozzle to provide regular filament. During deposition, GeINB was crosslinked via thiol-ene click
chemistry. The storage modulus evolution was increased due to the addition of LAP and GeINB,
which improve photocuring kinetics and construct fidelity. During the printing process, some
parameters will affect the final structure, including temperature, extrusion pressure, speed, nozzle
diameter, movement speed, etc. %197, Changing the temperature condition can also be used to
adjust the rheological properties of bioinks to maintain the shape of the filament for microextrusion
printing. For instance, a 3.5% w/v GeINB-PEGdiSH showed gelation changes with temperature
variations. The sol-gel transition takes place at 15 °C with the transformation of gelatin molecules
from the coil to helix, and the gel-sol transition occurs at 37 °C, and the gel becomes liquid '%% 1%°,
For GeINB-PEGdiSH precursor, the storage modulus increases as the holding time increase due to
the formation of helical structures. When the temperature was 37 °C, the gelation time of 3.5% w/v
GeINB-PEGAdiSH precursor was about 420 s, and G’ stabilized within 40 min with a steady state
value of 130 Pa. Similarly, when the precursor solution was cooled to 4 °C and subsequently kept
at 15 °C, G’ stabilized at 150 Pa ''°. These results suggest that, although the temperature-induced
gelation process is time-dependent, the steady-state G’ of the precursor at equilibrium depends
mainly on temperature. The printability of this system depends on rheological properties and
printing temperature. By adjusting rheological properties with the change of temperatures, such as
viscosity, yield stress, and shear modulus, it can become a universal system for bioprinting.

Click bioconjugation method has been popularly utilized to bind biomolecules to modify
printed hydrogel. Combined with click conjugation, the heterogeneous hydrogel can be printed to
provide defined products. Alkyne and azide groups facilitate complete bioorthogonal reactions for
molecule binding ' 12, Ru(Il)-catalyzed click reaction has been utilized to conjugate alkyne-
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terminated poly(e-caprolactone) (PCL) and azide-terminated peptide !''3. These PCL-peptide
conjugates have good thermal stability (85-95 °C, 2h), such that M, and PDI have no significant
change. Thermal stability is an important factor in determining 3D printing of materials. Therefore,
PCL-peptide conjugates are suitable for biofabrication through melt extrusion printing. This strategy
successfully fabricated the heterogeneous scaffold with user defined spatial patterning of peptides
by characterizing multi-material segmented printing. Some valuable growth factors or bioactive
molecules are important for scaffolds !¢, In the click reaction, alkyne-azide cycloaddition, via
tethering these biomolecules to the scaffold, can be undertaken to achieve post 3D printing surface
modification. The process is as follows: functional molecules of bioinks, 3D printing, and functional
scaffold with active biomolecules via click reaction after printing. Matthew L. Becker et al 32
covalently fixed osteogenic growth peptide (OGP) or bone morphogenic protein-2 (BMP-2)
peptides on poly(ester urea) (PEU) scaffolds through CuAAC post printing 32. Before printing, the
tyrosine monomers were modified by propargyl, and azide-peptides were synthesized, which were
then used to attach peptides to PEU for post-3D printing. During filament production and extrusion
printing, the structure of propargyl was retained. The results showed that PEU scaffolds
functionalized with OGP and BMP-2 peptides improved #AMSCs osteogenic differentiation.

3.2 Stereolithography bioprinting

Stereolithography (SLA) bioprinting is a nozzle-free 3D printing technology that achieves layered
curing by photoinitiation. Based on the principle of polymerization of ultraviolet photosensitive
materials, the liquid photosensitive polymers are selectivity solidified layer by layer, to build the 3D
models from the bottom up !'7. A complete SLA system includes fluid container filled with
photosensitive materials, light source (usually choose UV, visible light, or laser), control system for
controlling the movement of light beams in a horizontal movement, and platform that can move in
a vertical direction''®. The liquid photosensitive materials contain monomers, photoinitiators, and
additives.

The process of stereolithography bioprinting is as follows. Before printing, the appropriate
amount of liquid photosensitive materials were added to the fluid container. The platform is below
the liquid level, just one layer. According to the slicing layer of the software, the polymer solution
is rapidly solidified at the specific areas via a patterned UV/laser beam scanning the surface of the
liquid to form 2D patterns as the first layer. Then the platform moves by a defined layer height in
the vertical plane, and the liquid flows to this level, subsequently solidifying the second layer on the
top of the first layer!'® ", This process is repeated using layer-by layer, and the platform moves
stepwise until the whole model is printed to obtain a 3D construct. In the printing process, all the
complete patterns are projected onto the printing plane. Therefore, the printing process takes the
same time, even if the pattern is complex in one layer. This reduces the printing time of the whole
process, about less than 1h'?% 121, SLA has the characteristics of high spatial resolution ( < 100 um
120, 121) " excellent quality, rapidly printing speed (draw rate ~500 mm h'!?2), and the potential to
mimic and print the complex structures of tissues/organs. Curing kinetics can be adjusted by
controlling print paramenters, such as light intensity and exposure time. UV spectrum with
wavelength of 100-400 nm is usually utilized to achieve fast photocrosslinking!?3 24, The
accompanying problem is that it is difficult to fully crosslink the cell loading hydrogel within 30
seconds, and it usually takes several minutes. Prolonged exposure to UV light can trigger DNA
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damage '>> 12 or cell cancerization'?”> 128, Given these considerations, the light sources with
wavelength of 405 nm were introduced to implement fast crosslinking. The ultrafast crosslinking
process was achieved within 10 seconds, and obtained the hydrogel with 8 mm diameter exhibited
higher cell viability (over 90%)'?°. The drawbacks of stereolithography are cytotoxicity induced by
photosensitizers and the risk of cell damage, which limits its use.

Stereolithography approach assisted with thiol-ene click reaction can be utilized to develop a
prepolymer. This constitutes an effective pathway to keep the geometry with high resolution for 3D
printing. It is suitable for various polymer precursor systems, which are synthesized by polymer or
ceramics with appropriate treatment !3°. Photoresins produced by thiol-ene reaction is appropriate
to stereolithography, which forms a highly crosslinked gel and provides the opportunity to
functionalize the surface. For example, for poly(ethylene glycol) divinyl ether and pentaerythritol
tetrakis(3-mercaptopropionate), polymer initiated by the wavelength of 266 nm UV light has good
biocompatibility'3!. The solutions containing more than 2:1 thiol group result in the
functionalization of thiol groups on the surface, such as utilizing copper-catalyzed azide-alkyne
cycloaddition chemistry. The initiator-free stereolithographic method combined with thiol-ene
reaction has the potential to fabricate scaffold-like structures via 3D bioprinting. During the
prepolymerization process, there is no gelation phenomenon, which reduces the polymer inner stress
and compensates for the volume shrinkage. The cross-linking points are uniformly distributed in the
gel, resulting in a homogeneous network without defects. A. Hoffmann et developed three-
component thiol-ene material systems for stereolithography, that are two monomers (5-Vinyl-2-
norbornene and 1,10-decanedithiol) and one crosslinkers (1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione or glyoxal bis (diallyl acetal))!32. The results showed that prepolymer photo
resin of two monomers improves the mechanical properties. The elongation and elastic modulus of
the prepolymer with two monomers and crosslinker of 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione are 32.4% and 30.1 kPa respectively, which is higher than un-prepolymer.
The polymer with a crosslinker of glyoxal bis (diallyl acetal) has the same phenomenon. The
prepolymer has a higher elongation (19.1%) and elastic modulus (40.8 kPa) than the un-prepolymer.
In addition, prepolymerization is also suitable for the preceramic polymer. The infusible thermosets
are printed using preceramic polymer solution via photocuring. The Si-based preceramic polymers
with C=C bonds contain polysiloxane, polycarbosilane, and polycarbosilazane with side vinyl
groups'33. In the process of photocuring and printing, the free radicals produced by the cracking of
the photoinitiator initiate the reaction between the thiol group and alkene groups. Finally, rigid
infusible thermosets products with defined geometries are obtained. This method can be applied to
polymer derived ceramics, producing a ceramic structure with a smooth surface and fully dense for
the various fields.

Stereolithography printing enables crosslinking via free radical chain growth under photo
irradiation. The crosslinking of polymer molecules allows the liquid to solidify rapidly under the
irradiation of UV. For example, terpenes are an excellent choice for the manufacture of
photocrosslinked resin due to their double-bond characteristics. For five terpenes, limonene,
terpinene, geraniol, nerol and linalool, that have a thiol-ene reaction with pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) respectively!34. After irradiation of UV, these photo-crosslinked
polymers displayed elastomeric behavior. The strain at break of limonene with the treatment of
irradiation is 180%, linalool, nerol, and geraniol have similar fracture strain, from 92% to 110%"'34.

These strain properties are significantly better than current materials with the strain of 50% or
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less!*>137, The materials treated with this method have extremely low shrinkage (less than 1%),
which can be successfully used for microstereolithography 3D printing.

However, the uncontrolled polymer chain growth in free radical polymerization results in
networks with characteristic robust, brittle, highly shrinkage, and residual stress issues'*®. The

139 which limits

stereolithography materials also have low viscosity and elastic deformation
application. Thiol-ene photochemistry enables the creation of a crosslink network with little
shrinkage under a small dose of light 3. The molar volume change per reacted double bonds of
thiol-ene reaction is 12~15 mL/mol, which is much lower than the molar volume change of the
acrylate double bonds, 22-23 mL/mol 4% '#!_ The chain growth polymerization of free radical
between alkene and thiol control the network density and mechanical properties '%>. The
combination of stereolithography and thiol-ene chemistry can solve the incompatibility of oxygen-
inhibited for delamination. R. F. Shepherd et al., developed a rapid gel speed of thiol-ene, about ~3
cm/h, under the little photodosages, H, ~ 10 mJ/cm™ 33, The prepared materials with this strategy
have a wide range of mechanical properties, including elastic moduli (6 < E < 287 kPa), ultimate
elongation (48% < yur < 427 %), ultimate stresses (13 < our < 129 kPa), toughness (16 ~ 37 J/m?),
great fatigue resistance, and rapid autonomic self-healing (Figure 4). Hoyland et al., ' introduced
four-armed thiol pentaerythritol tetrakis (3-mercaptopropionate) to allyl modified poly(carbonate)
to form cured resin. The mechanical properties, such as Young's modulus (13.1 + 0.5 MPa), ultimate
tensile strength (3.0 + 0.1 MPa), and elongation at break (22.6 = 1.0%), are applicable to
cartilaginous tissues. After the cell culture 5 days, intervertebral disc cells have 100% survival rate
on the crosslinked network. A. Linnenberger et al., decorated polyethylene glycol dimethacrylate
(PEGDMA) with RGD, thiol-ene, and thiol-ene modified with RGD '#4. The cells patterned in thiol-
ene with RGD have the great viability and fuses in 4 days after encapsulation, which results in the
initial stages of multi-nucleated cells. Therefore, these hydrogels have good biocompatibility.
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Figure 4. Stereolithography based on thiol-ene photochemistry and its mechanical behavior. (A)
Stereolithography printer and thiol-ene reaction. (a) 3D construct is printed under patterned light.
(b) schematic diagram of the photopolymerization reaction. (B) mechanical properties of printed
objects. (a) data of tensile tests to failure. (b) cyclic tensile test with the ultimate elongation of 75%.
Kagome tower constructs under the compressive load of 5%6000 materials at F=0 N (¢), (d) 5%186
at F= 1N, (e) 5%6000 at F=1 N, (f) 2.5%6000 at F= 1 N. 138

In stereolithography printing, the poor solubility and poor reactivity of some photosensitive
polymers, limit the in-situ formation of biomaterials!4>. To circumvent this issue, two-photo
approaches combined with [2+2] cycloaddition can be used. The principle is to absorb two photons
simultaneously at the same point on a liquid photosensitive polymer, as one photon with two
wavelengths. Moving the focus solidifies the 3D structure without using liquid photosensitive
polymers to build a platform inside. The principle of maleimide reactivity in two-photo mode is that
the reactivity is determined by excitation of low absorbance transition, breaking up the formation
of donor-acceptor polymer '46. This showed the formally forbidden pathway of the [2+2]
cycloaddition chemistry. This technique achieves a resolution of up to 100 nm, which is the highest
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resolution among all 3D printing technologies '47.

