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Preface

Dear Colleagues,

Hydrogels are 3D cross-linked networks of flexible polymer chains that contain a large

amount of water as the filling solvent. There is a wide variety of polymeric hydrogels that can

be classified according to their synthetic methods, physical properties, polymer source (natural,

synthetic, or hybrid), ionic charge, and method of cross-linking (via pH or temperature changes,

ionic cross-linking, photochemical reactions, enzymatic cross-linking, or guest–host interactions).

Three-dimensional printing, as an emerging versatile manufacturing technology, has been

applied in the fabrication of hydrogel constructs with complex structures and potential applications

in tissue engineering, regenerative medicine, delivery systems (drugs, proteins, genes, and cells),

implantable devices, sensors, and diagnostic devices, among others.

This Special Issue aims to present a collection showcasing the recent progress in hydrogels,

including natural polymer hydrogels, synthetic polymer hydrogels, and derivative hydrogels to be

used in extrusion printing, inkjet printing, laser or light processing printing, 3D bioprinting, and 4D

printing.

Enrique Aguilar and Helena Herrada-Manchón

Editors
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Editorial

Editorial for the Special Issue “Hydrogels for 3D Printing”
Enrique Aguilar 1,* and Helena Herrada-Manchón 2,*

1 Centro de Innovación en Química Avanzada (ORFEO-CINQA), Departamento de Química Orgánica e
Inorgánica, Instituto Universitario de Química Organometálica “Enrique Moles”, Universidad de Oviedo,
C/Julián Clavería 8, 33006 Oviedo, Spain

2 Fundación Idonial, Parque Científico y Tecnológico de Gijón, Avda, Jardín Botánico 1345, 33203 Gijón, Spain
* Correspondence: eah@uniovi.es (E.A.); helena.herrada@idonial.com (H.H.-M.)

Hydrogels, which are three-dimensional networks of hydrophilic polymers capable
of absorbing and retaining large amounts of water, have emerged as versatile materials
with vast potential in various fields. In the context of 3D printing, hydrogels offer unique
advantages due to their tunable mechanical properties, biocompatibility, and ability to en-
capsulate cells or bioactive molecules. The process of 3D printing with hydrogels comprises
several crucial steps, each of which plays a critical role in determining the final structure
and properties of the printed object.

A key aspect in this process is the formulation of hydrogel materials used for printing.
The selection and optimization of raw materials or components are crucial to ensure the
desired rheological properties and printability of the biomaterial ink or bioink. During
printing, the hydrogel material is deposited layer by layer, following the path determined
by slicing software. The rheological properties of the hydrogel formulation are essential
at this stage to ensure the proper deposition of the material and maintain the structural
integrity of the printed object.

In addition to rheological considerations, the choice of hydrogel formulation must
consider the specific requirements of the intended application. For instance, in tissue
engineering applications, hydrogels must provide a supportive matrix for cell growth
and tissue regeneration. Therefore, factors such as biocompatibility, cell adhesion, and
degradation kinetics are of utmost importance.

Furthermore, post-processing steps such as crosslinking are often necessary to stabilize
the printed structure and enhance its mechanical properties. Crosslinking agents, such as
chemical or physical crosslinkers, are used to form covalent or physical bonds between
polymer chains, resulting in a more robust and stable hydrogel network.

This Special Issue showcases a diverse array of seven articles and three reviews
that explore the multifaceted aspects of hydrogels for 3D printing, encompassing all the
aforementioned steps, as follows:

1. The review “Essential Guide to Hydrogel Rheology in Extrusion 3D Printing: How
to Measure It and Why It Matters?” by Herrada-Manchón et al. examines the crucial
role of rheology in extrusion-based 3D printing, focusing on hydrogels and their
applications in tissue engineering, regenerative medicine, and drug delivery. Under-
standing rheological properties such as shear-thinning behavior, thixotropy, and vis-
coelasticity is essential for optimizing the printing process and achieving the desired
product quality.

2. The review “3D-Printed Hydrogel for Diverse Applications: A Review” by Agrawal
et al. explores the intersection of hydrogels and 3D printing, covering current research,
technological advancements, and future directions in various applications, including
biomedical engineering. It discusses hydrogel basics, materials, 3D printing methods,
and challenges, in addition to predicting future trends.

3. The review “Biopolymers for Tissue Engineering: Crosslinking, Printing Techniques,
and Applications” by Patrocinio et al. explores the use of proteins and polysaccharides
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in bioprinting for tissue engineering, focusing on their biocompatibility, biodegrad-
ability, and biomimicry. It addresses challenges related to rheological behaviors and
the need for modifications or crosslinking. The manuscript also discusses tissue en-
gineering applications, crosslinking, and bioprinting techniques, aiming to achieve
bioprinted structures mimicking extracellular matrix properties with good levels of
printability and stability.

4. The article “Microbial Polysaccharide-Based Formulation with Silica Nanoparticles; A
New Hydrogel Nanocomposite for 3D Printing” by Marin et al. develops printable
hydrogel nanocomposites by adding silica nanoparticles to a microbial polysaccha-
ride polymer network, aiming for biomedical applications. Their morpho-structural
characteristics, swelling behavior, and mechanical stability were assessed, revealing
excellent biocompatibility, making them suitable for regenerative medicine.

5. The article “Three-Dimensional Printing of Red Algae Biopolymers: Effect of Locust
Bean Gum on Rheology and Processability” by Oliveira et al. explores the extraction
of gelling biopolymers from red seaweeds to produce sustainable food gels and assess
their potential as bioinks for 3D printing, focusing on improving gel matrix definition
through the addition of locust bean gum, as well as adjusting printing temperature.

6. The article “A New Method for the Production of High-Concentration Collagen
Bioinks with Semiautonomic Preparation” by Matejkova et al. introduces a novel
method for preparing highly concentrated collagen bioinks, utilizing a two-step neu-
tralization process based on bicarbonate buffering mechanisms and pH adjustment.
The automated bioink preparation process ensures consistent quality, demonstrat-
ing sustained cell proliferation and viability, in addition to offering potential for
advancing tissue engineering applications.

7. The article “Alginate–Gelatin Hydrogel Scaffolds; An Optimization of Post-Printing
Treatment for Enhanced Degradation and Swelling Behavior” by Kaliampakou et al.
addresses the optimization of the post-printing treatment phase in 3D structure
generation, focusing on enhancing scaffold degradation while maintaining targeted
swelling behavior.

8. The article “Characterization of Bioinks Prepared via Gelifying Extracellular Matrix
from Decellularized Porcine Myocardia” by Sanz-Fraile et al. introduces a novel
cardiac bioink derived exclusively from decellularized porcine myocardium and
loaded with human-bone-marrow-derived mesenchymal stromal cells, eliminating
the need for additional biomaterials or crosslinkers.

9. The article “Role of pH and Crosslinking Ions on Cell Viability and Metabolic Activity
in Alginate–Gelatin 3D Prints” by Souza et al. investigates the influence of pH and
crosslinking ions on the stability, printability, and cell behavior of alginate–gelatin
hydrogels commonly used in bioengineering. The results reveal that buffer pH
and crosslinking ions affect the swelling and degradation rates of prints, as well as
hydrogel printability.

10. The article “Polydopamine Blending Increases Human Cell Proliferation in Gelatin–
Xanthan Gum 3D-Printed Hydrogel” by Yerra et al. enhances the printability of
gelatin–xanthan gum hydrogel by incorporating polydopamine (PDA), a mussel-
inspired biopolymer, to create cell-laden 3D scaffolds demonstrating improved fi-
broblast and keratinocyte growth without affecting hydrogel characteristics, thereby
suggesting its potential for developing innovative 3D-printed wound dressings.

The continued exploration of hydrogels for 3D printing holds promise for ground-
breaking advancements in areas such as tissue engineering, drug delivery, and regenerative
medicine. We extend our gratitude to the authors for their valuable contributions to this
Special Issue and look forward to the transformative impact of their work.

Author Contributions: E.A., conceptualisation; writing—original draft preparation; writing—review
and editing. H.H.-M., conceptualisation; writing—original draft preparation; writing—review and
editing. All authors have read and agreed to the published version of the manuscript.
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Essential Guide to Hydrogel Rheology in Extrusion 3D Printing:
How to Measure It and Why It Matters?
Helena Herrada-Manchón 1,* , Manuel Alejandro Fernández 1 and Enrique Aguilar 2

1 Fundación Idonial, Parque Científico y Tecnológico de Gijón, Avda, Jardín Botánico 1345,
33203 Gijón, Spain; alejandro.fernandez@idonial.com

2 Centro de Innovación en Química Avanzada (ORFEO-CINQA), Instituto Universitario de Química
Organometálica “Enrique Moles”, Departamento de Química Orgánica e Inorgánica,
Universidad de Oviedo, C/Julián Clavería 8, 33006 Oviedo, Spain; eah@uniovi.es

* Correspondence: helena.herrada@idonial.com

Abstract: Rheology plays a crucial role in the field of extrusion-based three-dimensional (3D) printing,
particularly in the context of hydrogels. Hydrogels have gained popularity in 3D printing due to
their potential applications in tissue engineering, regenerative medicine, and drug delivery. The
rheological properties of the printing material have a significant impact on its behaviour throughout
the 3D printing process, including its extrudability, shape retention, and response to stress and strain.
Thus, understanding the rheological characteristics of hydrogels, such as shear thinning behaviour,
thixotropy, viscoelasticity, and gelling mechanisms, is essential for optimising the printing process and
achieving desired product quality and accuracy. This review discusses the theoretical foundations of
rheology, explores different types of fluid and their properties, and discusses the essential rheological
tests necessary for characterising hydrogels. The paper emphasises the importance of terminology,
concepts, and the correct interpretation of results in evaluating hydrogel formulations. By presenting
a detailed understanding of rheology in the context of 3D printing, this review paper aims to assist
researchers, engineers, and practitioners in the field of hydrogel-based 3D printing in optimizing
their printing processes and achieving desired product outcomes.

Keywords: 3D printing; rheology; hydrogel; extrusion

1. Introduction

Rheology is defined as the study of the physical principles that regulate the flow and
deformation of matter subjected to forces. The practical use of rheology is found in areas
such as quality control and production, chemical and mechanical engineering, industrial
research and development, or materials science in numerous industries (pharmaceuticals,
cosmetics, agriculture, food, ceramics, paints, etc.) where plastics, synthetic fibres, pastes,
lubricants, creams, suspensions or emulsions constitute the raw material and are the object
of study [1]. For this reason, it is currently accepted that rheology is an interdisciplinary
science whose development is carried out not only by physicists, but also by engineers of
various specialties, mathematicians, chemists, biologists, pharmacists, etc., giving rise to a
wide range of practical application possibilities [2].

Among all the different 3D printing technologies, extrusion-based three-dimensional
(3D) printing is one of the most common methods for freely digital fabrication due to its ease
of use, low initial investment, and high variety of materials available. In this technique, 3D
structures are built in a layer-by-layer mode, using sequential extrusion of materials from a
nozzle, following a predesigned computer model [3,4]. In particular, extrusion-based 3D
printing of hydrogels, namely cross-linked networks of flexible polymer chains containing
a large amount of water as fill solvent, is a technology that is gaining popularity due to its
potential applications in tissue engineering, drug delivery, and regenerative medicine [5–8].
Hydrogels are highly biocompatible materials that can mimic the properties of natural
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tissues, and the fact that 3D printing allows for the creation of high-resolution customised
structures with precise control over their size, shape, and mechanical properties is one
reason why this technology is so widely used at present.

Predictably, the study of rheology is of great importance within the extrusion-based
3D printing of hydrogels since, throughout the printing process, the material is exposed to
various external forces and recovery or rest stages, which have a considerable impact on
its properties and behaviour. Therefore, the rheological properties of the printing material
determine how well it can be extruded through the printing nozzle and how it will behave
during the printing process. The viscosity of the printing material and its shear thinning
properties, for example, will determine how easily it can flow through the nozzle and will
affect its ability to maintain its shape after being extruded. The elasticity of the material
will also determine how it will respond to stress and strain during printing. Subsequently,
different hydrogel parameters, such as shear thinning behaviour, thixotropy, viscoelasticity,
and the gelling mechanism or temperature, are fundamental, and a good understanding
of the rheological properties is necessary to optimise the printing process and achieve the
desired quality and accuracy of the final product [3,9].

To understand the different types of existing fluid, their properties, and the tests
necessary for their characterisation, familiarisation with the theoretical foundations of
rheology, the different analyses to be carried out, and the correct interpretation of their
results is required. Thus, the purpose of this work is to provide a complete review of
terminology, concepts, and rheological tests and their applicability to 3D printing in the
evaluation of the printability of different types of hydrogels.

2. Rheology Theoretical Basics

The most common classification scheme for fluids is based on their response to an
externally imposed shear stress, known as rheological classification (Figure 1).
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Figure 1. Rheological classification of fluids.

Understanding this classification requires reference to Newton’s law (1)), where τ
represents shear stress (in Pa), µ represents viscosity (in Pa·s), and

.
γ represents shear rate

(s−1). This shear stress or external shear force is described mathematically as the force (F)
applied over a unit area (A).

F
A

= τ = µ· .
γ (1)

This law indicates that for an incompressible Newtonian fluid in laminar flow, the
resulting shear stress equals the product of the shear rate and the fluid’s viscosity. Thus,
µ is a constant of proportionality characteristic of the material, its temperature, and pressure,
and does not depend on

.
γ or τ [10,11]. Viscosity reflects resistance to flow, and decreases

as temperature increases and pressure decreases [12]. For a Newtonian fluid, the rheogram
or flow curve, which is the graphical representation of shear stress with respect to shear
rate, is a straight line with slope µ (or Newtonian viscosity) that passes through the origin.
On the contrary, a non-Newtonian fluid is characterized by either a non-linear flow curve
or a flow curve that does not intersect the origin. This means that the viscosity of the fluid
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is not constant at a given temperature and pressure and depends on flow conditions, such
as flow geometry or shear rate. It can even depend on the kinematic history of the fluid
element under consideration [10,13,14]. Thus, non-Newtonian fluids can be classified into
three general groups:

1. Time-independent fluids, for which the shear stress at any point is determined solely
by the value of the shear rate at that point.

2. Time-dependent fluids, which refer to more intricate fluid systems, where the correla-
tion between shear stress and shear rate depends on the duration of the applied shear
stress and the fluid’s kinematic history.

