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ARTICLE INFO ABSTRACT

Keywords: Amazing achievements have been made in the field of tissue engineering during the past decades. However, we
BiOPr.intiflg. have not yet seen fully functional human heart, liver, brain, or kidney tissue emerge from the clinics. The promise
3D bioprinting of tissue engineering is thus still not fully unleashed. This is mainly related to the challenges associated with

4D bioprinting
Tissue engineering
Hydrogels

producing tissue constructs with similar complexity as native tissue. Bioprinting is an innovative technology that
has been used to obliterate these obstacles. Nevertheless, natural organs are highly dynamic and can change
shape over time; this is part of their functional repertoire inside the body. 3D-bioprinted tissue constructs should
likewise adapt to their surrounding environment and not remain static. For this reason, the new trend in the field
is 4D bioprinting — a new method that delivers printed constructs that can evolve their shape and function over
time. A key lack of methodology for printing approaches is the scalability, easy-to-print, and intelligent inks.
Alginate plays a vital role in driving innovative progress in 3D and 4D bioprinting due to its exceptional
properties, scalability, and versatility. Alginate’s ability to support 3D and 4D printing methods positions it as a
key material for fueling advancements in bioprinting across various applications, from tissue engineering to
regenerative medicine and beyond. Here, we review the current progress in designing scalable alginate (Alg)
bioinks for 3D and 4D bioprinting in a "dry"/air state. Our focus is primarily on tissue engineering, however,
these next-generation materials could be used in the emerging fields of soft robotics, bioelectronics, and
cyborganics.

1. Introduction desirable fates capable of facilitating tissue growth and regeneration
[1-4]. Among the several commercially available scaffolds, hydrogels

Due to the rapidly aging population, age-related tissue and organ are considered very important for tissue engineering since they reca-
pathologies are rising. A possible avenue for addressing these problems pitulate many important aspects of the native cellular microenviron-
is through tissue engineering; which is an alternative to organ trans- ment [5]. In brief, hydrogels are made from crosslinked polymeric
plantations. This concept is mainly based on biomaterial scaffolds that, networks that can retain and absorb large amounts of water and,
via native-like biochemical and physical signals, can direct cells into therefore, provide a wet 3D microenvironment that enables efficient
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waste and nutrient exchange to support proper cell function [6,7]. The
main drawbacks of these methods arise from the uneven dispersion of
viable cells, occurring when cells are not thoroughly mixed during the
hydrogel formulation but are instead seeded onto pre-formed hydrogel
scaffolds and the challenges associated with the accurate positioning of
different cell and material types to fully recapitulate the architectural
complexities of native tissues.
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3D multi-extrusion printing can address the abovementioned limi-
tations by simultaneously using many nozzles [8-11] to deposit different
cell and material types at pre-determined locations. However, they
exhibit some limitations such, as limited material selection, slow
printing speeds, and challenges with achieving multi-layer prints.
Indeed; printing multiple layers is typically haunted by low fidelity and
possible spillover of materials and cells into adjacent areas.
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Fig. 1. The concept of 4D printing and it’s potential applications in the field. (a) The difference between 4D and 3D printing is depicted her. In simple terms, 4D
printed structures can change their 3D configuration over time in response to various stimuli. (b) For instance, 2D flower petals can over time transform into complex
flower-like structures. (c) In the body several important tissues are dynamic. Heart contracts and relaxes many times per minute, the process of peristalis pushes food
through the gastrointestinal tract, and blood flow inside the body can be controlled via vasoconstriction/vasodilation.
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Multi-extruders also sometimes suffer from limitations, such as sponta-
neous extrusion of materials while the print heads move to a new site,
and layer-shifting imperfections caused by the extrusion of different
material types on top of one another [9]. Importantly, in 3D bioprinting,
the input is a static “material”, and the 3D printed tissues are thus not as
dynamic as native tissues, including blood vessels, heart, and muscle
tissues that change shape over time [12,13].

4D printing has emerged as a possible solution to the above-
mentioned challenges. It’s based on the beautiful marriage between
origami-folding and micropatterned sheets generated via 3D printing
(Fig. 1a-b). Specifically, the printed sheets can convolute into highly
complex 3D dimensional architectures in response to external or internal
stimulus - this is where the fourth dimension, namely time, comes into
play [12]. Therefore, 4D bioprinting can create complex shapes with
much better resolution without material and cell cross-contamination
across different layers and regions [7,9,14]. Besides being able to
generate 3D complex shapes with high fidelity, 4D printed structures can
also be programmed to respond to stimuli to change their shape and
perform pre-determined tasks, exactly like native tissues (Fig. 1c).

Among the hydrogels used for bioprinting, Algs are one of the most
investigated due to their high biocompatibility, low cost, and mild
gelation process in the presence of divalent cations such as Ca®t and
Mg?*. This simple process of gelation turns them into attractive mate-
rials for cell encapsulation. Most importantly, the special advantage of
Alg is its scalability as it is readily available from various types of brown
seaweeds including Laminaria, Ascophyllum, Sargassum, Alaria, and
Macrocystis (Fig. 2). The Alg backbone is also easy to modify chemically
and biologically, displays low toxicity towards human cells, and is
already frequently used in the clinic with promising outcomes [15-18].
Importantly, for printing applications, Alg pre-polymer solutions display
shear-thinning properties (less viscous and flows more easily when
subjected to an applied shear force or stress) and are thus desirable
precursor materials for the fabrication of 3D printed scaffolds. For these
reasons, Algs are the most common building blocks employed in pre-
paring bioinks for bioprinting [7,19]. Unfortunately, unmodified
Alg-based scaffolds do not meet some essential needs required by tissue
engineering scaffolds because of their mechanical brittleness and low
bioactivity (e.g., cell-adhesive moieties) [20]. Neither are they adapt-
able and dynamic. To overcome these limitations, adaptable Alg bioinks
have been constructed via smart chemistry and nanomaterial
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reinforcement (Fig. 3) [21,22].

This report will specifically review the printing and bioprinting of
chemically modified and nanomaterial-reinforced Alg biomaterial-inks
and bioinks as well as their applications in both 3D and 4D bio-
printing. We will specifically focus on smart Alg bioink based on
nanomaterials (e.g., graphene oxide (GO), carbon nanotubes (CNTs),
nano clays) [22-24], various chemical groups (oxidized, amines, and
methacrylate) [25,26], stimuli-responsive polymers (Poly(N-iso-
propylacrylamide) (PNIPAAm)), cell adhesive peptide motifs (e.g.,
Arginine-Glycine-Aspartic acid (RGD), e-PL, arginine-glutamic acid--
aspartic acid-valine (REDV) [27-29], or gelatin (GEL) [30,31] for
improving printability and bioactivity. Rheological and mechanical
properties will also be discussed. Moreover, we will discuss the devel-
opment of stimulus-responsive Alg bioinks for 4D printing of living tis-
sue structures, especially through the functionalization of Alg with
methacrylate groups. Finally, the recent progress on various applica-
tions of such 4D printed Alg-based constructs towards vascularized tis-
sue engineering and cardiac and skin tissue engineering will be
described.

2. Development of native-like tissues
2.1. In a nutshell

The demand for tissue or organ transplantation due to donor defi-
ciency and possible rejection of the transplants by the human immune
system has prompted the emergence of tissue engineering. Tissue engi-
neering has gained enormous attention due to its potential to restore and
repair damaged tissues and organs [32-35]. Cells, scaffolding bio-
materials, and growth factors are the main ingredients needed to
generate the optimal milieu for tissue regeneration in vitro [34,36]. The
scaffolding constructs are considered a key factor in the success of tissue
engineering [37] since they provide a native-like 3D environment
capable of guiding new tissue formation from stem/progenitor cells [5,
38]. The most important limitations lie in the fact that most of the
scaffolds cannot mimic the complicated architecture and vascular
network structure of native tissues [39]. Moreover, only the initial state
of the tissue is considered, which is static. These limitations highlight the
need for the development of native-like tissues that can mimic both the
complex physicochemical properties of native tissues in combination
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Fig. 3. This figure depicts various strategies for turning conventional alginate inks into smart and dynamic ones applicable for 4D printing. They mostly rely on

either nanomaterial incorporation or sophisticated chemical modifications.

with their highly dynamic structure [40-42].

2.2. What's next?

Despite the great promise that tissue engineering holds, certain
challenges are associated with this technology, preventing it from
spearheading into the clinic. The drawbacks include a lack of renewable
and immune-compatible cell sources [43], and biomaterials with
desirable mechanical properties and biological activities as well as the
inability to generate tailor-made tissue constructs with precisely defined
geometries to mimic the complexities of native tissues [5,43]. Bioma-
terial science has received much attention in the past decade to address
these challenges by giving rise multifunctional systems mimicking the
chemical, biological, and mechanical properties of native tissues. Recent
focus has also been directed toward the research and development of
printable biomaterials embedded with cells (Biolnks) for 3D printing of
tissue engineering constructs that fully embrace the complexity of our
tissues and organs [43]. However, most bioinks used for 3D printing are

static and therefore not suited for generating dynamic and native-like
tissues. With adaptable bioinks, it is now possible to finally deliver
off-the-shelf engineered tissues that reproduce the structural and
dynamical complexity of native organs. This is possible through 4D
bioprinting — an emerging field that details the printing of
stimuli-responsive sheets capable of folding into complex architectures
over time [36,43].

2.3. Polymeric biomaterials

As mentioned previously, recent developments in tissue engineering
have led to a renewed interest in biopolymers [44], as they can serve as
tissue engineering hydrogels by providing a 3D porous and wet envi-
ronment for native-like cell culturing, growth, proliferation, and dif-
ferentiation [45]. To this end, the tissue engineer must choose the right
polymer to match the targeted tissues. The key material properties to
consider here are structural, mechanical, and biological. They should
also meet several requirements, such as shear-thinning property and
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controllable crosslinking ability before they are amenable as bioinks for
bioprinting. Indeed, 3D printable polymers for tissue engineering con-
structs should ideally balance viscosity, stiffness, and gelation time to
yield high-fidelity prints [46]. Last but not least, when distinguishing
the suitability of polymers for hydrogels, it is important to assess
whether they meet key requirements including biodegradability,
biocompatibility, and bioactivity [47]. To this end, biocompatibility is
one of the most important requirements and refers to the ability of a
material to be compatible with the host immune system, while dis-
playing good blood compatibility and sustainable biointegration with
the surrounding tissues [48-50].

2.4. 3D bioprinting

The most important limitations of conventional scaffold
manufacturing are their inability to construct environments with intri-
cate native-like geometries displaying a localized and well-defined cell
distribution. Therefore, there is still room for significant advances that
can unleash the entire spectrum of deliverables that might be achieved
through tissue engineering [36,51]. To address this grand need in the
field, an increasing interest has been dedicated to 3D bioprinting. In
simple terms, 3D bioprinting is about accurately placing cell-laden
biomaterials in pre-determined 3D hierarchical configurations to
develop sophisticated cellular tissue alternatives [36,51]. For this
reason, 3D bioprinting has the potential to bridge the current conflict
between native tissues and tissue-engineered alternatives [52]. Various
bioprinting techniques have been presented based on extrusion, injec-
tion droplets, and stereolithography [51]. We will not go into these
topics in-depth but will instead refer the interested reader to several
excellent reviews [36,51,53-55].