3.3 Inkjet bioprinting

Inkjet 3D printing, as a non-contact printing form, is also the most commonly used method in
biological 3D printing. The operating principle is that ultrasound or heat drives bioink droplets to
be sprayed onto the defined position on the platform, and eventually build up a complete pattern via
layer by layer. The basic characteristic of this technology is microdroplet, high flux, non-contact,
and on-demand drop.

Generally, inkjet printing can be classified into two categories, drop-on-demand inkjet system
and continuous inkjet system. These two technologies can precisely deliver varieties of different
materials and cells to specific locations to build the complex and heterogeneous biomimetic
structures without contamination and ink waste. The diameter of inkjet head, about 50 pum, is similar
to a single nonadherent cell (10-30 um). The tiny droplets sprayed by the print head are the basic
forming unit of inkjet printing'“%. The volume of droplets generated by inkjet printing is 1-100 pL,
and the spread radius is 10-50 pum after dropping onto the platform!'4®, which is suitable for high-
precision localization of microscopic biological elements in digital patterns. The biomaterials used
in inkjet bioprinting require low viscosity'* to avoid nozzle clogging. Higher standards are also
required because fluid density and surface tension of biomaterials hinder their flow and droplet
formation. The recommended parameters for biomaterials for inkjet printing are as follows:
viscosity of 3~30mPa-s, the surface tension of 20~70mJ-m=2, and density of ~1000kg-m™> 4. An
important problem of inkjet bioprinting is that suspended particles larger than the diameter of the
nozzle orifice (~50 um) can cause nozzle clogging!’!, low viscosity prevents build-up, and low
strength. Bioinks loaded with cells must not exceed a specific cell density, p<<1x10° cells/ml'>2.
Because it has been shown that high cell concentration is directly proportional to viscosity. The
settling effect of biological cells will also lead to nozzle obstruction, resulting in the heterogeneity
of the printing structure'>3 154,

The molecules of bioinks are decorated to modulate the viscosity properties, resulting in a
stable image on the surface of the platform. Increasing the solubility enables the control of the
concentration of materials and, thus, the properties of the printed material. For some supermolecular
polymers, such as polyimide, the chain-folding limits the solubility and prevents the adjustment of
the concentration of printable material. Click cycloaddition chemistry has previously been adopted
to develop poly(ethylene glycol) with the chain-folding diimide residue '3°. Two chain folding
motifs are introduced into polyimides to improve the solubility. These orderly chain-folding
polyimides are highly soluble in chloroform and THF compared with random polymers '°°, with the
absence of the diol viscosity modifier considered as the main reason for the low viscosity. The 7-
electron rich polymer 15 and m-electron deficient polyimide 14 are successfully deposited via
piezoelectric drop on demand inkjet printer ',

During inkjet printing process, the shear force generated in the process of bioink extrusion can
deform the biomolecules and cells of bioinks, thus limiting the application of inkjet bioprinting

157,158 The post functional via click reactions can protect the biomolecules and brings

technology
betters printed products, such as mesoporous silica microdots arrays. Inkjet printing, evaporation-
induced self-assembly (EISA), and click chemistry are combined. Before printing, azide group

modified microdots were prepared with (3-azidopropyl) triethoxysilane (AzPTES)?*? and then the
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condensation reaction of AZPTES and TEOS occurred during the EISA process '*°. When one layer
is completed, the second layer is deposited and subsequently cured. A biobased elastomer, consisting
of an unsaturated diacrylate monomer and partially oxidized silicon-based copolymer, is constructed
by adopting this strategy '°°. Due to the shear thinning, these inks have low viscosity and shear rate
(y) of above 10! s'!. For inkjet printing, the shear rate (y) of ink is usually more than 10* g1 161,162,
Therefore, the yield stress has sufficient ability to keep the structure after printing. During the inkjet
printing, UV triggered thiol-ene reaction of bis (2-(acryloyloxy)ethyl)octadic-9-ene-dioat (AEOD)
and [4-6% (Mercaptopropyl)-methylsiloxane]-dimethylsiloxane (MMDS) disulfide oligomer, that
formed crosslinked elastomer'®®. The printed elastomer has well reprocessed by compression
molding, and the average tensile strength was recovered to 100% (Figure 5).
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Figure 5. Inkjet 3D printable biobased elastomer utilizing photoinitiated thiol-ene click chemistry.
A. thiol-ene reaction between AEOD and MMDS-disulfide oligomer. B. Inkjet 3D printing
crosslinked elastomer with self-healed (a) and reprocessed (b) properties. C. Rheological and
mechanical properties of the ink and the self-healing mechanism. (a) Shear stress and viscosity of
the ink as a function of the strain rate. (b) Typical engineering stress-strain curves of the original,
self-healed, and reprocessed samples. (¢) Schematic of the disulfide metathesis reaction during self-
healing of the elastomer.'®°

For inkjet printing, the bioinks should have good stability. Agglomerations of some particles
used in bioinks limit their application in inkjet printing. Thiol-ene click reaction effectively avoids
the agglomeration and self-polymerization of monomers, improving stability and degree of cross-
linking '63. For example, carbon black modified with y-Methacryloxypropyltrimethoxysilane
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(MEMO) and sodium 3-Mercapto-1-propanesulfonate (MPS) via thiol-ene reaction shows better
self-dispersing properties, which is verified by Zeta potential with the stable value '%4. The properties
of microsized particles as drug delivery systems, such as dispersion, size dimensions, morphology,
and release kinetics, can be modulated via inkjet printing and thiol-ene click chemistry. Bioinks,
consisting of allyl- modified polycarbonates, semi-branched poly(glycidol allylglycidyl ether)s, and
dithiol-PEG cross-linkers, are deposited on the platform via piezoelectric inkjet printing,
subsequently the microsized particles with crosslinking network formed via thiol-ene reaction by
UV irradiation'%. The results confirmed that these microparticles had a uniformly spherical shape.
And the particle size can be low as 2~14 pm via adjusting the polymer composition ratio of inks,
that is suitable for distributing of micoparticles into tissues. The particles with about 14 pm is
considered ideal for bronchi, trachea, and alveoli, owing to their even distribution!®. The data from
the cross-section of these bioinks show that fluorescent molecules have good integration. In other
words, the loaded drug will be uniformly distributed in the microsized particles. The modified
particles have excellent self-dispersibility and stability properties, that is suitable for preparing inks
for inkjet printing.

The properties of inkjet printed materials could be evaluated using click chemistry, such as
self-healing and stress properties. Micro-sized capsules are prepared through extrusion printing and
inkjet printing. The polymer grid structures are manufactured via extrusion printing, and then the
voids are filled with liquid polymer with the way of drop-on-demand '%’. Finally, the top layer of
the capsule is enclosed through the extrusion process. When subjected to compressive stress, the
liquid encapsulated in the microcapsule is released. Subsequently, the click reaction occurs.
According to the change in fluorescence intensity of the dye, the self-healing properties are
determined. This method can be applied to damage detection and reaction control and keep the

active ingredients unaffected by the printing process.

Having explored the different click chemistry reactions and the common 3D bioprinting
techniques its can be stated that different click chemistry reactions may favor different bioprinting
techniques. For instance, the ability of some click reactions to be initiated via external coupling
agents or functional groups (i.e. AAC and Diels—Alder) highlights that the resulting bioink may be
employed in the fabrication of 3D structure using bioprinting techniques such as extrusion 3.
Similarly, cross linking via click chemistry (i.e thiol-ene chemistry) that is based on exposure to

photo initiators may so permit spatial control of the fabrication process by SLA printing .
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Table 1. Comparison of 3D bioprinting techniques

Bioprinting methodology Extrusion bioprinting Stereolithography bioprinting biolgi?netgng Reference
Printing mode line-by-line layer-by-layer drop-by-drop 168
Processing speed slow (10-50 um /s) fast (<1 h) fast (1-10000 droplet/s) 93,169, 170
viscosities of bioinks 30 mPa-s-6x 107 mPa-s no limitation <10 mPa-s 93 85
cell viability 80%-90% > 90% 80-95% 120, 121, 149, 171
Cell density (>hll§§1 ci?ilss/ﬁl}]L) medium cell density (<108 cells/mL) low cell i:llssl/tn};l(; 16x10° 84
Resolution 100 ym 100 ym 50 um 120,121, 172
Quality of printed construct good good poor 173
Printer cost moderate low low 118,172
Click reaction thiol-ene, CuAAC, Diels- thiol-ene CuAAC, thiol-ene, A 111241 1136’713127’4138’ e

Alder, aldehyde-hydrazide,
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4. Bioinks

Bioink refers to the solution of biomaterials or a mixture of various biomaterials and cells, in
the form of hydrogel. The desired bioinks should meet three basic requirements, printability, good
structural integrity and stability after printing and suitable cytocompatibility. The suitable bioink
determines the quality of the defined target product and even the effectiveness of the future clinical
application. Bioink can be used as filaments for extrusion bioprinting or as aqueous solutions for
inkjet bioprinting. The choice of bioink depends on the specific application, such as the target tissue,
cell type, and printing strategy. The composition and cell-loaded formulation of bioinks is the most
crucial step for the success of bioprinting. A variety of natural and synthetic macromolecules or
biomaterials have been taken as bioinks. Currently, macromolecules used as bioinks include
hyaluronic acid, chitosan, alginate, cellulose, polyethylene glycol, pluronic, and
polyvinylpyrrolidone, etc. In most 3D printing processes, the bioink is squeezed out and then
quickly reaches a stable state. Due to the suitable viscosity or some external stimulus, the liquid
bioinks are turned into solids, which is beneficial to maintain the printed structure 7. Despite the
development of bioinks, viscous bioinks are subjected to shear forces during printing that reduces
the viability of cells. Therefore, modification and design of bioinks are important to obtain a fine
structure. In this section, we will focus on typical bioinks for bioprinting. The modification and
application of click chemical reactions in bioinks are also introduced (Table 2 and Table 3).