3. Viscoelastic fluids, which show partial elastic recovery after deformation.

It should be noted that this classification scheme is slightly arbitrary, since most
real materials often exhibit a combination of two, or even three, distinct non-Newtonian
behaviours. However, it is usually possible to identify the dominant non-Newtonian
feature and take this as the basis for further calculations and discussions.

2.1. Time-Independent Fluids

In general, the behaviour of materials of this type can be described by the formula:

.
γ = f (τ) (2)

This formula suggests that the value of τ at any given point within the sheared fluid is
solely determined by the value of the shear rate at that point, or vice versa. Depending on
the shape of the function f , these fluids can be classified into one of three categories: pseu-
doplastic or shear-thinning, dilatant or shear-thickening, and viscoplastic. The literature
contains numerous mathematical expressions that offer empirical relationships between
shear stress and shear rate or apparent viscosity, ranging in complexity and form. Some
of these expressions involve direct attempts at curve fitting, while others are based on
statistical mechanics [15]. While these theoretical models can be useful in silico tools for
evaluating material capabilities, it is important to note that they often involve simplifica-
tions and approximations. Therefore, experimental validation is necessary to confirm the
accuracy of the models in practice [9].

Time-independent fluids and the applicable mathematical models (Figure 2) are classi-
fied and detailed in the following subsections.
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2.1.1. Shear-Thinning or Pseudoplastic Fluids

The most common types of non-Newtonian and time-independent fluids are shear-thinning
fluids. In these materials, the apparent viscosity decreases as the shear rate increases.
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The Ostwald-de Waele, or Power-law model, is the most commonly used mathematical
model for describing the behaviour of pseudoplastic fluids, followed by the Sisko model.
The Power-law model is based on the fact that the relationship between shear stress and
shear rate (represented in double logarithmic coordinates) can be approximated by a
straight line over a limited range of values (Figure 3). The reason behind its widespread
use is that in practice, a single device cannot measure the entire rheological spectrum due
to a lack of sensitivity (at very low values of

.
γ) or robustness (at high values of

.
γ). In this

way, the range of shear rate usually used is from 0.1 a 104 s−1, which corresponds to the
straight part of the rheogram to which the said model can be applied [16].
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Thus, for this part of the flow curve, the Power-law expression is applied:

τ = K
( .
γ
)n (3)

Being the apparent viscosity:

µ =
τ
.
γ
= K

( .
γ
)n−1 (4)

These equations involve two empirical parameters, K and n, which are known as the
consistency index (measured in Pa·sn) and the flow index, respectively. If the value of n
is less than 1, the fluid exhibits pseudoplastic properties. If n is equal to 1, the fluid is
Newtonian, and if n is greater than 1, the fluid is dilatant. The lower the value of n, the
more the fluid displays shear-thinning properties [10,12,13].

On the other hand, the Sisko model is an extension of the Power-law model that consid-
ers the viscosity value when stress rates approach infinity. As a result, it can be used in high-
velocity gradient operations such as pumping liquid foods and mixing processes [17–21].
The mathematical expression of three parameters developed by Sisko is shown in (5):

τ = µ∞·
.
γ + K

( .
γ
)n (5)

In this equation, the new parameter µ∞ represents the viscosity at an infinite shear
rate. Therefore, the apparent viscosity is calculated using the following expression:

µ = µ∞ + K
( .
γ
)n−1 (6)

Similar to the Power-law model, the values of µ∞, K, and n are determined experi-
mentally and are specific to each fluid.
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2.1.2. Shear-Thickening or Dilatant Fluids

Dilatant fluids, in contrast to pseudoplastic fluids, demonstrate an increase in apparent
viscosity as the shear rate rises. This behaviour can be explained easily: at rest, the liquid in
the fluid fills the space between particles and lubricates the movement of each particle over
the others at low shear levels. However, at high shear speeds, the particles pack together,
blocking the passage of liquid between them, resulting in increased solid-solid friction
and generating greater resistance (Figure 4) [10,12]. Dilatant fluids are commonly found
in materials such as cornmeal mixed with water or fine beach sand when wet. Similar to
shear-thinning fluids, dilatant fluids can be described using the Power-law or Sisko model,
which have been previously mentioned.
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2.1.3. Viscoplastic Fluids

Viscoplastic fluids are characterized by the presence of a yield point τ0 that must
be surpassed for the fluid to deform or flow. At rest, the material has an internal three-
dimensional structure that is rigid enough to withstand external stresses that are below
τ0, and it deforms elastically [10,22,23]. However, for forces that exceed τ0, the structure
breaks down, and the material behaves similar to a fluid. If the relationship between shear
stress and shear rate is linear, it is classified as a Bingham plastic. On the other hand, if
there is no such linear relationship, it is classified as a Bingham pseudoplastic or yield-
pseudoplastic [15]. In most cases, the transition from a solid-like material to a liquid-like
fluid in viscoplastic materials is reversible. The extent of recovery of the structure varies
for each material. Toothpaste, jam, and egg white are some examples of fluids that exhibit
such behaviour.

There are also different mathematical models used to describe viscoplastic fluids,
the most common being the Bingham model and the Herschel–Bulkley model, which
are equivalent to the Newtonian and Power Law model, respectively, but add the yield
stress [24,25]. Finally, the Casson model is a third model used for viscoplastic materials,
which provides the most precise mathematical representation for studying the behaviour
of biological fluids such as blood [26].

The Bingham model is the simplest equation to describe a fluid with yield stress,
representing a linear relationship between shear stress and shear rate, with a displacement
from the origin equal to the value of τ0. [10,14,24,27]. Hence, this model is characterized
by two parameters: the yield point τ0 and the plastic viscosity µB.

τ = τ0 + µB
( .
γ
)

i f |τ| > |τ0|.
γ = 0 i f |τ| < |τ0| (7)

However, this model is not suitable for most complex fluids that do not have a linear
relationship between

.
γ and τ, which can result in extremely high values of τ0 [19]. In such
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cases, the Herschel–Bulkley model is used, which is an adaptation of the Bingham model
that includes a third parameter and provides a better fit to some experimental data.

τ = τ0 + K
( .
γ
)n i f |τ| > |τ0|.

γ = 0 i f |τ| < |τ0|
(8)

Thus, the Herschel–Bulkley model is characterized by the yield point τ0, the flow index
n and the consistency index K [24,27,28]. This model is commonly used to characterize
foods such as melted chocolate, yogurt, or purées [27,29–31].

Lastly, the Casson model is another two-parameter model that is commonly used
to describe the rheological behaviours of different types of materials. Compared to the
Bingham model, the Casson model can more precisely predict the behaviour of a fluid at
low shear rates [10,19,32].

(τ)1/2 = (τ0)
1/2 +

(
µc

.
γ
)1/2 i f |τ| > |τ0|.

γ = 0 i f |τ| < |τ0|
(9)

2.2. Time-Dependent Fluids

Time-dependent fluids are those for which shear stress is determined by both the
magnitude and the duration of the shear rate, as well as the time lapse between consecutive
applications. This phenomenon is reversible, as the apparent viscosity of the fluid recovers
once the shear stress is no longer applied. There are two primary categories of time-
dependent fluids: thixotropic fluids and antithixotropic or rheopectic fluids. Thixotropic
fluids experience a decrease in viscosity over time when subjected to a constant shear rate
at a fixed temperature. However, rheopectic fluids show an increase in viscosity over time
under similar conditions (Figure 5a) [33,34].
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Even though the theory on time-dependent fluids is not extensively developed, a
widespread agreement exists that the underlying cause of this behaviour is a reversible
alteration in the fluid’s structure that takes place during the flow process [35]. In contrast to
Newtonian fluids or time-independent fluids, it is not feasible to employ straightforward
mathematical equations to depict the behaviour of thixotropic or rheopectic fluids. Instead,
it becomes essential to conduct measurements within the desired range of conditions in
order to accurately characterize their properties [10,36]. In the case of time-dependent
fluids, when a flow curve develops by progressively increasing the shear rate from zero to
a maximum value and subsequently decreasing it back to zero at the same rate, a hysteresis
loop is observed (Figure 5b). On the other hand, for time-independent fluids, which are not
influenced by time, such a loop is not observed.
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2.2.1. Thixotropic Fluids

As mentioned previously, thixotropic materials exhibit greater fluidity when subjected
to constant shear stress over time. However, the viscosity behaviour of thixotropic materials
during the process of structure decomposition and recovery differs. During shear rate
acceleration, the breakdown of the structure lags behind the shear rate, resulting in transient
viscosities that are higher than what would be expected at a steady state. On the descending
limb of the shear rate curve, the structure continuously rebuilds as the shear rate decreases;
however, the viscosities obtained are lower than those observed at steady state [33,37].
Graphically, the surface area enclosed by the hysteresis loop has been suggested as a
quantitative measure of thixotropy. However, this method has notable limitations, since the
height, shape, and closed area of the loop are influenced by factors such as the duration at
which the shear occurs, the rate of shear increases or decreases, and the previous kinematic
history of the sample. Therefore, relying solely on the loop surface area may not provide a
comprehensive and accurate characterisation of the thixotropic behaviour.

Thixotropy should not be conflated with pseudoplasticity or dilatancy, which are
time-independent phenomena mentioned earlier, where viscosity is directly influenced by
the magnitude of the shear rate. However, it is not uncommon for a thixotropic fluid to
exhibit one of these two phenomena simultaneously [36,38].

2.2.2. Rheopectic Fluids

While a thixotropic fluid’s viscosity decreases over time when subjected to a constant
shear rate, a rheopectic fluid’s viscosity increases when sheared. Again, hysteresis effects
are observed in the flow curve (Figure 5b). However, in this case, the loop is in reverse
compared to a thixotropic material. In a rheopectic fluid, shearing promotes internal
structure formation; however, when the fluid is left undisturbed, it will return to its original
lower viscosity [33].

2.3. Viscoelastic Fluids

Viscoelastic fluids possess properties that lie between those of elastic solids and purely
viscous fluids. In rheology, dynamic oscillatory shear tests are a common tool used to
study a broad range of complex fluids and soft matter, including but not limited to polymer
solutions and melts, biological macromolecules, polyelectrolytes, surfactants, suspensions,
and emulsions.

Performing dynamic oscillatory shear tests involves subjecting a material to a sinu-
soidal deformation and monitoring its mechanical response over time. While there are
two distinct categories of oscillatory shear tests, namely large amplitude oscillatory shear
(LAOS) and small amplitude oscillatory shear (SAOS), the latter has emerged as the pre-
ferred method for investigating the linear viscoelastic characteristics of these intricate
fluids due to its solid theoretical foundation and the straightforward implementation of
appropriate test procedures [39–41]. Consequently, this work will only cover these SAOS
measurements. For those seeking a more comprehensive understanding of the utilization
of LAOS assays, Hyun et al. published a detailed review on the subject in 2011 [40].

The sinusoidal curves exhibit distinct behaviour depending on the mechanical char-
acteristics of the sample, as illustrated in Figure 6. In the case of a pure elastic material,
the maximum stress coincides with the maximum strain, and both stress and strain are
in phase, with a phase angle (δ) of 0◦. On the contrary, in a pure viscous material, the
maximum stress occurs when the strain rate is at its peak, resulting in a phase shift of 90◦

between stress and strain. However, most samples demonstrate viscoelastic behaviour,
where the phase difference between stress and strain falls between these two extremes, i.e.,
0◦ < δ < 90◦ [1,42].
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Figure 6. Stress and strain wave relationships for a purely elastic, viscoelastic, and purely viscous material.

The ratio of the applied stress to the measured strain gives the complex modulus (G*),
which is a quantitative measure of material stiffness or resistance to deformation [25].

G* = Stress*/Strain (10)

The viscoelastic behaviour of a fluid is characterised by two primary functions: the
elastic or storage modulus (G′), which represents the energy accumulated by the material
during each oscillation cycle, and the viscous or loss modulus (G”), which signifies the
energy dissipated when the material undergoes structural changes, such as partial or
complete flow of the sample. The ratio G”/G′, commonly referred to as the loss tangent
or tan(δ), provides a simplified indication of whether the material exhibits solid-like or
liquid-like behaviour [1,9,43].

G′ = G ∗ cos δ (11)

G′′ = G ∗ sin δ (12)

It is important to avoid confusing viscoplastic materials with viscoelastic ones because
of the similarity of concepts. The key rheological distinction between the two lies in the
presence of a yield point (τ0). A viscoplastic fluid exhibits a yield stress below which it
does not undergo deformation, while a viscoelastic fluid deforms under any applied stress.

3. Practical Assessment of the Rheological Properties of Hydrogels for 3D Printing

The investigation of a fluid’s rheology plays a crucial role in assessing its printability,
specifically its suitability as a hydrogel for 3D printing via semi-solid extrusion. The resolu-
tion, shape accuracy, and reproducibility of the printing process are significantly influenced
by the fluid’s behaviour. Consequently, several studies have identified parameters that have
the potential to control and evaluate the printability of various materials, with a particular
emphasis on rheological properties that are well suited for this type of process [9,44–48].
As an illustration, Yang et al. assessed the rheology of lemon juice gels with different
starches by experimental studies and simulated the effect of different material properties
and process parameters, such as material viscosity, inlet volume flow rate, and nozzle
diameter, on the velocity and shear rate during printing. The results showed that inlet
volume flow rate determined the velocity and shear velocity fields, and changes in process
parameters affected the pressure field in the flow channel, with the nozzle diameter having
the greatest influence [49]. Also in the field of food 3D printing, Liu et al. discovered that
strong viscoelastic properties in the printed material could lead to a phenomenon known
as “die swell”. This effect causes viscoelastic fluids to expand beyond the nozzle diameter
when they exit the tip due to the reduction of the constraining force exerted by the tip wall.
As a result, the printed samples may slightly deviate from the target geometries [50]. In
a completely different domain, Blaeser et al. employed a direct fluid-dynamics model to
precisely control the shear stress at the nozzle site. They conducted an extensive study
to examine the impact of varying shear stress levels on cell viability and proliferation
potential, aiming to achieve the printing of high-resolution and cell-viable structures. The
results demonstrated that cell viability and membrane integrity were minimally affected
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by low rates of shear stress (<5 kPa) during the printing process, with 96% cell viability.
However, higher shear stress levels (5–10 kPa and >10 kPa) resulted in a significant de-
crease in average cell viability, with 91% and 76% cell viability, respectively. These findings
support the hypothesis that cell damage caused by the printing process is directly linked
to the applied nozzle shear stress [51]. In a similar vein, He et al. performed a series of
experiments and determined that pressure, feed rate and printing distance are important
factors that can also influence the printing quality and cell viability [52].