2.5. 4D bioprinting the next big thing?

Despite the success and effectiveness of 3D bioprinting, it has not yet
delivered complex structures encompassing multiple cells in combina-
tion with different material properties in a convincing manner, exactly
like the tissues in the human body [56]. To meet these challenges, 4D
bioprinting has emerged as a powerful alternative to the current
state-of-the-art [40]. In simple terms, 4D bioprinting is an advanced
printing strategy based on 3D bioprinting completed with a fourth
dimension (time) that allows the printed constructs to evolve into
complicated 3D constructs as a function of time-dependent stimuli [57].
In greater detail, 4D printing is based on printed structures that can
change their functionality or/and shape and size with time in response
to various external or internal stimuli in a pre-determined way [51,53].
Various physical (e.g., temperature, magnetic and electric field, water),
chemical (e.g., pH), and biological (e.g., enzymes) stimuli can be used
[57]in this regard.

Moreover, conventional 3D-bioprinted structures follow static pat-
terns and models, where only the initial state of the printed structures is
considered. This is contrary to native tissues, which are often based on
dynamic alterations caused by external stimuli [51]. For instance, blood
circulation throughout the body is regulated by the rhythmic pumping
of the heart that is actuated by electric stimuli causing cardiac muscles
to contract (Fig. 1c). The same function holds for the musculoskeletal
system; however, in this case, the electric stimuli from the nervous
system contract the musculoskeletal system, facilitating movements
such as walking and running [51]. Another example is the peristaltic
movements of the intestine, which consists of successive waves of
contraction and relaxation of the smooth muscles of the nutritive wall
responsible for directing food along the gastrointestinal tract [56].
Chemical cues or hormones also contribute to how tissues work. For
instance, epinephrine or nitric oxide causes vasodilation causing
increased blood flow (Fig. 1c) [51]. Therefore, to precisely mimic the
function and dynamics of native tissues, it is required to create tissues
that can respond to various stimuli by incorporating a time dimension
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into the 3D printed tissue constructs [51,58]. This can be achieved by
incorporating adaptable and stimuli-responsive ingredients.

2.6. Stimulus-responsive polymers

Most stimuli-responsive polymers are either activated by pH or
temperature stimuli. We will begin this section by discussing the latter,
namely pH-responsive polymers. Amines are the primary groups
responsible for making a solution basic (pH > 7.5) and hydroxyls for
making them acidic (pH value < 7.5). pH-sensitive polymers are cate-
gorized into two groups, polyacids (PAs) or polybases (PBs), with PAs
being negative due to carboxylic, sulfonic, phosphoric, and boronic
moieties, whereas PBs are positive due to basic moieties, such as various
amino-based functional groups. The basic mechanism underlying pH-
sensitive polymers is charge-change induced by either proton release
or acceptance. This, in turn, facilitates repulsion between like charges
and attraction between opposites charges and, ultimately, enables
polymers to change their shape.

A hydrated network like those present within hydrogels can also
induce hydration or dehydration and thus a shape-change into an
expanded or collapsed state, respectively. Several naturally occurring
pH-sensitive polymers based on carboxylic (COOH) and amino (NH>)
groups, including chitosan, hyaluronic acid, and carboxyl dextrans or
dextran-Amine derivatives, already exist. One might thus rightfully as-
sume that a carboxylic-rich polysaccharide such as sodium Alg is a
strong pH-sensitive polymer as well; however, this is not the case,
mainly because the zeta-potential of Alg is fairly stable until the pH
value reaches around 4, after which it drops slightly and stabilizes again
[59,60].

On the other hand, temperature-responsive systems are mostly based
on polymers that can change their miscibility as a function of temper-
ature. The lower and upper critical solution temperatures (LCST and
UCTS) of the polymer in question are important in this regard, as these
boundaries define whether it is miscible or not. At temperatures below
the LCST, miscibility occurs, and the contrary is the case at temperatures
higher than the UCTS. Importantly, the polymer is expanded and highly
hydrated in the high miscibility range, whereas it enters a collapsed and
highly hydrophobic state in the low miscibility regions. The concept
here is thus pretty similar to the one based on pH-value changes as they
are intimately linked with changes in system hydration. One of the most
widely used polymers in this direction is Poly(N-isopropylacrylamide),
or in the abbreviated form PNIPAAm. PNIPAAm exhibits an LCST
value at 32 °C and, therefore, becomes extremely dense at body tem-
perature. Since it also contains amine groups, it simultaneously gives
rise to pH responsiveness and is, therefore, one of the most preferred
stimuli-responsive polymers.

It is also worth noting that some stimuli-responsive hydrogels are
possible as well through dynamic bonds. These hydrogels are highly
dynamic since they can change their structure under various stimuli
[61]. Some of the dynamic covalent bonds that have gained attention in
this regard are acylhydrazone, imine, and disulfide bonds because they
are highly pH-sensitive and can exhibit sensitivity toward various bio-
logical and chemical stimuli [61]. For instance, acylhydrazone bonds
can easily hydrolyze in the presence of acidic media; however, they are
stable in basic and neutral conditions. Imine bonds, which typically are
based on dynamic covalent bonds between aldehydes and amines
display similar pH-sensitive as hydrazone bonds.

Biomedical engineers have, over the years, used the abovementioned
dynamic crosslinks and chemical groups to control the hydration degree
of hydrogel-like materials, and thereby the shape of the system in
question since this property is intimately linked with the matrix cross-
linking density. Indeed, as the crosslinking density decreases due to, for
instance, pH-mediated bond rupturing or repulsion, the swelling degree
will, in most cases, increase concomitantly. For this reason, systems
based on the above chemistries can endow shape-changing properties to
3D printed systems. Imagine a 3D printed structure in which different
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regions in the prints give rise to different swelling ratio changes in
response to pH value. What would happen if this value was gradually
changed over time? What would happen if some regions would increase
their swelling while others experienced decreased hydration in response
to this kind of stimuli? In such a scenario, conflicting forces across the
3D printed construct will facilitate some sort of heterogeneous shape
changes. As recent studies have shown, one can easily, by using
modeling tools, predict how to 3D print multiple stimuli-responsive
materials in beforehand-predicted patterns that, in response to proper
pH-stimuli, can yield pre-determined 3D architectures over time [62,
63]. This review paper will center its attention on Alg, which stands out
as a highly promising type of natural polymer for creating
stimulus-responsive hydrogels.

3. Alginate’s properties

Alg is an anionic polysaccharide extracted from brown seaweed [18,
64,65] containing blocks of (1,4)-linked B-p-mannuronate (M) and
a-L-guluronate (G) residues (Fig. 2) [18,46,66]. The negative charge on
Alg has been attributed to carboxyl groups within its backbone [67]. The
physical properties of Alg hydrogels are mostly affected by molecular
weight and negative charge. Indeed, it is the negative charge of Alg that
facilitates ionic crosslinked hydrogels via divalent cations such as
calcium-mediated physical bonds between adjacent Algs [68], whereas
Alg’s with higher molecular weight typically give rise to hydrogels with
higher mechanical stiffness.

Another important factor besides charge and molecular weight is the
ratio between G and M blocks. Depending on the origin, the G content of
Alg can vary between 10% and 70%, something detrimental in defining
the quality of the Alg in question [69]. Briefly speaking, G blocks are
involved in intermolecular crosslinking facilitated by divalent cations,
and therefore its presence in the Alg backbone plays a key role in
hydrogel formation and its stiffness — as more crosslinking results in
stiffer hydrogels. In contrast, high M content gives rise to more flexible
Alg hydrogels due to less rigidity than G blocks [18] For this reason, the
mechanical properties of Alg hydrogels can be fine-tuned by modulating
the G:M ratio and molecular weight — with higher molecular weight and
G:M ratio typically resulting in mechanically stiffer hydrogels [70].

3.1. Pros and cons

Alg is a natural polymer that displays several exciting properties,
including biocompatibility, scalability, high availability, solubility, low
cost, feasible gelling time, shear-thinning capability, low toxicity, and
tunable pre-hydrogel viscosity (Fig. 2) [18,71,72]. Most importantly, it
can provide a proper niche for cells as it resembles another poly-
saccharide in the native ECM - hyaluronic acid — moreover it can
simultaneously act as a suitable immuno-protective barrier for their
delivery into the body [73-75]. It can simulate a niche that offers spe-
cific external conditions for cell attachment, proliferation, differentia-
tion, as well as migration, thereby promoting tissue regeneration. The
benefit of using these materials lies in their resemblance to the ECM
found in natural tissues, often eliciting responses resembling those in the
body under normal conditions such as biodegradation [73].

As mentioned above, the main limitations associated with today’s
biomaterials are lack of scalability, biocompatibility, and FDA approval.
To this end, Alg is a promising candidate since it has several attractive
features, especially excellent biocompatibility, scalability, and struc-
tural resemblance to natural ECM [46]. Notably, it has been used for
decades in clinical applications, such as cell encapsulation to treat heart
disease, diabetes, neurodegenerative disorders, myocardial repair, and
more [76]. For these reasons, Alg is one of the most promising hydrogel
biomaterials in the field of tissue engineering and will thus be the main
focus of this review paper.

However, there is growing concern about using Alg in tissue engi-
neering due to its brittleness and the lack of cell-adhesive motifs within
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its backbone - factors that are essential for cell proliferation and adhe-
sion [40,46,77,78]. These limitations can be overcome through the
functionalization of Alg with bioactive materials, such as cell adhesive
motifs (e.g., RGD and IKAV) or with another natural biopolymer, such as
gelatin (GEL) [79,80]. Moreover, by modifying Algs with oxidized and
methacrylate groups, their biodegradability and printability can also be
improved [37,79]. Furthermore, mechanical, rheological, electrical, and
biological properties, as well as printability, can be improved by
incorporating conductive or mineral-based nanomaterials, such as gra-
phene oxide, CNTs, nano clays (Laponite®) into the Alg matrix [5,6,78].
This will be further addressed in Section 4.

3.2. Printability of alginate

The building blocks of 3D-bioprinted constructs are called “bioinks”.
They, in brief, consist of a wet encapsulating material — typically a
hydrogel — and cells, sometimes together with growth factors and drugs.
Importantly, they need to be printable and thus have to exhibit sufficient
liquidity to flow through the printer head. They must also solidify within
seconds to maintain a predefined shape in a post-print scenario [81].
This is sometimes difficult to fine-tune, and for this reason,
shear-thinning bioinks are receiving increasing attention.