4.1 Hyaluronic acid bioink

Hyaluronic acid (HA) is a natural acidic glycosaminoglycan with good biocompatibility and
favorable hydrophilic properties '7°. It can regulate the viscoelasticity of biological fluids through
non-covalent bond interaction with water molecules, and plays a substantial role in cell migration,
proliferation, differentiation and vascular regeneration '"7-'3°, However, pure HA does not form
mature bioinks satisfying multiple conditions due to its viscous-liquid behavior and lack of gelation
ability to maintain a three-dimensional structure!®! 182, The deficiency of HA can be effectively
compensated by modifying HA with thiol or ene groups. This can solve issues in cell encapsulation,
bioprintability, microcytotoxicity, and so on.
4.1.1 Norbornene-modified HA

Norbornene-modified HA (NorHA) macromer, used as representative bioinks, is crosslinked
into hydrogel and improves printability, cellular compatibility and bioactivity'83. Visible light
irradiation occurs before bioink deposition to achieve in-situ crosslinking via the thiol-ene reaction
184 Stable hydrogel filaments were obtained and easily extruded. During the printing process, the
shear force exerted on the cell reduced, thus, high cell viability (>85%) after 7 days of printing was
maintained '%. Mesenchymal stromal cells were evenly distributed into a 3D structure. After
culturing in chondrogenic media, the compressive moduli of the printed disc increased from 5.2 +
1.5 kPa to 42.0 +£13.9 kPa. Biochemical content, including DNA, sulfated GAG, and collagen, also
increased. Norbornene-modified HA combined with hydrazides-modified HA and aldehyde-
modified HA to fabricate hydrogel with shear-thinning and self-healing properties for 3D
bioprinting '4. The post-crosslinking of norbornene-modified HA improved the mechanical
properties and stability of construct. After encapsulating 3T3 fibroblasts cells in these hydrogels,
80%~90% viability was obtained. Photocrosslink interpenetrating network introducing into this
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hydrogel with thiol-ene reaction increased modulus, by ~ 300% with the hydrogel displaying good
shape fidelity, stability, and cytocompatibility for fibroblasts. The viscosity of bioinks was improved
as the concentration of NorHA increased, which is detrimental to inkjet bioprinting '%¢. However,
the addition of thiol-modified polymers to react with NorHA increases the crosslinking degree and
has little effect on viscosity. This does not adversely affect the droplet formation ability of the
bioinks. In addition, the increase in drug loading and concentration has no effect on the mechanical
properties of printed gel 36 187,

HA bioinks decorated with norbornenes and methacrylates are capable of double crosslinking,
with the use of thiol-ene crosslinking, facilitating the production of hydrogels with good printability
and high cell viability. Indeed, high cell viabilities of about 96% and 87% after day 0 and day 7 of
printing were reported '®8. For the micro-scale printing process of the living cells, the hydrogel
matrix provides a good substrate environment for cell attachment. Rapid solidification of hydrogels
is critical in the printing process, since it prevents excessive dehydration of the printing droplets and
can effectively maintain a stable structure. Hydrogel combined with thiolated hyaluronic acid and
porcine gelatin (HyStem-C) crosslinked using PEG norbornene is suitable for 3D cell printing and
culture '%°. For mammalian NIH-3T3 cells, they have been printed in HyStem-C hydrogel via quill
lithography (QPL). At 18 h after printing, cells attach to the glass substrate, accompanied by
diffusion and the growth of long pseudopodia. By 32 h, cells started to proliferate, and then by 100
h, cells began to escape the printed matrix and diffused into the glass surface. NIH-3T3 cells
displayed efficient affinity, survival and proliferation.

For some biological tissues, such as knee meniscus, cartilage and myocardium, the anisotropy
of ECM and cell arrangement play critical roles in some biological processes, including cell
differentiation and proliferation. Currently, microfibers in the gel system are mostly randomly
distributed without specific fiber direction, resulting in random cell proliferation or failure to
support cell culture '%°. In order to introduce directional microfibers into the hydrogel, NorHA
electrospun fibers were incorporated into bioinks. These cell-degradable bioinks were printed with
extrusion bioprinting, and shear stress induced the alignment of microfibers and cell orientation'":
192 Bioinks with 3% GelMA showed the highest cell spreading and fiber alignment. The microfiber
bioinks with 5% GelMA eftectively supported the cell spreading and orientation alignment of MFC,
MSC, and CF throughout the culture!®?.

Norbornene-modified HA can be used to develop jammed microgel bioinks via thiol-ene
crosslinked HA. Microgels, with a diameter of 100 um, were previously prepared from NorHA,
poly (ethylene glycol) diacrylate (PEGDA), and agarose, under light irradiation'**. In jammed
systems, microparticles are surrounded and fixed through physical interactions, resulting in
macroscopic solid properties 3. By removing the solution medium, microgels can be filtered to
produce an extrudable ink. These ink of NorHA microgels exhibited shear-thinning and self-healing
behavior. It has the properties of an elastic hydrogel under low strain, however, the inks yield under
high strain'®*. These microgel ink could resist interaction force within the hydrogel to preserve the
microstructure. After encapsulating cells in NorHA microgel, the high cell viability, about 70%, was
obtained under jamming and printing. During the printing process, microgel bioinks effectively
protect the cell and achieve heterogeneous structure.

4.1.2 Thiol-modified HA

Thiol-modified HA-based hydrogel is suitable for cell growth via providing good environment,

for the production of bioactive and cell friendly bioinks '°°. Thiol functionalized HA (HA-SH), and
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allyl-modified poly(glycidol)s (P(AGE-co-G)) (as crosslinker) were crosslinked into hybrid
hydrogels bioink via thiol-ene reaction under light irradiation in the literature '*’. In the study by 7,
human and equine mesenchymal stem cells (hMSCs) were embedded into the printed cylindrical
structure with crosslinking of 8 s, with the hMSCs shown to survive during the printing process and
subsequently differentiating into chondrocytes after 21 days. That proved the high cell survival rate
of the hydrogel. Besides, the addition of 1 wt. % of unmodified high molecular weight HA to 3 wt. %
HA-SH/P(AGE-co-G) improved cell bioactivity and ensured uniform distribution of ECM, for the
long-term stability of tissue culture (Figure 6) '°®. The main reason is that HA, as the main
component of ECM, can bind mesenchymal stromal cells (MSCs) via cell surface receptors to
regulate interaction, such as attachment and migration, thereby promoting chondrogenic
differentiation'*®. Thiol-HA bioinks can also print neural tissue scaffolds that can mimic the native
spinal cord. This printed construct provides a suitable microenvironment for neural stem cells
(NSCs). The NSCs maintained high cell viability, 95.45 + 3.14%, and showed excellent proliferation
behavior 2%,
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Figure 6. (A) Chemical structure and crosslinking mechanism of HA-SH and P(AGE-co-G). Under
the irradiation of UV, the covalent bond formed between the thiol group of HA-SH (blue) and the
allyl group of P(AGE-co-G) (red). (B) Bioink composition affected construct stiffness after
chondrogenic differentiation. (a) Young's modulus of constructs on day 1 and after 21 days of
chondrogenic differentiation. (b) Fold-change in Young's modulus over time. (C) Homogeneous
ECM distribution in 3D bioprinted PCL-supported constructs after chondrogenic differentiation of
MSCs. (a) Overview and (b) live/dead staining of circular- and rectangular-shaped PCL scaffolds
with embedded cell-laden 3 wt% HA-SH/P(AGE-co-G) + 1 wt% hmHA bioink. Living cells were
labelled with calcein-AM and appeared in green, dead cells were stained red by EthD-III. Scale
bars=1000 pm. Quantitative analysis of DNA (c), glycosaminoglycan (GAG) (d) and collagen
content (e) at day 1 and day 21 of chondrogenic differentiation. (f) Histological staining for
deposition of GAG with safranin O after 21 days. (g) Immunohistochemical staining for aggrecan
(green), (h) collagen type I, and (i) collagen type I (green) after 21 days. '*®
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Selecting acrylate-based crosslinker and alkyne-based crosslinker, the bioinks comprised of
thiolated-modified HA and gelation provide the creation of a series of compatible chemistry to print
tissue constructs?®!. The biofabricated in vitro liver constructs, incorporating hepatocyte-specific
media, exhibited high cell viability and measurable levels of albumin and urea (> 100 ng/mL, > 10
ng/mL). This thiol-HA bioink system is a universal tool for bioprinting with the potential to fabricate
native tissues with complex structures. However, thiolated HA-based cell aggregates and
cellularized synthetic extracellular matrix (sSECM) hydrogels are not suitable for bioprinting due to
their tendency to clog the nozzle and the potential of poor structural integrity after printing. To
address this issue, methacrylate HA and gelatin ethanolamide methacrylate (GE-MA) are combined
to prepare photocrosslinkable SECM hydrogel 2°2. The results show that it is easy to obtain defined
tubular hydrogel via extrusion-based system of gelatinous liquid. The structure is more solid after
the second irradiation. These bioinks exhibit cytocompatible in vitro and biocompatibility in vivo.

Dual-stage crosslinking technology based on thiolated HA (HA-SH) offers independent
printability. HA-SA was crosslinked with two step reaction, pre-crosslinking of polyethylene glycol-
diacrylate (PEG-diacryl) via Michael addition and post-crosslinking of polyethylene glycol-diallyl
carbamate (PEG-diallyl) via thiol-ene reaction 2%3. Grid constructs were well-printed, utilizing HA-
SA bioinks with different molecule weights of 51, 230, and 410 kDa via a 330 um nozzle. The
average thickness of printed sheets was 630~730 um. The high shape fidelity was obtained during
and after printing. HA-SA inks with high molecular weight (>200 kDa) produce a crosslinked
structure with higher diffusivity, leading to the homogeneous distribution of extracellular matrix
(ECM), consisting of aggrecan and collagen II. However, some growth factors could not be
encapsulated in bioinks, such as TGF-B1. In order to solve this problem, researchers tethered growth
factors to 3D printed bioinks. For example, the thiol-modified TGF-B1 was tethered into HA-
SH/PEG-acryl bioinks via Michael addition 2**, Compared to non-covalently tethered TGF-B1,
TGF-B1 covalently tethered into HA-based bioinks extended the availability of embedded MSCs
and significantly improved chondrogenic differentiation. The results showed that covalently
tethered TGF-B1 improved the expression of aggrecan and collagen Il after 14 and 21 days of culture.
Glycosaminoglycans and collagen contents in constructs were also higher than that of non-
covalently tethered TGF-B1 (Figure 7). These bioinks could produce high-quality cartilage tissue
and did not require a continuous supply of exogenous growth factors. It has great application
potential in cartilage regeneration.
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Figure 7. Crosslinking mechanism and characterization of hyaluronic Acid-Based bioink tethered TGF-
B1. (A) Ink crosslinking mechanism and functionalization with TGF-B1. (a) Thiol-functionalization of
TGF-B1 and Michael addition with 8-arm PEG-acryl. (b) Michael addition of TGF-f1-modified PEG-
acryl with HA-SH (pre-crosslinking). (¢c) UV-induced final crosslinking of residual HA-SH thiol groups
with 2-arm PEG-allyl. (d) Dual-stage crosslinking mechanism and workflow of TGF-B1 tethered
construct generation for chondrogenic tissue culture. (B) Quantification of MSC-derived ECM
components in cast and printed constructs. Constructs with 150 nm mixed (-Traut) or tethered (+Traut)
TGF-B1 were analyzed after 21 days. GAG content is shown for (a) the constructs and (b) normalized to
DNA. (c) Total GAG production was quantified by adding the content of the constructs and the collective
culture supernatant. Collagen content is shown for (d) the constructs and (e) normalized to DNA. (f)
Adding the content of the constructs and the collective culture supernatant are used to quantify total
collagen production. (C) 3D printing and ink characterization. (a) 3D printed grids and survival of MSCs
after printing. Living cells are labelled with calcein-AM (green), and dead cells with EthD-III (red). Scale
Bars= 2 mm. Scale bars of split channel images at higher magnification represent 200 um. (b) Swelling
analysis of constructs without or with 150 nm tethered TGF-B1 over three weeks. (c) TGF-B1 release
from constructs with 150 nm tethered or mixed TGF-B1 over 3 weeks analyzed by ELISA (n= 3). 204

