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Abstract: Bioprinting has a critical role in tissue engi-
neering, allowing the creation of sophisticated cellular
scaffolds with high resolution, shape fidelity, and cell via-
bility. Achieving these parameters remains a challenge,
necessitating bioinks that are biocompatible, printable,
and biodegradable. This review highlights the potential
of marine-derived polymers and crosslinking techniques
including mammalian collagen and gelatin along with their
marine equivalents. While denaturation temperatures vary
based on origin, warm-water fish collagen and gelatin emerge
as promising solutions. Building on the applications of mam-
malian collagen and gelatin, this study investigates their
marine counterparts. Diverse research groups present dif-
ferent perspectives on printability and cell survival. Despite
advances, current scaffolds are limited in size and layers,
making applications such as extensive skin burn treatment
or tissue regeneration difficult. The authors argue for the
development of bioprinting, which includes spherical and
adaptive printing. In adaptive printing, layers differentiate
and propagate sequentially to overcome the challenges of
multilayer printing and provide optimal conditions for the
growth of deeply embedded cells. Moving the boundaries of
bioprinting, future prospects include transformative applica-
tions in regenerative medicine.
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1 Introduction

The development of regenerative medicine, and thus new
opportunities so far unattained in tissue engineering, has
been made possible by combining cell culture-related tech-
nologies, materials science, and 3D printing. The primary
tissue engineering strategy is to produce functional in vitro
constructs capable of restoring, preserving, and revita-
lizing lost tissues and organs using bioprinting [1,2]. The
advantage of bioprinting over conventional cell scaffolds
fabrication techniques such as solvent casting, gas forming,
membrane lamination, salt leaching, and fiber binding
makes it possible to mimic the complex microstructure of
biological tissues. The bioprinting technique provides the
ability and versatility to deliver cells from complex micro-
structures with excellent spatial distribution by focusing
on three approaches: biomimicry, autonomous cell self-
organization, and mini-tissue building blocks [3]. The first
approach involves understanding the microenvironment
of a given tissue. Therefore, when designing cellular scaf-
folds, the distribution of cells and the composition of the
extracellular matrix (ECM), among other things, must be
taken into account. On the other hand, autonomous self-
assembly is based on the ability of early cellular compo-
nents to develop into tissues that produce their own ECM,
appropriate cellular signals, and organization to achieve
the desired structure and function. The last concept, mini-
tissue blocks, assumes that organs and tissues are built
from smaller building blocks called mini-tissues that can
self-assemble [1]. The advantage of bioprinting over typical
regenerative medicine methods is the accurate distribution
and high-resolution deposition of cells. However, the main
disadvantages of this method due to printing techniques,
such as printing speed, scalability, and resolution, limit its
application in medicine. Therefore, the critical issue of
bioprinting is optimizing their mechanical and biological
properties, which will be suitable for depositing living cells
and enabling the regenerated tissue to function correctly.
Additionally, these parameters are essential for achieving
specific biological functions without compromising mechan-
ical properties [4]. Another critical problem of bioprinting is
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the selection of suitable biomaterials, i.e., those that meet all
the criteria for scaffolds: biodegradability, biocompatibility,
non-cytotoxicity, and porosity that provides the conditions
necessary to form new tissue and promote cell growth
throughout the regeneration period. An essential property
of cellular scaffolds is that they adhere well to the application
site, have good mechanical properties and are permeable to
gases and cellular metabolites. Hydrogels, for instance, are a
group of biomaterials with the advantage of having a struc-
ture similar to ECM, so they can imitate the properties of
various tissues. Other properties of hydrogels, particularly
relevant to cellular scaffolding, include their high porosity
and ability to carry low molecular weight substances and
nutrients necessary for cell activity [5]. Moreover, the adapta-
tion of hydrogels in 3D printing is possible due to their sol-gel
transformation through appropriately selected conditions.

This publication focuses on the latest literature data on
the development of bioprinting in recent years. Crucial
issues from the point of view of the requirements of
bioinks in terms of their biological and physicochemical
properties, as well as the possibilities of the bioprinting
techniques used so far, are discussed. Accordingly, the
advantages and disadvantages of the various systems were
pointed out, and the future direction of research on bio-
printing and bioinks was determined. This review highlights
innovative applications of marine polymers in bioprinting,
emphasizing their unique biological properties and the
necessity to develop multi-component systems compatible
with tissue engineering requirements. Additionally, this
review exemplifies an interdisciplinary approach, inte-
grating scientific fields such as biology, chemistry, and mate-
rials engineering, which are crucial in bioink design. Having
this focus on marine-derived polymers as basic components
of bioinks offers a new perspective on material selection
and functionality. In conclusion, this review summarizes
and analyzes recent developments and potential future
directions in bioprinting, while promoting further research
and innovation in the use of marine polymers for bio-
printing applications.

2 Bioprinting techniques

Bioprinting is a type of additive manufacturing, or three-
dimensional printing, which aims to produce a scaffold
with a microarchitecture that ensures its stability and
the proliferation of cells within it. Inherent in bioprinting
is the bioink, which consists of cells, biomaterials, and
biological molecules. Bioprinting aims to provide an alter-
native to autologous and allogeneic tissue transplants. In
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addition, using bioprinting, it will be possible to bypass
animal testing to study diseases and develop new treat-
ments [6]. Among bioprinting techniques (Table 1), there
are four leading technologies, each derived from analogous
3D printing methods: inkjet printing, extrusion, stereolitho-
graphy and laser-assisted bioprinting. With the continuous
progress in the field of bioprinting, parameters such
as resolution or cell viability in the mentioned bioprinting
methods have become more convergent and similar. The
only differences between these methods, other than
the printing method used, are mainly the viscosity of
the applied composition and the possibility of using par-
ticular crosslinking techniques. Comparing these four
methods, it is extrusion printing and inkjet that offers
the most possibilities. This is a result of the possibility
to choose from several crosslinking methods and the nat-
ural polymers used, which are characterized by higher
viscosity and not always the possibility of their cross-
linking, such as under UV without additional modifica-
tions or the addition of crosslinking agent. Figure 1 provides
a summary of the various bioprinting methods described in
detail in Sections 2.1-2.4 below. The graphic shows a com-
parative analysis of bioprinting techniques — presenting a
comprehensive overview of the bioprinting landscape based
on the Scopus database.

2.1 Inkjet bioprinting

The first bioprinting technology was inkjet bioprinting,
published in 2003, the principle of which is similar to con-
ventional inkjet printing. This method involves generating
a droplet composed of cells and biomaterials by the printer
head and then placing it on a substrate [7]. The disadvan-
tages of this method are the generation of high thermal and
mechanical stresses, which can damage the cells encapsu-
lated in the bioink, and the restriction to low-viscosity solu-
tions, unlike extrusion bioprinting [8]. It is commonly
believed that inkjet printing is for solutions with viscosity
in the range of 3-30 mPa's (Table 1), surface tension of
20-70 mJ-m % and a density of about 1,000 kg'm>. In the
case of suspended particles, their diameter is approxi-
mately 50 pm due to the diameter of the nozzle. The advan-
tage of inkjet printing is that it provides the best printing
resolution, as a result of the ability to control both the size of
the droplets and their position and deposition rate. In inkjet
bioprinting, there are two droplet formation methods, ie.,
continuous inkjet and drop-on-demand type (DOD). The first
method relies on the natural ability of the liquid stream to
turn into a string of droplets, whose position is determined
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SUMMARY OF BIOPRINTING METHODS
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Figure 1: A comparative analysis of bioprinting techniques - a comprehensive overview of the bioprinting landscape, showing the increase in the
number of scientific articles from 2004 to 2023, each country's contribution to the field, and the breakdown of articles into 3D printing and bioprinting
by method. In addition, it provides a qualitative assessment of different bioprinting methods based on difficulty, range of applications, popularity, and
complexity of biomaterials, with extrusion bioprinting highlighted as the most common method, accounting for about 55% of research. The data

come from the Scopus database (created with BioRender.com).
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by magnetic and electric fields that interact with the charged
droplets. However, this method is rarely used in bioprinting
due to its poor resolution. The second technique, with better
resolution, is DOD, which distinguishes between thermal and
piezoelectric control. Thermal control involves quickly
heating a small part of the injecting head to 300°C. The
temperature rise generates vapor bubbles in the bioink,
which combine and expand to generate a pressure pulse.
The short temperature rise time does not contribute signifi-
cantly to cell survival. As a result, the temperature of the
bioink increases by 4-10°C, which results in a post-printing
cell survival rate of about 90% [9]. However, the main pro-
blem with thermal inkjet printing is the nozzle clogging
during bioprinting.

Nozzle clogging can occur when the printer's para-
meters are not properly adjusted to the properties of the
bioink. Clogging may happen if the nozzle's diameter is
smaller than the particles within the ink. Therefore, it is
advisable for the printer nozzle's diameter to be at least
100 times greater than the largest particles in the bioink.
Besides particle size, cell concentration also influences the
risk of clogging. At concentrations around 5 x 10° cells per
milliliter, clogging can result from cell agglomeration within
the ink. It is thus recommended to use bioinks with a cell
concentration between 1 x 10° and 4 x 10° cells per milliliter.
The design of the printer head may also contribute to nozzle
clogging. Considerations during bioprinting should include
the height of the inner chamber and the various types of
coatings within the jet chamber [10]. Li et al. have addressed
the issue of clogging in piezoelectric inkjet printers using
inks that contain dispersed nanoparticles ranging from 28 to
530 nm, which can aggregate and lead to the formation of
thick layers on the head’s surface. Hydrophobic nanoparti-
cles are particularly problematic as they can cause air
entrapment due to the deformation of the ink—air meniscus,
leading to air being drawn in and air bubbles adhering to
the head's internal surfaces. This can result in blockages,
which may be minimized by employing colloidal stable
inks and suitably modifying the head surfaces to prevent
particle adsorption [11].

The second method, with control by a piezoelectric
motor placed in the head, involves applying a voltage
and mechanically deforming the shape of the bioink. The
resulting acoustic wave creates pressure, which ejects the
droplet onto the substrate. Unfortunately, due to sonica-
tion in the 15-25 kHz frequency range, damage to cell
membranes can occur, leading to cell lysis [12].

A key aspect in DOD bioprinting is shear stress, which
affects cell viability and proliferation. This variable depends
on hoth the properties of the bioink, such as viscosity, and
the parameters of the bioprinter, such as voltage and nozzle
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diameter. Shi and colleagues found that the shear stress
exhibits significant fluctuations at the nozzle orifice, espe-
cially throughout the period of the voltage pulse's increase
and its sustained duration in the process. Another phenom-
enon that negatively affects cell survival is the increase in
shear stress on the walls caused by backflow, which pushes
the incoming fluid down along the wall [13].

Another factor significantly affecting cell viability and
proliferation is the droplet impact velocity and its volume.
Ng and colleagues have shown that a lower droplet impact
velocity, achievable by increasing the concentration of
cells in the bioink, reduces splashing and thus enhances
cell survival. They concluded that the optimal droplet
volume, which significantly limits evaporation, is about
20 nL. Maintaining the printing time for each layer at
approximately 2 min prevents excessive evaporation, and
ensuring an optimal concentration of 4 x 10° cells per milli-
liter is crucial for maintaining cell viability and promoting
cell proliferation [10].

Inkjet printing was used, among other things, in a study
by Lee et al to print scaffolds for human skin regeneration.
The bioscaffold consisted of keratinocyte and fibroblast cells
representing components of the epidermis and dermis, as
well as collagen as a component of the dermis matrix. The
study was a preliminary optimization of printing para-
meters to achieve maximum cell survival, which was as
high as 98% [14]. One of the widely used bioink in inkjet
printing is that based on alginate. Jia et al used this tech-
nique to investigate the viscosity and density of alginate
solutions on their printability and the effect of oxidation
level on the proliferation of human adipose tissue stem cells
hADSCs. The results were used to create a tunable platform
to determine the ideal concentration ranges of oxidized algi-
nate suitable for printing and providing high survival
rates as well as modulating hADSC function [15]. Another
study by Boland et al. investigated a hybrid bioink based
on alginate and gelatin, which were cross-linked with a
calcium chloride solution. It was shown that the devel-
oped bioink with the applied bioprinting method enabled
the contraction of a scaffold with the appropriate archi-
tecture, enabling the adhesion of endothelial cells [16].

The idea of inkjet bioprinting captures attention due to
its precision in depositing droplets, enabling exact place-
ment of individual cells. Yet, this is a sophisticated and
intricate method, and its application in tissue engineering
is not yet fully realized. The demand for low-viscosity bio-
inks necessitates almost instantaneous crosslinking; con-
versely, introducing a crosslinking agent into the bio-ink
risks clogging the nozzle. The timing and dimensions of the
print job are also crucial considerations. To print a large
object with inkjet technology requires a coordinated effort
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from multiple print heads, which adds complexity to the
process. From our perspective, inkjet bioprinting is poised
to remain a tool predominantly used in research settings,
where the focus is on small-scale analysis, the development
of novel bio-inks, and the meticulous positioning of a
variety of cells. However, it is important to acknowledge
that similar outcomes may be attainable with extrusion
bioprinting. This method benefits from the higher viscosity
of bio-inks, which affords a more generous window for
crosslinking. We posit that until the inkjet bioprinting tech-
nology and its strategic applications are fully refined, alter-
native methods like extrusion bioprinting may advance the
field by enhancing the existing scope of applications.