In that way, in the context of semi-solid extrusion, several authors reported that the
printability of the ink is determined by rheological properties at three critical stages, each
playing a crucial role in the process (Figure 7) [9,34,44,46].
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The first critical stage is located at the nozzle, just before extrusion. At this point, the
rheological properties of the hydrogel are crucial. When an external force is applied to
the initially at-rest fluid, its viscosity should decrease rapidly, allowing for easy extrusion
through a small-diameter hole. However, once the force is removed, the viscosity must be
sufficiently recovered to prevent material deposition during head movement. Therefore,
it is of utmost necessity for inks to exhibit pseudoplastic behaviour, characterised by a
decrease in viscosity under shear stress, and to possess a yield stress that must be surpassed
for the ink to initiate flow. Highly pseudoplastic fluids require less effort to flow, enabling
better control over deposition through extrusion speed (mechanical or pneumatic) and
other parameters, such as nozzle diameter (smaller diameters result in higher shear rates on
the fluid). The presence of a yield stress in the inks reduces the likelihood of accidental drips
or unwanted deposits on the printed object. Furthermore, some researchers associate the
yield point with the self-supporting capability and the formation of continuous filaments
with minimal deformation [46,48,50,53,54].

At the second critical point, the hydrogel needs to exhibit a certain level of mechanical
resistance once it exits the nozzle. This resistance is necessary to minimise deformation,
recover a higher degree of viscosity, and ensure uniform flow. The viscoelastic nature of
the fluid plays a significant role at this stage, determining whether the ink demonstrates
predominantly elastic behaviour (G′ >> G”) or viscous behaviour (G” >> G′) once it
leaves the nozzle. This feature greatly influences the shape of the filament formed and
consequently impacts the fidelity of the final print’s shape. Additionally, the thixotropic
nature of the hydrogel is of great importance in the recovery of viscosity at this stage.
Rapid thixotropic behaviour is crucial in maintaining the shape and integrity of the printed
filament. It helps to control the flow of the ink, ensuring that it retains its desired form once
deposited and adheres to the intended pattern during the printing process.

In a similar way, the recovery time of viscosity and the internal structure of the gel after
stress also impact the third critical stage: the layer-by-layer construction. During this phase
of the printing process, it is crucial for the hydrogel to rapidly develop a self-supporting
capacity to withstand the weight of the subsequent layers of material being deposited on
top. This self-supporting capacity ensures that the printed structure remains intact and free
from deformation caused by gravity or the merging of consecutive layers [45,46]. Inks with
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thermosensitive behaviour are beneficial for 3D printing due to their fast-gelling speed,
facilitated by the temperature difference between the extruder and the printing bed. For
inks that undergo a sol-gel transition, the parameter tan(δ) is also important. Strong gels,
characterised by covalent or ionic bonds, exhibit tan(δ) values below 0.1. These gels provide
structural integrity to the printed object but may result in inconsistent extrusion because
of gel fracturing during the nozzle passage. Weak gels have a tan(δ) greater than 0.1 and
offer a more uniform extrusion but are prone to collapse after deposition unless further
cross-linking is made at that point. Therefore, achieving adequate printability requires a
balance between various factors [55].

To thoroughly evaluate the characteristics of a hydrogel and determine its suitability
for extrusion-based 3D printing, it is essential to conduct a series of tests using a rheome-
ter. By examining the hydrogel’s overall appearance and properties, such as its firmness,
flowability, and presence of internal structures, researchers can determine the appropriate
rheological testing equipment to employ. In hydrogel rheology, researchers can distinguish
between a soft solid, a structured fluid, and a low-viscosity hydrogel based on the mechani-
cal behaviour, internal structure, and flow properties. These differences can be identified
through a preliminary visual assessment, which helps guide the selection of suitable testing
geometries and gaps. The following sections provide an overview of the key considerations
involved in this process.

3.1. Choosing the Right Measuring Geometry and Gap

The choice of the geometry of the measuring system as well as its dimensions should
be carefully considered and be based on factors such as the viscosity of the hydrogel, the
desired shear rate range, and the sample volume available. The standard geometries used
include parallel plate, cone and plate, or cup and bob (Figure 8), but many others that come
in different sizes and surface finishes can be used.

Gels 2023, 9, x FOR PEER REVIEW  11  of  23 
 

 

To thoroughly evaluate the characteristics of a hydrogel and determine its suitability 

for extrusion‐based 3D printing, it is essential to conduct a series of tests using a rheom‐

eter. By examining the hydrogel’s overall appearance and properties, such as its firmness, 

flowability, and presence of internal structures, researchers can determine the appropri‐

ate rheological testing equipment to employ. In hydrogel rheology, researchers can dis‐

tinguish between a soft solid, a structured fluid, and a low‐viscosity hydrogel based on 

the mechanical behaviour, internal structure, and flow properties. These differences can 

be identified through a preliminary visual assessment, which helps guide the selection of 

suitable testing geometries and gaps. The following sections provide an overview of the 

key considerations involved in this process. 

3.1. Choosing the Right Measuring Geometry and Gap 

The choice of the geometry of the measuring system as well as its dimensions should 

be carefully considered and be based on factors such as the viscosity of the hydrogel, the 

desired shear rate range, and the sample volume available. The standard geometries used 

include parallel plate, cone and plate, or cup and bob  (Figure 8), but many others  that 

come in different sizes and surface finishes can be used. 

 

Figure 8. Common geometries for hydrogel rheology assessment. 

Parallel plates are simple sets of flat upper and lower plates, with sizes ranging from 

4 to 60 mm in diameter, allowing for accommodation for different viscosities. The size of 

the gap in the rheological measurements also plays a role in determining the shear stress 

and  the shear  rate experienced by  the hydrogel. For parallel plate geometries,  the gap 

height can be adjusted to the needs of the user. Smaller gaps result in higher shear rates 

(at the same angular velocity), while larger gaps lead to lower shear rates. Additionally, 

as a general guideline, if particles are present in the hydrogel, it is recommended to select 

a measuring gap  that  is at  least 10  times  larger  than  the  largest particles  [25,56]. This 

prevents particle  jamming during the measurement, which can  introduce artefacts  into 

the results. 

The  cone  and  plate  combinations  consist  of  a  flat  lower  plate  with  an  upper 

cone‐shaped geometry, typically with a geometry angle of 0.5° to 4°. The smaller the cone 

angle, the higher the achievable shear rate. However, cone and plate geometry should be 

used cautiously when dealing with hydrogels  that contain particles  in  the micrometre 

size range. The cone and plates have a fixed (nominal) measurement gap; for a 1° cone, 

the gap is 30 microns; 70 microns for 2° cones; and 150 microns for 4° [56]. This limited 

distance can cause particles to jam at the apex of the geometry, potentially affecting the 

accuracy and reliability of the measurement results [10,57]. Therefore, careful considera‐

tion should be given  to  the choice of measurement geometry when working with such 

structured hydrogels to ensure the integrity and validity of the rheological data obtained. 

Finally, cup and bob geometries consist of a  lower cup  to hold the sample and an 

upper bob to measure its rheological properties. In certain cases, other accessories such as 

vane  bobs  or  helical  bobs  can  be  used  instead  of  a  cylindrical  bob  to  accommodate 

Figure 8. Common geometries for hydrogel rheology assessment.

Parallel plates are simple sets of flat upper and lower plates, with sizes ranging from
4 to 60 mm in diameter, allowing for accommodation for different viscosities. The size of
the gap in the rheological measurements also plays a role in determining the shear stress
and the shear rate experienced by the hydrogel. For parallel plate geometries, the gap
height can be adjusted to the needs of the user. Smaller gaps result in higher shear rates (at
the same angular velocity), while larger gaps lead to lower shear rates. Additionally, as
a general guideline, if particles are present in the hydrogel, it is recommended to select a
measuring gap that is at least 10 times larger than the largest particles [25,56]. This prevents
particle jamming during the measurement, which can introduce artefacts into the results.

The cone and plate combinations consist of a flat lower plate with an upper cone-
shaped geometry, typically with a geometry angle of 0.5◦ to 4◦. The smaller the cone angle,
the higher the achievable shear rate. However, cone and plate geometry should be used
cautiously when dealing with hydrogels that contain particles in the micrometre size range.
The cone and plates have a fixed (nominal) measurement gap; for a 1◦ cone, the gap is
30 microns; 70 microns for 2◦ cones; and 150 microns for 4◦ [56]. This limited distance
can cause particles to jam at the apex of the geometry, potentially affecting the accuracy
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and reliability of the measurement results [10,57]. Therefore, careful consideration should
be given to the choice of measurement geometry when working with such structured
hydrogels to ensure the integrity and validity of the rheological data obtained.

Finally, cup and bob geometries consist of a lower cup to hold the sample and an upper
bob to measure its rheological properties. In certain cases, other accessories such as vane
bobs or helical bobs can be used instead of a cylindrical bob to accommodate different fluid
behaviours. Due to the large surface area, cup and bob geometries are particularly useful
for low-viscosity materials and also for samples that are prone to sedimentation. Since
settling occurs parallel to the geometry, the concentration of particles near the surface of
the geometry remains relatively constant. This is advantageous for accurate measurements.
Furthermore, the relatively large gap between the upper bob and the lower wall of the cup
is beneficial when working with samples containing larger particles, as it helps prevent
jamming [56,58].

In summary, there is no simple rule for selecting a geometry, as a number of factors
can come into play. However, when a new sample and geometry selection are considered,
the distinction between soft solids, structured fluids, and low-viscosity hydrogels may help
in the selection of proper geometries and gaps.

3.1.1. Low-Viscosity Hydrogels

Low-viscosity hydrogels are characterised by relatively low resistance to flow and
deformation. These hydrogels have a lower overall viscosity, allowing them to flow more
easily compared to soft solids or structured fluids, and also have a lower elastic modulus
and a higher viscous modulus, indicating a prevalence of fluid-like behaviour. They are
often used in applications where rapid and efficient flow is desired, such as injectable drug
delivery systems or coatings.

When conducting rheological measurements, large-diameter cone plate or parallel
plate geometries (e.g., 60 mm, 40 mm) are commonly used. In cases where the sample has a
very low viscosity and is to be measured at low shear rates, it is ideal to use a measuring
system with a large surface area. This allows for maximizing the torque response from
the applied shear rate. However, for higher shear rate measurements, there is less need
for a large surface area, since the stress and torque levels are naturally higher. In such
cases, the focus shifts to avoiding turbulence, which requires the use of a geometry with a
narrower gap. Narrow-angled cones or parallel plates (e.g., cone 1◦/60 mm, plate 60 mm)
are well-suited for this purpose, as they offer both a large surface area and a narrow gap [58].
Another option is the aforementioned cup and bob system because of the extra surface area
that makes them more sensitive. However, when sample volume is limited, plate systems
are generally preferred over concentric cylinders.

3.1.2. Structured Fluids

Structured fluids, specifically in the context of hydrogels, refer to substances that
exhibit fluid-like behaviour while still maintaining a certain level of internal structure.
Structured fluids possess the ability to flow and deform under applied stress, similar
to a fluid, but they also retain a degree of structural organization. They have a lower
elastic modulus compared to soft solids and a higher viscous modulus, indicating a greater
influence of fluid-like behaviour. Structured fluids are commonly used in applications
where controlled flow, shear thinning, or shape recovery are desired, such as drug delivery
systems or printable inks for 3D bioprinting.

These fluids can also contain particles, droplets, or air bubbles, which further con-
tribute to their complex behaviour. When it comes to rheological testing, common acces-
sories used for structured fluids include parallel plates of various sizes (40 mm, 25 mm, or
20 mm), or a cup combined with a vane rotor or a helical rotor to avoid slippage.
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3.1.3. Soft Solids

A soft solid refers to a hydrogel that exhibits solid-like characteristics under certain
conditions. It possesses a defined structure that enables it to resist deformation and maintain
its shape, similar to a solid material. Soft solids have a significant elastic component in
their rheological response, meaning they can store and recover energy upon deformation.
They typically exhibit a high elastic modulus (G′) compared to their viscous modulus (G”),
indicating a predominance of solid-like behaviour. Soft solids are often used in applications
where mechanical strength and structural integrity are crucial, such as load-bearing tissues
or scaffold materials for tissue engineering. The use of a parallel plate geometry in its
smaller size (<25 mm) is recommended for testing soft solids [25,56]. Specifically, it is
beneficial to employ a roughened surface on the parallel plate, such as crosshatched or
sandblasted plates, to prevent slippage and ensure accurate measurements. Again, cup and
vane/helical rotor systems can be used for the same reason.

3.2. Selecting and Setting the Correct Test Methods

Hydrogels are versatile materials that can also undergo transitions between these cate-
gories because of their physical properties and chemical compositions. For instance, when
the gelling of a hydrogel is temperature dependent, it can exist in a low-viscosity liquid
phase and be transformed into a structured fluid (or even a soft solid) with a temperature
change. Similarly, crosslinking processes (such as chemical, light, pH-dependent, or enzy-
matic) can convert a low viscosity hydrogel or a structured fluid into a final soft solid with
mechanical properties that are better suited for its intended application. These transitions
highlight the dynamic nature of hydrogels and their ability to adapt their physical proper-
ties based on external stimuli or internal changes, making them highly versatile materials in
various fields, including biomedicine, drug delivery, or tissue engineering. However, those
transitions also reflect a need to define the appropriate testing protocols as an essential tool
to accurately characterize the hydrogel for its intended use and printing conditions.

Different tests, including flow curves, oscillatory tests, and creep/recovery tests,
can provide valuable insights into the viscoelastic properties, flow behaviour, or time-
dependent response of the hydrogel, among others. The selection of tests should be based
on the specific rheological characteristics that play a crucial role in achieving a successful
3D printing and final product, such as the ink’s shear thinning behaviour, elastic modulus,
and recovery time. The range and resolution of these parameters should be adjusted to
match the expected rheological properties of the hydrogel during printing and during its
final use.

3.2.1. Fluid Behaviour and Yield Stress Determination

The fundamental test in rheology involves measuring viscosity and shear stress by
varying the shear rate within a specific range while maintaining a constant temperature,
typically between 10−2 and 103 s−1 for hydrogels. The measured shear rate can be compared
with the typical ranges of shear rates for common industrial processes. For example, low
shear rates (10−2–10−1 s−1) provide information on fluid behaviour in processes such
as storage, levelling, or sedimentation, which are useful for assessing the stability of a
hydrogel at rest. The range between 10−1 and 103 s−1 represents physically active processes
such as mixing, stirring, pumping, or extruding, which helps determine the suitability of
the hydrogel for extrusion-based 3D printing. Shear rates greater than 104 s−1 are associated
with spraying, brushing, or high-speed coatings, which are not commonly applicable to
hydrogels suitable for this 3D printing technology [59].