Shear-thinning implies that a viscous and solid-like bioink can
become liquid-like in the presence of extrusion shear and quickly return
to its original state after printing. The shear-thinning property is mainly
based on reversible polymer-polymer interactions, such as hydrophobic,
hydrogen, and electrostatic bonds [82]. Since Alg bioinks are based on
reversible electrostatic interactions mediated by calcium ions, they
display good shear-thinning properties. Indeed, by blending Alg solu-
tions with multivalent cations, hydrogels are formed rapidly due to ionic
intermolecular bonds. This also allows cells to rapidly become encap-
sulated without unwanted sedimentation and subsequent heterogeneous
cell distribution.

Other significant advantages make Alg an appealing bioink material,
such as easy tunability of hydrogel pore size, mechanical stiffness, vis-
cosity, and shear-thinning properties. The fine-tuning can be accom-
plished by simply adjusting the G:M ratio, concentration, and molecular
weight [7]. Overall, due to the extra versatility, scalability, gelling ca-
pacity, and printability of Alg materials, they are currently considered
among some of the most promising hydrogel systems for 3D and 4D
printing. However, one of the hurdles that must be overcome before 4D
printable Alg hydrogels can become a reality is finding scalable and
feasible methodologies to turn an otherwise not stimuli-responsive
polymer into something that is sufficiently responsive for enabling 4D
printed constructs. We will discuss this challenge in greater depth in the
following section.

4. Smart alginate Biolnks

Preparing smart Alg inks involves the modification and combination
of Alg with multiple materials using smart chemistry and nanomaterial
reinforcement. This process results in the creation of Alg bioinks with
unique properties such as enhanced bioactivity, printability, and me-
chanical strength. In this section, we will discuss various strategies for
modifying Alg bioinks. These strategies include incorporating conduc-
tive or mineral-based nanomaterials, as well as chemical modifications
such as metacrylation and oxidation. Additionally, we will explore the
functionalization of Alg bioinks with cell adhesive motifs and bio-
polymers like GEL. Furthermore, we will examine the impact of these
approaches on the properties and bioactivity of Alg hydrogels.

4.1. Nanomaterial reinforcement
Carbon-based nanomaterials, including GO, reduced graphene oxide

(RGO), single-walled carbon nanotubes (SWCNTs), and multi-walled
carbon nanotubes (MWCNTSs), are frequently used as nanoreinforcers
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in Alg hydrogel bioinks as they can give rise to improved mechanical
strength, electrical properties, thermal conductivity, and biological
properties [24,78,83,84]. Moreover, recent studies have reported that
they are biocompatible while simultaneously being able to enhance the
printability of a wide range of hydrogels, including Alg-based hydrogels
[22,23,85].

Due to the many promising properties of carbon-based nano-
materials, they are currently widely used for biomedical applications,
including drug delivery, tissue engineering, and biosensing [83]. As an
example of the beneficial properties of GO inclusion into Alg, we have
highlighted a recent study by Li et al. [86] Here, the authors incorpo-
rated GO into the Alg matrix through a simple design and mixing pro-
cedure in the presence of calcium chloride. In brief, by adding GO into
the Alg solution, GO functional groups such as (-OH, and -COOH)
interacted with Alg (-OH) groups leading to the formation of hydrogen
bonds between Alg and GO, while the calcium ions facilitated electro-
static bonds between adjacent Algs. A series of rheological experiments
confirmed that GO inclusion improved the shear-thinning properties of
the composite system [86]. The authors speculated that the observed
improved shear-thinning property was linked to reversible hydrogen
bonds between the hydroxyl groups within the Alg backbone and on the
GO surface. Due to the enhanced shear-thinning properties,
GO-reinforced Alg biomaterial inks gave rise to better prints, as evident
from the resolution of the prints, which decreased from about 0.43 to
0.25 cm as the GO concentration increased from 0 to 0.25 wt%.
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In a similar study, Choe et al. [78] developed Alg-GO composite
bioinks by mixing Alg to obtain 3 w/v% Alg and different GO concen-
trations (0, 0.05, 0.25, 0.5, and 1.0 mg mL™D). Mesenchymal stem cells
(MSCs) were encapsulated in the ink, and then, the composite scaffolds
were bioprinted and crosslinked by immersion in a 90 mM calcium
chloride solution for 5 min, followed by washing with sodium chloride
solution. It was observed that by increasing the concentration of GO
from 0 to 1 mg ml~?, the viscosity increased from 146.9 & 4.8 Pa S to
189.2 + 0.1 Pa S (Fig. 4a). Notably, all the tested Alg-GO bioinks
exhibited improved shear-thinning properties compared to pristine
ones. Moreover, the mechanical properties (shear moduli) of Alg ink
reinforced with 1 mg ml™' GO (Alg-GO-1) were reported to be
1.23-times higher than those of pristine inks, as observed in Fig. 4 b
[78]. The improved mechanical properties were attributed to intensified
hydrogen bonds due to strong interactions between Alg and GO. Espe-
cially, it was found that composites with higher GO concentration
resulted in better printability due to observed thinner strands in 3D
printed scaffolds (Fig. 4c). The cell’s viability was examined, and the
majority of cells within the scaffolds were deemed viable post-printing.
The results of the viability assessment demonstrated that all Alg-GO
bioinks and printing methods were appropriate for 3D bioprinting.
Furthermore, extended cultivation of these cell-laden scaffolds in a
growth medium maintained their viability for a duration of 7 days.
Regarding bioactivity, the Alg-GO-0.5 bioinks composed of 0.5 mg mL ™
GO and 3 w/v% Alg gave rise to the most optimal expression of
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osteogenic markers from encapsulated mesenchymal stem cells
(Fig. 4d-e). The authors speculated that this was most likely linked to the
osteogenic capacity of GO, as reported in previous studies [78,79,87].

Another carbon-based nanomaterial, CNT, has also greatly benefited
Alg in 3D printing. For instance, in a recent study by Li et al. [85] the
authors prepared a hybrid Alg and GEL biomaterial ink doped with CNT
through a simple design, mixing, and dispersing procedure. Specifically,
the Alg-GEL-CNT biomaterial inks were extruded from the nozzle into a
rotating cylinder to print vascular scaffolds. A syringe sprayed the cal-
cium chloride on the printed tubular scaffolds to pre-crosslink them
during the printing. Afterwards, the scaffolds were completely cross-
linked by immersion in calcium chloride solution for 30 min. It was
observed that the viscosity of the Alg-GEL scaffolds increased after
crosslinking; as expected, the Alg-GEL-CNT scaffolds exhibited
improved shear-thinning properties, making them easier to print.
Additionally, the mechanical properties of the printed scaffolds doped
with 0.5% CNT were reported to be the highest. For instance, Young’s
modulus increased from 0.156 MPa to 0.898 MPa as the CNT concen-
tration increased from 0 to 0.5% (w/v). However, Young’s modulus of
the scaffolds doped with 1% CNT was lower than that of the 0.5% CNT
scaffolds. The cell adhesion coverage on the other hand decreased from
90.12 + 5.90% (0% CNT) to 77.55 + 4.00% (0.5% CNT) and finally
24.28 + 6.00% (1.0 CNT %). The reason was that the existence of CNT
strengthened the rigidity of the scaffold and reduced the roughness of
the inner and outer walls, which made it tough for cells to adhere to the
surface and inside of the scaffolds in a short time. We speculate that this
could be correlated with CNTs being non-toxic for mammalian cells at
really low concentrations, and 0.5% might be the critical safe limit in the
current study [5]. Also, in another study, Suo et al., printed porous
scaffolds using a combination of CNT, chitosan, and Alg materials. The
viability of human periodontal ligament cells (hPDLCs) on these scaf-
folds was assessed. Their results revealed that the scaffold containing
0.5% CNT exhibited the highest level of biocompatibility. This suggests
that a CNT concentration below 1% can enhance hPDLC proliferation
[88]. Overall, the results demonstrated that Alg-GELs doped with 0.5%
CNT were the most optimal in terms of mechanical and biological
properties, while higher concentrations elicited non-ideal biological
properties. For these reasons, proper content control of CNT doping is
essential to improving the mechanical and rheological properties of 3D
printed scaffolds to assure minimal impact on cell cytotoxicity [85].

In conclusion, carbon-based nano-reinforced bioinks have added
exciting attributes to pristine Alg bioinks, such as improved printability
and print fidelity, increased mechanical strength, improved osteogenic
differentiation, and cell attachment. For these reasons, the inclusion of
carbon-based nanomaterials in the field has paved the way for some
exciting scientific possibilities. However, sometimes these fail when the
nanomaterial concentration reaches a critical limit. Accordingly, a
proper dose-response test is necessary for such studies to secure the most
optimal formulation for further downstream studies.

4.1.1. Mineral-based

Mineral-based nanomaterials, such as hydroxyapatite (HAP), and
nanoclays such as Laponite®; synthetic clay made of lithium sodium
magnesium silicate, are attractive Alg bioink reinforcing candidates not
only because of their inherent osteogenic potential but also due to their
ability to enhance mechanical properties and printability [20,24,89,90].
For this reason, nanoclays are among the most extensively used nano-
reinforcements that have been incorporated into Alg to prepare bioinks
[83]. This is intimately linked to their high biocompatibility, good sol-
ubility in water, potent effects on mechanical and shear-thinning
properties, as well as a beneficial impact on musculoskeletal cell
behavior due to their mineral dissolution products, including Li, Mg, Si,
Al, and Na [83].

Davila et al. [91] explored these desirable material properties by
manufacturing a Laponite®-Alg ink through a simple design, mixing,
and dispersing procedure. They later used them for extrusion-based 3D
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printing. Initially, the laponite® was dispersed in deionized water by a
vortex stirrer. Afterwards, they mixed laponite® with an Alg solution
and stirred it to ensure uniformity. Subsequently, the extruded inks were
ionically crosslinked by immersion in a 0.1 M calcium chloride solution
for 24 h to make them fully crosslinked. It was shown that in the lapo-
nite®-Alg system crosslinking was facilitated through reversible elec-
trostatic interactions between the anionic Alg and the positive rim
charge of laponite® platelets. Accordingly, laponite® reinforcement
gave rise to better shear-thinning behavior because of these physical
bonds and thereby a better printability than pristine Alg. To this end, Alg
alone behaved liquid-like, unlike those containing 2 wt% laponite®,
which exhibited a more solid and viscoelastic behavior, while laponite®
with a concentration of at least 5 wt% exhibited the best printability as
assessed through shear viscosity measurements. For these reasons, the
laponite®-Alg showed a high ability to maintain its shape after printing
due to its solid-like behavior and subsequent rapid viscosity recovery
after the extrusion printing phase [91].