2.2 Extrusion bioprinting

Another bioprinting method is extrusion, the most widely
used continuous printing technology developed as an alter-
native to inkjet bioprinting, which is limited to low-visc-
osity solutions.

However, extrusion bioprinting does not apply only to
hydrogels. When the material used in the printing is fila-
ments, their printing is done by melting it and depositing it
on previously created layers of solidified material. This
type of extrusion printing is a fused deposition method
(FDM) of thermoplastic polymers. Tylingo et al. proposed
a new method for producing chitosan-based thermoplastic
fibers that can be extruded and used in biomedical engi-
neering [17]. Also, Zenobi et al. proposed first printing a
bone implant and then seeding a SAOS-2 bone-like cell
model onto it [18]. On the other hand, Kalva et al. proposed
an FDM for printing bone implants based on polylactic acid
and magnesium [19]. However, the possibilities of extru-
sion printing methods are much broader from implants,
prostheses, surgical instruments to laboratory models and
even other fields such as textiles, armaments, automobiles,
and music [20]. The method involves extruding bio-ink
through a print head and creating a three-dimensional
scaffold using a layer-by-layer method in the form of fibers.
Extrusion bioprinters can be driven by piston, screw, or pneu-
matic mechanisms [21]. Extrusion bioprinting has a wide
range of applications due to its ability to print hydrogels
with viscosities in the range of 30 mPa's to more than 6 x
10’ mPa-s (Table 1) and print large-sized objects. However, a
significant limitation of this printing method is its low resolu-
tion compared to other methods, ie., the minimum size that
can be printed. The resolution of extrusion bioprinting is
200-1,000 um, making it challenging to obtain objects with
complex features. In addition, a trade-off between printability
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and cell survival is necessary using extrusion technology. The
only solution to get the best performance of the print itself as
well as good cell survival is to find a bio-ink that shears when
a deforming force is applied and whose viscosity increases as
soon as the force is removed, in order to preserve the shape.
Another important parameter is yield stress, which deter-
mines what is required to maintain continuous and smooth
deposition. An important parameter that must be controlled
during bioprinting is also the shear stress created by the
downward movement of the piston at the nozzle interface,
which can damage cells suspended in the bio-ink. Therefore,
it is necessary to select bioprinting parameters, among others,
such as low shear forces to achieve a high cell survival
rate [22].

Cell survival during extrusion is a complex process
influenced by numerous variables, such as bio-ink compo-
sition, printing parameters, and the crosslinking method.
For instance, a smaller nozzle size necessitates higher
extrusion pressure, which, while crucial for high print-
ability, may compromise cell viability. In contrast, larger
nozzle sizes may enhance cell survival. Thus, optimizing
the bioprinting process settings is crucial [23]. The diversity
of crosslinking methods in extrusion printing is also note-
worthy, necessitating the careful selection and optimiza-
tion of the most suitable method. When crosslinking algi-
nate-based bio-inks with calcium ions, the method of ion
incorporation and the duration of the polymer solution’s
exposure to metal ions are critical. Techniques such as
bath-assisted printing, spraying a mist of metal ions onto
the printing nozzle, or pre-crosslinking must be finely
tuned. Overlong exposure to metal ions or too high con-
centrations can diminish cell viability. Similarly, with che-
mical crosslinking methods, fine-tuning the concentration
and duration of crosslinking is essential to prevent cell
damage. In light-induced crosslinking, minimizing the con-
centration of photoinitiators (PIs) and the intensity of light
is paramount. Nonetheless, a lower concentration of PIs
necessitates longer exposure times. Crosslinking with visible
light may offer a preferable alternative. Generally, UV expo-
sure and the generation of free radicals by PIs can cause cell
damage. When selecting a crosslinking method, it is impera-
tive to consider not only cell viability but also the gelation
time and the mechanical properties of the constructs. Con-
structs produced by physical or thermal methods often
fracture and lack strength. For thermal crosslinking, main-
taining temperatures close to physiological levels is vital
to avoid negatively impacting cell survival and proliferation
[24].

Extrusion bioprinting technology was used, among
others, in a study by Lee et al, where they compared the
effect of the type of methacrylated gelatin type A and B on
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their printability. The study showed that even a 20% con-
centration of both gels in the bioprint enabled the survival
of about 75% of Huh-7.5 human liver cancer cells [25]. Other
studies on extrusion printing include the work of Lopez
Marcial et al., which focused on agarose-enhanced alginate
bio-ink and compared it with the commercially available
hydrogel Pluronic, known for its specific printing properties.
Cell survival was assessed using chondrocytes taken from
the ankle joints of young cattle. The study showed that cell
survival after 28 days was about 70%. After this time, the
formation of a spatial structure produced by the embedded
cells in the bio-ink was also observed [26]. In Li et al’s study,
on the other hand, research was conducted on developing a
bio-ink consisting of anionic hydrogel, e.g., alginate, xanthan,
and k-carrageenan, and cationic hydrogel, e.g, chitosan,
gelatin, and methacrylated gelatin, to form a polyelectrolyte
complex. Using extrusion technology, they developed a bio-
ink based on k-carrageenan and methacrylated gelatin that
provided good survival of C2C12 mouse myoblast cells of
more than 96% after 2 days of printing. In addition, after 5
days, it was noted that the cells began to form their three-
dimensional network [27].

Extrusion bioprinting is the predominant method in
bioprinting, prized for its versatility and broad applic-
ability. A significant advantage of extrusion printing is
the ability to employ readily available natural polymers,
often without the necessity for further modification. This
greatly streamlines the bioprinting process. Although the
precision of extrusion printing is slightly less than that of
other techniques, we believe it is adequate for bioprinting.
In this field, the primary goal is to enable cells to prolif-
erate and form tissues or organs, rather than to replicate
designs with high precision. Deviations of a few micro-
meters compared to other printing techniques are toler-
able, as cells ultimately dictate the geometry of the final
structure. However, despite its simplicity and accessibility,
selecting appropriate raw materials and curing techniques
to ensure the correct bio-ink viscosity remains a challenge.
This viscosity is crucial to ensure both optimal printability
and cell survival. Furthermore, we see the adaptability of
extrusion printing as a significant benefit. It allows for the
modification of standard 3D printers for bioprinting pur-
poses, thereby expanding personalization and innovation
opportunities. We are already witnessing advancements in
extrusion printing, such as its integration with robotic sys-
tems for what is known as spherical printing. In summary,
extrusion printing, with its simplicity and efficiency, repre-
sents a promising future for bioprinting. It offers rapid,
cost-effective solutions in tissue engineering and regenera-
tive medicine and, most importantly, provides wide-ran-
ging application possibilities.
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2.3 Stereolithography bioprinting

Another bioprinting technique is stereolithography, or cross-
linking by photopolymerization. Stereolithography is a tech-
nique whose printing fidelity, architectural complexity, and
bioprinting applications have not been fully explored [28].

Unlike other techniques where layers are printed sequen-
tially, stereolithography depends on the spatial control of illu-
mination to achieve a higher resolution of the bioprint. In
this technique, the source of the laser is pivotal, providing
the energy necessary to initiate the polymerization reaction
through light of an appropriate wavelength. Hence, the opti-
mization of the wavelength, intensity, and exposure time is
crucial. This includes wavelengths in the UV range (365-385
nm) and visible light (405 nm). The shorter the excitation
wavelength, the more potentially harmful it can be to cell
survival, as shorter wavelengths carry higher energy, which
may cause greater damage to cellular DNA. Another signifi-
cant factor affecting cell survival is the viscosity of the bior-
esins, which in this technique range from approximately
0.25-10 Pa's. A low viscosity of the bioresin facilitates rapid
curing. However, excessively low viscosity can cause cell sedi-
mentation, leading to reduced uniformity of the constructs.
Therefore, a balance must be struck between the speed of
fabrication and the precision of printing. When bioprinting
multi-material scaffolds, an additional rinsing step with water
or saline is required to diminish the mixing of bio-inks due to
the infiltration of excess uncrosslinked solvent, which compli-
cates the bioprinting process. Moreover, due to the harmful
effects of UV radiation on cells, the use of PIs that cure under
visible light, such as lithium phenyl-2,4,6-trimethylbenzoylpho-
sphinate, camphorquinone, Eosin Y, and their derivatives, is
recommended [29]. These Pis are essential for cell survival, as
their properties — biocompatibility, water solubility, and effi-
ciency in light absorption — directly influence the cells’ ability
to adhere, proliferate, and survive. Therefore, selecting the
appropriate PI is essential to ensure that cells can endure
and function both during and after the printing process. Addi-
tionally, Pis are responsible for the generation of free radicals
through PI dissociation, as well as any subsequent effects
from unreacted double bonds that may have cytotoxic con-
sequences. It is these free radicals that most adversely affect
cell viability [30].

Morris et al. conducted research on the use of stereo-
lithography in bioprinting. In their work, researchers devel-
oped a hybrid resin using chitosan and polyethylene
glycol diacrylate (PEGDA) and the corresponding PI
Irgacure 819. PEGDA is a frequently used compound for
the photopolymerization of cell scaffolds. It is non-cytotoxic
and non-immunogenic; however, it does not degrade. With
the addition of chitosan, it was possible to increase the
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viscosity of the bio-ink while reducing the concentration of
PEGDA from 30 to 6.5%, which in turn allowed for better cell
survival and adhesion in the scaffold [31].
Stereolithography is one of the most advanced printing
methods that allows the creation of extremely precise
objects superior to many other bioprinting techniques
and, moreover, at high speed. Like inkjet printing, how-
ever, it is characterized by a certain complexity. It requires
the use of photosensitive resins, and this results in certain
material limitations. Due to the need for high cell survival
rates, it is optimal to adjust the PIs so that UV radiation is in
the visible light range. Further, as with inkjet printing, the
ability to print large objects is not possible due to the small
size of the printers. Certainly, high precision is an impor-
tant advantage in bioprinting, but it must be remembered
that the variety of materials in stereolithography is limited.
As for the printing system itself, there is no room for addi-
tional modifications to be controlled here. It is crucial to
develop new resins and PIs that are safe for cells and pro-
vide the expected functionality of the printed structures.

2.4 Laser-assisted bioprinting (LAB)

LAB is a technique that prevents cell stress by enabling cell
survival rates of more than 95% (Table 1). This type of
bioprinting provides such high cell survival rates because
there is no direct contact between the bio-ink and the dis-
penser during printing [7]. LAB makes it possible to obtain
prints with high precision and resolution. A typical LAB
consists of a 193 nm, 248 nm pulsed UV laser source, a
near-UV 1,064 nm laser whose deposition energy is 1-20]
per pulse, and a ribbon coated with a bio-ink and a
receiving substrate with a medium on which the bio-ink
will be deposited [32]. In order to protect the cells con-
tained in the bio-ink from the damaging effects of high-
energy UV radiation, an additional layer of metal, e.g,, tita-
nium and gold or its oxide, is placed between the ribbon
and the bio-ink, which absorbs the laser and, due to rapid
thermal expansion, allows a small amount of bio-ink to be
spread onto the substrate. Of course, this bioprinting tech-
nique has variations involving the use of, for example, low-
power pulsed radiation, which eliminates the need for an
additional sacrificial layer [33].

The unique properties of LAB, such as the ability to
position different cell types in an exact three-dimensional
spatial pattern, were exploited in their study by Michael
et al. To construct a multilayer skin substitute, they placed
fibroblast and keratinocyte cells in Matriderm® bio-ink,
which was a mixture of collagen and elastin [34]. In a study
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by Gudapati et al, the effects of alginate concentration, gel
time, and laser influence were examined, showing that the
survival of NIH 3T3 cells decreased as they increased. An
increase in laser energy and polymer concentration nega-
tively affected the morphology of cell-loaded microspheres,
limiting the permeability of the scaffolds. A similar effect
was exerted by the gelation time, which, the longer it was,
contributed to the formation of a thicker and thicker gel
membrane, which also caused restrictions in diffusion [35].
Similar to inkjet or stereolithographic printing, laser-
assisted bioprinting allows high precision of the printed
objects, which is of course important but not the most
important. Moreover, with the right parameters, such as
laser energy and protection of cells from direct contact with
radiation, cell survival rates are high. One reason for this is
the non-contact printing system, ie., no direct contact between
the bio-ink and the dispenser. Nevertheless, it is a method that
does not show as much application potential as extrusion
printing. In summary, compared to other bioprinting
methods, the main challenges for laser-assisted printing
are material limitations and the scale of the printed
objects. These are aspects to which special attention
must be paid in the further development of the technology.
Not every material that is suitable for the printing process
allows for efficient cell differentiation and growth, which is
also closely related to the mechanical properties of such
scaffolds, crucial for their biomedical applications.