This test generates data that can be used to plot a flow curve, providing insight
into the material’s behaviour (whether it exhibits pseudoplastic, dilatant, or viscoplastic
properties). By analysing the data obtained, the most appropriate mathematical model can
be selected to extract and interpret the model parameters. For instance, Li et al. employed
the Power-law model and experimental data to assess the shear-thinning characteristics of
various compositions and determine the shear rate experienced by the hydrogel during the
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printing process [60]. Other studies have utilized curve fitting with mathematical models
to evaluate specific parameters such as the yield stress [61,62]. While fitting a flow curve to
a mathematical model is one of the simplest methods to evaluate τ0, as explained later, it is
not the only approach.

3.2.2. Amplitude Sweeps and Determination of LVR, γc and τ0

To measure viscoelasticity, two commonly performed small amplitude oscillatory tests
(SAOS) are used to evaluate the two main parameters: the storage modulus (G′) and the
loss modulus (G”). These tests are amplitude sweeps and frequency sweeps.

Amplitude sweeps are obtained by subjecting the sample to a range of deformations
(from 10−1–103%) at a fixed frequency (typically between 0.1 and 1 Hz for hydrogels). It
is very rare to require values above or below this range for measuring hydrogels suitable
for 3D extrusion printing. However, the values can be adjusted on the basis of the initial
characteristics of the sample (viscosity, presence of particles, level of crosslinking, etc.) if
necessary. The measurement results are typically presented in a diagram where strain (or
shear stress) is plotted on the x-axis, and storage modulus (G′) and loss modulus (G”) are
plotted on the y-axis, with both axes displayed on a logarithmic scale. This representation
helps to estimate the linear viscoelastic region (LVR).

The LVR indicates the range in which an oscillatory rheology test can be performed
without destroying the structure of the sample. The limit of the LVR, also known criti-
cal strain (γc), is the amplitude value at which the storage modulus values cease to be
approximately constant. γc is typically determined as the first point at which G′ reaches
a value equal to or lower than 95–90% of its initial value [63,64]. The extent of LVR is
inversely proportional to the solid character of the sample and is sensitive to frequency
and temperature [43,57,65,66]. Furthermore, it is common to evaluate the values of G′

and G” in the linear viscoelastic region because this analysis provides insight into the
viscoelastic nature of the sample. When G′ > G”, the sample exhibits a gel-like or solid
structure, indicating a viscoelastic solid material (Figure 9a). Conversely, when G” > G′, the
sample demonstrates a fluid-like structure, indicating a viscoelastic liquid (Figure 9b). It is
important to note that these classifications are specific to the applied measuring conditions,
particularly to the preset (angular) frequency.
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Figure 9. Diagram of two amplitude sweeps showing the LVR: (a) gel-like sample (G′ > G”);
(b) fluid-like sample (G” > G′).

Stress sweeps can also be useful in determining the yield stress when it is not possible
to do so through flow curves, such as in the case of materials with high viscosity at room
temperature. In these types of fluid, an increase in shear stress results in sample slippage
between plates, and the measured yield stress is lower than the actual yield stress of the
sample [65,67]. In an amplitude sweep, τ0 can be estimated using two different methods.
The first method involves determining the intersection of the tangents of the storage
modulus at high and low oscillatory stresses (Figure 10a). The first line is fitted to the
values within the LVR, and the second line is derived from the storage modulus measured
for stresses exceeding the LVR [68,69]. However, there is some ambiguity in choosing the
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number of points required to obtain the second line, which can reduce the reliability of
the method.

Gels 2023, 9, x FOR PEER REVIEW  15  of  23 
 

 

 

Figure 10. Methods for yield stress detection using amplitude sweeps: (a) intersection of the tan‐

gents of the storage modulus (G′); (b) point of linearity deviation in the stress—strain% curve. The 

pink dotted line represents the experimental results. 

In the second method, a plot of stress (Pa) versus oscillatory strain (%) is used (Fig‐

ure 10b). The stress‐strain curve is linear at low strain because the fluid response is pre‐

dominantly elastic. The point at which the curve deviates from linearity is determined as 

the yield stress  [68,69].  It  is  important  to note  that  the value of  𝜏   obtained differs de‐
pending on the method used, sometimes called the apparent yield stress [67]. 

3.2.3. Frequency Sweeps and Determination of tan(δ) 

As mentioned above,  the second SAOS  test most commonly performed  is  the  fre‐

quency sweep.  In  this case,  the strain amplitude  is kept constant and within  the LVR, 

while the oscillation frequency  is increased. This test helps to better understand the in‐

ternal structure of the material and its time‐dependent behaviour in the non‐destructive 

deformation range. For example, high frequencies represent short‐term behaviours, such 

as  those  occurring  in  a mixing  or  extrusion  process, while  low  frequencies  represent 

long‐term  behaviours,  such  as  settling  or  resting  [46,68].  Figure  11  illustrates  the  fre‐

quency sweep measurement of different materials, including viscoelastic solids, viscoe‐

lastic liquids, and gel‐like materials. In the case of viscoelastic solids, the storage modulus 

G′  remains constant and dominates at  low  frequencies. However, as  the  frequency  in‐

creases,  the  loss modulus G″ becomes more prominent. These materials exhibit a firm 

consistency when at rest but can be easily deformed under sufficient force. Viscoelastic 

liquid materials, on the other hand, demonstrate a different behaviour. At low frequen‐

cies,  the  loss modulus G″  surpasses  the  storage modulus G′,  indicating  liquid‐like be‐

haviour. As  the  frequency  increases,  the  storage modulus G′ becomes higher  than G″, 

suggesting a solid‐like behaviour. For gel‐like materials, both G′ and G″ remain parallel 

across  the entire  frequency range. This  indicates  that  the material maintains consistent 

behaviour regardless of  the  frequency applied. Gels often exhibit a solid‐like structure 

while retaining some fluid‐like properties. 

 

Figure 11. Frequency sweeps at constant temperature that can be found in hydrogels. Blue lines 

represent the storage modulus (G’), red lines represent the loss modulus (G”) and green lines rep‐

resent the phase angle.   

Figure 10. Methods for yield stress detection using amplitude sweeps: (a) intersection of the tangents
of the storage modulus (G′); (b) point of linearity deviation in the stress—strain% curve. The pink
dotted line represents the experimental results.

In the second method, a plot of stress (Pa) versus oscillatory strain (%) is used
(Figure 10b). The stress-strain curve is linear at low strain because the fluid response
is predominantly elastic. The point at which the curve deviates from linearity is determined
as the yield stress [68,69]. It is important to note that the value of τ0 obtained differs
depending on the method used, sometimes called the apparent yield stress [67].

3.2.3. Frequency Sweeps and Determination of tan(δ)

As mentioned above, the second SAOS test most commonly performed is the frequency
sweep. In this case, the strain amplitude is kept constant and within the LVR, while the
oscillation frequency is increased. This test helps to better understand the internal structure
of the material and its time-dependent behaviour in the non-destructive deformation range.
For example, high frequencies represent short-term behaviours, such as those occurring in
a mixing or extrusion process, while low frequencies represent long-term behaviours, such
as settling or resting [46,68]. Figure 11 illustrates the frequency sweep measurement of
different materials, including viscoelastic solids, viscoelastic liquids, and gel-like materials.
In the case of viscoelastic solids, the storage modulus G′ remains constant and dominates
at low frequencies. However, as the frequency increases, the loss modulus G” becomes
more prominent. These materials exhibit a firm consistency when at rest but can be
easily deformed under sufficient force. Viscoelastic liquid materials, on the other hand,
demonstrate a different behaviour. At low frequencies, the loss modulus G” surpasses
the storage modulus G′, indicating liquid-like behaviour. As the frequency increases, the
storage modulus G′ becomes higher than G”, suggesting a solid-like behaviour. For gel-like
materials, both G′ and G” remain parallel across the entire frequency range. This indicates
that the material maintains consistent behaviour regardless of the frequency applied. Gels
often exhibit a solid-like structure while retaining some fluid-like properties.
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Figure 11. Frequency sweeps at constant temperature that can be found in hydrogels. Blue lines
represent the storage modulus (G’), red lines represent the loss modulus (G”) and green lines represent
the phase angle.
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Frequency sweeps can be used to evaluate the value of tan(δ) for each fluid and its
variability with respect to angular frequency. Practically, the value of tan(δ) serves as a
significant criterion for analysing hydrogel formation, hardening, and curing processes.
In the fluid or liquid state (“sol state”), tan(δ) is greater than 1 (as G” > G′), indicating
a more liquid-like behaviour. On the contrary, in the gel-like or solid state, tan(δ) is less
than 1 (as G′ > G”), reflecting solid-like characteristics. At the point of maintaining the
sol-gel transition, tan(δ) has a value equal to 1 [1,70]. In this context, tan(δ) has been
employed as a parameter to assess the balance between viscous flow and elasticity, which
is crucial for extrusion-based 3D printing. For instance, Petta et al. established a correlation
between tan(δ) values and the extrudability of tyramine hyaluronan derivative hydrogels,
indicating that formulations with tan(δ) values ranging from 0.5 to 0.6 exhibited the optimal
printability for their printing conditions [71]. Similarly, Cheng et al. highlighted that for
the specific 3D printing platform used by their team, the printing material should ideally
have a tan(δ) ranging from 0.2 to 0.7 [72].

3.2.4. Thixotropy and Viscosity Recovery

As stated above, thixotropy is a time-dependent property that characterizes the re-
versibility of changes occurring in the internal structure of a gel. In thixotropic fluids,
the apparent viscosity decreases when a constant shear rate is applied over time and
gradually recovers when the force on the fluid decreases or ceases. This phenomenon is
measured through recovery tests at different shear rates and a constant temperature, known
as the Stepped Flow Method (SFM) or the Stepped Dynamic Method (SDM), depending on
whether the test is performed using linear or oscillatory rheology [57,73].

These tests involve three distinct stages that examine the behaviour of the fluid
over time by applying different shear rates or deformations (Figure 12a). In the SFM
test, the initial stage entails the application of a low shear rate (around 0.4 s−1) for a
relatively extended period (60 to 180 s). Subsequently, a high shear rate (around 100 s−1) is
implemented, resulting in disruption of the internal gel structure and a significant reduction
in viscosity for a brief duration (20–40 s). Finally, the sample undergoes a recovery stage
with a low shear rate lasting an additional 120–180 s [46,48]. Similarly, in the SDM test,
the stages remain the same, but the amplitude of the oscillation varies. The amplitude
is set at a low level during the first and third stages (approximately 0.1% strain or an
appropriate value within the linear viscoelastic region, LVR). In contrast, during the second
stage, the amplitude is adjusted to a sufficiently high level, exceeding the LVR, to induce
the destruction of the colloidal gel network [57,61]. By manipulating the applied stresses
on the material in this manner, it becomes possible to evaluate the extent and nature of
the internal structure destruction, as well as determine the percentage of regeneration at
various time intervals. From a practical standpoint, the percentages of viscosity recovery
can be calculated using numerical methods. Viscosity recovery refers to the percentage
of viscosity achieved during the initial 30 s and/or the final 60 s of the third step (after
undergoing high deformation), based on the average viscosity obtained during the last 30 s
of the initial step.

Additionally, thixotropic fluids can be categorized based on their viscosity recovery
rate after the shear stress is removed. A rapid thixotropic fluid quickly regains its viscosity,
making it ideal for applications that require precise control over material flow and shape,
such as 3D printing. In contrast, a slow thixotropic fluid takes more time to restore its
original viscosity, resulting in prolonged spreading or deformation. In this way, Paxton et al.
conducted a comparative analysis of viscosity recovery in hydrogels, specifically Poloxamer
407 and alginate, emphasizing the significance of rapid viscosity recovery for 3D printing.
The printable concentrations of 25 wt% and 30 wt% Poloxamer 407 exhibited fast recovery,
ensuring shape fidelity. Conversely, the unprintable 15 wt% Poloxamer 407 took longer to
stabilize, resulting in reduced shape retention. All Poloxamer 407 samples fully regained
their initial viscosity within 200 s, indicating no permanent changes in polymer structure or
properties due to the high shear conditions of bioprinting. Similarly, the 8% w/v alginate

18



Gels 2023, 9, 517

sample demonstrated satisfactory recovery over the entire 200 s period, albeit with a slight
delay in viscosity recovery observed by the slope in the curve after transitioning from high
to low shear rate. In contrast, the pre-crosslinked alginate sample exhibited more rapid
recovery, further supporting its suitability as a printable ink compared to the uncrosslinked
sample [48]. Nevertheless, other studies demonstrate cases where fluids with slower
recovery times can still be successfully printed by incorporating temperature-induced
gelation or utilizing in situ rapid crosslinking reactions during the printing process [45,74].
Thus, thixotropic analysis allows researchers to determine if their material may require
additional crosslinking processes to increase rapidly viscosity after extrusion. In that
sense, thixotropy loops can also provide valuable information (Figure 12b). If the sample
exhibits rapid thixotropic recovery, the downsweep curve will closely overlay the upsweep
curve, indicating a minimal time-dependent delay in recovery. However, if the thixotropic
recovery is slow or the sample has potentially been damaged, the downsweep curve will
deviate from the expected path. The extent of deviation indicates the duration of recovery
or the severity of potential damage, with larger deviations indicating longer recovery times
or more significant damage [73]. This delayed viscosity recovery presents challenges to
maintaining precise control over flow and shape.
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3.2.5. Gelation Kinetics and Gel Point Determination

Hydrogels can be formed through either physical polymer chain association or differ-
ent cross-linking reactions. The gelation mechanism employed significantly impacts the
mechanical and thermal properties of the hydrogel. To ensure consistent properties of the
hydrogel for a particular application, it is crucial to comprehend the chemistry of gelation
and quantitatively analyse the physical properties of the gel. Rheological techniques can
be employed to determine the gel point, enabling the use of a rheometer to measure the
kinetics of gelation.