In a similar study by Jin et al. [92] the authors pushed this concept
further by printing more complex Alg-laponite® hydrogels. Like in the
previous study, the authors mixed laponite® with Alg and demonstrated
that the biomaterial inks could be printed into 3D scaffolds directly,
while maintaining their shape even before crosslinking. For instance,
laponite-Alg composite hydrogel precursors were extruded into highly
complex, multilayered cups and tubular structures. Indeed, during the
printing phase, the laponite®-Alg printed structures retained their
as-deposited shape without additional support. After the deposition of
an entire cup structure, the printed hydrogels were physically cross-
linked by calcium chloride. In addition to enhanced printability,
laponite® improved the printed Alg’s mechanical and biological prop-
erties. Notably, Young’s modulus of these hydrogels increased 7.4-fold
as the laponite® concentration increased to 6% (w/v) compared to the
unmodified hydrogels, while their resistance to degradation in cell
culture medium, and cytocompatibility made them suitable hydrogels
for widespread use in vivo and in vitro studies [92]. For these reasons, it
was concluded that adding laponite® could promote the printing of Alg
hydrogels and improve their mechanical properties.

Some studies have also taken advantage of HAP nanomaterials to
facilitate 3D-printed constructs with good mechanical and biological
properties [20,93-95]. For example, Liu et al. [20] fabricated micro-
porous scaffolds based on 3D printing of Alg-HAP biomaterial inks.
Initially, they added HAP nanoparticles to deionized water and stirred it
for 2 h to obtain a uniform slurry. Subsequently, they added Alg to the
previous slurry and stirred that one for 3 h to obtain an Alg-HAP sus-
pension. Next, p-Gluconic acid d-lactone (GDL) was added to the above
suspension to form pre-crosslinked Alg-HAP hydrogel. The
pre-crosslinked hydrogel ink was extruded via 3D printing into porous
scaffolds and then immersed in 10 wt% calcium chloride solution to
facilitate additional crosslinking. After this crosslinking step, the scaf-
fold was removed and freeze-dried for further downstream studies.
Notably, the mechanical properties of the finalized porous scaffolds
were improved by increasing the HAP content to 7 wt%. To this end, the
compressive strength of Alg-HAP scaffolds was reported to increase
about 8.5 times as the HAP concentration increased from 1 to 7 wt%.
Finally, the authors demonstrated that the HAP nanoparticles could
improve the mechanical strength of the 3D-printed scaffolds. The main
reason was attributed to the greater stress transferred from the Alg
matrix to the rigid HAP nanoparticles, thereby enabling an additional
energy dissipation pathway in the system. Additionally, in vitro results
demonstrated that increasing HAP concentration to 7 wt% HAP resulted
in improved cell adhesion and proliferation. It was thus concluded that
neither low nor high HAP concentration favored cell adhesion and
proliferation, but a medium HAP concentration did.

Despite laponite®’s great promise in improving the printability of
Alg bioinks, there are still few papers on the impact of other mineral-
based nanomaterials on improving the Alg bioinks. Therefore, further
research is needed to evaluate the capability of other mineral
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nanoreinforcements to improve the various properties of Alg bioinks.
The above systems were also static and thus not suitable for 4D printing.
Indeed, in our opinion, these systems need more attention to fully open
up this field in the coming years, and we look forward to further de-
velopments dealing with dynamic Alg hydrogels achieved via
nanoreinforcement.

4.2. Functionalized alginate

Functionalized Alg can provide exciting properties to Alg bioinks
such as improved printability, mechanical properties, stimuli-
responsiveness, bioactivity, and controlled degradation. For instance,
the functionality of Alg can be improved through the incorporation of
aldehyde and methacrylate groups, PNIPAAm, cell adhesive peptides,
and GEL. In the following sections, we have reviewed these function-
alization strategies and the properties they can bestow upon pristine Alg
[83,96,971.

4.2.1. Alginates functionalized with cell adhesive peptides

Unfortunately, Alg has no adhesive ligands for anchoring cells.
Something which, in turn, results in poor cell adhesion, proliferation,
and differentiation. Even though nanomaterial reinforcement and
backbone modifications with methacrylate and oxidize groups are
beneficial, they cannot induce cell spreading and proliferation as they
lack receptors that can bind to the cell membrane integrins. Cell adhe-
sive peptides can be considered a potential route to improve tissue
regeneration [83,97]. To stimulate cell interaction, bioactive cell ad-
hesive peptides such as RGD, YIGSR, and IKVAV peptides have been
covalently linked to the Alg backbone to improve cell adhesion, prolif-
eration, and viability [97,98]. Indeed, these peptides have, over the
years, been used to induce cell attachment in artificial systems and
mimic native-like cellular. A minimum concentration of cell adhesives
peptides in alginate gels is needed for the adhesion and growth of cells,
and this minimum is probably cell-type specific. The typical approach
for alginate modification using bioactive peptides involves incorpo-
rating peptides at a concentration of 0.1-1.0% per mole of uronate
monomer. Indeed, peptide densities within this range do facilitate the
adherence of myoblasts, olfactory ensheathing cells, mesenchymal stem
cells, and endothelial cells [77].

RGD has been widely studied in this direction due to its availability
and ability to attach to a wide range of integrins [29,77]. For instance,
Genes et al. [99] developed RGD-functionalized Alg hydrogels and
subsequently examined the attachment of chondrocytes to them. The
results demonstrated that chondrocytes attachment to RGD-Alg was 10-
to 20-times greater than that of unmodified hydrogels. Importantly, it
was found that RGD functionalization allowed the attachment of chon-
drocytes to Alg through the involvement of integrins, especially p; and
as, as well as the actin cytoskeleton. The authors also found that chon-
drocytes were rapidly attached to Alg substrates by increasing the RGD
density.

Huebsch et al. [100] developed a similar Alg matrix and examined
the behavior of mesenchymal stem cells (MSCs) within them. These
authors demonstrated that encapsulated MSCs within such 3D matrices
used a5 integrins as RGD receptors. To this end, they discovered a cor-
relation between as-RGD binding, elastic modulus, and osteogenic
commitment. Notably, the expression of collagen I and osteocalcin
secretion became considerable after 1 and 3 weeks, respectively. This
suggested that bonds between MSCs integrins and RGD could facilitate
an osteogenic commitment.

Solano et al. [101], created and characterized an Alg-based hydrogel
functionalized with RGD, aiming to potentially trap cancer cells. Anal-
ysis using microcomputed X-ray tomography revealed that the hydrogel
structures consist of interconnected pores with an average diameter of
300 pm. The F98 glioblastoma (GBM) cells migrated within these pores,
gathering predominantly at the center of the structure. Depending on
the initial number of cancer cells, introducing RGD -cell-adhesion
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peptides to the Alg led to a 4 to 10-fold increase in the retention of F98
cells (which excessively express the associated avf3 and avp5 binding
integrins) within the structure.

Tan et al. [102] exhibited that human nucleus pulposus (NP) cells
cultivated on or within Alg hydrogels functionalized with cRGD
(integrin-binding) and AG73 (syndecan-binding) peptides displayed
enhanced cell attachment, viability, biosynthetic activity, and expres-
sion of NP-specific characteristics compared to Alg alone. Each adhesive
peptide had a distinct impact on cell attachment, appearance, formation
of focal adhesions, and subsequent effects on biosynthesis, which were
newly unveiled for NP cells. The combined presence of both peptide
types induced markers characteristic of the NP-specific cell phenotype,
including N-Cadherin, despite differences in cell shape and the tendency
to create clusters of multiple cells in both 2D and 3D culture settings.
These findings are a promising stride toward comprehending how
unique adhesive peptides can be merged to guide the destiny of NP cells
within the established 3D Alg culture, potentially aiding the rational
design of hydrogels for NP cell-transplantation-oriented therapies tar-
geting degenerated intervertebral discs (IVD).

Despite these promising results, the above functionalizations are
mono-functional modifications as they only improve bioink bioactivity.
But what about printability, controlled degradation, and mechanical
and electrical properties? Unfortunately, this is only possible if the cell
adhesive peptides are combined with for instance either OMA or
nanomaterials, which almost certainly will give rise to their fair share of
drawbacks because of the many consecutive and difficult functionali-
zation strategies needed here.

4.2.2. Alginate functionalized with gelatin

Another alternative approach to improve the bioink bioactivity of
Alg is to functionalize it with GEL — a widely recognized bioactive
protein derived from hydrolyzed collagen [96]. Due to the similar
composition of GEL to collagen (an essential component of the ECM), it
displays important cell adhesive sequences and is, therefore, widely
used for tissue engineering applications [103]. Importantly, combining
GEL with other polymers such as Alg can enhance other important
properties besides bioactivity, including improved shear-thinning and
mechanical properties. Especially in combination with oxidized alginate
(0A), GEL can, through its abundant amino groups, establish dynamic
imine bonds with the OA backbone [96]. Since dynamic covalent bonds
are reversible, the right mixture of OA and GEL can yield shear-thinning
and self-healing systems simultaneously — which is equally important for
generating good prints.

The benefits of shear-thinning for 3D printing applications have been
touched upon several times throughout this review; however, for some
readers, the correlation between printability and self-healing might not
be as obvious since this is a relatively new concept in the field. Briefly, a
self-healing polymer can be extruded as an intact material even if it has
already passed the liquid and viscous phases and entered a more solid-
like phase. This can facilitate higher fidelity prints since the printed
materials’ flowability, and associated dispersion are reversibly corre-
lated with post-print bioink elasticity. Indeed, solid-like hydrogels that
exhibit zero post-print material spillover can only be printed via
tremendous shear forces leaving ruptured 3D prints. In this regard, the
key advantage of self-healing is that it enables the restoration of such
crumbled post-print materials to yield homogenous and smooth
structures.

Along these lines, Soltan et al. [31] synthesized OA-GEL hydrogels
and evaluated their cell viability and printability. In brief, GEL was
gently added to the OA solution to facilitate a hydrogel via dynamic and
covalent imine bonds. Before bioprinting, the OA-Gel mixtures were
allowed to covalently gel for more than two nights in the refrigerator.
The authors evaluated the printability of the inks by considering four
printing factors, including extrudability, uniformity, and structural
integrity. To this end, they found that the OA-GEL hydrogels with final
concentrations of OA(2 w/v%)-GEL(2 w/v%), OA(2 w/v%)-GEL(3 w/v
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%), and OA(3.75 w/v%)-GEL(3.75 w/v%) gave rise to the best prints
due to better shear-thinning compared to the OA(6 w/v%)-GEL(2 w/v
%), OA(3 w/v%)-GEL(2 w/v%), and OA(2 w/v%)-GEL(6 w/v%) groups
(Fig. 7) [31]. The pore factors of various groups were assessed after
printing two layers. Similar to the uniformity factor, the inclusion of a
cross-linker enhanced the pore factor measurements. For instance, the
pore factor associated with the OA(2 w/v%)-GEL(2 w/v%) (2|2) group
significantly improved from initially coalesced and absent pores to a
pore factor at 1.04. All groups except for OA(2 w/v%)-GEL(6 w/v%) (2|
6), achieved a favorable uniformity and pore factor close to 1 when
printed with a cross-linker [31].