3 Hydrogel-based bio-ink

In addition to selecting a suitable 3D printing technique,
crucial for bioprinting is the choice of a specific bio-ink
that will provide several biochemical and physical cues
for proper cell growth, development, and proliferation
[68]. During the development of the bio-ink formulation
(Figure 2), it is necessary to consider rheological and bio-
logical properties to understand the behavior of the bio-ink
both before, during, and after gelation, as each of these
steps will affect the resolution of the structure and the
preservation of its shape as well as cell survival [69]. In
addition to constructs, bioactive molecules such as growth
factors that signal cells to migrate, proliferate, and differ-
entiate can also be incorporated into the formulation of the
bio-ink [70]. Additionally, the addition of bioactive sub-
stances to the scaffold can activate the immune system
and facilitate the secretion of repair factors by macrophages
which in turn increases implantation success. Growth fac-
tors called diffusible signaling proteins are a group of bioac-
tive components. In addition to activating proliferation and
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Figure 2: Example of bio-ink formulation containing cells and hydrogel along with its optimization procedure (created with BioRender.com).

differentiation, growth factors also stimulate vasculariza-
tion and tissue repair through their binding to the surface
of target cells [71]. In a study by Shi et al, tyrosinase was
used in a bio-ink based on methacrylated gelatin and col-
lagen to bioprint living skin tissues. In this formulation,
tyrosinase had a dual function. On the one hand, it was an
essential compound in the skin regeneration process respon-
sible for the skin color effect and as an enzyme facilitating the
crosslinking of bio-ink components [72]. On the other hand,
in order to bioprint cartilage tissue, Wang et al chose to
use alginatesulfate with methacrylated gelatin together with
growth factor B3 (TGF-B3) providing an environment of strong
chondrogenesis in the subcutaneous environment. Also, con-
trolled release of TGF-B3 due to the presence of alginatesulfate
promoted significantly higher levels of cartilage-specific ECM
deposition [73]. When bioprinting dermal tissue, one of the
problems is the regeneration of sweat glands, which have an
important thermoregulatory function in the tissue. As the
regenerative potential in the results of injury to these glands

is low, Huang et al decided to develop a gelatin-alginate
hydrogel loaded with epidermal progenitor cells that differ-
entiate into a cell line of sweat glands under the influence of
mouse plantar dermis and epidermal growth factors [74]. In
order to adjust the mechanical properties of the decellularized
ECM bio-ink, one of the additional components was vitamin
B2, which gels under the influence of UVA [75]. Another solu-
tion is to add drugs to the bio-ink. Such scaffolds for the
regeneration of damaged tissues with simultaneous control
of drug delivery represent a novel approach. For example,
in the work of Sharma et al, a novel bio-ink was presented
that, in addition to fibrin and hiPSC pluripotent stem cells in
its formulation, contained the drug guggulsterone to promote
cell differentiation into dopaminergic neurons [76]. Through
the application of specific growth factors, it is possible to target
universal bio-inks for a specific task. This approach signifi-
cantly facilitates the procedure of bio-ink design, in which a
base consisting of a mixture of polymers that imparts specific
rheological, mechanical, and basic bioclogical properties such
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as hiosafety and appropriate biodegradation rate of cell scaf-
folds is established. Then, through the addition of appropriate
growth factors, further biological properties are improved or
imparted, ie., improved cell proliferation and differentiation.

ECM is a cross-linked, hydrophilic polymer network
composed mainly of water. In fact, water, which naturally
occurs in tissues, is the ideal medium, i.e., solvent for all
biochemical reactions. Consequently, hydrogels, which in
many respects are composed mainly of water, are very
similar to it [8,68]. However, in order to be able to use a
given hydrogel in 3D printing, an important issue remains
its crosslinking, which can be done by both physical and
chemical methods. Physical crosslinking, such as thermal
condensation, is a thermally driven gelation characteristic
of agarose, carrageenan, gelatin, elastin, and collagen.
Among physical gelation methods, molecular self-organiza-
tion is also prominent. This phenomenon occurs mainly in
peptide- and protein-based hydrogels and is driven by
reversible, non-covalent and weak binding mechanisms,
such as hydrogen bonds and hydrophobic and electrostatic
interactions. Other physical methods include electrostatic
interactions between oppositely charged compounds, such
as alginate polyanion and chitosan polycation. Chemical
crosslinking, on the other hand, produces more stable
hydrogels by forming irreversible covalent bonds. Their
disadvantage, however, is limitations in cell proliferation
and migration in such a crosslinked scaffold [3]. Among
hydrogels, a fascinating group from the point of view of tissue
engineering are those based on polymers of natural origin,
e.g., gelatin, collagen, chitosan, alginate and agarose, which
have great application potential. In addition, they are sensitive
to a range of stimuli, such as pH, temperature, ionic strength,
electric or magnetic fields, light, and chemical and biological
compounds [77]. There are many studies on thermosensitive
polymers, among which are lower critical solution tempera-
ture (LCST) and higher critical solution temperature (UCST)
polymers. LCST and UCST refer to critical temperature points
below or above which a polymer can thoroughly mix with a
solvent [78]. A common use of thermosensitive polymers in
tissue engineering is as substrates for proper cell differentia-
tion and as gels administered in situ by injection. In the former
case, the mechanism is to regulate the attachment and detach-
ment of cells from the surface by thermosensitive polymers
[79], and in the latter case, to encapsulate cells in three-dimen-
sional structures [78]. The advantage of in situ methods over
the creation of in vitro constructs is the less invasive techni-
ques, which use the simple phenomenon of the transforma-
tion of a sol into a gel at body temperature, i.e.,, 37°C, which is
the LCST of the polymer.

For a hydrogel to be used in tissue engineering to
produce a bio-ink, it must meet several criteria (Figure 3)
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to keep accurate shape

GELLING
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Figure 3: Requirements for bio-inks in tissue engineering (created with
BioRender.com).

to reflect the ECM's properties best. A critical factor in
determining the applicability of a material is its biocompat-
ibility. The material must not interact with the body by
contributing to the activation of harmful immune reactions.
Furthermore, Banach-Kope¢ et al. proposed a method to
purify chitosan from endotoxins as an input criterion for
creating a bio-ink [80]. Biocompatibility must be maintained
at every stage, including degradation of the cellular scaffold.
Among other things, toxic groupings and chemicals used to
polymerize synthetic hydrogels can have harmful effects.
High risk is also associated with unreacted monomers, sta-
bilizers, initiators, organic solvents, and emulsifiers. There-
fore, another requirement is the non-cytotoxicity of the
bio-ink known as biosafety. Another criterion is porosity
and the associated pore size, volume, shape, etc., which
are critical parameters determining whether cell penetra-
tion, ECM production, and neovascularization will be pos-
sible. For bio-ink to be used in bioprinting, it must have
characteristics that will ensure that scaffolds are obtained
with appropriate tissue-specific mechanical properties, and
that can be controlled, for example, by selecting cross-
linking density [81]. In addition to compatibility, the bio-
ink must ensure proper adhesion, proliferation, migration,
and function of both endo and exogenous cells. From the
point of view of the bio-ink itself, it must be printable and
ensure timely polymerization. Degradation of such a bio-ink
must occur through controlled degradation kinetics [82]. Bio-
degradability of scaffolds is very important, as it has been
shown that cell proliferation in non-biodegradable scaffolds
decreases after some time. However, this is not an obligatory
requirement for all types of scaffolds since it is recommended
that scaffolds be semi-permanent or permanent for articular
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cartilage or cornea regeneration. The main factors that make
natural polymers suitable for raw materials for bio-inks are
biocompatibility and degradability [81].

Marine organisms are a source of various polymers,
including collagen, gelatin, chitosan, alginate, and agarose.
Because of their natural origin, they are raw materials
with essential properties required for tissue engineering.
Many publications compare marine-derived polymers to
mammalian resources, as their key advantage is the lack
of risk of transmitting infectious diseases and religious
restrictions [83-86]. However, both marine-derived and
mammalian polymers have certain advantages and disad-
vantages. For example, Maher et al. compared marine-
derived and porcine type I collagen hydrogels for use in
bioprinting on the basis of their research. In their conclu-
sion, the authors pointed out the potential of marine-
derived collagen with its limitations due to the need to
improve its thermal stability [76]. The crucial issue during
the initiation of work on bioprinitng to design and consider
every step from the very beginning, for instance, from the
bio-ink, ie., the composition, the bioprinter, the cross-
linking method, the applied bio-ink system as well as the
bioprinter, to the target. These three variables, i.e., the
parameters of the bio-ink, the bioprinter, and the applica-
tion, are what determine the final product and the success
of the research undertaken. Skipping any of these steps
often leads to failure, such as incompatibility between
the bio-ink and the printer. An example diagram in the
form of a SWOT analysis of how to design a bio-inks com-
position and what key aspects need to be considered in the
first step to begin further design steps is shown in Figure 4.
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3.1 Protein-based bio-ink hydrogel of marine
origin

3.1.1 Collagen and gelatin polymers

The most abundant protein in the ECM is collagen, which
acts as a structural element that stabilizes tissues and
organs and maintains the integrity of the ECM. A charac-
teristic feature of the 28 genetically distinct collagen types
[87] is a tripeptide repeat domain (-Gly-Xaa-Yaa-), where
Xaa and Yaa are 28% proline and 38% hydroxyproline,
respectively. All collagens form a right-handed triple helix
made of three polypeptide chains. In addition to its struc-
tural function, collagen has many additional roles due to
the presence of additional protein domains, and these vary
according to the distribution of collagens in tissues. Type I
collagen is found mainly in bones, tendons, skin, ligaments,
corneas, and many other interstitial connective tissues.
Type II collagen, on the other hand, is the predominant
component of vitreous cartilage [88]. Most collagen-based
bio-ink are made from type I, which accounts for 90% of
the protein mass in mammalian connective tissues [89].
The primary raw material for collagen is bovine and por-
cine hides. Another less commonly used source is organ-
isms of marine origin, such as fish, which are of increasing
interest to tissue engineering. On the one hand, the marine
raw material from which collagen is most easily isolated is
variegated fish. On the other hand, because of the different
rheological properties of the collagens obtained from them,
such a procedure requires standardization due to their
different rheological properties [90]. The current solution
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Figure 4: Three variables determining the final product and an example of SWOT analysis for chitosan-agarose composition when selecting bio-ink

substrates (created with BioRender.com).
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is commercially available Fribrogen®, recombinant human
collagen whose composition is consistent regardless of batch
and potentially less immunogenic [91].

Collagen is a biodegradable and biocompatible polymer
with versatile applications. Collagen's great potential in bio-
degradation and biomedical engineering is due to its high
affinity for cells, thanks to the presence of the sequence, i.e.,
the Gly-Pro-Hyp motif and the Hly-Phe-Hyp so-called GPO
and GFO. Cell receptors recognize this sequence and adhere
to this site. In turn, the ability to degrade collagen is demon-
strated by matrix metalloproteinases, which unwind the
three a chains and then cleave each of them [92]. However,
the three main reasons why the use of marine-derived col-
lagen in bioprinting is problematic are the low denaturation
temperature, which can vary depending on the organisms’
residence, but always less than 35°C, the rate of degradation,
and pure mechanical properties.

The degree of hydroxylation, or hydroxylation of pro-
line residues at the Yaa position with the formation of 4-
hydroxyproline (Hyp), is high for warm-blooded animals,
i.e., mammals, and low for warm-blooded animals, i.e., fish.
This relationship is due to the ambient temperature for a
given species, e.g., for the stability of collagen at 37°C, about
10% of the residues are Hyp, 8.5% Hyp for the tropical fish
Tilapia (Oreochromis niloticas) at a melting temperature (Tm)
of 34°C, and 4.5% Hyp for the Antarctic fish (Trematomus
eulepidotus) at a Tm of 6°C [93].

Unfortunately, the rate of enzymatic degradation makes
it necessary to regulate this process through crosslinking
techniques, among others [94]. Another problem in its appli-
cation is its poor mechanical properties and the use of low
concentrations not exceeding 10 mg:mL . With this type of
solution, the polymerization time is as long as 40—-60 min.
The solution to this problem, on the other hand, is the addi-
tion of other so-called booster hydrogels to the bio-ink [89].
In the study by Hinton et al, one bioprinting technique was
FRESH, which is the reversible deposition of suspended
hydrogels. Low mechanical resistance was achieved using
a gelatin suspension bath at 22°C. After bioprinting was
completed, raising the bath temperature to 37°C allowed
recovery of the printed object. This technique is recom-
mended for hydrogels with a modulus of elasticity <500
kPa, including alginate, Matrigel, and collagen [95].