In a curing system, the gel point can be utilized to monitor the progress of the cur-
ing reaction and determine the kinetics of gelation. The commonly employed method
for determining the gelation point involves conducting isothermal dynamic time sweep
experiments at a fixed temperature. Oscillatory shear is continuously applied at fixed strain
deformation in the LVR to monitor gelation at a sampling interval of 20–30 s. Throughout
the measurement, the changes in modulus (G′, G”, and G*) and complex viscosity are
continuously monitored over time, recording the sol-gel transition time, which is the point
at which G′ crosses over G” [75–77]. This transition time can vary depending on factors
such as the concentration of the crosslinking agent and the reaction temperature. Once gel
formation occurred, the G′ and G” curves reached plateaus, indicating the completion of
the crosslinking reaction (Figure 13a). Additionally, in their work, Ravanbakhsh et al. men-
tioned an alternative method for determining the gelation point that involves identifying
the point at which the ratio between G′ and G” becomes independent of frequency [78].
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For thermal reversible hydrogels, the gelation and gel-melting process can be assessed
using dynamic temperature ramp tests. These tests involve gradually decreasing the
temperature (ramp down) or increasing it (ramp up) at rates typically around 1 ◦C/min
and 2 ◦C/min, respectively. During the cooling process, the hydrogel solution undergoes a
transition from a liquid to a solid state, indicated by the crossover of the elastic modulus
(G′) and viscous modulus (G”) at small range of temperatures (Figure 13b). It is worth
noting that the mechanical strength of the sample, represented by the elastic modulus (G′),
may increase by more than five orders of magnitude during the gelation process. On the
other hand, after heating, the hydrogel starts to melt at values where G” > G′. Thus, this
temperature-raising procedure is an effective means to monitor the gelation process of a
thermally reversible hydrogel [57,79].

To conduct these tests and analyse the viscoelastic properties of hydrogels, a rotational
rheometer equipped with a temperature control system is required. Additionally, to prevent
slippage during measurements, the use of a roughened plate, such as a sandblasted or
crosshatched plate, is recommended. The measurements should be performed within the
linear viscoelastic region of the material, typically at a constant frequency of 1 Hz [57,79].

3.2.6. Gel Strength

The mechanical properties in terms of stiffness of 3D structures can be accurately
examined using oscillatory rheology. The modulus of elasticity (G′) and, therefore, the
stiffness of a sample can be determined through two types of oscillatory tests: amplitude
sweeps, where the hydrogel is subjected to a range of deformations (strain %) at a fixed
frequency as mentioned earlier, or dynamic frequency sweeps, where the sample is sub-
jected to a specific frequency range at a fixed strain percentage. Both tests are carried out at
a constant temperature [57,80].

This test is particularly relevant in the case of hydrogels used in bioprinting, as the
biomechanical properties of tissues vary significantly between organs and tissues and
are inherently related to their function. Mechanically static tissues, such as the brain,
and adaptable tissues, such as the lung, exhibit low rigidity. On the other hand, tissues
exposed to high mechanical loads, such as bone or skeletal muscle, have elastic moduli
that are several orders of magnitude higher [81]. In this regard, it has been demonstrated
that the biochemical and biomechanical properties of inks influence cellular and tissue
compatibility [74,82,83]. For example, studies conducted with chondrocytes have revealed
that the rigidity of the hydrogel that encapsulates them is important for the distribution,
organization, and secretion of type II collagen, which is essential for repairing articular le-
sions [84]. Other reports have shown that cells proliferate faster when grown on the surface
of high-strength hydrogels. However, when cells are cultured in a 3D microenvironment,
their survival and proliferation decrease as the matrix strength increases [85]. Therefore, it
is advisable to perform this test on inks involved in bioprinting processes whose firmness
can be modulated through cross-linking reactions and come into contact with cellular loads:
(i) directly, by containing cells embedded within them or serving as a support or scaffold
for cell seeding, or (ii) indirectly, by being designed for implantation in the body.
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One of the most common protocols for the practical assessment of the stiffness of
formulated and/or printed systems is described by Cox and Madsen [80]. In this protocol,
samples are subjected to stress sweeps with a small range of deformation (approximately
0.2% to 2%), allowing the extraction of the storage modulus (G′) at 1%. This enables
the comparison of multiple measurements within the same ink, multiple inks, multiple
structures, or any combination of interest. Such tests can also be employed to evaluate the
crosslinking of hydrogels. For example, they can be conducted at different concentrations
of cross-linking agents or exposure times, regardless of the type of cross-linking that
occurs [86].

4. Conclusions

In conclusion, the field of rheology plays a vital role in the extrusion-based 3D printing
of hydrogels, where the material’s flow and deformation properties significantly impact
its behaviour during the printing process. The rheological properties, including viscosity,
shear thinning behaviour, and viscoelasticity, are crucial factors for determining the ex-
trudability, shape retention, and overall quality of the printed structures. Understanding
these properties is essential to optimising the printing process and achieving the desired
accuracy and quality of the final product. A thorough knowledge of the rheological con-
cepts, terminology, and tests applicable to 3D printing facilitates the evaluation of the
printability of different hydrogels and has the potential to drive progress in the fields of
tissue engineering, drug delivery, and regenerative medicine. By bridging the gap between
rheology and hydrogel 3D printing, researchers and scientists from diverse disciplines can
unlock new opportunities for innovation and application within this interdisciplinary field.
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Abstract: Hydrogels have emerged as a versatile and promising class of materials in the field of 3D
printing, offering unique properties suitable for various applications. This review delves into the
intersection of hydrogels and 3D printing, exploring current research, technological advancements,
and future directions. It starts with an overview of hydrogel basics, including composition and
properties, and details various hydrogel materials used in 3D printing. The review explores diverse
3D printing methods for hydrogels, discussing their advantages and limitations. It emphasizes
the integration of 3D-printed hydrogels in biomedical engineering, showcasing its role in tissue
engineering, regenerative medicine, and drug delivery. Beyond healthcare, it also examines their
applications in the food, cosmetics, and electronics industries. Challenges like resolution limitations
and scalability are addressed. The review predicts future trends in material development, printing
techniques, and novel applications.

Keywords: hydrogels; 3D printing; biomedical applications; natural hydrogels; synthetic hydrogels

1. Introduction

The rapid advancement of 3D printing technology has revolutionized how we conceive,
design, and produce objects across various industries. From aerospace to healthcare, 3D
printing has ushered in an era of unparalleled customization, reduced lead times, and
intricate geometries that were previously unattainable using traditional manufacturing
methods [1]. By layering materials to construct 3D objects directly from digital designs, 3D
printing has transcended conventional limitations, allowing for unprecedented levels of
innovation. Applications of 3D printing are extensive and span a myriad of sectors and
materials/composite materials [2]. In aerospace, the technology has enabled the production
of complex lightweight components with enhanced performance characteristics. In the
automotive industry, it has facilitated the rapid prototyping of parts and the creation of
specialized tools on-demand. Similarly, healthcare has experienced transformative changes,
with 3D printing employed to craft patient-specific implants, anatomical models for surgical
planning, and even bioengineered tissues [3,4].

Amidst this technological evolution, one class of materials has emerged as particu-
larly intriguing for 3D printing: hydrogels. Hydrogels are three-dimensional networks
of hydrophilic polymers that possess the remarkable ability to absorb and retain large
amounts of water or biological fluids [5]. This unique property imbues hydrogels with an
inherent compatibility with living systems, making them an ideal candidate for a range
of applications that intersect with the life sciences. Hydrogels can be of several types,
including natural, synthetic, hybrid, and physically and chemically crosslinked hydrogels.
Notably, hydrogels’high water content and tunable mechanical properties render them
an exceptional material for 3D printing. Various 3D printing technologies can be success-
fully employed for the printing of hydrogels, including extrusion-based 3D printing [6],
inkjet-based printing [7], stereolithography [8], laser-assisted bioprinting [9], digital light
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processing [10], etc. Naghieh et al. [11] explored the printability of 3D hydrogel scaffolds,
focusing on the influence of hydrogel composition and printing parameters, and con-
tributedto optimizing 3D printing processes for creating intricate structures used in tissue
engineering and other applications. Kalyan and Kumar [12] provided insights into the
broad spectrum of 3D printing applications, including tissue engineering, medical devices,
and drug delivery, and served as a comprehensive overview of the current state of 3D
printing technology in healthcare and biomedicine.

The capability to engineer the stiffness, porosity, and degradation rate of hydrogels
precisely allows for tailoring constructs to match the specific requirements of the target
application. This adaptability opens doors to advancements in tissue engineering, drug
delivery, wound healing, and beyond. Moreover, the compatibility of hydrogels with cells
and tissues offers the potential to create biomimetic structures that closely mimic natural
physiological environments, thereby enhancing their utility in regenerative medicine and
disease modeling. Figure 1 schematically shows the various types of hydrogels and their
printing techniques that can be employed for several applications in various sectors. In
a recent review, Kapusta and colleagues [13] delved into utilizing antimicrobial natural
hydrogels in the realm of biomedicine, examining attributes, potential applications, and the
challenges presented by hydrogels. This work sheds light on the manifold opportunities
these hydrogels hold within various medical fields. Kaliaraj et al. [14] directed their
attention to the auspicious uses of hydrogels in the realm of 3D printing technology, where
the emphasis lies in highlighting the versatile nature of hydrogels as viable materials for
3D printing, underscoring their pivotal role in this innovative manufacturing technique.
Zhang et al. [15] presented an exhaustive review that encapsulates the latest advancements
in the domain of 3D printing concerning sturdy hydrogels. Their in-depth exploration
provides valuable insights into the evolution of resilient hydrogel materials and their
applications, thereby contributing significantly to the burgeoning field of 3D printing.
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Figure 1. Schematic representation of the various types of hydrogels and their printing techniques
that can be employed in several applications in various sectors, including biomedicine, flexible
electronics, sensors, food industries, and cosmetics.

As we embark on this journey through the realm of hydrogels in 3D printing, this
review article aims to explore their multifaceted potential, discussing the diverse range of
hydrogel materials, printing techniques, and applications within which they play a pivotal
role. By delving into the synergy between hydrogels and 3D printing, we seek to unravel
the novel avenues for innovation that this convergence has unlocked, ultimately shaping
the landscape of industries ranging from healthcare to consumer products.

2. Hydrogels: An Overview

Hydrogels are a class of materials with a three-dimensional network structure com-
posed of hydrophilic polymers that can absorb and retain significant amounts of water
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or biological fluids. This unique property gives hydrogels a resemblance to natural soft
tissues, making them valuable for a wide range of applications across various fields. This
section will discuss the classification of hydrogels, their properties, and their applications.

2.1. Classification of Hydrogels

The choice of hydrogel material significantly influences the printability, biocompati-
bility, and mechanical properties of 3D-printed constructs. Researchers need to carefully
consider these factors when selecting a hydrogel material for their specific application
to ensure optimal performance and desired outcomes. It should be noted here that the
hydrogels can be classified based on their composition and crosslinking methods. On the
basis of composition, they can be natural hydrogels or synthetic hydrogels.

2.1.1. Natural Hydrogels

Natural hydrogels can be derived from natural polymers such as alginate, collagen,
chitosan, and hyaluronic acid and often possess inherent bioactivity and biocompatibil-
ity.These hydrogels can be challenging to 3D print due to their complex rheological proper-
ties, including viscosity and shear-thinning behavior. Modifications, such as optimizing
gelation kinetics or mixing with other materials, might be necessary to enhance printability.
Also, they tend to be biocompatible due to their similarity to the extracellular matrix of
tissues and hence promote cell adhesion, proliferation, and differentiation, making them
valuable for applications involving direct interaction with living cells. Başyiğit et al. [16]
explored soy-protein-based hydrogels enhanced with locust bean gum, investigating their
mechanical properties and release characteristics. This research advances our compre-
hension of the potential utility of these hydrogels in applications such as controlled drug
delivery systems. In other work, Xin and colleagues [17] developed a specialized okra-
based hydrogel for chronic diabetic wounds, addressing a significant healthcare challenge
and underscoring the promise of natural hydrogels in wound care. In the same year,
Haghbin et al. [18] embarked on creating a Persian gum-based hydrogel loaded with
gentamicin-loaded natural zeolite, conducting a comprehensive study of its properties
both in vitro and in silico. This investigation carries implications for drug delivery and
infection management, underscoring the adaptability of natural hydrogels. The biodeterio-
ration of stone monuments and its correlation with cyanobacterial biofilm growth was also
investigated [19]. They also explored the use of essential oils in natural hydrogels. This
study has practical applications in preserving cultural heritage and the environmentally
friendly management of biofilms. Huang et al. [20] directed their efforts toward the bio-
fabrication of a natural Au/bacterial cellulose hydrogel for bone tissue regeneration via
insitu fermentation. This research addresses the pressing need for biocompatible materials
in regenerative medicine, underscoring the potential of natural hydrogels in the field of
tissue engineering.

The construction and properties of physically cross-linked hydrogels based on natural
polymers werecarried out by Yang et al. [21]. Their work bears wide-ranging implications in
the field of biomedicine, including applications in drug delivery, wound healing, and tissue
engineering. Xu et al. [22] delved into examining chitosan-based high-strength supramolec-
ular hydrogels intended for 3D bioprinting, which advances the bioprinting field and
highlights the promise of natural hydrogels as bioink materials. Cai and colleagues [23]
reported on the potential of Laponite®-incorporated oxidized alginate–gelatin composite
hydrogels for use in extrusion-based 3D printing, which holds great significance within
the realm of 3D printing technology, illustrating how natural hydrogels can be seamlessly
integrated into advanced manufacturing processes. These collective studies contribute
to the growing domain of natural hydrogels, showcasing their adaptability and potential
across diverse applications, from healthcare to cultural preservation. It should be noted
that the mechanical strength and stability of these hydrogels may be relatively lower, which
can limit their use in load-bearing applications. However, they excel in creating biomimetic
environments for cell growth.
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2.1.2. Synthetic Hydrogels

Contrary to natural hydrogels, synthetic hydrogels can be obtained from synthetic
polymers like polyethylene glycol (PEG), polyacrylamide, and polyvinyl alcohol (PVA), and
hence, the properties of synthetic hydrogels can be precisely controlled through chemical
synthesis. These hydrogels generally exhibit more consistent and predictable printing
behavior, and their properties can be finely tuned to match the desired viscosity and flow
characteristics for different printing techniques. The biocompatibility of such hydrogels
depends on the specific polymer and crosslinking chemistry used. Modifications can be
made to enhance biocompatibility, and biofunctionalization can be applied to improve
cell interactions. Apart from this, they also offer superior control over mechanical prop-
erties, which can be engineered to mimic a wide range of tissue stiffness, making them
suitable for applications where mechanical support is crucial. Van Velthoven et al. [24]
conducted a study onthe entrapment of growth factors within synthetic hydrogels, specifi-
cally examining the bioactive bFGF-functionalized polyisocyanide hydrogels. Their goal
was to enhance the controlled release and biological activity of growth factors, potentially
benefiting biomedical applications.