In a similar study, Jiang et al. [30] developed Alg-GEL hydrogel inks
by mixing GEL with Alg and stirring the solution for 3 h to ensure uni-
formity. These hydrogel precursors were heated to 37 °C to obtain ho-
mogenous solutions. Subsequently, the precursors were mixed with
breast cancer cells and subsequently stored at room temperature to
allow gelation to be initiated before the printing process. The bioprinted
hydrogels were crosslinked by immersion in a 100 mM calcium chloride
solution. Besides Alg crosslinking via calcium ions, the authors also
speculated that additional interactions between Alg and GEL might be
present, such as imine, and electrostatic bonds [104]. Notably, it was
observed that Alg-GEL hydrogels with low Alg and high GEL concen-
trations exhibited a soft mechanical structure with more cell-adhesive
moieties, which in turn facilitated higher cell viability and the forma-
tion of tumor spheroids. On the other hand, hydrogels with high Alg and
low GEL concentrations showed stiffer structures with lesser
cell-adhesive moieties and, therefore, lower cell proliferation rates.
Additionally, it was found that the viscosity increased by increasing
either the GEL or Alg concentration — this, in turn, led to a higher
resistance to shear flow, resulting in lower flow rates. Specifically, the
authors concluded that A1G7 (here, the Alg and GEL concentrations
were 1% and 7%, respectively), and A1G9 (here, the Alg and GEL con-
centrations were 1% and 9%, respectively) hydrogels were the best
samples from a 3D Bioprinting perspective. They exhibited both high
biofunctionality and printability and could be bioprinted rather quickly
(within 30 min) without any adverse effects on cell viability and
proliferation.

Overall, we conclude that despite all the advantages of the discussed
Alg-based inks for 3D bioprinting, neither Alg-GEL nor Alg-peptide
hydrogels can be used for 4D printing due to their inability to respond
to stimuli. Even though some of the OA and OMA hydrogels could, in
principle, be made 4D printable, they were not sufficiently stimuli-
responsive and gave rise to their fair share of challenges and draw-
backs. For this reason, there is a need to identify alternative methods to
prepare stimuli-responsive Alg bioinks for 4D printing. Something
which we will discuss in more depth in the following section.

4.3. Stimulus-responsive Alg systems with static and dynamic bonds

In this section; we will explore possible methods to make Alg inks
more adaptable for down-stream 4D printing applications by either
including a stimuli-responsive network alongside its network or modi-
fying its backbone with a stimuli-responsive moiety [105].

4.3.1. Methacrylated and oxidized alginates

Alg has frequently been modified through methacrylation to control
hydrogel degradation and mechanical properties. For instance, in a
recent study, Mishbak et al. [21] doped the Alg backbone with photo-
reactive methacrylate moieties and observed that with increasing de-
grees of photoinitiator, the mechanical stiffness of the hydrogels and
their degradation rate increased, while the gelation time and hydrogel
pore size decreased. These functionalization strategies can also improve
printability either directly or indirectly. For instance, 3D-printed
methacrylated Alg can immediately crosslink via UV light to avoid
material spillover and layer impurities [83].

By oxidizing Alg several exciting properties have been observed.
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Indeed, several studies have demonstrated a correlation between the
printability, density, and viscosity of OA solutions [106-108]. The same
study also established an intimate link between hydrogel degradation,
mechanical strength, and oxidation. All the OA samples exhibited better
biodegradation properties than non-oxidized Alg samples. These authors
also found that the good printability of OA bioinks was intimately linked
to their capacity to maintain a homogenous 3D cell distribution after
bioprinting. Indeed, they discovered that good homogeneity could be
maintained with a biomaterial density equaling or being higher than the
density of the investigated cell type — something attributed to the rela-
tively high viscosity from the point-of-view of cells when embedded in
such solutions, as this can significantly slow down cell movement and
prevent sedimentation. By increasing the oxidation degree, they could
also lower the density and viscosity and vice versa. To this end, they
observed that bioinks with a density of 1.05 g cm ™ (similar to most cell
solutions) sustained a homogeneous hADSCs suspension for up to 3 h
after bioprinting without notable cell sedimentation. Finally, the au-
thors reported that the viscosity increased with increasing Alg concen-
tration or decreasing degree of oxidation. Importantly, the optimal
viscosity range for 3D bioprinting of this system was determined to be
about 400 mm? s~ ! to 3000 mm? s ! [106].

Some studies have also combined the two functionalization ap-
proaches [109-111]. For instance, Jeon et al. [109] synthesized
oxidized and methacrylated Alg (OMA) hydrogels (Fig. 5a). The OMA
macromer was developed by reacting OA with 2-aminoethyl methac-
rylate to provide OMA at a 45% methacrylation degree. To prepare
photo-crosslinked OMA hydrogels, the OMA solutions (2, 4, and 8 w/v
%) were inserted between two glass plates and then photocrosslinked
with UV light for 15 min. In this regard, they demonstrated that they
could control degradation, swelling, and mechanical properties of the
crosslinked hydrogels by simply tuning the OMA oxidation degree [109,
111]. Importantly, the storage moduli (elastic part) of OMA hydrogels (4
w/v %) were considerably higher than the loss moduli (viscous part) for
all degrees of Alg oxidation. As the oxidation degree of the Alg increased
from 9% to 20%, the storage moduli decreased from 4693 + 691 Pa to
879 + 112 Pa, as seen in Fig. 5 b [109]. One can thus argue that a higher
Alg oxidation degree results in less elastic hydrogels — something plau-
sibly attributed to the inverse correlation between molecular weight and
oxidation degree. Additionally, the swelling of OMA hydrogels with an
oxidation degree of 9% decreased by increasing the OMA content to 8
w/v% (Fig. 5¢-d). Indeed, these hydrogels reached equilibrium swelling
within 1 week and then maintained a constant hydration degree for 4
weeks. Increasing the oxidation degree from 9% to 14% allowed faster
swelling kinetics. Here, the swelling of OMA hydrogels with an oxida-
tion degree of 14% reached a maximum by day 1 (2 and 4 w/v %) or 1
week (8 w/v %) and then rapidly decreased with degradation [109].
Finally, the authors demonstrated that the functionalized Alg hydrogels
improved cell proliferation and adhesion compared to the pristine
hydrogels (Fig. 5e). Specifically, hydrogels using lower polymer con-
centrations (2 and 4 w/v%) improved cell proliferation and adhesion
compared to the ones at a higher concentration (8 w/v%) [109]. It was
also concluded that such bioactive and biodegradable hydrogel systems
could be a suitable option for in vivo use since they could increase tissue
ingrowth as this is intimately linked with hydrogel degradation and
impaired in non-degradable biomaterials [109].

In another recent study, the same group used these double-
functionalized Alg hydrogels to develop microgel-based Biolnks that
were ionically linked with calcium chloride, and then photocrosslinked
[112]. In brief, such microgel systems are composed of soft micro col-
loids [113] with unique rheological properties setting them apart from
other polymeric systems. Indeed, microgel bioinks consisting of solid
hydrogel microparticles offer a better alternative to conventional bio-
inks as they can flow easier through the extrusion needle during the
printing phase, after which they can quickly stabilize themselves.
Something intimately linked with a low flow behavior, good shear re-
covery, and better shear thinning properties compared to conventional
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Fig. 5. Oxidized and methacrylated Alg (OMA) hydrogels — mechanical properties and biocompatibility. (A) The chemistry behind OMA synthesis is show here. (B)
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the red ones are dead) of human bone derived mesenchymal (hBMMSC’s) and adipose derived mesenchymal stem cells (hADSC’s). Adapted with permission [109].

Copyright 2012, Elsevier.

bioinks due to reversible and weak particle-particle interactions medi-
ated by Van der Waals forces [114,115]. A follow-up study [25]
concluded that 3D printed structures made with smaller Alg microgels
lead to better prints, higher print stiffness, and yield strength. Therefore,
smaller Alg microgels were considered more favorable bioinks than
larger Alg microgels.

Ding et al., created hydrogels capable of altering their shape in a
reversible and repeatable manner as needed. Their approach involves
utilizing multilayered photocrosslinkable materials including oxidized,
methacrylated alginate, and methacrylated gelatin. These materials
enable the encapsulation of NTH3T3 and human mesenchymal stem cells
within the hydrogel actuators, facilitating controlled and programmed
movements. These cell-laden hydrogel actuators enable precise self-
folding or user-directed folding into specific 3D structures under natu-
ral conditions. Their ability also allows for a partial imitation of intricate
biological processes like branching morphogenesis [116].

A hydrogel system composed of jammed micro-flakes consisting of
ionically cross-linked OMA, which are single components with varying
sizes, was created as an innovative bioink for 4D bioprinting. This bioink
exhibited favorable characteristics like shear-thinning and self-healing
properties. It was directly printed into diverse 3D structures with high
precision and accuracy, without the need for a support bath. Achieving
shape changes over time (4D) was possible under natural conditions,
and cell viability remained high following the establishment of a cross-
linking gradient within the hydrogels. Notably, their approach was
demonstrated by creating cartilage-like tissues within curved hydrogel
bars and folded flower-like structures with four and six petals, serving as
proof of concept [117].

Ding et al., developed a straightforward 4D bioprinting technique,
that enabled the creation of a dynamic cell condensate-loaded bilayer
structure. Their method generated scaffold-free cell condensates that
gradually transformed into predetermined intricate shapes over time.
Specifically, they fabricated bilayers loaded with cell condensates in
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specific shapes. The bilayers possess adjustable flexibility and microgel
degradation, granting control over shape changes and the controlled
release of reshaped cell condensates. Using this approach, sizable con-
structs filled with cell condensates and exhibiting various complex
shapes were produced. As a demonstration, robust cartilage-like tissues
in the form of a "C" letter and a helix were formed from hMSCs. Their
method introduced a versatile concept for a 4D bioprinting platform,
expected to enhance and streamline applications of 4D bioprinting based
on cell condensation [118].

Along these lines, the same group has made several successful at-
tempts at developing an OMA microgel bioink for 3D bioprinting [25,
119]. Here, they discovered that human bone marrow-derived mesen-
chymal stem cell (hMSC)-laden OMA microgels exhibited shear-yielding
and thinning properties, making them suitable for 3D bioprinting, as
shown in Fig. 6 [119]. Additionally, the bioprinted OMA bioink
remained stable due to the fast mechanical recovery, something linked
with the superior shear-thinning properties of the microgel ink. Finally,
the authors demonstrated that hMSC-laden OMA microgels ink could be
used for fabricating complex 3D tissue-like structures through extrusion
printing while preserving the differentiation of hMSC into the chon-
drogenic and osteogenic pathways [119].