Gelatin is a molecular derivative of collagen obtained
by its irreversible denaturation mainly from warm-blooded
animals. Thus, it is much more common to find gelatin,
which is a kind of equivalent to collagen, in compositions.
It is a biodegradable and biocompatible polymer that is
85-92% composed of proteins and water. As gelatin has a
similar molecular structure to collagen, it can replace it and
perform similar functions as a biomaterial for cell growth
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in vitro. Based on the raw material, a distinction is made
between bovine, porcine, and fish gelatins. Gelatin is obtained
by treatment with acid (type A) or base (type B). Depending
on the gelatin type, they differ in amino acid composition,
gelation strength (Bloom), isoelectric point (pI) and charge.
The pI of gelatin type A is 6-9, and type B is 5. The Bloom
index is a parameter that directly reflects the hardness of
gelatin and indirectly its molecular weight, and ranges from
30 to 200 (<150 for low, 150-220 medium, and 220-300 high
Bloom values). The primary raw materials for gelatin are
pork hides 45% and bovine hides 29.4%. In the case of cattle
hides, gelatin extraction is mainly by alkaline method, and in
the case of pig hides, by acid method [96]. The advantage of
acid treatment of collagen, and thus of type A gelatin, is that
the electrostatic properties of this protein are slightly affected,
making them similar to the parameters of collagen [97]. On
the one hand, in contrast to bovine gelatin (type B), porcine
gelatin has a lower viscosity but a higher Bloom scale hard-
ness and gelling power [96]. Gelatin's advantages over other
proteins found in the ECM are its availability, low cost of
obtaining it, and the presence of moieties that allow it to
bind cells.

Gelatin is well soluble in water, making its application
in tissue engineering simpler than other proteins. In addi-
tion, regardless of the raw material from which gelatin is
obtained, it is biocompatible, biodegradable, and non-toxic.
In contrast, the main disadvantages of gelatin gel are its
moderate mechanical properties, thermal instability, and
rapid degradation under the influence of proteases. The
solution to this problem in terms of applying this protein
in tissue engineering is its blending with, e.g., polysacchar-
ides to increase gelatin's stability and the composite's
bioactivity [98]. Gel formation between gelatin and poly-
saccharides occurs through the formation of electrostatic,
hydrophobic, and hydrogen bonds.

However, a fundamental limitation of the formation of
the above systems is phase separation, which occurs when
the gel formation time is longer than the phase separation
time [99]. Currently, many studies are being conducted on
the possibility of using marine-derived raw materials to
produce gelatin as well as its application in tissue engi-
neering. However, what should be emphasized is that there
are still many authors who erroneously point to the possi-
bility of using marine waste as a raw material for cell
scaffolds as one of the advantages. The key point is that
in order for such gelatin, like any other raw material, to be
used in tissue engineering and thus in bioprinting it must
meet pharmaceutical standards. None of the raw materials
used must have a waste category. Another issue relates to
intermediates, which having appropriate medical stan-
dards can be successfully used in bioprinting, which is
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often confused by scientists. In summary, fish gelatin
shows many properties similar to pork gelatin, making it
a good alternative. However, it has moderate mechanical
properties [44], which can be modified by the addition of,
for example, other polymers or the use of appropriate
crosslinking techniques.

A characteristic feature of all gelatins is the sol-gel
transition temperature, about 10-25°C. Gelatin hydrogels
melt at physiological temperature, ie., 37°C, which limits
their application in tissue engineering as in the case of
collagen. The solution is chemical crosslinking with metha-
crylate, among others. Adding methacrylate groups to the
amine side groups of the polymer makes it possible to
obtain stable hydrogels at physiological temperature after
their polymerization under UV light. In addition, mechan-
ical properties can be modified by adjusting the degree of
methacrylation and the concentration of the polymer. The
short UV exposure time does not contribute to a significant
decrease in cell survival, which for 5% methacrylated
gelatin is about 92% at 8 h after printing. The only factor
that contributes to significant cell mortality is the increase
in polymer concentration. For example, cell survival for a
15% concentration of polymer in the bio-ink is about 75%
[100]. Still, another solution to improve the mechanical
properties of the polymer is to use polysaccharides to form
complex, hybrid polymer structures. The role of the polysac-
charide in this system is to increase the scaffold's stability,
while gelatin improves biological properties. Induction of gel
formation after mixing a protein with a polysaccharide
occurs through chemical and physical interactions such as
electrostatic, hydrophobic, and hydrogen interactions [99].

Collagen and gelatin of mammalian origin have long
been used in bioprinting to create highly porous scaffolds
that support cell growth and differentiation. Like most
polymers, they require modifications to achieve satisfac-
tory results. For instance, fibrillated collagen is addition-
ally cross-linked through bonding with genipin to ensure
the proper mechanical properties of the printed scaffolds.
Changes in the proportions of bioceramics affect pore size
and gelation properties, which are crucial for maintaining
cell viability during bioprinting [101]. Another example of
modification is the development of bio-inks based on
methacrylated collagen mixed with thiolated hyaluronic
acid, enabling the printing of structures that support cell-
matrix interactions while preserving the properties of the
natural microenvironment [102]. Similarly, the modifica-
tion of gelatin to a methacrylated derivative allows for
the creation of biomimetic matrices and scaffolds that support
cellular differentiation and tissue regeneration. For example,
methacrylated gelatin combined with poly(ethylene oxide)
(PEO) and polycaprolactone (PCL) enables the creation of
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microporous environments with adequate mechanical sup-
port [103]. The addition of calcium silicate to methacrylated
gelatin not only supports odontogenesis but also improves
both the mechanical strength and printability of the polymer
[104]. Crosslinking in visible light, thereby improving mechan-
ical properties, is possible by adding tyramine to the modified
gelatin [105]. Moreover, adding laponite to methacrylated
gelatin increases the viscosity of the bio-ink, enabling the
printing of precise scaffolds without affecting the stiffness of
the hydrogel, which favors osteogenic proliferation and differ-
entiation [106].

A comparison between marine-derived collagen type I
and pork-derived collagen that had been methacrylated for
UV crosslinking was made by Maher et al. The need for
additional stabilization of the constructs is due to the dena-
turation temperatures of collagen, which is 25°C for marine
and 37°C for pork. Due to the different amino acid compo-
sitions, the viscosity of the marine bio-ink was slightly
lower than that of the porcine. Both the amino acid com-
position and differences in the degree of methacrylation
affected the mechanical properties which was significantly
higher for the marine bio-ink. However, for both collagens,
the Young's modulus can be adjusted over a wide range
which is related to the subsequent application, e.g., soft
environment for soft tissues and rigid environment for
e.g, bone or muscle. Despite the difference in viscosity, no
significant difference in extruded fiber diameter was observed.
1929 fibroblasts showed a viability survival rate of over 80%
[93]. Among others, Cavallo et al. undertook the development
of a bio-ink based on collagen derived from bass skin, which
was combined with partially cross-linked alginate. The publi-
cation examined the effect of collagen concentration on
individual parameters. A bio-ink with a collagen content
of 20mgmL™ compared to one with a concentration of
10 mg-mL " had better printability, the lowest in vitro biode-
gradation and swelling rates, and better antimicrobial prop-
erties [84].

The examples described above for the use of collagen
and gelatin, which, can be of marine or mammalian origin.
Despite the many benefits of using marine-derived raw
materials, there are still few publications on their applied
use. The main reason may be the low denaturation tem-
perature of these polymers; however, additional cross-
linking mechanisms have also been proposed for them
An obvious solution seems to be the use of collagen or
gelatin derived from warm-blooded fish, where the dena-
turation temperature of these polymers is close to that of
pigs. In addition, the above examples provide ready-made
solutions for the use of marine polymers in bioprinting.
Figure 5 discusses the use of gelatin and collagen as the
main components of bio-ink. It details their advantages
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and disadvantages, as well as current strategies to enhance
their biological and mechanical properties.

3.2 Polysaccharide-based bio-ink hydrogel of
marine origin

3.2.1 Chitosan

Chitosan is a cationic polymer derived from chitin, the
second most common polymer. Chitosan is obtained by
deacetylation of chitin, the primary source of which are
the exoskeletons of marine invertebrates, insects, and the
cell walls of fungi. Chitosan is built from B-1,4 glycosidic
bonds of p-glucosamine (70-90%) and N-acetyl-p-glucosa-
mine (10-30%). The key parameters affecting the solubility
of chitosan are its degree of deacetylation, which is defined
as the ratio of the number of glucosamine groups to the total
number of N-acetylglucosamine and glucosamine groups, as
well as its molecular weight [80].

Chitosan has many properties that make it suitable in
many industries, such as in pharmaceuticals as a drug
carrier, for water purification, and in medicine as wound
healing materials. It is a biocompatible and biodegradable
polymer. In numerous studies, chitosan has been shown to
have the ability to inhibit tumor cells. Chitosan penetrates
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tumor cell membranes through cellular enzymatic, antian-
giogenic, immune enhancing, antioxidant defense, and
apoptotic pathways . The high potential of chitosan is
due to the presence of N-acetylglucosamine in chitosan.
This essential structural property is also present in glyco-
saminoglycans, which interact specifically with growth fac-
tors, receptors, and adhesion proteins. It is thought that an
analogous structure in chitosan may have similar biolo-
gical activity [107]. Chitosan is characterized by a stable and
rigid crystalline structure resulting from strong hydrogen
bonds within and between this polymer's molecules. In addi-
tion, due to the presence of amino groups in the structure of
the polymer, it also has antimicrobial properties [108]. There
are several mechanisms of action of chitosan depending on
the environment in which it is found. However, in general,
chitosan shows activity against both Gram-positive and Gram-
negative bacteria, but the electrostatic interactions between
them are different due to differences in the structure of their
cell walls. In the case of Gram-positive bacteria, the cell wall
consists of a thick layer of peptidoglycan, which is covalently
linked to teichoic and lipoteichoic acids that give the cell wall a
negative charge. In Gram-negative bacteria, on the other hand,
this layer is much thinner and additionally surrounded by an
outer membrane that includes lipopolysaccharides and tei-
choic acids. As a result of the interactions between negatively
charged components of the bacterial cell wall and positively
charged amino groups of chitosan, destabilization and damage

Application of carrageenan as a component of bioink

GENERAL:

Gelatin and collagen used as one of the main
components of bioink.

V Pros: Collagen and gelatin have a high affinity

for cells as a result of specific sequences that
promote cellular adhesion.

@ Cons: Lower denaturation temperature of
marine collagen compared to mammalian
polymers.

CHALLENGES:

Lower denaturation

integrity during the bioprinting process.

temperature
X problematic in maintaining structural
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Mechanical properties can be
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° . v _ The rate of enzymatic degradation
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&

Figure 5: Potential and challenges of using gelatin and collagen as a bio-ink component: scientific solutions (created with BioRender.com).

Fish collagen and gelatin degrade faster
and have moderate mechanical
properties than mammalian collagen,
which may cause limitations in their
application.

the raw material, i.e., selecting
warm-blooded fish skin.
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to the bacterial cell membrane occur, leading to cell death.
Damage to the integrity of the cell wall can also occur when
metal ions localized on it are chelated by chitosan compounds,
more specifically by anionic groups [109]. This is the second
mechanism that Mania et al proposed in their study. The
antimicrobial activity of chitosan obtained by an innovative
carbon dioxide carbonation method, depending on the mole-
cular weight and degree of deacetylation, is different which is
most likely due to different interactions. In the case of low-
molecular-weight chitosan, there is a disruption of the wall
and the polymer enters the cell interior and thus interacts
with DNA, while for high-molecular-weight chitosan, the
dense film formed on the cell surface impedes the passage
of nutrients. In addition, depending on the molecular
weight, i.e, high or low, chitosan can correspondingly
form a dense polymer film on the cell surface, limiting
nutrient exchange [110].

Chitosan, being a deacetylated derivative of chitosan,
is soluble only in aqueous, acidic environments where pro-
tonation of amino groups occurs [111]. This makes its appli-
cation in biomedical engineering difficult. However, Gorczyca
et al. overcame this problem by dissolving chitosan in carbonic
acid by carbonation of its water suspension obtained by first
dissolving chitosan powder in 0.1IM lactic acid and then pre-
cipitating with 0.5M sodium hydroxide, and finally obtaining a
solution with a pH of about 7 [112]. According to other methods
of chitosan dissolving (dilute acid solutions), chitosan’s amino
groups become protonated, and the molecules became soluble
below pH 5. This fact is a severe application limitation of chit-
osan, especially in tissue engineering, due to the toxic effect of
the acid on the cells, which reduces the material’s biocompat-
ibility. The disadvantage of chitosan, despite its promising
properties, is its poor printability and limited mechanical prop-
erties [113]. Therefore, there is a need to find compounds that
improve these properties. In numerous studies, chitosan is one
of the components of hio-inks. Some point out that one disad-
vantage of chitosan compared to gelatin is that it lacks cell
adhesion sites and thus its properties to promote cell differen-
tiation are limited [114]. On the other hand, chitosan has been
shown to support the process of wound healing in individual
stages, ie.,, promoting platelet adhesion and aggregation, acting
as an antibacterial agent, promoting granulation tissue growth,
and thus promoting fibroblast proliferation. The latter is parti-
cularly evident with chitosan, which has a high degree of dea-
cetylation and low molecular weight [115].

Only about 4% of the publications on bioprinting are
on chitosan-based bio-inks, which have so far shown pro-
mising results in tissue engineering applications. However,
interest in using chitosan for its properties in bioprinting
continues to grow. In turn, the disadvantage of chitosan is
its limited mechanical properties, so various combinations
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with other components are proposed in research on its
application to improve these properties [116].