Although bioinks composed of extracellular matrix materials have excellent printability and
mechanical properties®>, they cannot support printed structures, and it usually requires sacrificed
materials to support structures. So bioinks with self-supporting become particularly important.
Thixotropic materials have been a good choice because of their shear-thinning properties.
Researchers found that thixotropic bioinks consisting of thiolated hyaluronic acid, methacrylated
collagen I, and gelatin nanoparticles can be able to achieve good self-supporting function®%. In the
printing process, intermolecular interactions begin to break down under the extrusion shear force,

including hydrophobic and hydrophilic interaction, Van der Waals force, and hydrogen bond. That
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allows the bioinks to change from a solid to a liquid. Finally, intersecting tubular structures with a
diameter of 5 mm and wall thickness of 1 mm were printed without supporting materials. These
bioinks also support HepG2 cell growth and proliferation. Dynamically hydrogel can solve the
disadvantages of statically crosslinked sSECMs in printing process, such as rupture of fully
crosslinked gel, nozzle blockage due to the partially crosslinked of gel. Gold nanoparticles (AuNPs)
can be developed to prepare dynamically crosslinkable thiolated HA-based hydrogel as a
multivalent crosslinker 2. A network was formed by AuNPs crosslinker and thiol-modified HA and
gelatin. 2% AuNP-sECM hydrogels curing for 24h with G’ (storage modulus) about 200 Pa are
applied to bioprinting. AuNP-CMHA-S gels can be squeezed out through 18-gauge needle, keep
their form, and prop up the three-dimensional structure. After 24h curing, bonds were formed
through a portion of the thiols and AuNPs. After printing, dynamic crosslinking continuous to form.
Rigidity and structural integrity are provided by intra-gel and inter-gel crosslinking, respectively.
Finally, stacked cellular ring constructs were printed using cellularized and non-cellularized bioinks
with AuNPs-thiol-modified HA and thiol-modified gelatin.

4.1.3 Methacrylated HA for thiol-ene
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illustrations of the MHA/SHHA hydrogels formation mechanism. (B) Mechanical properties. (a)
Swelling kinetics; (b) sol-gel ratios; (¢c) XRD patterns; and (d) compression stress-strain curves. (C)
Microstructure. (a,d) MHA/SHHA-1; (b,e) MHA/SHHA-2; and (c,f) MHA/SHHA-3. (D) 3D
Printability. (a) photographs for the printed hydrogel scaffolds; (b) microscopy images (i.e.,
MHA/SHHA-3); and (¢) SEM images (i.e., MHA/SHHA-3). 208

HA-based double crosslinked hydrogel was synthesized as bioink, combining HA-MA
(methacrylated HA) and HA-SH (thiol-modified HA) 2%, When exposed to UV, these mixed
solutions form a gel in seconds. The storage modulus of bioprinted samples exhibits linear change
with the range of 0.1%-90%. Hydrogel composed by HA-SH (1 w/v%) and HA-MA (1 w/v%), has
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the highest storage modulus, 120 Pa, and displays excellent pore structure. The cells were evenly
distributed throughout the three-dimensional network structure, and the toxicity decreases with the
increase of HA-SH contents. HA-MA/HA-SH double hydrogels had excellent swelling properties,
such that the swelling rate reached 94.86 + 1.26% within 6 h. Therefore, these double hydrogels can
both absorb the exudating tissue fluid and obtain debridement effect in would site.

Functionalized HA with acrylate or methacrylate is a hydrogel precursor and is widely applied
in extrusion printing due to its excellent characteristics of biocompatibility and easy crosslinking
210, The combination of maleiated sodium hyaluronate (MHA) and thiolated sodium hyaluronate
(SHHA) can be prepared stepwise via multiple crosslinking MHA/SHHA hydrogels. Pre-
crosslinking of thiol-acrylate Michael addition and, subsequently photopolymerization of thiol-
acrylate and acrylate-acrylate occurs gradually 2°8. Hydrogels exhibited higher compressive strength
of 2.18 £ 0.63 MPa and breaking strain of 71.93 &+ 0.23% than pure MHA hydrogels. Meanwhile,
good extruded consistency, structural integrity and stability were observed throughout the printing
process (Figure 8). The constructs have clearly visible and well-defined boundaries. MHA/SHHA
hydrogels provide high resolution and shape fidelity and are suitable for 3D printing using the
extrusion technique. Shape fidelity is the difference between the actual printed structure and the
defined construct. This effectively address the issue of the poor mechanical properties of the pure
MHA scaffold which results in poorly printed constructs. For instance, Jury et al., 2!! fabricated 3D
bioprinting-compatible modular HA-based hydrogel 2!!. In the study, full-size laminins (LNs) were
successfully conjugated to HA-based hydrogel system via biorthogonal copper-free click reaction
and retained for 7 days. The human neuroblastoma cells (SH-SYSY cells) encapsulated in LN-
functionalized HA-based hydrogel were well protected and were not affected by lethal shear forces.
High cell viability was maintained, 24 h after bioprinting.

4.2 Gelatin bioink

Gelatin is a natural polymer of partial hydrolysis of collagen, obtaining from the connective
tissue of animals, such as skin cartilage, and bone 2!2. As a collagen derivative, gelatin is more
soluble in water and still has excellent biodegradability, biocompatibility, completely resorbable in
vivo, non-cytotoxic, and cell affinity. It is beneficial to promote cell adhesion and proliferation®'®
214 Due to temperature-sensitive and thermally reversible properties, gelatin is often used as a
sacrificial material during the bioprinting process. After the printed structure is completed, it is
dissolved to obtain the desired product. Thiol-ene decorated gelatin bioink has versatility and
controllability, and is able to print desired geometries and construct.
4.2.1 Norbornene-functionalized gelatin and thiol-functionalized gelatin

Thiol-ene gelatin bioink hydrogels can be utilized to print well-defined complex construct and
modulate biophysical properties, such as stiffness, microarchitecture, and spatial distribution. Given
the high-resolution printing function of thiol-ene chemistry, some complex vascularized constructs
bioprinted with GeINB have identical characteristics to the designed structure. The biofabricated
constructs with graduated fiber diameter and spacing of 500 pum, 700 um, and 1000 pm presented
good shape fidelity?'>. The microcapillaries could be observed in all areas of constructs. Bioinks
hydrogels composed of norbornene-functionalized gelatin (GeINB) and thiol-functionalized gelatin
(GelSH) could rapidly construct kidney-shaped products with a homogenous crosslinked network
216 The chemical structures of GeINB and GelSH, crosslinking mechanism and crosslinked network
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images are shown in Figure 9. The thiolated proteins or growth factors are bound to norbornene
groups of GeINB- GelSH hydrogels via selective UV irradiation. Encapsulated endothelial cells and
human cardiomyocytes displayed high viability, spreading, and proliferation after culturing of 7
days. VEGF peptide-functionalized tissue induced endothelial cell growth.

Norbornene groups and thiols groups often form orthogonal covalent bonds and networks
through one-step polymerization, hence thiol-ene reaction has been introduced to print promised
construct with sub-micrometer spatial resolution with the method of two-photo polymerization (2PP)
(Figure 8) 2. Gelatin-norbornene (Gel-NB) bioinks have been successfully employed to print 3D
constructs with sub-micrometer resolution via the 2PP method with encapsulated cells. Gel-NB
bioinks with a wide degree of substitution (= 90%) achieve efficient thiol-ene photo-click
crosslinking?'®. The three-dimensional structures with high resolution, a cube of 300x300x300 um?,
were successfully printed via the two-photo polymerization method?'?. After 3 weeks of cultivation,
mCherry 1929 cells embedded in Gel-NB hydrogel construct began to align along the channels and
fill the three-dimensional space created by the connected network. Then the cells migrated into the
crosslinked areas after 5 weeks. The thiol-ene click GeINB-GelSH has the ability to support
endothelial cell survival and adhesion in single-cell suspension and spheroid culture??. It can be
successfully employed to print defined vascular structures within a microfluidic chip with high
resolution and accuracy when Gel-NB bioinks combined with cell electrowriting (CEW), the high
degree orientation of cell-loaded fiber with diameters of 5-40 um were obtained??!. The reason is
that the CEW technology has a higher shear-induced alignment capability than extrusion bioprinting,
reducing the number of polymer entanglements. This approach breaks through the resolution limit
of hundreds of micrometers during the extrusion bioprinting. Several 3D ordered fiber scaffolds
with various thickness (50~200 pm) and pores sizes (100~1000 um) are manufactured, such as
squares, hexagons, and curved patterns. The printed square pores have the minimum pore size, 100
um, and accompanying print accuracy of > 0.8. Gel-NB bioinks also preserve high cell viability
post printing. Therefore, the constructs printed by Gel-NB hydrogel have exceptional cell adhesion,
migration, and proliferation.
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Figure 9. Schematic of photo-induced thiol-ene click chemistry reaction to produce GeINB-GelSH
hydrogel and representative SEM images of the crosslinked network?'®.