Saccone et al. [25] pioneered a novel additive manufacturing (AM) technique based
on visible light photopolymerization, called Hydrogel Infusion Additive Manufacturing
(HIAM), which allows for the creation of a wide range of micro-architected metals and
alloys using a single photoresin composition. In this process, 3D-architected hydrogel
scaffolds are employed as platforms for in situ material synthesis reactions, as depicted
schematically in Figure 2a. The first step in producing metal microlattices involves us-
ing DLP to print architected organogels based on N,N-dimethylformamide (DMF), and
polyethylene glycol diacrylate (PEGda). The DLP printing phase determines the final
shape of the part, and following printing, a solvent exchange replaces DMF with water,
transforming the organogels into hydrogels. These hydrogel structures are then soaked
in a solution containing metal salt precursors, allowing the metal ions to infiltrate and
expand the hydrogel scaffold. Calcination in an air environment converts the metal–salt-
swollen hydrogels into metal oxides, and a subsequent reduction in a forming gas mixture
(95% N2, 5% H2) yields metal or alloy replicas that match the initially designed architecture.
Throughout this process, the shape of the part, defined during DLP printing, is retained,
with each dimension experiencing approximately 60–70% linear shrinkage, accompanied
by an approximate mass loss of 65–90% during calcination. To illustrate the versatility
of HIAM when compared to previous visible light photopolymerization AM techniques,
they employed HIAM to create octet lattice structures using various materials such as
copper (as shown in process steps in Figure 2b–e), nickel, silver, their alloys, and more
complex materials like the high-entropy alloy CuNiCoFe and the refractory alloy W-Ni
(Figure 2f). Additionally, they demonstrated the fabrication of multi-material structures,
such as Cu/Co (Figure 2g–h). HIAM stands out for its capacity for parallelization, al-
lowing multiple organogels to be printed simultaneously, swelled in distinct solutions,
and subsequently calcined/reduced collectively. In Figure 2i, one can observe the simul-
taneous calcination of eight hydrogel lattices (precursors for Cu, CuNi, CuNiCoFe, and
CuNiCoFeCr), resulting in the formation of oxides. The scale bars shown in Figure 2b,c are
5 mm; Figure 2d–f 1 mm; Figure 2g 1 cm; Figure 2h 2 mm; and Figure 2i 2 cm. Figure 2j–m
represents the SEM image of Cu and CuNi samples from an overhead view (Figure 2j,l)
and a single junction node (Figure 2k,m), respectively, and revealed that the Cu and CuNi
samples retained their octet lattice shape throughout the thermal treatment, with beam
diameters approximately around 40 µm.
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in an oxygen environment leads to the formation of metal oxide structures, which are subsequently 
reduced to metals in forming gas. (b–e) Visual representations of the HIAM process for Cu metal: 
the printed organogel (b), the infused hydrogel (c), the calcined metal oxide (d), and the reduced 
metal (e). (f) Diverse metals and alloys fabricated using HIAM, including Ag, Ni, a binary CuNi 
alloy, a high-entropy CuNiCoFe alloy, and a refractory W–Ni alloy. (g) An octet lattice infused with 
Cu(NO3)2 on one end and Co(NO3)2 on the other. (h) After calcination and reduction, the Cu/Co gel 
transforms into a Cu/Co multi-material. (i) Simultaneous calcination of various infused gels. (j,k) 
and (l,m) SEM micrographs of Cu and CuNi octet lattices, depicting several unit cells from an 
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Figure 2. Hydrogel-infused additive manufacturing process and materials. (a) Illustration of the
HIAM process. A 3D-printed organogel structure, composed of DMF/PEGda, undergoes a trans-
formation into an infused hydrogel replica through the sequential steps of photoactive compound
removal, solvent exchange, and infusion with a suitable aqueous precursor. Subsequent calcination
in an oxygen environment leads to the formation of metal oxide structures, which are subsequently
reduced to metals in forming gas. (b–e) Visual representations of the HIAM process for Cu metal:
the printed organogel (b), the infused hydrogel (c), the calcined metal oxide (d), and the reduced
metal (e). (f) Diverse metals and alloys fabricated using HIAM, including Ag, Ni, a binary CuNi
alloy, a high-entropy CuNiCoFe alloy, and a refractory W–Ni alloy. (g) An octet lattice infused
with Cu(NO3)2 on one end and Co(NO3)2 on the other. (h) After calcination and reduction, the
Cu/Co gel transforms into a Cu/Co multi-material. (i) Simultaneous calcination of various infused
gels. (j,k) and (l,m) SEM micrographs of Cu and CuNi octet lattices, depicting several unit cells
from an overhead view (j,l) and a single junction node (k,m), respectively. (Scale bars: (j,l), 100µm;
(k,m), 50µm). Reprinted from [25] under a Creative Commons Attribution License 4.0 (CC BY)
“https://creativecommons.org/licenses/by/4.0/ (accessed on 1 November 2023)”.
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Adjuik et al. [26] presented an extensive review that delves into the degradability
of both bio-based and synthetic hydrogels, with a particular emphasis on their potential
as sustainable soil amendments. This comprehensive review explores the environmental
implications and ecological consequences of using hydrogels in agriculture, shedding light
on the sustainability and compatibility of these materials when applied to soil-enhancement
practices. The 3D-printable synthetic hydrogel designed as an immobilization matrix for
continuous synthesis involving fungal peroxygenases has also been reported [27]. This
innovative approach holds promise in the field of biocatalysis, enabling efficient and un-
interrupted production of valuable compounds. The synthetic hydrogel matrix offers a
stable and controlled environment for enzyme activity, facilitating the development of
sustainable and efficient biochemical processes. Yuk et al. [28] created a high-performance
3D-printable ink utilizing one of the most commonly used conducting polymers, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), to harness the capabilities
of advanced 3D printing in producing conducting polymer structures. To ensure suitable
rheological properties for 3D printing, they developed a paste-like conducting polymer ink,
which is derived from cryogenically freezing an aqueous PEDOT:PSS solution Figure 3a,
followed by lyophilization and controlled re-dispersion in a mixture of water and dimethyl
sulfoxide (DMSO) (as shown in Figure 3b). The resulting conducting polymer ink demon-
strates exceptional 3D-printing capabilities, enabling high-resolution printing (with a
resolution of over 30 µm), the creation of structures with a high aspect ratio (exceeding
20 layers), and consistent fabrication of conducting polymers. These structures can also
be seamlessly integrated with other 3D-printable materials, such as insulating elastomers,
using multi-material 3D printing. By subjecting the 3D-printed conducting polymers to
dry annealing, they achieved highly conductive microstructures that remain flexible in
their dry state, which can be easily transformed into a soft, highly conductive PEDOT:PSS
hydrogel through subsequent swelling in a wet environment (Figure 3c). To showcase
the achievement of high-resolution microscale printing, they used a 7wt% PEDOT:PSS
nanofibril-based conducting polymer ink to create intricate mesh patterns through nozzles
of various diameters: 200 µm, 100 µm, 50 µm, and 30 µm (referred to as Figure 3d–g).
The conducting polymer ink’s favorable rheological properties also facilitate the construc-
tion of multi-layered microstructures with high aspect ratios, using a 100 µm nozzle and
incorporating up to 20 layers.

Figure 3h illustrates the step-by-step progression of creating a 20-layered meshed
structure using the conducting polymer ink. Following the printing, Figure 3i displays the
3D-printed conducting polymer mesh after undergoing a dry-annealing process, which
is crucial for enhancing its conductivity. In contrast, Figure 3j showcases the same 3D-
printed conducting polymer mesh but in its hydrogel state, highlighting the adaptability
of this material to different environmental conditions. Figure 3k provides a visual repre-
sentation of the sequential snapshots for 3D-printing overhanging features across high
aspect ratio structures using the conducting polymer ink, demonstrating the ink’s ability
to maintain structural integrity during complex printing. Finally, Figure 3l reveals the
3D-printed conducting polymer structure with overhanging features, which has been
transformed into a hydrogel state. Collectively, these figures demonstrate the versatility,
resilience, and transformative capabilities of conducting polymer inks in advanced 3D
printing applications.
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Figure 3. Development of a 3D-printable conductive polymer ink design. (a,b)The initial pristine
PEDOT:PSS solution (a) can undergo a transformation into a 3D-printable conductive polymer ink
(b) through lyophilization under cryogenic conditions followed by re-dispersion using an appropriate
solvent. (c) 3D-printed conductive polymers can be transformed into pure PEDOT:PSS, whether
in their dry state or hydrogel state, through a process involving dry annealing and subsequent
expansion in a wet environment. (d–g) SEM micrographs of 3D-printed conducting polymer meshes.
(h) Step-by-step progression of creating a 20-layered meshed structure using the conducting polymer
ink. (i) 3D-printed conducting polymer mesh after undergoing a dry-annealing process, crucial for
enhancing its conductivity. (j) 3D-printed conducting polymer mesh in its hydrogel state, highlighting
its adaptability to different environmental conditions. (k) Sequential snapshots for 3D printing over-
hanging features across high aspect ratio structures using the conducting polymer ink, demonstrating
its ability to maintain structural integrity during complex printing. (l) 3D-printed conducting polymer
structure with overhanging features transformed into a hydrogel state. Reprinted from [28] under a
Creative Commons Attribution License 4.0 (CC BY) “https://creativecommons.org/licenses/by/4.0/
(accessed on 1 November 2023)”.
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2.1.3. Hybrid Hydrogels

Apart from natural and synthetic hydrogels, hybrid hydrogels can also be prepared
by combining the components from both natural and synthetic sources, leveraging the
advantages of each material type. Hybrid hydrogels often strike a balance between natural
and synthetic hydrogels, aiming to improve printability by combining the advantages of
both material types. They can also harness the biocompatibility of natural components
while introducing controlled synthetic elements to enhance mechanical properties and
stability. Also, these hydrogels aim to combine the mechanical advantages of synthetic
materials with the biocompatibility of natural materials, offering a balanced approach for
applications requiring both properties. Tang et al. [29] delved into the domain of hybrid
hydrogels for three-dimensional cell culture and employed stereolithography to craft
nanocellulose/PEGDA aerogel scaffolds, thereby introducing tunability to the modulus of
these structures. This investigation is of notable significance within the realms of tissue
engineering and regenerative medicine as it provides a platform for 3D cell cultivation,
effectively emulating natural tissue environments. Cao and their collaborators [30] have
also explored the potential of antibacterial hybrid hydrogels as a robust tool for combatting
microbial infections. This research represents a vital area of study with broad-reaching
implications in the field of medicine, where the development of infection-resistant materials
can significantly elevate patient care and mitigate the transmission of infectious diseases.

Palmese et al. [31] provided a comprehensive investigation and multifaceted applica-
tions of hybrid hydrogels within the biomedical field, which underscores their versatility
and potential, showcasing the diverse ways they can be applied to address various medical
challenges, from developing drug delivery systems to advancing tissue engineering. Vasile
and his research team also examined the incorporation of natural polymers into hybrid
hydrogels for medical applications [32]. Their study sheds light on the diverse utility of
these materials in healthcare, indicating their roles in drug delivery, wound healing, and
various other medical interventions. This research emphasizes the increasing interest in
harnessing the properties of natural polymers within medical contexts. Liao et al. [33]
introduced a unique hybrid hydrogel with the specific aim of preventing bone tumor
recurrence and promoting bone regeneration. This specialized hydrogel incorporates gold
nanorods and nanohydroxyapatite and utilizes photothermal therapy. This innovative
approach holds great promise for addressing bone-related health concerns and managing
bone tumors, offering a novel and effective treatment strategy. Anisotropic hybrid hydro-
gels with mechanical properties reminiscent of tendons or ligaments werealso explored [34]
for tissue engineering, providing the potential to mimic the mechanical characteristics of
specific tissues. This development offers a valuable resource for creating artificial ligaments
and tendons. Yang et al. [35] introduced 3D macroporous oxidation-resistant Ti3C2Tx
MXene hybrid hydrogels, which demonstrate remarkable supercapacitive performance
with an extraordinarily long cycle life. This research holds significant implications for
energy storage applications, particularly in supercapacitors, where long-term stability and
performance are imperative. Collectively, these studies contribute to the expanding field of
hybrid hydrogels, underscoring their potential and versatility in a wide range of biomedical
and materials science applications. These applications span from healthcare to advanced
materials used in sustainable technologies. Table 1 comparatively summarizes the various
properties of natural, synthetic, and hybrid hydrogels in terms of preparation, printability,
biocompatibility, and mechanical properties.
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Table 1. Comparative summary of the properties of natural, synthetic, and hybrid hydrogels in terms
of preparation, printability, biocompatibility, and mechanical properties.

Property Natural Hydrogels Synthetic Hydrogels Hybrid Hydrogels

Preparation

- Derived from biological
sources like alginate,
collagen, or agarose.

- Typically requires minimal
chemical modification.

- Chemically synthesized
with precise control
over composition.

- Tailored to specific
requirements through
chemical synthesis.

- Combination of natural
and synthetic components.

- Utilizes the advantages of
both natural and
synthetic components.

Printability

- Varies depending on
source material.

- May require additional
modifications for
3D printing.

- Generally good
printability due to
controlled composition.

- Compatible with various
3D printing techniques.

- Printability depends on
the combination and ratio
of components.

- Printability can be
customized for
specific applications.

Biocompatibility

- Generally biocompatible
due to natural origin.

- Often suitable for cell
encapsulation and
tissue engineering.

- Biocompatibility can vary
based on the
polymer used.

- Careful selection of
synthetic components can
enhance biocompatibility.

- Biocompatibility
influenced by
natural components.

- Potential for improved
biocompatibility through
hybridization.

Mechanical Properties

- Mechanical properties can
vary widely depending on
the source.

- May have lower
mechanical strength
compared to synthetics.

- Can be precisely tuned for
specific applications.

- Offers a wide range of
mechanical properties
(soft to stiff).

- Mechanical properties can
be tailored to
desired levels.

- Balances natural
properties with
synthetic enhancements.