Liu et al. developed a bio-ink with potential application
in central nervous system tissue reconstruction, including
spinal cord injury repair. The bio-ink consisted of hydroxy-
propyl chitosan, thiolated hyaluronic acid, vinyl sulfonated
hyaluronic acid and Matrigel loaded with neural stem cells
(NSCs). The modification of chitosan enabled its better solu-
bility in water without the need for acid and thermal reac-
tivity, allowing spontaneous hydrogel formation at higher
temperatures, i.e., 22—-37°C. Despite a good gelation time of 20
seconds at 37°C, the mechanical properties of the scaffold
were insufficient. Therefore, hyaluronic acid was used,
which underwent additional modifications to improve
mechanical properties and structural integrity. The bio-
printing process involved an extrusion method. The syringe
temperature was maintained at 10°C and the working table
at 37°C. In this case, dual crosslinking takes place. One of
them is the crosslinking of hydroxypropylchitosan when
exposed to temperature, ie, 37°C. Therefore, in order to
keep the viscosity of the bio-ink low enough before extru-
sion, the temperature of the syringe was kept between
4-10°C. Another mechanism is secondary in situ covalent
crosslinking via Michael addition. The NSCs exhibited high
viability of about 95%, and the microenvironment produced
allowed for cell-material interaction, neuronal differentia-
tion, and neural network formation [117].

Maturavongsadit et al.,, in turn, developed a bio-ink for
bone tissue regeneration based on nanocellulose and 3%
chitosan. The idea behind the bio-ink was to create a tem-
perature- and pH-responsive tunable hydrogel with sus-
pended MC3T3-E1 preosteoblast cells for repairing minor
bone fractures. The bio-ink consisted of chitosan dissolved
in acetic acid, p-glycerophosphate as a gelling agent, cellulose
nanocrystals, and hydroxyethyl cellulose. The mechanism of
gel formation relies on the glyoxal groups of hydroxyethyl-
cellulose, which act as crosslinking agents to form Schiff bases
between the amino groups of chitosan and the aldehyde
groups of hydroxyethyl cellulose. The role of nanocellulose
was to improve mechanical properties by forming hydrogen
bonds between it and chitosan. In turn, the role of p-glycer-
ophosphate was to maintain the appropriate osmolality of the
bio-ink, encapsulate the cells and promote gel formation at
37°C. The printing method involved using extrusion and tem-
perature stimulation, where the temperatures of the extruder
nozzle were 25°C and the working table 37° [118].

Ku et al also proposed a thermosensitive bio-ink for
bioprinting applications. Their goal was to develop chit-
osan-based bio-ink, studying the effects of the solvent
used to dissolve this polymer and the crosslinking agent
on biocompatibility, gel shape, and gel time. The
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bioprinting problem was solved by printing a polycapro-
lactone-based framework. The study used an extrusion
printing method with a head temperature of 65°C and incu-
bation of the printed object at 37°C. It was shown that the
type of solvent had no effect on the gelation temperature
(37°C), but chitosan hydrogels dissolved in acetic acid
showed better biocompatibility than those in lactic and
hydrochloric acid. It was shown that the use of potassium
phosphate for crosslinking chitosan results in the forma-
tion of a large precipitate that can clog the nozzle and thus
impede printing, in contrast to f-glycerophosphate and sodium
bicarbonate where the precipitate was much smaller. Similarly,
gel time was shortest for potassium phosphate, which may be
related to the nozzle clogging problem, and longest for sodium
bicarbonate. In addition, the chitosan-potassium phosphate
hydrogels had smaller pores than the other two, promoting
cell dispersion and neovascularization much better. Human
periodontal ligament stem cells (PDLSCs) encapsulated in chit-
osan hydrogels were viable and well dispersed, with a circular
morphology that promoted cell adhesion (Figure 4) [119].

Hafezi et al. developed a genipin-crosslinked chitosan
bio-ink with polyethylene glycol as a plasticizer. The goal
was to print by extrusion at 37°C a scaffold containing
human epidermal keratinocytes and dermal fibroblast cells
for skin tissue regeneration. For structural reinforcement,
the first layer of the scaffold was printed from calcium
chloride-crosslinked alginate, followed by subsequent layers
based on chitosan. Adjusting the concentration of genipin
was the basis for achieving the proper printing viscosity.
Too low a concentration, on the one hand, resulted in insuf-
ficient mechanical strength. At the same time, too high a
concentration resulted in too high a viscosity of the bio-
ink and consequently the need for higher pressure, which
could cause cell death. Despite crosslinking, cell survival
after printing was 93% [120].

From publications by Tonda-Turo and colleagues, it is
known how to produce both photo- and heat-sensitive bio-
components. For this purpose, chitosan was modified to
methacrylated chitosan for subsequent crosslinking under
temperature and UV light, and then mixed with p-glycerol
phosphate salt to maintain thermosensitivity. The cross-
linking mechanism was that the first crosslinking, being
mediated by temperature, is responsible for maintaining the
printed architecture, and the second crosslinking, induced by
UV radiation, increases the stability of the hydrogel in physio-
logical environments. The sol-gel phase transition occurred at
37°C. For this purpose, the temperature of the working table
was set to physiological temperature and the head was set to
4°C. The bioprinting was carried out using a laser-assisted
bioprinting technique. The researchers developed a bio-ink
that had high resolution after printing, thanks to a dual
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crosslinking mechanism. The bio-ink was not cytotoxic to
NIH/3T3 fibroblast cells, Saos-2 osteoblasts, and Sh-SY5Y neu-
roblasts. Moreover, it enabled their subsequent proliferation
and organization toward tissue formation [121].

A highly reproducible bio-ink for skin tissue regeneration
composed of carbohydrazide crosslinked {polyethylene oxide-
co-Chitosan-co-poly(methylmethacrylic-acid)} (PEO-CS-PMMA)
and loaded with nicotinamide I human skin fibroblasts was
synthesized by free radical copolymerization. The gelation
of the formulation resulted from electrostatic interactions
between the cationic chitosan groups and the anionic PMMA
side groups. The bio-ink exhibited optimal reproducibility and
printability at an extrusion pressure of 20-50 kPa, at 37°C in
the viscosity range of 500-550 Pa's. Compared to pure chit-
osan, the survival rate for a given system increased from 67
to 92% [122]. Despite using a mixture of natural and synthetic
polymers combined with synthesis methods, obtaining con-
structs with high cell survival rates was possible. Depending
on the purpose, i.e., the application of the scaffold in question,
printability may play a lesser role as in the case of soft tissues
or a greater one, e.g., heart. In this case, there is a lack of any
information regarding printability that would indicate the
further potential use of such an array.

Another study looked at combining chitosan with gallic
acid, which allows such a bio-ink to self-crosslink at physio-
logical pH. This arrangement makes it possible to produce a
bio-ink without using any crosslinking agents. At pH 7.4, the
gallium group oxidizes to a quinone structure to form a
covalent bond via Michael addition or Schiff reaction with
the amino group of chitosan. The constructs exhibit very
good mechanical properties up to 300 kPa after 3h of self-
crosslinking and >337 kPa after 12 h of self-crosslinking, and
a cell survival rate of >92% NIH3T3. Based on the fiber
diameter and pore size, the printability of the optimized
bio-ink was evaluated by obtaining uniform prints at an
extrusion rate of 0.5% and a needle diameter of 25G at which
no needle clogging occurred, and Pr was 1 + 0.05 [123].

A bio-ink with a relatively low chitosan concentration,
whose rheological and mechanical properties were signifi-
cantly improved with the addition of nanohydroxyapatite,
was proposed by Coskun et al. Thermal and physical cross-
linking occurred with the addition of glycerol phosphate
and sodium bicarbonate. The addition of gelling agents
improved both the gelation time and the storage modulus.
The bio-ink together with MC3T3-E1 cells was printable at a rela-
tively low pressure of 50-70kPa and a speed of 4-11mm-s™
while providing high cell survival [124].

Another chitosan-based solution involves water-soluble
methacrylated glycol chitosan with a riboflavin PI and cured
with visible light. This approach was designed to minimize
the toxic effects of UV radiation and the use of synthetic PIs.
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It was shown that as the curing time increased, there was
relatively high stress and low strain. In addition, the increased
time influenced the compressive modulus obtaining an
optimal mixture whose elastic modulus corresponds to
that for osteogenic differential, i.e., about 25 kPa. During
printing, an extrusion pressure of 120 kPa and a speed of
6 mm-s~ was used [125]. Figure 6 discusses the use of chit-
osan as the main components of bio-ink. It details their
advantages and disadvantages, as well as current strategies
to enhance their biological and mechanical properties.

3.2.2 Alginate

Alginate or alginateinic acid is the most widely used
polymer of natural origin in bioprinting, as a result of its
straightforward application in extrusion printing, among
other applications. One reason for this is the simple and
quick method of crosslinking with calcium chloride or sul-
fate, which does not significantly affect cell viability.
Alginate is extracted from brown alginateae’s cell
walls and intracellular spaces with a molecular weight of
32-400 g'mol .. It is a polyanionic, linear copolymer built
from (1-4)-linked B-p-mannuronic (M) and a-L-guluronic
acids (G). The alginate is built from long blocks of M or G,
separated by MG areas. Depending on the source from
which the alginate is extracted, the content of each block
differs. In addition, the ratio of M/G blocks affects the
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properties of this polymer as well as the polymer sequence,
G block length, and molecular weight. While G blocks
increase the gelation of the polymer [126], MG blocks and
M blocks increase the flexibility of the polymer. However,
too high an M block content may contribute to this poly-
mer’s immunogenicity. The capillary forces of the alginate
matrix, on the one hand, can trap water and other molecules
and, on the other hand, are characterized by their ability to
diffuse.

Alginate is a biocompatible, biodegradable and non-immu-
nogenic polymer that promotes cell growth. The gelation pro-
cess of alginate biodegradation involves the generation of ionic
inter-chain bridges between the carboxyl group of the polymer
and the multivalent cations, e.g, ca®, present after their pre-
vious addition to the solution [127].

The disadvantages of alginates are uncontrolled and
unpredictable degradation kinetics. Their solubility is due
to the leaching of cations into the surrounding medium.
High- and low-molecular-weight alginate-strands are also
released during dissolution. High-molecular-weight algi-
nates are not degraded in mammals, and their removal
from the body is prolonged. In addition, metal leaching
can adversely affect surrounding tissues, for example, cal-
cium ions can lead to tissue calcification. The solution is the
method proposed by Bouhadir et al. for oxidizing alginate
with sodium peroxide, which can still be cross-linked with
calcium ions. Due to a conformational change of the uro-
nate residue to an open-chain adduct, it behaves like an

Application of chitosan as a component of bioink

GENERAL:

Confirmed use as one of the components of bioink

Pros: promote cell proliferation, antibacterial
compound, promote wound healing process

@ Cons: poor mechanical properties

CHALLENGES:

&
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mechanical properties of the
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crosslinking agents such as
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methacrylated chitosan and UV
crosslinking

Figure 6: Potential and challenges of using chitosan as a bio-ink component: scientific solutions (created with BioRender.com).
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acetal group, so that the alginate is hydrolyzed. In addition,
the degradation of alginate is pH and temperature depen-
dent [128], which allows the formation of inteligent bio-
inks that respond to the environment.

One of the most commonly used bio-inks are those
based on aginate. In addition, this polymer is commonly
used as a material for drug delivery or growth factors,
among other reasons, because its degradation rate can be
adjusted depending on the molecular weight used [129].

The effect of the degree of oxidation of Alginate and its
ratio between low and high molecular weight on the degree
of biodegradation was studied by Boontheekul et al. Partially
oxidized Alginate was obtained using 1% sodium periodate.
Despite the use of high molecular weight, it was shown that
such oxidized hydrogels exhibit a significantly lower elastic
modulus which is due to lower chain stiffness as a result of
oxidation. Wanting to avoid lower biocompatibility due to
crosslinking agents, it was investigated whether partial oxida-
tion and combination of Alginate with different molecular
weights would allow accelerated biodegradation at low oxida-
tion. It was shown that the degradation machanism involves
hydrolytic chain cleavage on oxidized sugar residues rather
than dissociation of calcium cross-links. In addition, the binary
partially oxidized system did not result in reduced biocompat-
ibility when examining the proliferation and differentiation
and adhesion of C2C12 myoblasts [130].

The effect of the degree of oxidation on the rate of hio-
degradation was also examined in another study by Jia et al.
Using human adipose tissue-derived stem cells (hADSCs), they
created a library of 30 different alginate solutions in the form
of oxidized alginate mixtures with broad applications in
tissue engineering. Varying the oxidation of 0-10% as well
as the concentration of 2-20% alginate was intended to con-
trol the degree of degradation. By varying the oxidation and
concentration of alginate in the bio-ink, it was possible to
achieve densities close to or greater than the cells which
ensured their uniform distribution in the bio-ink throughout
the 3-h printing process. Similarly, the viscosity showed an
increasing trend with the increase in the concentration and
decrease in oxidation. The study focused on maintaining the
homogeneity of the bio-ink as well as printability and good
resolution. In addition, an optimal/average bio-ink viscosity
of 400-300 mm*s™" provided good cell survival >90% than
one with high viscosity <90 and 0% after 8 days due to
impeded nutrient flow [15].