4.2.2 Methacrylated gelatin for thiol-ene

A hydrogel-based bioinks, that can effectively encapsulate and protect cells, is essential for
printability, shape fidelity, and cell viability. For some materials with poor mechanical properties,
gelatin can be used for printing in the form of gelation methacryloyl (GelMA)??2, GelMA, as a
derivative of gelatin, is a natural biopolymer derived from collagen. The primary amine groups of
gelatin react with methacrylic anhydride to fabricate a methacrylate functional group, and then
GelMA is synthesized??*. GeIMA can be photopolymerized to obtain cytocompatible post-treatment
curing via photoinitiators??*. Therefore, GeIMA is a suitable material to keep the integrity and
mechanical strength of the bioprinting structure. During bioprinting, the chain-growth
polymerization of GelMA is usually initiated by free radicals. However, it is inhibited by oxygen,
resulting in the accumulation of reactive oxygen species (ROS)*?°, which damages encapsulated
cells and biomolecules??°. On the other hand, free radical polymerization, as a random chain-growth
photopolymerization, leads to the formation of a heterogeneous network during the hydrogel
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formation 2%’. Thiol-ene reaction is inert to the environment oxygen and retains the bioactivity of
cells and molecules®®® 2%, The thiol-ene coupling of functionalized molecules produces a
homogeneous crosslinked network 23% 231, In this way, gelatin-norbornene (GeINB) has been
successfully applied to prepare the crosslinked network for encapsulating cell based on thiol-ene.
Therefore, gelatin-norbornene (GelNB) hydrogels based on thiol-ene reaction is a good choice to
replace GeIMA. Gelatin-norbornene (GeINB) hydrogels were crosslinked by thiolated heparin
(HepSH)?*2. These bioinks successfully printed the defined construct, a regular grid structure with
a line spacing of 1 mm. The cell viability results of post-crosslinking showed that human umbilical
vein endothelial cells (HUVECs) encapsulated in GelNB-based hydrogels had higher viability
(>90%) than GelMA-based hydrogel (<80%) (Figure 10). As the increase of culture time, HUVECs
embedded in GelNB-based hydrogels started to stretch out and spread, which is more obvious than
GelMA. The previous research proved that encapsulated human mesenchymal stem cells (hMSCs)
in GeINB/DTT showed better cell viability than GelMA??°. When GelINB is combined with Gel-SH,
the step-growth polymerization mechanism of GeINB-Gel-SH hydrogels is beneficial to form a
homogeneous crosslinked network, compared with chain-linked mechanism of Gel-MA scaffold?*3.
This photoclick hydrogel exhibited better properties than GelMA, such as improved swelling
properties, superfast curing of 1-2s, higher network uniformity, cell survival rates of over 84% 234,
When the extrusion bioprinting was used to print adipose-tissue-derived mesenchymal stem cells
(ASCs) in GeINB-Gel-SH-high, the printed cuboid structure with the size of 10 x 10 x 5 mm?
exhibited good shape stability and fidelity. Further culturing in a chondrogenic differentiation
medium for three weeks, in vitro, revealed that ASCs remained viable during this incubation period

and were able to produce cartilage-specific negatively charged proteoglycans sulfate 23°.
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Figure 10. Thiol-ene chemistry gelatin-norbornene-based bioinks and bioprinting. (A) The
technical scheme of cell-laden bioprinting using GelMA and GelNB/HepSH bioinks. (B)
Printability assessments. Printed regular grids using GelMA (a) and GeINB/HepSH (b) and
printability evaluation using a semi-quantitative method (c). (C) Cell-laden extrusion-based
bioprinting using the HUVEC-containing GeINB/HepSH bioink (8 w/v % GeINB) and GelMA (8

w/v %). (a) Fluorescence micrographs assessed by live/dead staining (live cells: green, dead cells:
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red). (b) Quantifications of cell viability. Fluorescence micrographs showing HUVEC cytoskeleton
in both bioinks after cell culture for 7 days, using (c) an inverted fluorescence microscope and (d) a
laser scanning confocal microscope, respectively. Here, red is F-actin and blue is nuclei. Scale bars
=500 um. (D) Intracellular ROS assessments on hydrogels encapsulated HUVECs. The HUVECs
were pre-incubated with (A) DHE (red) and (B) DCFH-DA (green), then encapsulated in GeIMA,
GeINB/HepSH, and GeINB/DTT hydrogels, respectively. (C) Viability tests were performed and
compared to those under non-hydrogel cell culture conditions (Control). 232

Different thiolated crosslinkers can be utilized to tune the processability of bioprinting. For
instance, DTT, thiolated gelatin (Gel-SH), tetraecthylene glycol dithiol (TEG2SH), PEG dithiol with
a molar mass of 3400 (PEG2SH), PEG tetrathiol with a molar mass of 10 000 (PEG4SH 1000) and
20 000 (PEG4SH 20 000) were chosen as crosslinkers and combined with Gel-NB to form hydrogels
236 After 10 min of crosslinking, there is no significant difference in storage modulus between the
relaxed state and the gel of GelMA. After 60 s of crosslinking, the final mechanical properties of
thiol-ene were achieved. GeIMA took 10 min to achieve a similar storage modulus. The choice of
crosslinker is determined by the processing method of hydrogel. Gel-SH is suitable for preparing
hydrogel with comparable mechanical properties and lower water absorption capacity than gelatin.
Gel-NB/Gel-SH formation has great application potential, which benefits from the physical gelation
behavior before cross-linking. PEG4SH 10000 is capable of preparing hydrogel with excellent
mechanical properties for the situations of direct crosslinking from solution. The thermal response
characteristics of GeINB/PEGdiSH offer initial shape retention to print soft neural constructs. By
adjusting mechanical properties and composition, the survival of encapsulated neural cells can be
maintained ''°. When human bone marrow-derived mesenchymal stem cells (h(BMSCs) were in situ
encapsulated in GeINB-PEGdiSH microgels, a high degree of chondrogenesis was observed 2*7.
Similarly, for hyaline cartilage, the expression of collagen II significantly increased.

4.2.3 Allylated gelatin for thiol-ene

As a new thiol-ene clickable bioink, allylated gelatin (GelAGE) is suitable for bioprinting
constructs with high shape fidelity. The hydrogels were prepared with GelAGE via crosslinking
with DTT 238, This study showed that with increasing cross-linker concentrations, the compressive
Young’s moduli increased gradually due to an increased AGE-to-thiol ratio. The maximum value is
53.2+5.8 kPa with the allyl:SH ratio of 1:3. GelAGEimm encapsulated porcine articular
chondrocytes can be used for extruded 3D bioprinting at 4-7 °C. The viable cells could be observed
during the culturing of 23 days. Compared with free radical polymerization, this cross-linking
system has the advantage that nondegradable polymeric cross-links don’t exist. GelAGE can be
applied to design the ideal bioinks with low-density or high-density that could meet the standards
of extrusion 3D bioprinting. The dual-step crosslinking method can improve the rheological profile
of GelAGE-based bioinks and the fidelity of the construct 23°. The primary crosslinking of thiol-
persulfate redox reaction induced partial crosslinking, improving the flow properties of low-density
bioink. The thiol-ene click reaction between allyl groups of GelAGE and thiolated crosslinker
occurred in primary crosslinking. Photoinitiated secondary crosslinking is beneficial for shape
stabilization of the printed construct. The results showed that low density (3wt%) GelAGE bioinks
had a low viscosity of ~4 mPa s. These bioinks were, therefore, suitable for extrusion 3D bioprinting
since the resulting constructs had good shape fidelity and high cell viability (>80%) after culturing
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of 7 days.

Bioinks support the growth and functionality of chondrocytes, as well as protect them from
change and damage caused by oxidative stress and inflammation. Bioinks prepared with thiolated
gelatin crosslinked acrylated hyaluronic acid-phenylboronic acid (HA-PBA-Ac) were also shown
to have good shear thinning and anti-oxidative properties >*°. At the low shear-rate of 1 s™!, hydrogels
kept the high viscosity, while at a high shear rate (50 s'), the viscosity decreased rapidly. This
indicates the presence of good shear thinning characteristics. The H>O, scavenging effect was also
shown to be proportional to the concentration of HA-PBA-Ac precursor in the bioink. The hydrogels
of 3:1.5 (3% HA-PBA, 1.5% gelation) exhibited a scavenging effect of up to 71.5%+4.6%. Due to
the stable thioester covalent bond between HA and gelatin, the printed scaffolds could keep printed
shape fidelity and structural integrity in vitro after 21 days.

4.3 Alginate bioink

Alginate is a natural anionic polysaccharide extracted from brown algae. Alginate solution has
good fluidity, and is usually used for inkjet printing as bioinks due to its rapid gelation performance
in a physiology environment 24!-243. However, its low cell adhesion and poor molding properties
affect the stability, shape fidelity, and printing accuracy of the resulting 3D construct. To solve this
problem, the physicochemical properties of alginate bioinks can be improved by modifying alginate
with functional molecules or mixing with other macromolecules. The hydroxy and carboxyl groups
on the alginate backbone are usually decorated with functional molecules via click reaction.
4.3.1 Thiol-ene alginate

The viscosity of bioinks determines the printability of the materials such that bioinks with high
viscosity can form a complete structure and effectively support their weight. However, gelation
limits the flow of encapsulated cells and reduces the restructuring ability in the surrounding matrix.
In contrast, low viscosity bioinks offer a loose and reconfigurable environment for cells. For alginate,
although it is possible to increase the viscosity of the ionically crosslinked bioink via changing the
molecular weight and concentration, it still lacks sufficient mechanical strength and long-term
stability, resulting in poor shape fidelity 24424, Given that, thiol-modified alginate was utilized to
design double crosslinked hydrogel based on ionic crosslinking,obtaining high strength, of ~ 3.4
MPa and stability for 30 days 246. The double bond modified alginate (Alg-NB) was obtained by
conjugating a double bond within 5-norbornene-2-methylamine. And then, the Michael chemical
reaction of sulfhydryl alginate (Alg-SH) and Alg-NB occurred ?*’. The double crosslinked
interpenetrating network forming with Alg-SH and Alg-NB, and ionic crosslinked network, improve
the crosslinking effect and density. The pore diameter is about 150um, which is lower than single

247 This endows the resulting construct with high strength and

network hydrogel, about 200um
long-term stability. Using an extrusion printing system, a 3D open-porous construct composed of 5
layers was prepared. Optical images showed that these double crosslinked hydrogels formed by Alg-
SH and Alg-NB have finer fiber and more accurate structure comparing with single crosslinked
hydrogel.

In the process of ink extrusion, high-viscosity bioinks will be subjected to high shear stress,
resulting in cell death?*3. To circumvent this problem, alginate bioinks decorated with norbornene
functional groups could improve cell viability. Thiol end group decorated polyethylene glycol is

chosen as the cross-linker. The thiol-ene reaction will rapidly initiate cross-linking with the precise
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control of spatial and temporal. Alginate decorated with norbornene with a lower concentration of
2 wt% can obtain stable 3D cross-linked structures with a range of mechanical properties (G from
0.05 to 10 kPa) and high cell survivability (>80%) (Figure 11) >*°. Based on bioinks of norbornene-
alginate and multifunctional thiol-PEG cross-linkers, an in vitro engineered fracture callus can be
fabricated via 3D bioprinting to offer a spatial tissue structure 2°°. The BMP cell encapsulated in
bioinks showed high cell viability when the deposition pressure was 25 kPa. Evaluation in vivo
displayed tissue formation of cells. The positive stain of immunohistochemistry (IHC) for human
osteocalcin (OCN) was observed under the environment of the intermediate osteochondral zone
(IMZ) and osteogenic zone (OZ), that indicates the transition of tissue to osteoid in vivo. Compared
with high concentration bioinks, low viscosity alginate solution could be converted into suitable
viscoelastic bioinks with excellent printability and biocompatibility via partial crosslinking strategy.
Alginate hydrogel bioinks were functionalized with peptide via CuAAC reaction to directly
fabricate microvascularized constructs 2°!. The partial crosslinking process was accomplished by
adding calcium chloride, which gradually crosslinked the alginate hydrogel precursor into a viscous
solution, rather than a completely cured hydrogel. This facile approach maintains the defined
chemical properties and printed compartmentalized vascularized tissue construct with defined
mechanical, rheological, and biochemical properties.
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Figure 11. (A) Schematic diagram of the development of photoactive alginate bioink (Alg-norb) for
bioprinting of hydrogels. (B) Shear storage (G') and loss (G”) moduli as a function of a) UV
illumination time, b) frequency, and c) strain for Alg-norb with different PEG cross-linkers (1 =
Alg-norb10-1; 2 = Alg-norb10-2; 3 = Alg-norb10-3; 4 = Alg-norb10-4). d) Strain sweep of Alg-
norb10-1 (blue lines) and after the addition of 100 mM CacCl; for 3 min (red lines). (C) morphology
of 3D bioprinted hydrogels loaded with cells at a) day 0 and b) day 7. Green and red cell tracker
labeled L1929 as two different bioinks printed as alternating fibers c) in the X-Y plane and d) in the
Z direction. (D) Scaffolds bioprinted with the geometry of a pyramid (a). (b) and (c) the geometry
of a cube. Porous-like structures can be seen in the cube scaffold shown in (d) X-Y and (e) Z planes