2.1.4. Crosslinked Hydrogels

Depending upon crosslinking, hydrogels can be classified as physically crosslinked
hydrogels and chemically crosslinked hydrogels. Physically crosslinked hydrogels are
formed through non-covalent interactions, such as hydrogen bonding or physical entan-
glements, and are reversible and responsive to environmental changes, while chemically
crosslinked hydrogels are formed by covalent bonds between polymer chains, resulting
in higher stability and mechanical strength. Examples include photopolymerization and
chemical crosslinking agents. Iwanaga et al. [36] focused their efforts on designing and
producing fully developed engineered pre-cardiac tissue using 3D bioprinting techniques
coupled with enzymatic crosslinking hydrogels. This pioneering investigation shows great
potential in the fields of regenerative medicine and cardiac tissue engineering, addressing
the significant hurdle of generating functional heart tissues. Recently, Ianchis et al. [37]
also delved into creating innovative green crosslinked hydrogels derived from salecan and
initiated their preliminary exploration of these hydrogels in the context of 3D printing.
The prospects of utilizing sustainable and environmentally friendly hydrogel materials in
additive manufacturing processes havebeen highlighted in this research, with implications
spanning drug delivery and tissue engineering. Another groundbreaking work by Farsheed
and his collaborators has been witnessed in the realm of 3D printing of self-assembling
nanofibrous multidomain peptide hydrogels [38]. This research has the potential to rev-
olutionize the fabrication of intricate and adaptable nanofibrous structures through 3D
printing, introducing novel applications in regenerative medicine, drug delivery, and
tissue engineering.

2.2. Properties of Hydrogels

Hydrogels showcase a myriad of captivating features, notably their substantial water
content, customizable mechanical attributes, swelling dynamics, biocompatibility, per-
meability, and more. With water constituting up to 90% of their composition, hydrogels
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offer a conducive environment for interactions with biological systems. Their mechanical
properties, encompassing factors like stiffness, elasticity, and resilience, are finely adjustable
through parameters such as polymer type, crosslinking density, and composition. The
responsive nature of hydrogels, exhibiting swelling and deswelling reactions to environ-
mental shifts like pH and temperature, positions them as ideal candidates for controlled
drug delivery systems. Many hydrogels exhibit biologically inert and non-toxic traits,
ensuring their safe utilization in medical applications without adverse effects on cells and
tissues. Moreover, their ability to selectively allow the diffusion of small molecules while
impeding larger ones holds promise for applications in separation and filtration processes.

The unique characteristics, diverse compositions, and tunable crosslinking methods of
hydrogels make them invaluable materials with wide-ranging applications across biomedical,
pharmaceutical, and various other industries, fostering innovation and influencing multiple
aspects of contemporary life. Table 2 provides a summary of the various properties of
hydrogels along with their corresponding applications. While biomedical and pharmaceutical
applications of hydrogel materials are notably prominent, their extensive promise in tissue
engineering stands out. Hydrogels, owing to their biocompatibility and resemblance to natural
tissues, serve as scaffolds for tissue regeneration, facilitating the repair of damaged tissues
and organs. In drug delivery systems, hydrogels play a pivotal role by enabling the controlled
release of therapeutic agents over time. Their capacity to encapsulate drugs and proteins
ensures targeted delivery, minimizing side effects and enhancing treatment outcomes.

Table 2. Description of the various properties of hydrogels along with their corresponding applications.

Property Description Applications

Water Absorption
and Retention

Ability to absorb and retain a significant amount of water
or biological fluids.

Wound dressings, contact lenses, diapers,
and drug delivery systems.

Biocompatibility Compatibility with living tissues, making hydrogels
suitable for medical and biological applications.

Tissue engineering, drug delivery, wound
healing, and surgical implants.

Tunable
Mechanical
Properties

Adjustability of mechanical characteristics like elasticity
and stiffness for specific applications.

Cartilage replacements, soft tissue
engineering, and drug delivery matrices.

Swelling Behavior Controllable ability to swell in response to factors such as
pH, temperature, or ionic strength.

Controlled drug release, biosensors, and
wound dressings.

Permeability Ability to allow the passage of certain substances while
restricting others.

Controlled drug delivery, filtration
membranes, and biosensors.

Responsive to Stimuli Capability to undergo changes in volume or structure in res-
ponse to external stimuli (e.g., temperature, pH, and light).

Smart drug delivery, biosensing, and
controlled release systems.

Adhesive
Properties

Ability to adhere to biological tissues, useful for
applications like wound dressings and tissue adhesives.

Surgical adhesives, wound closures, and
tissue engineering.

Versatility Wide range of options in terms of composition and
structure, allowing customization for various applications.

Tissue engineering scaffolds, wound
dressings, and drug delivery systems.

Electrical
Conductivity

Capability to conduct electricity, often achieved by
incorporating conductive polymers or nanoparticles.

Biosensors, flexible electronics, and
neural interfaces.

2.3. Designing Hydrogel Formulations for 3D Printing

Designing hydrogel formulations for 3D printing involves optimizing various pa-
rameters to ensure proper printability, structural integrity, and compatibility with the
chosen printing method. A delicate balance between rheological properties, gelation ki-
netics, and print fidelity is highly imperative for designing hydrogel formulations for 3D
printing [39]. Rheological characteristics determine the hydrogel’s flow behavior during
printing, while gelation kinetics influence the temporal aspects of the printing process.
Achieving optimal print fidelity requires a careful balance of these properties to ensure
accurate layer deposition and the overall success of 3D-printed hydrogel constructs, partic-
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ularly in biomedical applications. Additives also play a critical role in tailoring hydrogel
properties to meet specific application requirements, enabling the creation of structures
with optimized mechanical, biological, and functional characteristics.

It should be noted here that rheology is the study of the flow and deformation of
materials. In the context of hydrogels for 3D printing, rheological properties such as viscos-
ity and shear-thinning behavior are crucial. A suitable viscosity ensures proper extrusion
through the printer nozzle, while shear-thinning behavior allows the hydrogel to reduce
viscosity under shear stress during printing, facilitating smooth flow and layer deposition.
Several researchers have shed light on the correlation between rheological properties and
printing behavior. Bom et al. [39] explored this correlation, emphasizing the importance
of understanding rheological properties in achieving successful 3D printing outcomes.
Amorim et al. [40] provided insights into the shear rheology of inks for extrusion-based
3D bioprinting, contributing to the fundamental understanding of the behavior of printing
materials under shear stress. In a related vein, Kokol et al. [41] investigated how flow- and
horizontally-induced cooling rates during 3D cryo-printing affect the rheological properties
of gelatine hydrogels. Kim et al. [42] focused on enhancing the rheological behaviors of
alginate hydrogels with carrageenan, specifically for extrusion-based bioprinting applica-
tions. Townsend et al. [43] emphasized the significance of precursor rheology for hydrogel
placement in medical applications and 3D bioprinting, underscoring the importance of
flow behavior before crosslinking. Zhou et al. [44] introduced microbial transglutaminase-
induced controlled crosslinking of gelatin methacryloyl, showcasing a method to tailor
rheological properties for optimized 3D printing.

On the other hand, gelation refers to the process by which a liquid hydrogel transforms
into a gel, solidifying the material. Gelation kinetics in 3D printing involves the study of the
time taken for the hydrogel to transition from a liquid to a solid state. The speed of gelation
is a critical factor influencing the printing speed and the overall printing time. Ideally, the
gelation kinetics should match the printing speed to ensure proper layer-by-layer deposition.
Apart from these, print fidelity encompasses the accuracy and precision of the printed struc-
ture compared to the digital design. Several factors contribute to print fidelity, including the
rheological properties of the hydrogel, the gelation kinetics, and the overall printing parame-
ters. Achieving high print fidelity is crucial for accurately replicating complex structures,
especially in applications like tissue engineering, where the precise arrangement of cells
and biomaterials is essential for functionality. Schwab and colleagues [45] delved into the
printability and shape fidelity of bioinks, offering comprehensive insights crucial for devel-
oping precise 3D bioprinted structures. On the other hand, Mora-Boza et al. [46] explored
the potential of glycerylphytate as an ionic crosslinker for 3D printing, demonstrating its ef-
fectiveness in producing multi-layered scaffolds with enhanced shape fidelity and desirable
biological features. In a different avenue, Huang et al. [47] investigated the incorporation
of bacterial cellulose nanofibers to improve the stress and fidelity of 3D-printed silk-based
hydrogel scaffolds, introducing a novel approach to scaffold enhancement. Sheikhi et al. [48]
focused on the 3D printing of jammed self-supporting microgels, presenting an alternative
mechanism that addresses shape fidelity, crosslinking, and conductivity. Table 3 summarizes
various key parameters and properties under rheology, gelation kinetics, print fidelity, and
their effects on 3D printing processes.

Table 3. Influence and definition of various key parameters and properties under rheology, gelation
kinetics, and print fidelity on 3D printing processes.

Parameter/Properties Definition Effect on 3D Printing

RHEOLOGICAL PROPERTIES

Viscosity Viscosity measures a fluid’s resistance to flow. Affects the ease of handling and deposition.

Shear-Thinning Behavior Shear-thinning is the property where viscosity
decreases under shear stress.

Facilitates smooth flow during printing; hydrogel
becomes less viscous when subjected to shear stress,

allowing for easy extrusion.
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Table 3. Cont.

Parameter/Properties Definition Effect on 3D Printing

Thixotropy
Property where a material becomes less viscous over

time under constant shear stress and recovers its
viscosity when the stress is removed.

Allows the hydrogel to recover its original viscosity
between printing layers, preventing spreading and

maintaining structural integrity.

Viscoelasticity Viscoelastic materials exhibit both viscous (flow) and
elastic (deformation recovery) properties.

Affects the material’s response to stress and strain
during printing and ensures the printed structure

retains its shape after deposition.

Gelling Mechanisms Refers to the process by which a liquid transforms
into a gel or solid.

Determines speed and control of gelation, influencing
the overall printing process and final construct.

Extrudability The ease with which a material can be extruded or
forced through a nozzle.

Affects the precision and control of material deposition
during 3D printing.

Shape Retention The ability of the material to maintain its intended
shape after deposition.

Critical for achieving accurate and consistent
layer-by-layer printing, ensuring the final structure

matches the design.

GELATION KINETICS

Gelation Time The time taken for a liquid to transition into a gel. Affects the overall printing speed and duration of the
3D printing process.

Crosslinking Density The concentration of crosslinks formed between
polymer chains during gelation.

Affects the mechanical strength and stability of the
resulting hydrogel.

Temperature The degree of heat applied during the
gelation process.

Affects the rate of chemical reactions or physical
processes leading to gel formation.

Concentration of
Crosslinking Agents

The amount of crosslinking agents, such as chemical
initiators, present in the hydrogel formulation.

Higher concentrations typically result in faster gelation
but may impact other material properties.

pH Level The acidity or alkalinity of the hydrogel formulation. Affects the ionization of functional groups and, hence,
the gelation process.

Polymer Concentration The concentration of polymer molecules in the
hydrogel formulation.

Higher concentrations can lead to denser networks and
affect the gelation time and mechanical properties.

Solvent Composition The type and ratio of solvents used in the
hydrogel formulation.

Solvent properties can impact the rate of gelation and
the resulting structure of the hydrogel.

Initiator Concentration
(Photochemical Gelation)

The concentration of photoinitiators in the
hydrogel formulation.

Critical for photochemical gelation processes, where
light triggers crosslink formation.

Stirring Rate (for
Physical Gelation)

The speed at which the hydrogel components
are mixed.

Affects the distribution of components and can
influence the gelation time in physically

gelled hydrogels.

Presence of Catalysts Chemical substances that accelerate
gelation reactions.

Help in enhancing the speed and efficiency of
gelation processes.

PRINT FIDELITY

Layer Resolution The thickness of each layer deposited
during printing.

Finer resolutions lead to smoother surfaces and
improved details.

Extruder Calibration Adjusting the extruder to ensure accurate
material deposition.

Prevents under- or over-extrusion, enhancing
print accuracy.

Bed Leveling Ensuring the print bed is perfectly level. Prevents uneven layer heights, promoting
uniform adhesion.

Print Speed The speed at which the printer deposits material. Optimizing print speed balances accuracy with
efficiency; too fast can lead to errors.

Temperature Control Maintaining consistent temperatures for the printer
and printing material.

Fluctuations can affect material flow and
layer adhesion.

Material Quality The quality and consistency of the printing material. Inconsistent materials may lead to variations in
print quality.

Print Bed Adhesion Ensuring the first layer adheres well to the print bed. Proper adhesion prevents warping and helps maintain
accurate layer alignment.

Support Structures Temporary structures to support
overhanging features.

Well-designed supports prevent deformations and
maintain accuracy.

Cooling Systems Fans or other cooling mechanisms to solidify
layers quickly.

Proper cooling prevents overheating and improves
feature definition.
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Table 3. Cont.

Parameter/Properties Definition Effect on 3D Printing

Printer Rigidity The stability and rigidity of the printer frame. A stable frame reduces vibrations and ensures
precise movements.

Print Orientation The angle and direction in which the object
is printed.

Optimal orientation minimizes overhangs and
supports, improving print fidelity.

Filament Diameter The diameter of the printing filament. Accurate filament diameter ensures consistent
material flow.

Environmental Conditions Factors like temperature and humidity in the
printing environment.

Extreme conditions can affect material properties and
printing outcomes.

Print Design The complexity and geometry of the printed object. Complex designs may require specific settings for
accurate printing.