One common treatment when curing alginate-based
bio-inks is the use of a calcium-containing crosslinking
agent. In Freeman and Kelly’s study, it was shown that
using low-molecular-weight alginate, the amount of cross-
linking agent needed to be 2.5 times higher than using the
high-molecular-weight one at 25:9 and 4:3, respectively.
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Regardless of the type of crosslinking agent used as well as
alginate, cells in all constructs maintained high mesenchymal
stem cell (MSC) viability, e, at least 70% after 24 h. Likewise,
the shear stresses acting on the bio-ink during its printing,
which vary depending on the molecular weight, ie, on
the viscosity of the alginate, did not significantly affect the
decrease in cell survival which was, among other things,
due to the use of a tapered needle, which has much lower
wall stresses to which the cells are exposed. As the molecular
weight increased, the mechanical properties of the constructs
were higher. In addition, these properties were influenced by
the choice of crosslinking agent, i.e., higher Young’s mod-
ulus and equilibrium modulus for CaSO,4 than for CaCO;
or CaCl,, which is due to the fact that the faster the solu-
bility of the crosslinking agent, the faster the gelation and
thus uneven. Furthermore, with the increase in molecular
weight of alginate, a lower degree of degradation was
observed, in contrast to the low molecular weight variant,
for which a significant degree of degradation was noted
after 21 days regardless of the crosslinking agent [129].

As one of the major challenges during bioprinting is
obtaining a scaffold with a specific shape, Hazur et al. pro-
posed a method to pre-crosslink alginate CaCO; and then
post-crosslink CaCl,. By adding p-glucono-§-lactone, they
were able to achieve slow acidification and thus dissolution
of the CaCO; molecules that caused alginate crosslinking.
Pre-crosslinking made it possible to achieve much higher
printability without loss of NIH3T3 cell viability [131].

Composite with alginates: (2,2,6,6-tetramethylpiperi-
dine-1-oxyl free radical) (TEMPO)-oxidized cellulose nanofi-
brils (TOCNFs) and polydopamine nanoparticles (PDANPs)
and loaded with MC3T3-E1 osteoblast cells for bone tissue
regeneration were developed by Im et al. Chemical oxida-
tion of cellulose substrates (TOCNF) by TEMPO are widely
used in various biomaterials to impart mechanical strength
to composite hydrogels. When mixed with alginate, the com-
pound gave the composite the right viscosity and compres-
sive stresses compared to pure alginate. PDANP, on the
other hand, interacts strongly with bio-ink components
through cationic and ionic interactions, which affect the
mechanical and biological properties of the composite. The
addition of both TOCNF and PDANP was shown to signifi-
cantly improve the mechanical properties and printability
of alginate bio-inks. TOCNF affected the rheological proper-
ties and mechanical strength of alginate hydrogels, while
PDNAP in turn improved printability and biological activity
by affecting the proliferation, differentiation, and biominer-
alization of osteoblasts [132]. Figure 7 discusses the use of
alginate as the main components of bio-ink. It details their
advantages and disadvantages, as well as current strategies
to enhance their biological and mechanical properties.
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Application of alginate as a component of bioink

GENERAL:

Alginate widely used in bioprinting owing to its
ease use in extrusion bioprinting.

V Pros: quick and easy gelation of alginate
with calcium ions. Non-immunogenic and promotes
cell proliferation.

Cons: uncontrolled and unpredictable
degradation kinetics. High-molecular-weight

alginates are not degraded in mammals. Printability.

CHALLENGES:

Leaching of calcium

@ negatively affect cell
surrounding tissues.

jons, can
survival and

Uncontrolled degradation kinetics can
affect the stability and functionality of
printed structures.

‘\ j COUNTERMEASURES:

° Y o Controlled degradation by
° .7 oxidation of alginate with sodium
° s peroxide.

Combination of alginates with
different molecular weights at the
same time low oxidation can
accelerate biodegradation.
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increase printability.

Figure 7: Potential and challenges of using alginate as a bio-ink component: scientific solutions (created with BioRender.com).

3.2.3 Agarose

Agarose is a polysaccharide extracted from seaweed and
alginate. It is a linear polymer with a molecular weight of
about 12 kDa, consisting of alternating p-galactose and 3,6-
anhydro-i-galactopyranose linked by a-(1-3) and p-(1-4)
glycosidic bonds [133). In the process of extracting agaro-
pectin from agar, agarose is obtained. It is a biocompatible
polymer whose ability to promote cell adhesion can be
improved by, among other things, mixing with other poly-
mers. In research, agarose is combined with other poly-
mers such as collagen, chitosan, and bacterial cellulose to
increase cellular affinity. The agarose gelation process is a
reaction consisting of three steps: induction, gelation, and
pseudo-equilibrium. In the gelation process, the hydrogen
bonds formed and electrostatic interactions lead to forming
of a helical structure of agarose, after which a gel is formed.
The fact that hydrogen bonds are present allows agarose to
gel without crosslinking agents [134].

Even though agarose has been used as a chondrocyte
matrix for over three decades, its application in tissue engi-
neering is limited. However, agarose is distinguished by a
unique gelation hysteresis feature, which means it gels at a
lower temperature, while the process of gel-sol transition
occurs at a higher temperature. This specific property
signifies that agarose exhibits a temperature difference
between the gelation process and the dissolving process,
which is uncommon in many other gelling materials. Most

applications of agarose in bioprinting involve its use as an
auxiliary material for other bioprinting components [135].

The main task of agarose in bio-ink compositions is to
harden it under temperature. Through our research, we
came to the conclusion that the main disadvantage of using
this polymer and curing method could be premature gela-
tion of the bio-ink and plugging of the nozzle. This problem
occurs when the nozzle temperature is close to the sol-gel
transition temperature and the printer has inefficient heating
systems at the same time. For example, this type of problem
occurs in Cellink Inkredible plus printers. The temperature
difference in the syringe at its two extreme ends can be as
much as 10°C, which causes agarose gelation at the extrusion
nozzle. In turn, an increase in the temperature that allows the
extrusion of the bio-ink causes cell death and inadequate
viscosity and thus poor printability of the bio-ink.

Numerous studies have shown that agarose addition
increases the hardness of printed structures and positively
affects printing precision, ie., resolution. Even though
agarose does not have any biological properties to promote
cell adhesion, on the other hand, the favorable sol-gel
transition temperature for cell survival makes it to be
increasingly used in bioprinting to improve the physical
and chemical properties of scaffolds [136].

Gu et al. proposed a method for obtaining a bio-ink
consisting of native and carboxylated agarose. The differ-
ence between carboxylated agarose and native agarose is
the introduction of -sheet and B-niche structures into the
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polymer backbone and the simultaneous reduction in a-
helis, due to which the viscosity is lowered as well as the
sol-gel transition temperature, i.e., at or below physiolo-
gical temperature. After integrating human nasal chondro-
cyte (NC) cells into the bio-ink formulation and loading
it into a printing cartridge, the extrusion printing process
was conducted at an optimized temperature of 37°C. Initial
assessments of cell viability post-printing indicated a sur-
vival rate of approximately 83%. This rate experienced a
slight decline to 74% after a period of 7 days, suggesting a
relatively stable cellular environment within the bio-ink
matrix. Notably, during this period, the presence of diploid
cells, specifically cells that had successfully completed the
mitotic process, was confirmed, as illustrated in Figure 4,
indicating not only survival but also cellular proliferation
within the printed structure. Gelation of native agarose
results from the physical interaction of double- and
single-stranded a-helis via hydrogen bonds. For example,
the presence of alginate in the bio-ink disrupts this gelation,
Le., the helicate-helical interaction. This study confirmed that
a carboxylated agarose derivative interacts with agarose
through other acrylate and strand structures. Such gels
have interesting mechanical properties, which can be mod-
ified by changing the proportion of carboxylated agarose
and the gelation temperature [135]. Figure 8 discusses
the use of agarose as the main components of bio-ink.
It details their advantages and disadvantages, as well
as current strategies to enhance their biological and
mechanical properties.
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3.2.4 Carrageenan

Carrageenans are sulfated polysaccharides derived from
red seaweeds, which are classified into different types: k,
L a, W, v, B [137]. Classification of the polymer is made
according to the presence of a 3,6-anhydro bridge on the
galactose residue linked by bond 4 and the position and the
number of sulfate groups. Such polymers are built from a
repeating disaccharide unit: 3-linked B-p-galactopyranose
(G-units) and 4-linked o-p-galactopyranose (D-units) or 4-
linked 3,6-anhydro-a-p-galactopyranose (DA-units). Besides
the basic building units, carrageens also include other car-
bohydrate residues such as xylose, glucose, and uronic acid,
as well as substituents such as methyl ether or pyruvate
groups. Among all carrageens, the \, x, and A polymers are
the most commonly used commercially. x- and (-carrageens
are called gelling polymers, while A-carrageenan is categor-
ized as a thickening compound [138]. However, the proper-
ties of the gels formed by the first two carrageenans are
different. The gels of x-carrageenan are brittle, while those
of -carrageenan are soft and flexible. This is due to the
presence of anhydro bridges in their molecules, which is a
key factor in the gelation process. The 1C4 conformation of
the 3,6-anhydro-p-galactopyranosyl units in k- and -carra-
geenan enables the formation of a helical secondary struc-
ture. The typical mechanism of gelation involves two stages,
ie., a stage controlled by temperature and calcium and
potassium cations, ie., the transformation of the coil into a
helix, with sulfate groups located outside it, followed by the

Application of agarose as a component of bioink

GENERAL:

Agarose is used in bioprinting mainly as an
auxiliary material to enhance the mechanical
properties of the structures and printability.

V Pros: The agarose gel is stable at

physiological temperature, which eliminates the
need for cross-linking agents.

@ Cons: no biological properties.

CHALLENGES:

Premature gelation may lead to
clogging of the printer nozzle.

@ Too high a temperature may lead to cell
death

COUNTERMEASURES:

Mixing agarose with other

A polymers to give the scaffold
/--\  biological properties that support
"7 cell proliferation.

Adjusting the proportion of
agarose and another polymer, the
mixture of which gels at a
temperature below the
physiological temperature.

Adjusting extrusion temperatures
I and heating systems to prevent
premature gelation.

Figure 8: Potential and challenges of using agarose as a bio-ink component: scientific solutions (created with BioRender.com).
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parallel joining of the formed helices. Carrageenan gels are
thermally reversible, which gel when cooled to about 50°C
and melt when heated to 80-90°C. However, in the case of A-
carrageenan, in which there are no units of 3,6-anhydro-p-
galactopyranosyl, the formation of gels is impossible due to
the presence of a 2-sulfate group that prevents the formation
of double helices [139].

The benefits of carrageenan, particularly k-carrageenan
over other alginate-based biomaterials, is the ability to
create more stable gels that do not need additional support
during 3D printing. Moreover, such solutions do not require
additional crosslinking like, e.g., alginate, which gels in the
presence of calcium ions which can induce biological responses
depending on the type of cells used [140]. k-Carrageenan has
potential properties that enable its use in cartilage regeneration
and drug delivery systems. These properties include its ability
to regulate viscosity depending on concentration, temperature,
and the presence of ions and molecular weight. In addition, the
polymer is nontoxic, biocompatible, biodegradable, and fea-
tures shear thinning.

However, the difficulty in controlling its gelation prop-
erties makes it impossible to print pure carrageenan and it
is necessary to use chemical modifications, e.g., Lim et al,
proposed a method to obtain a bio-ink for printing NIH-3T3
cells based on methacrylated kappa-carrageenan, which can
undergo both ionic and ultraviolet double cross-linking. The
recession of substitution and thus the possibility of UV cross-
linking was aimed at controlling the rheological properties
of the gel to reduce shear stress. Additionally, it was possible
to obtain high cell viability up to 9 days after printing [141].

Application of carrageenan

GENERAL:

Carrageenan forms stable gels without the need for
additional support during 3D printing.

V Pros: Ability to adjust the viscosity of
carrageenan depending on concentration,
temperature, presence of ions and molecular
weight.

@ Cons: No possibility of printing pure
carrageenan

CHALLENGES:

8 Difficult to control the gelation
conditions of carrageenan which
causes premature gelation

Too high viscosity of carrageenan
affecting low cell survival.

Marine polymers in bioprinting: Progress and challenges =— 21

Among other things, k-carrageenan was used to pre-
pare a so-called double-crosslinked bio-ink. In order to
improve gelation, synthesized methacrylated k-carrageenan
was used, which can be both ionically and UV-crosslinked.
The k-carrageenan substitution makes it possible to control
the rheological properties of the gel to reduce the cross-
linking stresses that affect the survival of the NIH-3T3 cells
used. It was shown that as the degree of polymer substitu-
tion increases, the viscosity of the formulation decreases as
a result of the disruption of the doubly entangled structure.
The degree of substitution equally affected the mechanical
properties with high survival for 5 days and the ability to
form self-organization into 3D spheroids [105].