34



when imaged between two glass coverslips. 24

4.3.2 Aldehyde-alginate for oxime

Hydrogel made from amine-hyaluronic acid (HA-NH>) and aldehyde-alginate (Alg-CHO) via
imine bond, exhibited good printability and degradability. The strands printed by HA-NH, and Alg-
CHO (5:5) were determined to have good structural integrity, as illustrated by their homogeneous
distribution in a linear pattern of fluorescent microspheres encapsulated in the hydrogel 2°2. In
addition, hMSC:s still existed in the form of living cells during extrusion and were not affected by
shear stress. Although high shear stress has an effect on cell viability and proliferation, high cell
viability can be maintained when the shear stress is lower than 5 kPa in 3D printing 2°32%, The shear
stress of HA-NH, and Alg-CHO (5:5) hydrogel at maximum viscosity is 276.6 Pa, which is much
lower than 5 kPa. These features are favorable for extrusion bioprinting.

4.4 Chitosan bioink
4.4.1 Diels-Alder chitosan

Simultaneous deposition and step-chain photopolymerization are beneficial to maintain the
integrity and stability of the 3D construct. Chitosan functionalized with methyl furan groups is
employed to generate hydrogels with defined characteristics. The methyl furan residues were
efficiently crosslinked by the Diels-Alder reaction binding PEG-Star-maleimide. The chitosan-
gelatin hybrid hydrogel has self-healing properties with 0.88 healing efficiency, and the healed
hydrogel can withstand repeated stretching!7#. The printed constructs encapsulated with human U87
glioblastoma cells improve the shape fidelity. Moreover, the proliferation of cells increased
significantly on day 3 and 6. The furaldehyde modified chitosan (CTS-FUR), has the load-bearing
capacity and synergistic toughening ability induced by an internal fracture to improve the
mechanical properties (Figure 12) 26, The material, prepared by cross-linking CTS-FUR with
furfural modified epoxy natural rubber (ENR-FA) through a Diels-Alder reaction, exhibits up to
487% elongation at break. The mechanical properties of the repaired material were more than 90%
of the original materials, regardless of whether it was completely fractured, cyclically damaged, or
recyclable.
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Figure 12. furan modified chitosan bioink and its properties. (A) Schematic diagram of the
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crosslinking mechanism of furan modified chitosan through Diels-Alder reaction. (B) Tensile-
recovery curves of ECTS-20 in successive cycles with different time intervals at room temperature
(RT) (a) and at 120°C for 20min and then at 60°C (b) after the first cycle?*°. (¢) Repeated stress-
strain curves of ECTS-20 at 120°C for 20min and then self-healing at room temperature for 12h. (d)
Self-healing efficiency of ECTS with different CTS-FUR contents. (C) Self properties. (a)
Observation of self-healing of ECTS-20 by stereomicroscopy. (b) Pictures giving the cutting/healing
process of ECTS-20%.

4.4.2 Oxime chitosan

Hydrogel applied in 3D printing has two significant characteristics, namely, steady rheological
properties and post-printing crosslinking 27 28, Due to the increase in long-term modulus and
folding structure, the applications of chitosan hydrogels have been greatly hindered in 3D printing
259 In response, Phenol-modified chitosan (Chi-Ph) and crosslinker of DF-PEG (CPDP) were
combined to form self-healing hydrogel via dynamic bonds between amine and benzaldehyde 2.
Fast gelling rate, good self-healing ability, and facile printability were obtained within a short time.
The interaction of phenol-benzaldehyde enhances molecular attraction, obtaining a faster gelling
rate. At higher strain, 500%, CPDP hydrogel reaches a critical state. At a lower strain, 1%, hydrogel
promptly returns to its original state. Combined with dynamic imine bonds, hydrogels maintain self-
healing properties after repeated damage. During the 3D printing, CPDP hydrogel is smoothly
extruded through 26-gauge needle to fabricate constructs. After printing, the actual size of printed
parts is consistent with the design model, and the error is less than 5%.

4.5 Thiol-ene-collagen bioink

Collagen is the most abundant and widely distributed functional protein in mammals 26! 262,
Under physiological conditions, collagen disintegrates in acidic conditions and self-assemble into
gels. It has the minimal immune response, excellent biocompatibility and tissue regeneration ability.
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Collagen-based bioinks have been produced by dissolving animal collagen in an acidic solution with
cell-free printing, meanwhile, an additional neutralization process is usually employed to prepare
the stable hydrogel before cell seeding 263 24, After being neutralized by an alkali, collagen is able
to self-assemble into fibrous hydrogels and load cells 2.

There is a serious problem when collagen is utilized as bioink. The low self-assembly speed
causes the deformation of collagen hydrogels due to their partial loss of moisture, resulting in the
collapse of the printed structure 2°. Norbornene-functionalized collagen (NorCol) has been
approached in addressing this issue. NorCol maintains the triple-helical conformation, that can
construct cell-loaded hydrogels with lower concentrations via a cell-friendly thiol-norbornene
reaction (Figure 13) 2¢7. The hydrogel has uniform pore structures that provide a suitable
microenvironment for the long neurite outgrowth of DRGs and the formation of HUVECs vascular
networks. The multilayered 3D constructs, such as mesh, pyramid, and monolayer tube, present
high-precision printed structures. Norbornene modification allows collagen to become a living cell
carrier with a precision processable characteristic. When human collagen type I (RCPhC1) was
functionalized with norbornene and thiol moiety, respectively, the RCPhC1-NB/SH hydrogels
developed with step-growth-polymerized were proved to constitute perfect bioinks via 2PP 268,
During the reaction, one norbornene group reacts with only one thiol group, which is responsible
for the formation of homogeneous networks. Compared with bifunctional thiolate cross-linker, these

multifunctional thiolated cross-linker results in a higher storage moduli and stronger networks 2'%
229
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Figure 13. (A) Synthesis and thiol-ene photoclick reaction of NorCol. (B) Different bioprinting
strategies for NorCol bio-ink. (a-i) Schematic of temperature-sensitive extrusion bioprinting. (ii)
Printed NorCol hydrogels (12 layers, 3 mm) after 1 day of culture. Fluorescence micrographs
showing cell (iii) viability (day 1) and (iv) spreading (day 5) within NorCol hydrogels. (b-1)
Schematic of extrusion bioprinting of NorCol bio-inks on agarose (2% w/v) plates containing 100
mM CaCl2. (ii) NorCol/Alg hydrogel scaffold after ionic and light cross-linking (6 layers, 1.5 mm).
Fluorescence micrographs showing cell (iii) viability within the NorCol/Alg hydrogel. (iv)
Fluorescence micrographs showing different degrees of cell spreading within the NorCol/Alg
hydrogels and Col/Alg hydrogels. (c-i) Schematic of the bioprinting photo-cross-linkable NorCol
bio-inks, where cross-linking occurs after extrusion with UV light irradiation. (ii) NorCol hydrogel
scaffold (6 layers, 1.5 mm) after 1 day of culture. Fluorescence micrographs showing cell (iii)
viability and (iv) spreading within NorCol hydrogels. (d-i) Schematic of the bioprinting photo-cross-
linkable NorCol bio-inks, where cross-linking occurs during extrusion with UV light irradiating
through a transparent tube. (ii) NorCol filaments (1 mm) squeezed out of a polytetrafluoroethylene
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tube. Fluorescence micrographs showing cell (iii) viability (day 1) within NorCol filaments. (iv)
Fluorescence micrographs showing cell spreading and cell morphology at the near-surface or inner
core of NorCol filaments (day 5). (e-i) Schematic of the stereolithography appearance for NorCol
bio-ink using a laser pointer. (ii) Photographs and micrographs of the NorCol pattern (SIA, 1 layer).
(iii) Viability (day 1) and (iv) spreading (day 5) within the NorCol pattern. 267

4.6 Thiol-ene-cellulose bioink

Cellulose is a linear polysaccharide, and its molecular structure is rich in hydroxyl groups®®®-
270, However, cellulose, without modification, will undergo thermal decomposition before melting
and flowing %!, thus limiting its application in 3D printing. Functionalized cellulose can, however,
be utilized to prepare bioinks, such as cellulose derivative, carboxymethyl cellulose (CMC),
methylcellulose (MC), and hydroxyethyl cellulose (HEC).

CMC modified with norbornene group has the potential to prepare photocurable and cell-
encapsulated hydrogels. These hydrogels exhibit good cytocompability, and the embedded human
mesenchymal stem cells (hMSCs) show high cell viability, > 85%, after 21 days 2”2. Norbornene
modified CMC (NorCMC) and carbic functionalized CMC (¢cCMC) were chosen as the formulation
of bioinks via thiol-ene reaction (Figure 14) 273. The thiol:norbornene ratios (T:NB) investigated
were 1:4, 1:2, and 1:1. The viscosity of NorCMC bioinks increases with the increases as the T
proportion increases. It is ~ 2 times increase as the T proportion increases from 1:4 to 1:1. Grid-like
homogeneous scaffolds were fabricated with print speeds of 5-10 mm/s. Three kinds of cells,
hMSCs, NIH 3T3 fibroblasts, and HUVECs, could be encapsulated into bioinks and successfully
printed scaffold without loss of cell viability ( 95-97% for 1:4, 97-93% for 1:2)*”3. When CMC was
modified by alkyne group, it could combine hydroxyethyl cellulose (HEC) modified by the azide
group to obtain bioink for extrusion bioprinting (Figure 14) 274, Under the catalytic action of copper,
the gel was obtained via a click reaction. The results showed that swelling rate is a positive function
of copper content and is independent of variations in pH. This is because, when large amounts of
Cu(I) are present, more active sites will be produced, thus resulting in more triazole crosslinks to
improve the hydrophilicity. The extrusion bio-plotting was successfully carried out using these
HEC/CMC bioinks. Although the effect on cell viability of the gels was not significant, the
biocompatibility needs to be further evaluated when used as biological tissues.