Even though the mechanical and hydration properties of OA
hydrogels can change as a function of pH value, the responsiveness here
is not so high compared to aminated stimuli-responsive polymers; why
we envision the incorporation of dynamic imine bonds systems in such a
system can increase the responsiveness substantially. Thus, by incor-
porating some aminated polymers into OA, stimuli-responsive OA-based
bioinks suitable for 4D printing might be obtained. It is noteworthy that
the structure of OA is composed of reactive aldehyde groups, which can
be covalently bonded to the amine groups via a Schiff base reaction,
resulting in the formation of stimuli-responsive Alg-based hydrogels
[120]. The detailed mechanism here is based on the formation of car-
binolamine due to the amine Nucleophilic attack on the carbonyl group,
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Fig. 6. OMA microgels for 3D printing of living tissues. (A) Photo-crosslinking of manually printed OMA migrogels. (B) Shear-thinning and (C) self-healing properties
of OMA microgels. (D) Microgels were deposited into localized 3D structures containing either osteogenically (red) differentiated or chrondogenically (green)
differentiated hMSC’s. (E) Extrusion printing was used to deposit a star-shaped hMSC-laden construct, which was released as a free-standing structure by heat.

Adapted with permission [119]. Copyright 2019, Elsevier.

followed by the removal of water, leading to the formation of imine
bonds [16].

4.3.2. Functionalization strategies

Based on the discussion in section 2.6 we believe that the most
obvious way to make stimuli-responsive Alg for 4D printing is to
incorporate aminated systems into the ink due to their pH and thermo-
responsiveness. Another alternative is to either graft amine groups onto
its backbone or oxidize its backbone via aldehyde groups and incorpo-
rate amine-rich polymers to facilitate the formation of dynamic systems
via imine bonds. Indeed; several studies have already shown how to
aminate Alg via activation of its carboxylic groups through deprotona-
tion followed by subsequent nucleophilic attack on the Alg backbone by
the amine moiety [16,121-124]. For instance, Tan et al. [124] synthe-
sized thermo-responsive aminated Alg-g-PNIPAAm hydrogels via graft-
ing aminated Alg onto PNIPAAm-COOH through amide bonds. In brief,
aminated Alg was synthesized by the addition of adipic dihydrazide,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, and
1-hydroxybenzotriazole hydrate to Alg solution. The mixture was stirred
at room temperature for 24h and finally dialyzed, and freeze-dried to
obtain the purified aminated Alg. Next, to synthesize Alg-g-PNIPAAm
copolymers, PNIPAAm-COOH was dissolved in water followed by in-
cubation with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride for 48h at 4 °C. Subsequently the solution was mixed with an
aminated Alg solution. Finally, the obtained aminated Alg-g-PNIPAAm
was dissolved in PBS and kept for 15 min at 37 °C to form hydrogels.
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The in vitro degradation analysis demonstrated that modification with
PNIPAAm enabled controlled degradation. The hydrogel encapsulation
of human bone mesenchymal stem cells (hBMSCs) revealed that the
Alg-g-PNIPAAm copolymer was non-toxic and effectively maintained
the viability of the encapsulated cells. Overall, their thermo-sensitive
nature of the AAlg-g-PNIPAAm copolymer presented appealing attri-
butes, rendering it a promising candidate for delivering cells or phar-
maceuticals in diverse tissue engineering applications [124].

Another potential avenue; is via imine bonds between aldehyde
groups on the backbone of OA and amine-rich polymers such as GEL,
collagen, or chitosan [123,125] through Schiff-base reactions. For
instance, Chen et al. [125] fabricated dual stimuli-responsive (pH and
smart redox) carboxymethyl chitosan (CMC)-OA-3,3-dithiopropionic
acid dihydrazide (DTP) hydrogels via triple dynamic bonds including
acylhydrazone (O=NH-N), disulfide (S-S), and imine bonds. DTP is a
crosslinker that has disulfide and hydrazide functional groups. In this
regard, the aldehyde groups of OA were crosslinked to the imine bonds
and acylhydrazone bonds of CMC and DTP, respectively. The prominent
feature of hydrogels containing dynamic bonds is their environmental
responsiveness. The CMC-OSA-DTP hydrogel possesses both dynamic
disulfide bonds and acylhydrazone bonds, granting it the ability to
respond to alterations in both redox conditions and pH through transi-
tions between gel and sol states. Introduction of the reductant 1,
4-dithiothreitol (DTT) transformed the CMC-OSA-DTP hydrogel into a
colloidal sol state by reducing initially formed disulfide bonds to free
thiol groups. Conversely, the hydrogel regained its gel structure when an
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oxidizing agent like H,O, was added. Alongside its redox sensitivity, the
hydrogel also displayed reversible sol-gel transformations in response to
changes in pH. Moreover, the results from mechanical assessments
revealed a substantial enhancement in the mechanical strength of
hydrogels due to the existence of dual cross-linking networks. The
incorporation of both dynamic Schiff bases imine and acylhydrazone
bonds facilitated the entanglement of polymer chains and mechanisms
for stress dispersal, ultimately leading to enhanced elasticity as well as
mechanical strength. Overall, they concluded that by fabricating
CMC-OA-DTP hydrogels, their self-healing and injectability as well as
their mechanical properties improved compared to CMC-OA and
OA-DTP hydrogels. The compressive strength of the CMC-OSA-DTP
hydrogel was remarkable due to the cooperative impact of dynamic
bonds. Additionally, in some related works, PEG has been functionalized
with DTP and as a result, acylhydrazone crosslinks can be formed be-
tween the aldehyde groups of oxidized Algs with the disulfide and hy-
drazide functional groups of (DTP) by the mechanism of Schiff base
reactions. Moreover, the covalent acylhydrazone (O=NH-N) and disul-
fide (S-S) bonds can also lead to the formation of stimuli-responsive
hydrogels [126]. For instance, Wang et al. [126] developed dual
responsive Alg-based hydrogels (pH and redox) based on the Schiff re-
action between the aldehyde groups of oxidized Algs and the amine
groups of poly(ethylene glycol) PEG-DTP. The pH responsivity was ob-
tained from the acylhydrazone bonds resulting from the reaction be-
tween the carboxyl groups of OA and amine groups of PEG-DTP. In this
direction, the redox responsivity of Alg-based hydrogels was obtained
from disulfide bonding in PEG-DTP [126]. The flexibility of the network
was effectively enhanced by the presence of the soft macromolecular
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crosslinker (PEG-DTP), leading to a noticeable improvement in the
mechanical performance of the PEG-DTP hydrogel. Additionally, the
greater hydrophilicity of the crosslinker PEG-DTP significantly boosted
the hydrophilic nature of the hydrogel’s structure, resulting in enhanced
pH sensitivity. The pH-adjustable gelation time facilitated good inject-
ability of the PEG-DTP/ADA hydrogel. Its self-healing capability arose
through the regeneration of dynamic acylhydrazone bonds after frac-
ture, which reached 100% efficacy at room temperature. The biocom-
patibility of sodium alginate and PEG ensured that the PEG-DTP/ADA
hydrogel was cytocompatible, as demonstrated through in vitro cyto-
toxicity assessment. Overall, they concluded that through the combi-
nation of PEG-DTP with OA hydrogel, the hydrophilicity, flexibility of
PEG-DTP/OA hydrogel, and their mechanical properties improved
compared to DTP-OA hydrogel. This Alg-based hydrogel, combining
multi-stimuli responsiveness, injectability, and self-healing capacity,
and therefore holds promise for applications in tissue engineering,
controlled 3D cell culture as well as drug delivery. This methodology
could thus be used to develop 4D printable Alg-inks that can be used to
print tissue engineering constructs with improved mechanical properties
and flexibility.

In summary, we can conclude that there are very few studies that
deal directly with the preparation of Alg-based bioinks, which are
suitable for 4D printing, limiting the development of 4D printed Alg
structures. In most studies that have been done so far, 4D printable Alg
hydrogels were mostly chemically modified with amine groups or pre-
pared by the introduction of stimuli-responsive polymers such as PNI-
PAAm into the Alg matrix. We can thus conclude that maybe amino
groups appear to be the most common denominator to this end. Indeed,
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imine bonds can be achieved readily between carboxyl/aldehyde groups
of Alg and amino groups from a secondary network, and it is pretty
straightforward to include PNIPAAm into Alg as well; something that we
will go into more depth within section 4.2.3. However, PNIPAAm has
some limitations, including its non-biodegradable nature, lack of bio-
resorbability as a polymer, and limited biocompatibility, limiting its
applications in tissue engineering and clinical applications [127].

4.3.3. 4D printable Alg inks

A number of strategies involving Alg methacrylation [128,129] or
the inclusion of polydopamine (PDA) [129], methylcellulose [130], and
PNIPAAmm [131-133] can also give rise to 4D printable inks. Among
the stimuli-responsive polymers that have already been successfully 4D
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printed, PNIPAAm is the most frequently applied due to its excellent
thermo-responsiveness. We will thus focus on Alg-PNIPAAm composites
in this section.

In simple terms, the structure of PNIPAAm is made up of two groups,
isopropyl and amide groups, which are hydrophobic and hydrophilic,
respectively [134]. The phase separation mechanism of PNIPAAm is
based on the release of water molecules attached to its isopropyl groups
above the LCST point. This then leads to increased hydrophobic in-
teractions between the isopropyl groups and a collapsed state [105].
Interestingly, Alg can be grafted onto amino-functionalized PNIPAAm
(PNIPAAmM-NH;) using 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride and N-hydroxybenzotriazole as condensing and
coupling agents, respectively to develop thermo-responsive hydrogels.
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Fig. 8. 4D printable Alg inks based on PNIPAAm. (A, C) Schematics showing the concepts behind the 4D printing approach used in the paper. (B) Schematic
showning the chemistry behind the employed materials for 4D printing of a flower-like structure. (E-G) Inspiration and design. (H) As the temperature increased the
printed flower-like structure gradually took shape. (I) Recovered shape after re-cooling to room temperature. Adapted with permission [133]. Copyright 2020,
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Here, the grafted copolymers are formed by the amide coupling reaction
between the free amine group present in the amino-PNIPAAm and
carboxylate group present in the sodium Alg [135]. Similarly, PNI-
PAAm-NH; can also be grafted to the carboxylate groups of Alg via N,
N -dicyclohexylcarbodiimide ~ (DCC)-mediated — amidation  using
N-hydroxysuccinimide (NHS) [136,137]. In another approach, a
non-covalently linked Alg-PNIPAAm network was generated via elec-
trostatic interaction between the positively charged amine group in the
PNIPAAm-NH; and negatively charged carboxylate groups present in
the Alg backbone [137].