In contrast, an attempt to print k-carrageenan without
any modifications was carried out by Marques et al. Among
several concentrations of 10-25 g-L ™%, only the polymer at
15g-L™" was shown to be printable. At the other concentra-
tions, the viscosity of the solution was too low or immediate
gelation in the printhead occurred. In addition, the tempera-
ture of 29°C corresponded to that at the boundary of the
sol-gel transition. L929 mouse fibroblasts seeded on the
scaffold after 8 days showed high viability, ie., more than
84%, exhibiting a morphology typical of fibroblasts. Despite
the fact that 15 gL ! k-carrageenan had optimal printability,
due to the need to provide the cells with optimal conditions
for survival, i.e, increased ion concentration, which is not
present in ultrapure water, there was a change in conditions
and thus there was a need to lower the polymer concentra-
tion to 9 gL k-carrageenan, so that premature gelation did
not occur. After 11 days, the cells had filled a significant

as a component of bioink

‘\ﬁ COUNTERMEASURES:

The use of methacrylated
carrageenan, which allows both
ionic and UV dual crosslinking, to
control the rheological properties
of the gel.

Optimizing the degree of
carrageenan substitution to
reduce viscosity and shear stress,

resulting in increased cell viability.

L

Figure 9: Potential and challenges of using alginate as a bio-ink component: scientific solutions (created with BioRender.com).
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portion of the scaffold and presented a more elongated mor-
phology than cells directly embedded on the scaffold (Figure 4)
[140]. Figure 9 discusses the use of carrageenan as the main
components of hio-ink. It details their advantages and disad-
vantages, as well as current strategies to enhance their bio-
logical and mechanical properties (Figure 10).

3.2.5 Marine-derived polymer blends

All of the polymers described above have unique proper-
ties that make them suitable biomaterials as components of
biocomponents. However, these properties are insufficient for
any of them to be a single component of a bio-ink. Therefore,
research is being conducted on compositions such as chitosan-
agarose, gelatin-alginate, agarose-gelatin, N,0-carboxymethyl
chitosan-agarose, alginate-k-carrageenan composites in which

i

BIOPRINTER

INKREDIBLE+

50 pm

DE GRUYTER

it is one component that promotes cell proliferation and adhe-
sion, while the other component ensures that the appropriate
mechanical and printability properties of such a bhio-ink are
achieved. The following describes bio-inks based on the afore-
mentioned polymers, each of which has a unique role and
thanks to which researchers were able to achieve certain
scaffolding characteristics.

A bio-ink for 3D printing of functional mini neural
tissues was described in a publication by Gu and collea-
gues. The proposed bio-ink consisted of alginate, carboxy-
methylated chitosan and agarose, and NSCs. The authors
used the individual components because of the excellent
alginate gelation under the influence of calcium ions, car-
boxymethyl chitosan, which gave the scaffold the proper
porosity and thus permeability, and agarose to achieve the
proper rheology. The bio-ink was printed by extrusion,
followed by an additional step of crosslinking the alginate

Hydrogel

~ Controller

— -
- Heating
Bed ~ — - LCD

PRINTABILITY
VIABILITY

Figure 10: Presentation of commercial and custom-made bioprinters and comparison of printability and viability of bio-ink-embedded cells

[57,119,135,140,141], CC-BY license.
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with calcium chloride. The cells could proliferate and dif-
ferentiate into self-assembling cell aggregates [48].

Butler et al. also chose to modify chitosan to N,0-car-
boxymethyl chitosan. This polymer derivative is soluble in
water at neutral pH. However, due to the rapid degrada-
tion of this polymer in the media, it is necessary to use
additional compounds to produce the bio-ink. It was decided
to add agarose because of its excellent biocompatibility and
physicochemical properties. Agarose alone, like chitosan, is
not used as a bio-ink due to its limited rheological proper-
ties. However, it is the one that provides a longer scaffold
degradation time compared to modified chitosan. Regarding
rheological, mechanical, and biological properties, it was
shown that the best properties were found to be bio-ink
containing 40% agarose and 60% modified chitosan, which
was a compromise between mechanical and biological prop-
erties. Increasing agarose concentration reduces rheological
and mechanical properties, while a higher concentration of
modified chitosan reduces cell viability. Cell survival studies
were conducted on immature neuroblastoma cells from a
neuro 2a cell line from mice for which the survival rate after
extrusion printing of the bio-ink with 40% agarose was
100% [49].

Other studies on genipin were conducted by Mainardi
et al. In addition, to achieve printability and structural fide-
lity, the alumina-chitosan nanocomposite gel was doped
with alginate, which helped adjust the gel's rheological para-
meters and increase its biocompatibility. Escherichia coli
was added to the bio-ink to analyze the biocompatibility of
the composite. This work was a continuation of previous
studies that used genipin and alumina. However, due to
the lack of crosslinking of the covalent scaffold and thus
its rapid degradation over time, it was necessary to rein-
force the composite by using polyelectrolytic interactions
with an oppositely charged polymer such as chitosan. Due
to the gelation time, genipin did not affect the printability of
the bio-ink. The survival test showed that alginate played a
key role. Scaffolds without alginate showed about 30 and
135% survival rates. There are several solutions as to why
significant differences in cell survival were observed, such
as the effect of the antimicrobial properties of chitosan or
genipin on cell viability or weaker bacterial accessibility due
to the nanocomposite structure. However, further studies
showed that cell death was significantly affected by the con-
centration of genipin in solution, and alginate protects cells
from the effects of genipin. These studies support the poten-
tial use of chitosan as a bio-ink component [116].

Both chitosan and collagen have excellent properties
as biomaterials in tissue engineering, but due to their limited
mechanical properties, their use is rare. The researchers
solved this problem by adding crosslinking compounds such
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as 1-ethyl-3-(dimethyl aminopropyl)carbodiimide and
N-hydroxysuccinimide. The crosslinking mechanism involved
the formation of covalent bonds between carboxyl or phos-
phate groups with primary amines giving covalent amide lin-
kages between collagen-collagen and collagen-chitosan. In
addition, due to the pH of the chitosan and collagen solutions,
it was decided to nebulize them in 0.8 M NaHCO; to neutralize
the pH immediately after printing. This procedure made it
possible to obtain scaffolds that were non-cytotoxic to fibro-
blasts. The bio-ink was maintained at 4°C and at room tem-
perature by extrusion at the time of printing [142].
Bioprinting facial reconstruction is challenging due to
spatial elements' complex shapes and spatial objects' col-
lapse. To print a cellular scaffold of the face, Zou et al. used
PVA as a sacrificial material and a composite based on
sodium alginate, agarose, and nanocellulose with human
umbilical vein endothelial cells human fibroblasts. PVA is a
well-water-soluble polymer that can be easily removed. It
has been shown that with the concentration of agarose, the
ability of the hydrogel to retain water and reduce the rate
of water loss increases. In addition, the use of agarose
increases the crosslinking of the gel network, which pre-
vents loosening of the spatial structure and thus water loss.
In such a system, the pores are smaller, corresponding to
higher shape fidelity. Increasing the agarose concentration
also improved the hydrogels' elasticity, suggesting that its
presence in the scaffolds may improve biomechanical
properties. However, pure agarose is characterized by
the brittleness after gelation. In order to enhance the
long-term stability of the bio-ink and improve adhesion
and proliferation properties, the bio-ink was enriched
with the addition of nanocellulose. Alginate was chosen
for its wide range of viscosity at room temperature, good
gelling ability in the presence of calcium ions, low toxicity,
availability, and price. On the other hand, agarose for rapid
coagulation. The cell scaffolds showed excellent properties,
ensuring cell survival after printing at about 95% and after
incubation at 80%. Cell proliferation, spatial network forma-
tion, differentiation, and ECM synthesis also occurred [50].
Seidel et al, in turn, proposed alginate, agarose, and
methylcellulose-based bio-ink for the formation of three-
dimensional matrices with defined internal pore architec-
ture for plant cells of Ocimum basilicum L. var. purpurascens
Benth, “Cinnamon Basil.” Based on previous research on algi-
nate-based bio-ink, methylcellulose, mesenchymal cells, and
microalginateae, they decided to partially replace methylcel-
lulose with agarose, which gels at room temperature. The
presence of methylcellulose was crucial to achieving the
proper viscosity of the bio-ink during printing. In addition,
the alginate was cross-linked with calcium chloride after
printing. Agarose concentrations above 1% have been shown
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to cause inhomogeneous strands, so lower concentrations are
recommended [51].

Dravid et al, investigated the potential use of agarose-
and gelatin-based bio-ink in extrusion-based bioprinting.
The rheological properties of the bio-ink were affected by
both the ratio in which the components were mixed and the
temperature. All the hydrogels showed a sharp increase in
viscosity when the temperature was lowered to around 28°C.
In addition, the increase in viscosity occurred at a higher
concentration of gelatin in the formulation which resulted
in an increase in yield stress, the minimum stress required
to extrude the material through the nozzle. Although this
yield stress in the agarose-gelatin formulation is low, it is
possible to maintain it in the cartridge. In addition, due to
the rate of gelation of the thermosensitive bio-ink, the agarose
components ensure good printability and shape retention
after extrusion. In order for the bio-ink to retain its liquid
state of the head, it must be heated to 36°C and the printing
platform to 10°C to allow immediate gelation. SH-SY5Y cells
after printing retained a high viability of >90% after 23 days
in culture [52].

Studies on the development of bio-ink, based on algi-
nate and k-carrageenan, which mainly focused on print-
ability as a key parameter, were carried out by Kim et al
The role of k-carrageenan was to increase both viscosity
and shear modulus without losing shear thinning proper-
ties was proposed by Kim et al. As k-carrageenan signifi-
cantly improved the mechanical properties and trioscopic
properties of the alginate hydrogel, the printability and
shape retention fidelity of the printed objects were also
improved. Likewise, the survival rate of MSCs was higher
in the presence of k-carrageenan [53].

The effect of adding agarose or collagen I to alginate
was investigated by Yang et al. to overcome the rapid
degradation rate of pure alginate. Chondrocyte cells were
used to print a construct with potential use in regenerating
cartilage tissue. Both polymers increased the construct's
stiffness and thus mechanical strength with significantly
lower swelling and water content as well as higher elastic
modulus. The advantage of alginate-collagen bio-ink over
alginate-agarose was significantly higher proliferation and
survival of chondrocytes which was due to the presence of
cell adhesion ligands in the collagen [143].

Another bio-ink, methacrylated gelatin with collagen
doped tyrosinase was used to print living skin tissue.
Tyrosinase provided a higher retaining modulus due to
the additional enzymatic crosslinking. At the same time,
the higher enzyme concentration made 3D structure for-
mation more difficult due to the higher G' than viscosity of
the sample. The optimal viscosity of the bio-ink was found at
20°C. The degradation rate was not significantly different. In
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addition to crosslinking, additional promotion of HEM cell
viahility was found. For HaCat cells, on the other hand, the
survival rate after bioprinting was over 90% but no signifi-
cant difference was observed after 7 days in the presence of
tyrosinase, which was 93.7%. HDF cells retained a viability of
more than 88 and 95% after 7 days; however, here too they
did not affect cell behavior [72].

A similar study on modifying the rate of biodegrada-
tion so that it is possible to create functional tissue while
maintaining the desired shape was conducted by Barceld
et al. As before, the study showed that mixing alginate in
the right proportion with partially oxidized alginate allows
a controlled rate of degradation of the scaffold. However,
in order to obtain the proper rheology of such a bio-ink,
gellatin was added. In addition, lowering the temperature
from 37 to 4°C further tuned the viscosity of the bio-ink
which was due to the thermal gelation properties of gelatin.
As gelatin type B gels at 16°C, it was chosen as the optimal
temperature during printing. As the degree of alginate
oxidation increased, the degradation rate also increased.
Partial oxidation of alginate to 4% allowed for a scaffold
that degraded completely after 4 weeks of culture, however,
with the structure collapsing over time. The additional con-
tribution of non-oxidized alginate and gelatin resulted in a
scaffold that was structurally supportive of MSC differentia-
tion without significant shape changes [54].

Fish gelatin and alginate were mixed together to form
a bio-ink with HaCaT cells. As the proportion of alginate
increased, higher printing accuracy was observed. In addi-
tion, the concentration of gelatin between 4 and 5% did not
significantly change this parameter. The highest accuracy
was obtained for the gelatin and alginate ratio of 6:11. After
10 min of crosslinking, the scaffold was shown to have
adequate strength, ie, an elastic modulus of 133.25 kPa
and an ultimate strength of 63.96 kPa [55].