Methylcellulose (MC) is another cellulose derivative, that is synthesized by using methyl
groups to replace hydrogen atoms at the C-2, C-3, and/or C-6 position of cellulose 27°. Due to the
property of temperature-dependent reversible transition, MC is suitable for 3D bioprinting. It is
found that MC-based bioinks exhibit high viscosity properties near physiological temperature. After
functionalizing with norbornene, MCNB bioinks preserve temperature sensitivity. At 37 °C, MCNB
bioinks were extruded continuously and smoothly from the nozzle, forming a uniform line. In
contrast, the extruded MCNB bioinks dropped into droplets without a continuous strand 27°. Thiol-
norbornene crosslinking enhanced the stability of printed hydrogel, leading to stable three-layered
lattice MCNB constructs independent of temperature (Figure 14).
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Figure 14. Chemical structure, modification reaction, and crosslink mechanism of CMC, HEC, MC. A. CMC-NB and its crosslink mechanism via thiol-ene reaction.
(a) Functionalization of CMC with norbornene groups via EDC coupling reaction. (b) Schematic of a CMC-NB/DTT/(dithiothreitol) hydrogel fabrication via thiol-ene
reaction. 2’>273 B. Formation of click-hydrogel of propargylated-CMC and azido-HEC. Azido-HEC was prepared with 1-azido-2,3-epoxypropane (AEP) via open-ring
reaction. Propargylated-CMC was prepared using a coupling agent and propargylamine. 274 C. MC-NB and its crosslink mechanism via thiol-ene reaction. (a) Schematic
of MCNB synthesis. (b) schematic of the crosslinking mechanism of MCNB and PEG4SH. 27276
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4.7 Thiol-ene chitosan bioink

Chitosan, consisting of glucosamine and N-acetyl glucosamine linked in a § (1-4) manner, is
the product of chitin after deacetylation. It is a linear polysaccharide macromolecule with favorable
biodegradability, biocompatibility, nontoxicity, and antibacterial activity properties. The molecular
weight and deacetylation degree of chitosan is 300~ more than 1000 kD, 30%~95%, respectively
277 The abundant amino groups on the chitosan repeat units offer abundant modification sites. When
chitosan is dissolved in an acid solution, the molecule has positive charges and becomes a
polycationic polysaccharide 278

Although chitosan hydrogel has great applications in biomedical fields, 3D printed chitosan
hydrogel presents poor mechanical properties and slow gelation properties 2’°. That makes the 3D
printable chitosan insufficient to maintain structural integrity 2%° and limits the further utilization of
chitosan in 3D printing. To tackle this problem, simultaneous extrusion deposition and thiol-acrylate
photopolymerization (step-chain growth polymerization) can be carried out to prepare fast gel. For
instance, hydrogel can be fabricated with maleic chitosan (MCS) with acrylate group and thiol-
terminated poly (ethylene glycol) (TPEG)?8!. The thiol-acrylate photopolymerization significantly
overcomes the oxygen inhibition effect. Compared with single acrylate systems, thiol-acrylate
systems, prepared by introducing sulthydryl compounds are beneficial to reducing or eliminating
the influence of oxygen inhibition on gelation rate. The gel rate and compressive strength were
increased by 2 times and 10 times respectively, compared with pure chitosan hydrogel. The range
of G’ is 4-10 kPa, which is comparable to the G’ of nerve tissue, is suitable for the migration,
proliferation, and differentiation of cells.

4.8 Thiol-ene polyethylene glycol

Polyethylene glycol (PEG) is a well-known synthetic biomaterial, which has been widely used
in pharmaceutical and biomedical fields. Due to its hydrophilicity, biocompatibility, non-
immunogenicity, and flexibility, PEG has been successfully utilized in bioprinting as a crosslinkable
bioink 282, PEG has two molecular structures, linear and branched. The hydroxy terminal groups in
the basic structure of PEG can be modified to transform into other groups for hydrogel formation
or binding with molecules.
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Figure 15. Double network bioinks of PEG/alginate. (A) Printed inks and hybrid scaffold. (a) Four-
arm PEG monomers functionalized with norbornene and thiol end groups react when photoinitiator
LARP is present within the solution, as alginate ionically cross-links with itself with the presence of
calcium ions; GeIMA monomers mixed with cells and Irgacure 2959 results in a cross-linked cell-
encapsulated bioink strand. (b) Visual representation of alternating PEG and GelMA inks in 1-1
pattern to create a hybrid scaffold. Complex architectures can be created using this printing
technique, such as (c) human nose, (d) ear, and (e) thyroid cartilage. (B) Mechanical testing of
various print patterns. (a) Visual description of the various print patterns used to fabricate hybrid
scaffolds. Uniaxial compression testing was performed on hybrid scaffolds both before and after
experiencing GelMA digestion via collagenase V. Mechanical properties, such as (b) fracture
strength, (c) toughness, were characterized to ensure hybrid scaffolds exhibited similar properties
to soft tissue. (C) Complex scaffold shape retention. (a) Noses were printed in various patterns of
double network ink and GelMA and further subjected to collagenase IV digestion. (b) Scaffold
dimensions were recorded and compared to its original fabricated form, specifically (c) width,
length, and peak height. (d) Magnitude of curvature was also calculated and recorded for each hybrid

pattern. 283

PEG hydrogels can be used as extruded gel phase bioinks, whose properties are tuned by
modulating molecular weight, concentration, and crosslinking degree. The lack of stability of pure
PEG bioinks is a challenge for extrusion printing. In order to improve the stability, microgels have
been used as bioinks 4. Norbornene-bearing PEG microgels can be fabricated into 3D constructs
via thiol-ene reaction. Due to its inherent cohesion between the microgels, PEG microgel-based
bioink are easy extruded and rapidly stabilized during the printing process 2%4. For unreacted
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norbornene groups, annealing can be performed by second thiol-ene click chemistry to obtain long-
term stability of microgels, and the whole process is cell compatible. Human mesenchymal stem
cells (hMSCs) incorporated in the scaffold have the ability to spread, proliferate, and also active
Yes-associated protein signaling®®. PEG functionalized with cell-adhesive RGD ligands were
crosslinked with peptides via the Michael reaction 2%. These crosslinked PEG-based bioinks were
extruded smoothly and evenly from the micro-capillary bioprinting system, forming various
complex constructs along with angles and sharp turns. In the bioprinting process, PEG-based bioink
transiently incorporating low molecular weight gelatin (LMWG) fragments improves shape fidelity
and accuracy. The cell viability was as high as 95+3% after culturing 3, 5, 7 days. Four-arm thiol-
ene PEG hydrogel has predictable swelling properties, biocompatibility, and enzyme resistance?®’.
However, this solution cannot be used as bioinks alone because of its low viscosity at low monomer
concentration and poor self-supporting ability. By adding alginate as a thickener, extruded gels with
good properties are obtained. Alginate is used as physically crosslinking and PEG is involved in
chemical crosslinking, which form a double network bioinks (Figure 15) 283, Before contacting with
collagenase IV, the printed scaffold had a toughness ranging from 1517.8-1836.3 kPa and fracture
strength of 26.7-28.9 kPa. The results of post-digestion showed that toughness and fracture strength
were comparable to the toughness and fracture strength of hybrid materials. Furthermore, noses
printed with various patterns of double network bioinks and GeIMA present high degree shape
retention 283, The change of width, length, and height are 14.9+3.0%, 13.0+2.7%, and 4.9+3.3%,
respectively 283, Therefore, double network bioinks are suitable for 3D bioprinting strategy to build
complex constructs with ideal properties.

PEG decorated with functional groups can also be used as crosslinking agents in 3D printing.
For example, dithiol PEG was rapidly crosslinked with norbornene modified alginate via thiol-ene
reaction by UV irradiation to printed constructs 2*°. When the biofunctional crosslinker was replaced
with four-arm thiolated PEG, more compact crosslinked networks were presented. PEG modified
with diacrylate and PEG modified with diallyl carbamate combined with more viscous HA-SH to
prepare bioinks?%. Two independent reactions occur, Michael addition of pre-crosslinking and thiol-
ene reaction of final-crosslinking. Modificated PEG provides 3D printability to print uniform
constructs, promoting effective chondrogenic differentiation of MSC. The homogeneous
distribution, up to 95%, was observed. Hyperbranched PEG-based macromolecule, HB-PEG-HDZ,
is a macro-crosslinker, that is synthesized via thiol-ene reaction. It is able to crosslink with HA-
CHO to form injectable fast-forming hydrogels through the reaction of hydrazide and aldehyde?®3.
This dynamic covalent crosslinking mechanism endows gel with good shear thinning and self-
healing properties. The G’ of HB-PEG-HDZ/ HA-CHO hydrogel was 800 Pa, which was reduced
to 600 Pa after the first cycle and maintained at 550 Pa after 5 cycles of repair tests. This fast so-gel
transition protects the cell from damage during the extrusion.

Poly (ethylene glycol)-dithiothreitol (PEGDTT), synthesized via Michael-like step-growth
polymerization, is the derivative of PEG. When PEGDTT is combined with nanosilicates, the shear-
thinning bioinks with tuning swelling kinetics and degradation rate are obtained'”’. The
concentration of nanosilicates modulates viscosity, low viscosity corresponding to a low
concentration of <4% wt/vol. When the concentration is more than 4%, stiff gels are prepared. Since
the physical crosslinking between nanoparticles and PEGDTT limits the swelling of polymer chains,
the swelling degree of PEGDTT hydrogel with nanosilicates was lower than that of single
PEGDTT!%28 The degradation rate can be effectively adjusted by changing the ratio of PEGDTT:
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nanosilicates. The main reason is the chemical composition and cation balance.

The multi-material bioinks based on partial PEG cross-linking (PEGX) enable to synthesize
gel-phase bioinks with the mechanical tuning properties and high cell viability. The rheological
study of PEGX-Gelatin bioinks showed that storage was related to gel phase. Weak inks were less
than 30 G’ Pa, ideal ink was about 30-150 G’ Pa, and robust inks were approximately 500+ G’ Pa’>.
During the printing process, the PEGX solution with different concentrations was added to the top
of the construct for post-printing crosslinking. After that, PEGX-MAL and PEGX-NOR were
incorporated into thiol-gelatin and tetrazine-gelatin to perform secondary crosslinking, respectively.
The secondary crosslinking treatment improved the storage modulus from <20 Pa to 500~2000 Pa*.
For crosslinking of maleimide (MAL), vinyl sulfone (VS) and thiol (SH), crosslinking of
succinimidyl valerate (SVA) and amine (NHb), crosslinking of norbornene (NOR) and tetrazine (TZ),
the gelation rates of bioinks from fast to slow are MAL-SH, NOR-TZ, SVA-NH,, VS-SH,
respectively?”.

The lack of diversity in bioinks is a major factor limiting their development. Cell phenotypes
are very sensitive to the biochemical and mechanical properties of the surrounding environment.
Therefore, the matrix properties provided by bioinks are important for cell diversification?”°. The
university orthogonal bioinks, based on the biorthogonal crosslinking mechanism, can avoid the
influence of biochemical stimulation on cell viability, meeting the requirements of bioinks widely
application. University orthogonal network bioink with gelatin, hyaluronic acid, recombinant
elasmoid protein (ELP), and polyethylene glycol (PEG) were developed via bioorthogonal strain-
promoted azide-alkyne cycloaddition (SPAAC) reaction between azides and bicyclononynes
(BCN)*®. The hydrogel storage moduli are between 200 and 10000 Pa, which can be adjusted by
changing the weight percentage of each polymer. The presence of cells did not interfere with the
crosslinking of bioink. The crosslinking kinetics and final modulus of bioinks have not obviously
changed after containing C-MSCs. These bioinks can be applied to print a unified and cohesive
structure, with high cell viability and expression characteristics. University orthogonal network
bioink is a general method for 3D bioprinting with multiple materials and cells.