Such, temperature-responsive inks based on Alg and PNIPAAm can
be used for 4D printing. In this direction, Bakarich et al. [132] developed
a 4D printed actuator based on Alg-PNIPAAm, which could be actuated
by heating/cooling in the range of 20-60 °C. The hydrogels were
fabricated through extrusion 3D printing coupled with a UV curing
system. In this regard, the Alg-PNIPAAm hydrogel inks were prepared by
mixing Alg with PNIPAAm solution. The bioinks were bioprinted and
then cured with UV light for 200 s. Finally, the bioprinted hydrogels
were soaked in CaCl; solution for 3 days to obtain complete crosslinking.
Along these lines, they observed that as the NIPAm concentration
increased from 10 to 20 w/v%, the swelling degree increased below
LCST. On the other hand, with increasing NIPAAm concentration above
LCST, the swelling degree decreased due to its higher shrinkage capac-
ity. Moreover, by cooling the Alg/PNIPAAm hydrogels from 60 to 20 °C,
the expansion increased from 41% to 49%.

In a similar study, Ko et al. [133] fabricated a bilayer structure, using
two hydrogel compositions including Alg/PAAm and Alg/PNIPAAm
(Fig. 8a-c). The first layer as the passive layer was printed from sug-
ar/PAAm/Alg ink, and the second layer as the active layer was printed
from sugar/PNIPAAm/Alg ink. Afterwards, the two layers were exposed
to UV light for 1-5 min to facilitate crosslinking. Subsequently, the
polymerized structure was immersed in 10% (w/v) calcium chloride
solution, resulting in simultaneous crosslinking of Alg chains in both
layers. The results demonstrated that the addition of Alg to the hydrogel
composition resulted in an increased viscosity of the ink (>4500% at
107! s7!) and a strong shear-thinning behavior, as assessed through
shear viscosity measurements (Fig. 8d). Additionally, a
double-crosslinked network hydrogel was created in the printed struc-
ture by ionic crosslinking of the structure with calcium chloride.
Moreover, the sugar was added to the ink as a pore-generator to improve
printability by increasing the viscoelastic properties of the ink as well as
creating macropores in the structure, leading to stimuli responsiveness
and thereby 4D printability (Fig. 8b). They fabricated a printed config-
uration imitating the form and motion of a bellflower (Fig. 8e). The
printing strategy entailed three distinct layers (Fig. 8f) designed to
replicate the S-shaped curvatures of the bellflower’s petals, as the
structure curved towards the PNIPAAm layers. Subsequently, the
resultant printed design (Fig. 4g) was submerged in water, instigating
swelling and shape morphing as a response to temperature fluctuations.
Finally, the printed hydrogels demonstrated a temperature-responsive
behavior, which was achieved by fine-tuning it’s swelling and shrink-
ing properties. In this direction, the hydrogels were swollen in water at
25 °C for at least 24 h and then immersed in warm water at 50 °C. It was
found that the bilayer structure shrunk and bent at 50 °C due to the
presence of temperature-responsive PNIPAAm and then recovered after
cooling to 20 °C as shown in Fig. 8 h [133]. Nevertheless, the process of
shape transformation displayed irregularities and variations during the
cooling-driven recovery phase. In the majority of instances, the structure
entirely restored its initial configuration, a transformation occurring at
20 °C over a span of 15 min (Fig. 8i).

A number of recent studies have also used methacrylated Alg for
designing 4D inks. The reason is that methacrylated Alg has carboxylic
groups in its structure, which shows stimuli responsiveness to ions and
can thus display shape change upon swelling. For instance, Constante
et al. [129] fabricated a 4D printed self-foldable by combining meth-
acrylated Alg with melt electrowritten polycaprolactone (PCL) fibers. In
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brief, methacrylated Alg solution with photoinitiator was printed and
then crosslinked with UV light for 15 min and finally dried. Subse-
quently, PCL fibers were added to the cross-linked methacrylated Alg
layer through meltelectrowriting and then the whole system was
cross-linked with UV light. Notably, the crosslinked methacrylated Alg
layer displayed responsiveness to calcium ions and exhibited rolling
upon swelling, thereby creating scroll-like tubes. Because calcium ions
acted as a stimulus to induce the shape transformation and contribute to
accurately controlling the folding process. Similarly, the results
demonstrated the shape-morphing behavior of the fabricated bilayer
hydrogels. It was for instance found that bilayers were rolled into tubes
in a calcium-free aqueous environment. The authors concluded that the
introduction of calcium ions caused the bilayer structure to be unfolded
and the addition of ethylenediaminetetraacetic acid (EDTA) led to the
folding of the pristine bilayer structure [129]. Moreover, myoblast
behavior was studied on these printed shape-changing bilayers. The
myoblasts were highly viable and proliferated on the methacrylated Alg
film as well as the bilayer film. In addition, PCL fibers enabled extremely
high levels of cell orientation, which was not accomplished with
methacrylated Alg films alone. Cell assays revealed that the metabolic
rate was higher on bilayer films compared to methacrylated Alg films.
Both methacrylated Alg films and bilayer films showed similar viability
via live/dead assay. Staining of the actin filament and cell nuclei
revealed the alignment of the cells. In this regard, 65% of the cells
seeded over the bilayer scaffolds showed strong alignment on day 1 as a
result of the melt-electrowritten PCL fibers. Conversely, the cells seeded
over methacrylated Alg did not align. Cell alignment on the bilayer
decreased to 60 and 58%, respectively, after 3 and 7 days of culture due
to the agglomeration of cells [129].

In another approach, Kirillova et al. [128] developed a 3D-printed
self-foldable tube (Fig. 9a). They could fold and unfold in response to
calcium ions due to the calcium-dependent swelling behavior of the
methacrylated Alg structures. Methacrylated Alg was printed onto
polystyrene or glass surfaces and then the printed hydrogels were
covalently crosslinked with green light and dried. Afterwards, the
crosslinked hydrogels were immersed in water, cell culture media, or
PBS, swelled, and folded into tubes, resulting in the shape trans-
formation of the hydrogels in a few seconds due to the presence of cal-
cium ions as observed in Fig. 9 b [128]. In more detail, the
photo-crosslinked hydrogels indicated a reversible behavior of folding
and unfolding upon immersion in 0.1 M calcium chloride as this was
linked to the absence and presence of calcium ions, respectively.
Importantly, this shape-morphing behavior was ascribed to the presence
of carboxylic groups in the hydrogel structure. Moreover, these tubes
were stable in water for at least six months [128]. Cells encapsulated
inside the tubes also displayed high viability as evident from Fig. 9c-d.
Moreover, the cell-laden methacrylated Alg hydrogels exhibited
reversible shape changes when exposed to Ca®* ions. They later used a
suspension of D1 cells (mouse bone marrow stromal cells) in a solution
of 3% methacrylated Alg. To this end, a red fluorescent marker was
applied to the cells before the bioprinting experiment so that they could
be visualized within the folded hydrogels after printing. The results
indicated that the cells were evenly distributed throughout the hydro-
gels, which suggests that the cells had been successfully mixed with the
printable methacrylated Alg solution. Importantly, despite the high cell
density the films maintained their folded structure, and the cells were
uniformly distributed within hydrogel-based tubes. It was observed that
the 4D-printed tubes were capable of keeping the cells alive for at least 7
days without any loss of viability [128].

In a similar study, Lee et al., tuned the spatial patterning of the two
biomaterials (OMA/GelMA) with different swelling ratios to obtain a
controllable geometric change of the printed construct over time by
creating complex 4D configurations featuring dense cell populations,
capable of orchestrated and controlled changes in shape. These alter-
ations were guided by the precise arrangement of biodegradable OMA
and GelMA materials, each with distinct swelling behaviors. By
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Fig. 9. 4D printable Alg inks based on methacrylated alginate (AA-MA) and methacrylated hyaluronic acid (HA-MA). (A-B) Schematics showing the concepts behind
the 4D printing approach of the vascular-like tubes. (C) Cell-laden dried tubes. (D) Images of cell-laden tubes after 1, 2 and 7 days of culture. Live cells are stained
green and (Live + dead) cells are red. Adapted with permission [128]. Copyright 2017, Wiley-VCH.

employing a bilayered OMA/GelMA hydrogel model, they showed that a
higher degree of OMA oxidation led to increased degradation and
swelling, something which in turn resulted in more pronounced modi-
fications in geometric structure. Various variables, including macromer
ratios, layer thickness, cell concentration, and photolithography pat-
terns, were finely tuned to exert precise control over the ultimate form of
the 4D structure. Furthermore, Fibroblasts and human adipose-derived
stem cells (ASCs) were enclosed within the 4D structures at a high
density of 1.0 x 10® cells mL™!. The orchestrated changes in shape
harmonized with the differentiation process of ASCs, as they trans-
formed into chondrogenic and osteogenic lineages. The incorporation of
densely packed cells into OMA and GelMA using bioprinting enabled the
creation of more intricate structures, exhibiting well-defined 4D trans-
formations. This strategy effectively facilitated typical cellular func-
tions, allowing differentiation into osteogenic and chondrogenic
lineages with minimal effect on cell viability [138].

Altogether, stimuli-responsive materials hold significant potential
for various applications in the field of tissue engineering such as drug
delivery systems [139], wound healing, biosensors, vascular tissue en-
gineering, etc. [140,141]. For instance, photo-crosslinked hydrogels
such as Methacrylated alginate hold promise in the field of tissue engi-
neering as a responsive material sensitive to external cues. This
responsiveness is attributed to the carboxylic groups within its compo-
sition, allowing it to react to ions and exhibit shape-morphing behavior
when subjected to swelling. Employing either UV-induced crosslinking
or introducing EDTA and calcium chloride are suitable techniques for
inducing sensitivity to calcium ions, leading to the material demon-
strating a response such as folding and unfolding upon swelling. The size
of the tubes can be finely adjusted by altering the concentration of
calcium ions, which also impacts the swelling characteristics of the Alg
hydrogel. Gradually increasing the calcium ion concentration led to a
reduction in swelling, causing the tubes to unfold and expand in diam-
eter. Modulating the concentration of Ca?* ions in this way serves as a
stimulus to initiate controlled shape changes. Introducing EDTA permits
reversible unfolding. The mechanical and swelling properties of the
hydrogel layers are influenced by both the concentration of the photo-
initiator and the duration of cross-linking. It was observed that higher
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levels of IRG2959 and longer cross-linking times resulted in greater
elastic modulus in the formed hydrogel sheets [129]. Hence, the dura-
tion of UV exposure, utilization of biocompatible solvents, and the
concentration of EDTA/CaCl2 are crucial elements that can impact the
material’s responsiveness, facilitating the creation of a stimuli-sensitive
material well-suited for applications in tissue engineering. In summary,
the wide-ranging and varied potential uses of stimuli-responsive mate-
rials in tissue engineering provide avenues to develop enhanced and
flexible approaches for restoring, regenerating, and repairing tissues
with greater efficacy.