A similar composition was used to print a tissue model
mimicking the cervix. The bio-ink composed with 10% w/v
of alginate and 50% w/v of gelatin had high fidelity shape
retention and mechanical properties similar to the in vivo
system. In order to maximize cell survival, HeLa cells were
first encapsulated in Alginate microcapsules and then printed
on multilayer scaffolds. The main purpose of adding gelatin to
the alginate solution was to improve its printability and
enhance the structural stability of the print. Alginate solutions
are characterized by low thixotropy, which is why they are
often mixed with other polymers to prevent expansion and
collapse of printed fibers. Therefore, by optimizing both the
concentration of added gelatin to the alginate solution and
the polymer gelation time, it was possible to increase the
viscosity of the bio-ink, contributing to achieving optimal
print quality [144]. Improvements in the properties of the
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gelatin- and alginate-based bio-ink were achieved by incor-
porating boron nitride nanotubes (BNNTs). Comparing with
gelatin-alginate bio-ink, better deposition and structural sta-
bility were noted after BNNT incorporation. In addition, the
cells were successfully encapsulated in the hydrogels which
increased the survival rate [56]. Alginate-gelatin bio-ink was
also used to test the effect of osteoinductive factors on the
differentiation of UMSC-derived umbilical cord MSCs along
with endothelial cells. The important role played by this
factor and UMSC-EC interactions on osteogenic differentiation
was demonstrated [58]. Optimization of the printability of
gelatin-alginate bio-ink with the addition of cellulose nanofi-
bers and primary rabbit fibrochondrocytes (rFC) was per-
formed by Luo et al. to bio-print the lacuna. The addition of
CNF enabled the printing of high-precision constructs while
maintaining long-term cell viability. Depending on the concen-
tration of gelatin in the system, the bio-ink was characterized by
different printing temperatures. At a concentration of 20%, the
best filamentation was observed at 25°C, while for 10% the

SUMMARY OF BIOINK
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maximum printing temperature was 20°C with the same other
parameters. However, only samples with higher gelatin concen-
trations showed acceptable fidelity and integrity [57]. The suit-
ability of oxidized alginate-gelatin bio-ink (ADA-Gel) for printing
C2C12 cells was investigated by Distler et al It was shown that
the use of hiodegradable oxidized alginate and gel contributed
to the migration of C2C12 cells to the hydrogel surface, where
cells differentiate into ordered myotube segments in areas of
high cell density [145].

A new bio-ink of carboxymethylchitosan and alginate
for bioprinting scaffolds for enamel tissue regeneration
was developed by Mohabatpour et al. Chitosan has good
mucoadhesive and biocompatible properties. However, as
this polymer dissolves in acid solutions, it was proposed to
be modified to carboxymethylchitosan. This one, in turn, is
characterized by a high degree of degradation and poor
mechanical properties, so it was proposed to mix it with
alginate. On the other hand, alginate has slow degradation
Kkinetics and limited cell interaction properties. In addition,
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dual crosslinking occurs in the scaffold, as both polymers
can form hydrogels through physical crosslinking in the
presence of calcium ions as well as the amine group of
carboxymethylchitosan forms, an ionic bond with the car-
boxyl group of alginate [146].

A multicomponent bio-ink based on aldehyde hya-
luronic acid, carboxymethylchitosan, gelatin, and alginate
exhibits weak temperature dependence due to the main
crosslinking mechanism relying on Schiff base bonds between
carboxymethylchitosan/aldehyde hyaluronic acid and carboxy-
methylchitosan/alginate electrostatic interactions. In the case of
gelatin-alginate compositions, a temperature reduction to 10°C
was necessary to maintain good printability. In contrast, car-
boxymethylchitosan/aldehyde hyaluronic acid itself does not
have adequate mechanical properties and cannot be extruded
continuously and deposited efficiently [147].

Figure 11 provides a graphical summary of the research
trends in the field of bio-ink used for bioprinting. It uses
information from the Scopus database to chart the annual
distribution of scientific publications that explore the use of
various hydrogels such as alginate, chitosan, gelatin, col-
lagen, agarose, and carrageenan in bioprinting. A pro-
nounced rise in publication volume is noted from 2001
onwards, highlighting gelatin, alginate, and collagen as the
most frequently investigated materials. Pie charts detail the
proportional use of these materials in bio-ink compositions,
underscoring the dominance of gelatin, alginate, and collagen
in both hydrogel-based bio-inks and the broader spectrum of
bio-inks. Furthermore, the data present a cross-comparison of
the most prevalent polymer pairings in bio-ink formulations,
indicating that gelatin is most commonly combined with algi-
nate (150 articles) and collagen (105 articles).

In conclusion, there is a wide range of application
possibilities for the selected marine polymer-based bio-
inks in bioprinting, i.e., from the repair of damaged spinal
cord to skin regeneration. Table 2 summarizes the bio-inks
described above, focusing on two main parameters: the
quality of printing, ie., the ability to print with the bio-
printer selected for this purpose, and the viability of the
cells used. In addition, depending on the circuits and
printing systems used, selected crosslinking methods are
presented, Le., chemical, such as Schiff reactions, or phy-
sical, such as temperaature. The application of appropriate
crosslinking methods to a given composition, e.g., calcium
chloride to alginate or UV crosslinking to methacrylated
gelatin, as well as temperature to agarose, makes it pos-
sible to achieve control over crosslinking, i.e., hardening of
the bio-ink during extrusion and with it the preservation of
the best possible cell viability and printability. In addition,
these parameters are often subjected to qualitative assess-
ment and are concerned with a selected number of days or
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layers, which makes it difficult to compare individual sys-
tems with one another. However, as for the bioprinters
themselves, there is a trend toward customization and pro-
totyping of devices tailored to specific bioprinters which
increases their application possibilities.

4 Conclusion and further steps

In recent years, there has been tremendous progress and
development in the field of tissue engineering bioprinting.
Hydrogels, particularly naturally derived polymers, appear
to be optimal and natural tissue-like biomaterials for bio-
printing. Indeed, marine-derived polymers specifically have
shown enormous potential in this area. After analyzing their
properties, as well as the challenges and solutions proposed
by researchers in the cited publications (Figures 5-9), it has
been noted that there is a trend towards blending several
polymers to create multi-component bio-inks. This solution
is a known approach in materials engineering, where the
search for mutually complementary materials is common.
However, it is crucial that these materials are compatible
with each other, ie., they do not negatively influence each
other, as shown in the SWOT analysis (Figure 4).

However, despite the enormous potential of bioprinting,
finding such systems that enable the printing of mechanically
stable scaffolds that enable cell proliferation and differentia-
tion into appropriate tissues remains a major challenge. On
the one hand, new methods of combining hydrogels using
various chemical modifications, crosslinking compounds, or
plasticizers to improve the rheological, mechanical, and bio-
logical properties of the resulting scaffolds are still being
described. Still the main method of crosslinking bio-inks
remains the method of using alginate and calcium chloride,
or methacrylated gelatin crosslinked with UV light, each of
which has certain disadvantages, including a reduction in cell
viability. Beyond the literature data, even today's commer-
cially ready-to-use bio-inks are mainly based on polymers
such as alginate, which is cross-linked using the included
calcium chloride, or on methacrylated gelatin, which in
turn is cross-linked using UV light. Moreover, many bio-inks
are a combination of these two crosslinking methods and are
based on both alginate, methacrylated alginate, or methacry-
lated gelatin. However, if these solutions were perfect and
free of defects, there would be a huge breakthrough in tissue
engineering and regenerative medicine. At the moment, how-
ever, these solutions are not perfect, and these bio-inks serve
primarily as a tool for further research. Current solutions on
the market only allow the evaluation of rheological and hio-
logical parameters of bio-inks, which affect cell survival and
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Table 3: Commercially available ready-to-use bio-ink kits from two leading manufacturers along with a description of crosslinking methods [148,149]

Cellink

Sigma-Aldrich

Name of product

Polymers

Crosslinking method

Name of
product

Polymers

Crosslinking method

Lifeink 200, 220,
240, 260
Cellink A-RGD

Chitoink

GelMA

GelMA A

GelMA C

Gel XA

Gel XG
GelXA laminink+
PhotoAlginate

PhotoGel-INK
95% DS
PhotoGel-INK
50% DS
TeloCOL-3
TeleCOL-6
TeleCOL-10
PureCol

Bovine collagen
Alginate

Chitosan
Glucomannan
Glycerol phosphate salt

Gelatin methacrylate

Gelatin methacrylate
Alginate

Gelatin Methacrylate
Nanofibrillated
cellulose

Gelatin methacrylate

Xanthan gum

Alginate

Gelatin methacrylate
Xanthan gum

Gelatin methacrylate
Alginate
Methacrylated alginate

Porcine gelatin
methacrylate
Type I bovine

telocollagen

Type I bovine/human
atelocollagen

Temperature
Tonic (CaCly)

Tonic (TPP)

Photo-crosslinking

Photo-crosslinking or ionic

crosslinking solution
(CaCly)
Photo-crosslinking

Photo-crosslinking
-assisted crosslinking
Ionic crosslinking

Photo-crosslinking

Photo-crosslinking
Ionic crosslinking
Photo-crosslinking
Tonic crosslinking
Photo-crosslinking

TissueFab GelMA
TissueFab GelAlg

TissueFab
(GelAIlgHA)MA

TissueFab Alg
(Gel)MA
TissueFab bio-
ink Bone

TissueFab bio-ink
Conductive

Gelatin methacrylate

Gelatin

Alginate

Gelatin methacrylate
Alginate
Methacrylate
Hyaluronic acid
methacrylate
Alginate

Gelatin methacrylate
Gelatin methacrylate
Hydroxyapatite

Gelatin methacrylate
Carbon nanotubes

Photo-crosslinking
Photo-crosslinking

Photo-crosslinking

Photo-crosslinking
Ionic crosslinking

Photo-crosslinking
and support gel

Photo-crosslinking

differentiation. Table 3 summarizes commercially available
bio-inks from two leading producers, presenting the main
components and crosslinking methods.

From our point of view, crosslinking methods that
allow the system to gel as soon as it is excised, e.g., under
temperature, have greater potential. Despite promising
results in many medical applications, implementation of
the systems that have been described above is still minimal.
One of the reasons for this is the complex or multi-step
chemical modifications of the main components of the scaf-
folds, which hinder their application and also affect the
price of the scaffolds. Therefore, it is necessary to direct
further research to develop simple composites consisting

of natural polymers alone, without the need for crosslinking
compounds and additional chemical modifications that
increase cytotoxicity and affect cell behavior by inducing
oxidative stress [150]. In addition, due to the different
needs and applications of such scaffolds, bio-ink must
enable stable scaffolds in both hydrogel and xerogel
forms, which is often impossible in the former case
due to the poor mechanical properties of other poly-
mers, among other factors. Another major challenge in
many studies is finding a bioprinter compatible with a given
biocomponent. Developing an optimal bio-ink is much more
difficult than technically perfecting a printer. In addition, a
drawback of most commercially available bioprinters is
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LAYER BY LAYER BIOPRINTING
IN WOUND HEALING PROCESS

Figure 12: Simplified diagram of the printing methodology layer by layer with integrated robots (created with BioRender.com).

their technology, which allows printing objects limited to
only a few layers. Table 2 describes several bio-inks for
which the authors have developed their own bioprinters.
In addition, for some, it was necessary to modify them to
improve the heating properties of the printer. Another chal-
lenge remains the issue of assessing printability and cell sur-
vival. In the cited publications, these parameters were evalu-
ated for both single and multilayer prints. In practice, all the
constructs involve multilayer scaffolds, which, when placed in a
living organism, will be subject to natural processes such as the
flow of nutrients and metabolites. However, there is still no
standardized model to assess the permeability of such a scaffold
and the associated survival and biodegradability of such a scaf-
fold. It is difficult to compare results in which the authors,
despite specifying the same parameter, used multi- and single-
or double-layer scaffolds. Therefore, there is a need to add
other natural polymers and adjust printer components to
obtain prints with good resolution and controlled 3D archi-
tecture. Conducting further research to develop the bio-ink
and printing technology to a level that is acceptable from a
tissue engineering perspective is crucial for bioprinting.
This approach will allow mass production and implementa-
tion of new bioprinting technology.

A breakthrough technology with significant potential
for advancing bioprinting is the application of machine

learning algorithms, particularly in the field of regenera-
tive medicine and tissue engineering. Utilizing the appro-
priate algorithms enables the printing of scaffolds that
replicate natural organs and create complex, functional
tissue structures. This tool facilitates the acceleration of
the printing process, enhances precision, and minimizes
the likelihood of potential errors [151]. The incorporation
of deep learning into the quality control loop also permits
the automatic optimization of the printing process and the
reduction in material waste. This method relies on a dataset
derived from high-resolution recordings, which trains a con-
volutional neural network to adjust the printing parameters,
ensuring the complete automation of the printing process
[152]. An interesting solution seems to be the use of robots
that enable so-called spherical printing in the xyz plane.
Another solution involves the concept of time-phased
printing, that is, printing in which layers are added gra-
dually and differentiated over time, to ensure a constant
supply of nutrients to each layer (see Figure 12). The lit-
erature also describes the use of electrospinning, which
has so far been a stand-alone technique used in the man-
ufacture of cellular scaffolding. Electrospinning is a tech-
nology for creating micro- and nanoscale fibers, which
makes it highly relevant to tissue engineering. However,
the combination of this technology along with bioprinting
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offers much greater possibilities, i.e., producing materials
with innovative structural and functional properties for
potential biomedical applications. Methods such as these
can involve cutting electrospun scaffolds into pieces and
formulating ink/bio-ink for 3D printing processes [153].

In conclusion, despite the significant development of
3D printing in tissue engineering, it is still necessary to
clarify the measurement of key parameters and find such
systems that will allow the highest possible cell survival
with high printability, ie., a state in which the biofabrica-
tion window will be overcome, when it is crucial for the
regeneration of individual tissues.
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