4.9 Other polymers for thiol-ene bioink formation

In addition to the biological macromolecules-based inks mentioned above, other bioinks
decorated with click reaction have also been developed. Poly (vinyl alcohol) (PVA), a water soluble,
nontoxic polymer, has been widely applied in industrial production, cosmetics, food, and biomedical
fields ?'. The secondary hydroxyl groups in molecular structure endow PVA with many
modification opportunities. For instance, PVA has been functionalized with aldehyde, hydrazide,
thiol, azide, alkyne, etc. in the literature 2°2-2%, For thiol-ene modified PVA bioinks, the high
reactivity of norbornene groups improves the reaction rate, while PVA functionalized with ally
group exhibits good cytocompatiblity'> %3, PVA-based bioinks were also reported to reduce
incompatibility caused by viscosity and thus improve printability characteristics. For instance, PVA
was functionalized with cis-5-norbornene-endo-2,3-dicarboxylic anhydride (PVA-Nb) and amine
(PVA-A) respectively, and then combined with solubilized decellularized cartilage matrix (SDCM)
to obtain bioinks with printability characteristics 2°. PVA-A/SDCM is printability, but its shape
retention is poor due to slow cross-linking kinetics. The thiol-ene reaction promotes the rapid
formation of PVA-Nb/SDCM bioinks and endows excellent printability. The structural integrity over
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25 layers is well preserved. The cell viability post-bioprinting kept a high value up to 7 days.

Poly(glycidol) (PG) solution, as a new polymer bioinks, combined with high molecular weight
HA is appropriate for 3D printing. PG molecules were functionalized with thiol- and allyl group,
and then hyaluronic acid (HA) was added. When the ratio of HA to PG is 1:10, the materials are
assigned by a nozzle with drops 2°’. The lower initial stability of the solution prevents the printing
of the second layer. With the increasing of ratio, the stability has been improved. The solution with
aratio of 7:30 flows out of the nozzle within a strand, exhibiting higher stability?>*’. The PG modified
with allyl and thiol group can form uniformly networks have been formed via UV-mediated thiol-
ene click reaction. 3D printing with PG/HA solutions has good reproducibility and the products have
no collapse. PG is a structural analogue of PEG?*®. The production of chondrogenesis in pure PG
gels is low owing to its weaker cell-initiated deposition of ECM molecules. This issue can be solved
by decorated PG. A stable hybrid hydrogel was prepared by combining allyl-functionalized
poly(glycidol)s (P(AGE-co-G)) and thiol-functionalized hyaluronic acid (HA-SH) via UV-induced
radical thiol-ene reaction 7. After adding the thicker of HA (1 wt.% and 2.5 wt.%), the constructs
with high shape fidelity were printed. These hybrid hydrogels enhanced the staining of GAG,
aggrecan, and collagen II, promoting chondrogenesis.

In order to further expand the bioink library and bioprinting capability, especially for the
formation of super-soft tissue, researchers used photocrosslinkable polymer to achieve printing via
complementary network strategy. These polymers contain HAMA, norbornene-functionalized
hyaluronic acid (HANB), gelatin methacryloyl (GelMA), allylated gelatin (GelAGE),
methacrylated chondroitin sulfate (CSMA), methacrylated dextran (DexMA), methacrylated
alginate (AlgMA), methacrylated chitosan (ChiMA), methacrylated heparin (HepMA), PEG
diacrylate (PEGDA), eight-arm PEG acrylate (PEGA), and norbornene-functionalized four-arm
PEG (PEGNB) 2. The photocrosslinked polymers were mixed with 5% gelatin to form a composite
bioinks, labeled HAMA*, HANB*, GelMA*, GelAGE®, CSMA*, DexMA", AlgMA*, ChiMA*,
HepMA®, PEGDA", PEGA*, and PEGNB". The thermal responsive gelatin network provides
excellent extrusion and structural stability. The thermal covalent cross-linking network, via chain-
growth mechanism and step-growth mechanism between norbornene and allyl, provides stable
printing structure. These polymers combine to form a complementary network hydrogel. The results
present that the addition of gelatin has little effect on the long-term mechanical properties of the
printed structure, and the composition of gelatin mainly determines the printability of bioinks.
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Table 2. Detailed characteristics of typical bioinks for 3D printing

. . Construct
L. Click Network Gelation . Cellular Cell . Construct ..
Type Characteristic reaction precursor process Printer type Cell type concentration | viability resolution shape and size Applications References
clatin- HUVECs, MSCs,
g . extrusion, two- fibroblast cells,
Thermos- thiol-ene norbornene, thiol- hoton cardiomyocytes
. . L modified gelatin, photo . photon yocytes, 6 >80% Vasculogenesis, 215217, 232
Gelatin responsive, high thiol-vinyl, elatin-vinyl CrOss- microfabrication, human 5%10° cells after 50 500 um vascular tissues » 532,
cell viability and Diels- & Y S digital light osteosarcoma cell ml! Hm K PP i 234,239
. X methy-furan- linking, . . 24h liver tissue
cell proliferation Alder, . processing line MG63, normal
gelatin, all.ylated- (DLP) human dermal
gelatin fibroblasts (NHDF)
Cell carrier. thiol-
g acrylate thiol-modified L929 cells, long- . .
promote cell . - Disk with 5
. roliferation Mlghael HA, photo L termneuroepithelial >85% diameter, cartilage
Hyaluronic P . ? addition, methacrylated extrusion, inkjet | stem cells (It-NES), 2x10° >, . ’ 14,208, 211
acid easily SPAAC HA. maleiated Cross- sintin human after 200pm filaments with cardiovascular 186, 188, 203
functionalization, . ’ " linking p & 24h size of 200- tissue,
hydrophilic. good thiol-ene, sodium HA, neuroblastoma cells, 7001m
yarophuie, & aldehyde- norbornene-HA MSCs, Hm,
viscosity .
hydrazide,
Short crosslinking | Michael norbornene- MSCs, L929 cartilage,
. time, modulated addition, alginate, photo . fibroblast gell line, 106 car scaffold microvasculature
Alginate ViSC’()Si tv. good thiol—en(; sulthydryl- Cross- extrusion, human periosteum >80% 200 um with 35x15x15 bone tissue. ear ’ 247, 249-251
cell Via}lli)ﬁit CuAACj alginate, azide- linking derived cells, mm structure;
Y alginate HUVECs, hADSCs ’
grid line with
Good mechanical Michael Photo 1929 cells, human approximately
. properties, addition, maleic chitosan, . U87 glioblastoma 600 um wide, .
Chitosan - . . . cross- extrusion, . 7 % 10° >80% 200pum bone tissue 174,281
antibacterial Diels- furan-chitosan, linkin ? cells, human glioma and the
activity Alder, £ U87-MG cells, macropore of
1800 pum length
minimal immune norbornene- Human dermal
response, tissue collagen, thiol- Photo extrusion, SLA, fibroblasts six layers with
Collagen regeneration Thiol-ene, collagen, cross- two-photon (HDFBs), 5% 10° >90% 200 pm a height of 1.5 cartilage tissue 267 268
ability, good cell methacrylamide- linking microfabrication HUVECs, 1929 mm
carrier collagen mouse fibroblasts
renewable natural Norbornene- hMSCs, NIH 3T3 Scaffolds with
polymers, rich Thiol-ene carboxymethyl Photo fibroblasts, >90% the of thick >3
Cellulose hydroxyl groups, CUAAC ’ cellulose, carbic Cross- extrusion, HUVECs, human 2 M cells/ml after 200 pm mm in height), | spinal cord tissue 273,274, 276
good bioactivity, functionalized linking immortalized skin 24h
biodegradation carboxymethyl fibroblasts cell line, lattice
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cellulose, azido- mMSCs constructs with
hydroxyethyl square-shaped
cellulose, pores
propargyl
carboxymethyl
cellulose,
norbornene-
methylcellulose
lattice
thiol-ene, thiol-PEG, constructs with
Michael norbornene-PEG, square-s; aped
X . reaction, acrylated- ) oto 5x cells after 1h, cartilaginous, ear, > O S8 210
Polyicthyiene mgdlﬁcitlop, | aldehyde- | viny sulfone-PEG, Cross- extrusion, inkjet mfl%SC;l, L929 per, >80% 200 um h;) nlel:ycomb, a humgan nose, 281,283, 284,
glyco goopr;gzcrzﬁzrsnca hydrazide, multivinyl- linking 1broblasts, after tzllofoit(:: thyroid cartilage 286,288
> SPAAC, hyperbranched 24h )
Diels- PEG (HB-PEG), diameter 10
Alder hydrazide-PEG mm and inner
diameter 8 mm
cylinder
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Table 3. The functionalized bioink chemical structure for click reaction

Type Chemical structure
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5. Conclusions and future perspectives

Click chemistry reaction provides some advantages for bioprinting and bioinks. These include
simple and mild reaction conditions, avoiding damage to cells by toxic cross-linking agents,
promoting gelation at room temperature or physiological temperature, and adjusting mechanical
properties and degradation rates according to application requirements. The resulting hydrogels also
have homogeneous crosslinked networks. The printing accuracy and shape fidelity of printed
constructs are maintained and enhanced. Cells encapsulated in bioinks decorated with click
chemistry reaction present good cell viability, spread, and proliferation. The aforementioned
benefits of click chemistry, therefore, provide support for the development and application of tissue
engineering and regenerative medicine. Most of bioinks can be decorated via click reaction to
improve physicochemical properties, that play an important role in the success of bioprinting.
However, there are challenges that must be addressed. For instance, this review established the
difficulty of a single bioink in meeting the various requirements of bioprinting, such as mechanical
properties, cross-linking density, swelling rate, resolution, etc. These factors are critical to the shape
stability, cell encapsulation, diffusion, and proliferation of printed constructs. Hence, the effect of
mixed bioinks on the properties of printed hydrogels needs to be further investigated. For the
preparation of bioprinting or bioink involved in CuAAC reaction, great attention should be paid to
completely removing the toxic catalyst or initiator after the reaction to avoid its harm to biological
tissues and obtain higher quality and high safety products. Having highlighted the benefits of click
chemistry in Bioink preparation, several problems have been identified that may limit its wide
acceptance for use in clinical trials. For instance, since common natural hydrogel materials may
present some incompatibility challenges with click chemistry, there may be a need to introduce
alternative reactants that may not comply with safety regulations. Additionally, when structures are
prepared using several click reactions, there is an enhanced risk of unpredictable side reactions
occurring that may affect the overall process. Indeed, it is reported that a comparatively low number
of hydrogel products, produced from click chemistry are currently being applied in the clinical trials
300 More work in the area of improving click chemistry and understanding the safety limitations is
therefore necessary as such improvement will promote the further development of 3D bioprinting
and accelerate application of click chemistry in clinical trials for tissue engineering and regenerative

medicine applications.
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