Overall, stimuli-responsive Alg bioinks can be prepared from a wide
range of polymers as we discussed previously. They were mostly
chemically modified with amine groups or prepared by the introduction
of a stimuli-responsive polymer such as PNIPAAm into the Alg back-
bones to make them either pH or thermo-responsive. However, PNI-
PAAm can be considered the most effective option considering its
promising benefits. Despite the reviewed studies here in terms of 4D
printable PNIPAAm-functionalized Alg ink — the studies are few in
number and the area of 4D printable Alg ink is still uncharted territory
for biomedical engineers. We can therefore conclude that there is still a
gap in the development of dynamic Alg bioinks and the mechanism of
how we can turn them into 4D printable bioinks is still not fully eluci-
dated. To overcome this, we propose OA as a more effective method than
amine bonding which can be applied in the future. Because OA is
stimuli-responsive and highly printable, it is worthwhile trying them out
for 4D printing. The advantage of using OA is its simple preparation
without the need for toxic reagents and high temperatures. Moreover, it
is highly printable and easy to fine-tune in many ways in addition to
being more scalable and easier to work with than by including addi-
tional amine-rich polymers into the system. For these reasons, we
anticipate that modification of Alg with amino-groups along the Alg
backbone or by using oxidized Algs, might be more suitable in this re-
gard. These approaches could indeed facilitate stimuli-responsive Alg
bioinks suited for the 4D printing of smart materials with multifunc-
tional properties in the near future. Overall, they could lead to the
development of smart Alg-based bioinks for the fabrication of 4D printed
structures that could be suitable for various tissue engineering
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applications. However, more studies need to be carried out in this di-
rection, and one of the important gaps in the field is that future studies
could target.

5. Possible future applications of 4D-printed alginate constructs

In this section, we review possible methods to make various cell-
laden Alg inks for 4D printing applications with a special focus on
generating vascularized tissue engineering constructs using dynamic
materials that can self-fold into hollow blood-vessel-like tubes based on
chemical modification (methacrylated Alg) or by including a stimuli-
responsive polymer such as PDA alongside its network. Moreover, the
behavior of cells within these Alg hydrogels will be reviewed as well. We
will not go in depth with 3D bioprinted Alg constructs, since a lot has
been written about this topic, but will instead refer the interested reader
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to several excellent reviews [36,51-53,66,71].

5.1. 4D printed cell-laden alginate-based constructs

With 4D printing, one can generate complex and biomimetic 3D
microstructures by using dynamic materials that can self-fold into
complicated geometries. The initial step in this regard is based on
developing a micro-patterned sheet that later can be assembled into
higher-order structures. Photolithography, soft lithography, stereo-
lithography, and extrusion-based printing are the most common ways to
manufacture time-dependent and dynamic sheets for 4D printing.
However, these strategies often require a considerable production time,
along with expensive machinery and thorough user training.
Conversely, inkjet printing presents a mask-free and readily available
manufacturing method, enabling swift micro-patterning as well as
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prototyping. In a recent study [142], this pathway was used for the 4D
printing of vascularized tissue engineering constructs. The authors
specifically created a GelMA and Gel COOH-MA blend ink, which was
light crosslinkable. Alg-Gel was used as a sacrificial coating on the glass
substrate, which allowed a controlled release of micropatterns. It helped
to improve its adhesion to the 4D-printed micropatterns and prevented
the micropatterns from detachment and self-folding in the presence of
culture medium and living cells. They specifically printed rectangular
2D microstructures via inject printing and then controlled their swelling
behavior by using light crosslinking (Fig. 10 a.b). Over time the
cell-laden rectangular structures self-folded into long microtubular
scaffolds Fig. 10 c. They then seeded Human umbilical vein endothelial
cells (HUVECs) onto the as-printed rectangular structures. The viability
of cells within the microtubes where then evaluated on day 0 and day 3
and was above 90% for all microtube diameters at day 3. After day 3 an
increased density was observed for all combinations, however, the cell
density was significantly different within the medium (168.4 cells
mm ) and large microtubes (301.3 cells mm’l) compared to the
smaller tubes (96.8 cells mrn_l) as shown in Fig. 10 d [142]. The
contraction of the cytoskeleton of proliferating cells on a 3D scaffold
could gradually distort the scaffold, which is undesirable for tissue en-
gineering (Fig. 10d). The inner diameters of the HUVEC-encapsulating
microtubes were therefore measured during three days of cell culture
to investigate this effect. These results demonstrated that the microtubes
have enough mechanical strength to sustain their 3D structures in the
presence of proliferating cells.

Other studies have focused on Alg polymers functionalized with
methacrylate groups to fabricate stimuli-responsive polymers. For
instance, Constante et al. [129] created anisotropic scaffolds with a
scroll-like configuration to facilitate the growth of oriented muscle tis-
sue by combining extrusion printing of methacrylated Alg and
melt-electrowriting of PCL fibers. Notably, the photo-cross-linked 3D
printed Alg sheets rolled into tubes when swollen in the presence of
calcium ions, and thereby formed scroll-like tubes. Myoblast behavior
was studied on these printed shape-changing bilayers. The myoblasts
were highly viable and proliferated on the methacrylated Alg film as
well as the bilayer film. In addition, PCL fibers enabled extremely high
levels of cell orientation, which was not accomplished with methacry-
lated Alg films alone. Cell assays revealed that the metabolic rate was
higher on bilayer films compared to methacrylated Alg films. Both
methacrylated Alg films and bilayer films showed similar viability via
live/dead assay. Staining of the actin filament and cell nuclei revealed
the alignment of the cells. In this regard, 65% of the cells seeded over the
bilayer scaffolds showed strong alignment on day 1 as a result of the
melt-electrowritten PCL fibers. Conversely, the cells seeded over meth-
acrylated Alg did not align. Cell alignment on the bilayer decreased to 60
and 58%, respectively, after 3 and 7 days of culture due to the
agglomeration of cells. In a similar study, Kirillova et al. [128] created
hollow self-folding methacrylated Alg hydrogel tubes. Here they were
able to precisely control the diameters and architectures of the tubes by
using a 4D biofabrication technique. For instance, the cell-laden meth-
acrylated Alg hydrogels exhibited reversible shape changes when
exposed to Ca®" ions. They later used a suspension of D1 cells (mouse
bone marrow stromal cells) in a solution of 3% methacrylated Alg. A red
fluorescent marker was applied to the cells before the bioprinting
experiment so that they could be visualized within the folded hydrogels
after printing. The results indicated that the cells were evenly distrib-
uted throughout the hydrogels, which suggests that the cells had been
successfully mixed with the printable methacrylated Alg solution.
Importantly, despite the high cell density the films maintained their
folded structure, and the cells were uniformly distributed within
hydrogel-based tubes. It was observed that the 4D printed tubes were
capable of keeping the cells alive for at least 7 days without any loss of
viability.

Luo et al. [3] fabricated 4D-printed near-infrared (NIR)-triggered
shape morphing hydrogels for vascularized tissue engineering
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constructs. In this regard, they printed biphasic hydrogels consisting of
cell-laden Alg/PDA inks and Alg/GEL methacryloyl (GelMA) bioinks
with controlled curved structures (Fig. 11a). Next, the hydrogels were
photo-crosslinked with UV light, after which they injected calcium
chloride solution on the surface of the hydrogels to crosslink the Alg
structure. Subsequently, the rest of the calcium chloride solution was
eliminated, and the hydrogels were exposed to laser irradiation. Finally,
the crosslinked hydrogels were maintained over 24 h at room temper-
ature for dehydration-induced shape morphing. It was found that the
printed hydrogels demonstrated shape-folding behavior during dehy-
dration since their structures were transformed from lamellar to
saddle-like  structures. The results demonstrated that the
shape-morphing behavior can be adjusted by regulating the irradiation
time and laser power. Rapid shape morphing was obtained with higher
laser power since it raised the temperature and caused a faster dehy-
dration rate as can be seen in Fig. 11 b [3]. Notably, it was found that the
deformed hydrogels could recover to their initial structures by immer-
sion in EDTA solution, as they can remove the calcium ions as a cross-
linking agent Fig. 11 c¢ [3]. Moreover, due to the ability to control the
shape of the scaffolds by using NIR irradiation, the non-deforming parts
were used for cell encapsulation. To this end, human embryonic kidney
cells were added to composite inks, and cell-laden scaffolds were made.
The cell-laden scaffold subsequently transformed into a saddle-like via
NIR structure with high cell viability of about 80% after 14 days as
shown in Fig. 11 d [3]. It was found that cells survived well in scaffolds
before and after NIR-induced shape morphing. The authors therefore
concluded that these curved cell-laden structures can be used as cardiac
patches or scaffolds for skin and cartilage tissue regeneration
applications.

6. Conclusion

Today when you bioprint tissue constructs they are static, and thus
do not really have any added value for being used inside the body. They
are amenable for building tissues for disease modeling or even high-
throughput drug screening — but beyond that, they are pretty useless.
We thus need to move beyond 3D bioprinting to allow the industry to
gain the momentum it truly deserves. This could ultimately generate a
paradigm shift in the healthcare industry. With 4D printing, the story
becomes entirely different. The constructs are native-like and adaptable
and can respond to physiological stimuli to change their architecture
and functionality when needed. Even still both 4D and 3D Biopriting are
typically based on extrusion printing. Decades of experiences along
these lines have made it clear that 3D bioprinting technologies based on
extrusion are only appropriate for entry-level research. The road toward
their usage in realistic applications is still farfetched. Emerging tech-
nologies based on magnetic levitation, and acoustic and electric self-
assembly of bioinks in predesigned nano and microshapes might
change this, and even disrupt the industry as we know it. After all, how
thin materials can you extrude through a needle without damaging
cells? And how big constructs can you build before material spillover
and pattern loss becomes a problem?

Due to the lack of research in the field of stimuli-responsive Alg
hydrogels, further studies need to be done to overcome limitations such
as the inability of Alg to respond to stimuli due to the lack of proper
chemical groups in its structure, its brittleness and the lack of cell-
adhesive motifs. By developing smart Alg bioinks through various
functionalization strategies, researchers may be able to fabricate 4D
printed structures for tissue engineering applications. To this end,
various Alg hydrogels with shape-morphing properties and self-foldable
structures have been identified. They have displayed stimulate-
responsiveness, biocompatibility, and good support for cellular func-
tions making them suitable for a wide range of applications. Addition-
ally, several routes have been explored to modify them even more via
smart chemistry as well as nanomaterial reinforcement. For instance, the
conjugation with PNIPAAm and other functional groups has to lead to
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desirable stimuli responsiveness in Alg inks making them useful for a
wide range of 4D printing applications. For instance, 4D bioprinting of
Alg hydrogels has enabled good vascularization and the introduction of
biological functions in the engineered tissues, allowing the host tissues
to be integrated better with it. Until now, however, the focus has been on
vascularization, therefore more studies are needed in this direction for
identifying the gaps that can enable adaptable Alg bioinks to be used in
other applications as well. Overall, due to the numerous favorable
characteristics exhibited by Alg and the possibilities presented by 4D
printing, their extensive utilization can be envisioned in the realm of
tissue engineering, encompassing various biomedical applications like
drug delivery, flexible robotics, biosensors, and bioelectronic devices.
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