3. 3D Printing Methods for Hydrogels

Several 3D printing methods are employed to create hydrogel-based structures, each
with its own set of advantages and limitations. In selecting a 3D printing method for
hydrogel-based projects, the trade-offs between resolution, speed, and material compat-
ibility should be carefully considered to align with the desired application and project
requirements. The various 3D printing technologies include extrusion-based 3D print-
ing, inkjet-based printing, stereolithography (SLA), laser-assisted bioprinting, digital light
processing (DLP), etc. [6–10]. Figure 4 schematically illustrates the various 3D printing
technologies that can be successfully employed for hydrogel printing. Kantaros et al. [49]
explored the technologies and resources employed in 3D printing within the realm of
regenerative medicine and shed light on the instrumental tools and methodologies used
to propel the field forward, facilitating the generation of intricate tissue constructs for
transplantation and mending. Bedell and colleagues [50] investigated human gelatin-based
composite hydrogels tailored for osteochondral tissue engineering, adapting them into
bioinks suitable for a variety of 3D printing techniques. Their investigation contributes
to the advancement of novel materials and printing methodologies aimed at restoring
damaged joints and cartilage. The emerging domain of 3D printing for immobilizing bio-
catalysts has also been reported [51,52]. This study underscores the immense potential of
3D printing in biotechnology, enabling the efficient immobilization of enzymes for diverse
applications, spanning bioprocessing and biofuel production.
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3.1. Extrusion-Based Printing

Extrusion-based 3D printing for hydrogels is a sophisticated additive manufacturing
process with immense potential in various fields, particularly biomedicine. This method
harnesses the unique properties of hydrogel materials, which consist of a water-based
gel with a polymer network, making them suitable for extrusion. A hydrogel material is
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meticulously prepared in this process, often as a viscous bioink, customized with specific
additives like cells or therapeutic agents. A specialized extruder nozzle is employed in
a 3D printer, precisely depositing the hydrogel layer by layer to construct intricate three-
dimensional structures. Each layer is carefully deposited and, if needed, undergoes a
crosslinking process to solidify and stabilize the structure. This technique is widely used in
biomedicine to fabricate tissue scaffolds, organ models, and drug delivery systems and in
other industries, such as food and cosmetics, for creating customized products. In recent
years, a series of notable studies have significantly advanced the field of extrusion-based
3D printing, introducing innovative materials and technologies that broaden its application
horizon. Cheng et al. [53] delved into the printability of a cellulose derivative for 3D print-
ing, specifically focusing on its use as a biodegradable support material. Itmarkeda vital
step toward more sustainable and versatile 3D printing processes, which can contribute to
environmentally friendly manufacturing. Zhou et al. [54] explored the potential of gelatin-
oxidized nanocellulose hydrogels in extrusion-based 3D bioprinting for tissue engineering
and regenerative medicine, introducing a novel avenue in the quest for innovative and
regenerative biomaterials.

Dong et al. [55] have demonstrated the extrusion 3D printing of a gelatine methacry-
late/Laponite nanocomposite hydrogel, emphasizing its promise for applications in the
realm of bone tissue regeneration. A unique approach by exploring advanced printable
hydrogels derived from pre-crosslinked alginate was demonstrated by Falcone et al. [56].
This study highlights the suitability of these materials for semi-solid extrusion 3D printing,
effectively extending the capabilities of this technology in creating intricate and complex
structures for a wide array of applications, from tissue engineering to drug delivery systems.
The work of Murphy et al. [57] introduced a fascinating twist by focusing on 3D extru-
sion printing of stable constructs composed of photoresponsive polypeptide hydrogels.
This innovative approach allows for the creation of responsive and tunable 3D-printed
materials, paving the way for a variety of applications where dynamic, light-responsive
materials are required. Hu et al. [58] explored the extrusion 3D printing of a cellulose
hydrogel skeleton, which opens new possibilities for creating eco-friendly and sustainable
materials through 3D printing. Their work aligns with the growing demand for more
environmentally responsible manufacturing practices. Substantial progress in advancing
extrusion 3D bioprinting, with a specific focus on multicomponent hydrogel-based bioinks,
was also demonstrated [59]. By pushing the boundaries of complexity and functionality
in 3D-printed constructs, their research directly contributes to developing cutting-edge
biomedical applications, from tissue engineering to personalized medicine.

Apart from experimental works, simulations for the extrusion 3D printing of chitosan
hydrogels have also been reported [60]. Their research provides valuable insights into the
virtual design and optimization of bioprinted structures, streamlining the development of
precise and complex geometries for tissue engineering and other biomedical applications.
Table 4 summarizes various extrusion-based 3D-printed hydrogels for diverse applications.
Extrusion-based 3D printing for hydrogels offers versatility, cost-effectiveness, and the
ability to work with various hydrogel formulations, making it a valuable tool for research,
development, and manufacturing applications. However, moderate to lower resolution
compared to other methods, potential nozzle clogging, and slower printing speeds due to
layer-by-layer deposition limit its utility.

Table 4. Extrusion-based 3D-printed hydrogel varieties and their diverse applications.

Hydrogel Used Applications/Remarks Reference

Laponite® incorporated oxidized
alginate–gelatin composite hydrogels

Integration of natural hydrogels into advanced
manufacturing processes Cai et al., (2021) [23]

Cellulose derivative Biodegradable support material Cheng, Y. et al., (2020) [53]

Gelatin-oxidized nanocellulose hydrogels Bioprinting applications for tissue engineering Zhou, S. et al., (2022) [54]
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Table 4. Cont.

Hydrogel Used Applications/Remarks Reference

Gelatine methacrylate/Laponite
nanocomposite hydrogel

High-concentration nanoclay for bone
tissue regeneration Dong, L. et al., (2021) [55]

Pre-crosslinked alginate Advanced printable hydrogels Falcone, G. et al., (2022) [56]

Photoresponsive polypeptide hydrogels Stable constructs composed of photoresponsive
polypeptide hydrogels Murphy, R. D. et al., (2019) [57]

Cellulose hydrogel Cellulose hydrogel skeleton usingextrusion 3D
printing of solution Hu, X. et al., (2020) [58]

Multicomponent hydrogel-based bioinks Bioprinting for various applications using
multicomponent hydrogel-based bioinks Cui, X. et al., (2020) [59]

Chitosan hydrogels Simulations of extrusion 3D printing of
chitosan hydrogels Ramezani, H. et al., (2022) [60]

3.2. Inkjet-Based Printing

Inkjet-based 3D printing for hydrogels is a cutting-edge additive manufacturing
technique that harnesses the precision of inkjet printing to construct three-dimensional
structures using hydrogel materials. This innovative method is particularly well-suited
for hydrogels, which often possess high water content and distinct rheological properties.
The process begins with preparing a hydrogel ink tailored to the specific application, often
containing crosslinking agents, water, and additives like cells or therapeutic compounds.
Specialized inkjet 3D printers are equipped with printheads designed to accommodate
these hydrogel inks. These printheads feature micro-sized nozzles that dispense minute
droplets of the hydrogel ink onto a build platform. Each droplet represents a pixel; layer by
layer, these droplets create the desired three-dimensional object. Following deposition, the
hydrogel droplets are solidified, typically through methods such as UV light exposure or
temperature adjustment. The technology is versatile, finding applications in biomedicine
for creating tissue constructs, implants, and precise drug delivery systems. Additionally,
it extends to various industries, enabling the customization of products with hydrogel
components. In the field of 3D bioprinting, Suntornnond and colleagues [61] focused
on improving the printability of hydrogel-based bioinks for thermal inkjet bioprinting
applications and employed saponification and heat treatment processes to enhance the
performance of these bioinks, aiming to optimize their application in creating complex
biological structures.

Inkjet-based 3D printing technology also plays a vital role in fabricating microfluidic
devices [62,63]. In the realm of advanced manufacturing and micro-optofluidic applications,
Saitta et al. [64] employed a regression approach to model the refractive index measure-
ments of innovative 3D-printable photocurable resins, a crucial step in micro-optofluidic
applications. Marzano et al. [65] explored the potential of 3D printers and UV-cured op-
tical adhesives in creating V-shaped plasmonic probes tailored for medical applications.
Adamski et al. [66] have introduced an innovative technique for DNA analysis employing a
lab-on-a-chip (LOC) system created through inkjet printing and on-chip gel electrophoresis.
This novel capillary gel electrophoresis method is designed to separate genetic materials,
primarily DNA and RNA, by examining the migration velocities of their fractions. The
electrophoretic chip itself was produced using inkjet 3D printing. Two methods for fabricat-
ing the microfluidic electrophoretic chip are schematically depicted in Figure 5a,b. In the
glass microengineering approach (Figure 5a), two glass substrates were bonded together
to create the structure, including the injector and separation microchannels. Conversely,
in the inkjet 3D printing method (Figure 5b), the entire structure was created in a single
printing process on a chip. The LOC structure, as fabricated, encompasses an injection
microchannel, two separation microchannels with lengths of 20 mm and 50 mm, and an
integrated buffer and sample reservoir components. The chip’s CAD design is presented
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in Figure 5c, which was then exported to a geometric file (Figure 5d), leading to the final
structure illustrated in Figure 5e. To analyze DNA, the electrophoretic gel was injected
into the chip’s injection microchannel, subsequently entering the separation microchannel
(Figure 5f–h). Finally, it underwent optical detection employing fluorescence modulation,
accomplished with laser light and a CCD mini-camera, as shown in Figure 5i.
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original CAD design. (d) The exportation process leading to the creation of a geometric file. (e) The fi-
nal structure offering a size comparison to a coin. In the investigation of DNA samples, (f–h) delineate
the process of introducing an electrophoretic gel into the chip’s injection microchannel and subse-
quently injecting it into the separation microchannel. (i) Depicts the optical detection method involv-
ing fluorescence modulation via a laser light and a CCD mini camera. Reprinted from [66] under a
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Recent advancements in 3D inkjet printing technology have paved the way for fab-
ricating intricate, cell-laden hydrogel structures, opening up new possibilities in tissue
engineering, regenerative medicine, and drug delivery [67,68]. Teo et al. [69] contributed to
this field by enabling the creation of free-standing 3D hydrogel microstructures through
microreactive inkjet printing. Meanwhile, Nakagawa et al. [70] explored the use of star
block copolymer hydrogels cross-linked with various metallic ions, demonstrating the ver-
satility of inkjet printing in creating complex structures. In a study by Jiao et al. [71], inkjet
printing was employed to fabricate alginate/gelatin hydrogels with tunable mechanical
and biological properties, expanding the potential applications of these materials.

Yoon et al. [72] introduced an inkjet–spray hybrid printing approach for the 3D
freeform fabrication of multilayered hydrogel structures, showcasing a versatile technique
for complex hydrogel architectures. Peng et al. [73] demonstrated the surface patterning
of hydrogels using ion inkjet printing, enabling programmable and complex shape defor-
mations. Additionally, Duffy et al. [74] presented a 3D reactive inkjet printing method
for poly-ε-lysine/gellan gum hydrogels, showing promise for potential corneal constructs.
Table 5 summarizes various inkjet-based 3D-printed hydrogels for diverse applications.

Table 5. Inkjet-based 3D-printed hydrogels and their diverse applications.

Hydrogel Used 3D Printing Technology Applications/Remarks Reference

Itraconazole nanocrystals
on hydrogel Inkjet Printing Ophthalmic drug delivery Tetyczka, C. et al., (2022) [68]

Hydrogel-based bioinks Thermal inkjet bioprinting Printability improvement via saponification
and heat treatment processes

Suntornnond, R. et al.,
(2022) [61]

Hyaluronic acid hydrogel Photolithography and light-cured
inkjet printing methods

Comparing different methods for creating
hyaluronic acid hydrogel micropatterns Chen, F. et al., (2022) [75]

Hydrogel 3D Inkjet Printing Cell-laden structures
Complex tissue engineering Negro et al., (2018) [67]

Hydrogel Microreactive Inkjet Printing Free-standing 3D microstructures
Microscale devices Teo et al., (2019) [69]

Star block
copolymer hydrogels 3D Inkjet Printing Cross-linked with metallic ions

Structural materials Nakagawa et al., (2017) [70]

Alginate/gelatin hydrogel Inkjet Printing Mechanical and biological properties
Tissue engineering Jiao et al., (2021) [71]

Multilayered hydrogel Inkjet–Spray Hybrid Printing Multilayered hydrogel structures
Multifunctional constructs Yoon et al., (2018) [72]

Multilayered hydrogel Ion Inkjet Printing Surface patterning for shape deformations
Programmable structures Peng et al., (2017) [73]

Poly-ε-lysine/gellan
gum hydrogels Reactive Inkjet Printing Corneal constructs

Ophthalmic applications Duffy et al., (2021) [74]

A comparative study involving hyaluronic acid hydrogel exquisite micropatterns using
two distinct methods, photolithography and light-cured inkjet printing, to create intricate
and precise microstructures has been reported by Chen et al. [75]. This research contributes
to developing advanced techniques for fabricating microscale patterns with hyaluronic acid
hydrogels, which are relevant in various biomedical and tissue-engineering applications.
While inkjet-based 3D printing for hydrogels offers high resolution and intricate control, it
also presents challenges related to material viscosity and nozzle maintenance. Nonetheless,
it holds great promise for advancing research and development in fields demanding precise,
biocompatible structures.

3.3. Stereolithography (SLA)

Stereolithography-based 3D printing for hydrogels represents a cutting-edge addi-
tive manufacturing technique that harnesses the power of light to create intricate three-
dimensional structures using hydrogel materials. This technology builds upon the princi-
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ples of traditional stereolithography but adapts them to accommodate the unique properties
of hydrogels, which typically consist of water-based polymer networks. The process begins
with a hydrogel resin that may contain photo-initiators, crosslinkers, and other additives.
In this method, a precisely controlled light source, often in the form of a laser or projector, is
used to selectively solidify specific regions of the hydrogel resin. As each layer is solidified,
the build platform descends incrementally, allowing for the gradual construction of the 3D
object. Stereolithography offers exceptional precision and fine detail, making it wellsuited
for applications in tissue engineering, biomedical devices, and microfluidic systems. Post-
printing, additional steps such as rinsing and curing may be required to enhance structural
stability. In the realm of 3D printing, various studies have explored the application of
stereolithography to create hydrogels with unique properties and capabilities. Kalossaka
and colleagues [76] delved into the creation of 3D nanocomposite hydrogels featuring
lattice vascular networks, demonstrating the potential for engineering intricate structures
using this technique. Karakurt et al. [77] focused on SLA 3D printing of hydrogels loaded
with ascorbic acid, investigating their controlled release properties. The study sheds light
on the use of SLA in drug delivery systems.

The impact of SLA 3D printing on the properties of PEGDMA hydrogels, contribut-
ing insights into the interactions between the printing process and hydrogel character-
istics, has also been discussed [78]. Magalhães et al. [79] explored the use of low-cost
stereolithography technology to create 3D hydrogel structures, offering potential applica-
tions in biomedicine and biomaterials. Effects of PEGDA photopolymerization in micro-
stereolithography on 3D-printed hydrogelstructures, addressing aspects of structural in-
tegrity and swelling behavior, havebeen reported by Alketbi et al. [80]. Sun et al. [81]
introduced a new stereolithographic 3D printing strategy for hydrogels, focusing on achiev-
ing a large mechanical tunability and self-weldability, which opens doors to more versatile
and functional hydrogel applications. Table 6 summarizes various stereolithography-based
3D-printed hydrogels for diverse applications.

Table 6. Stereolithography-based 3D-printed hydrogels and their diverse applications.

Hydrogel Used Applications/Remarks Reference

Nanocellulose/PEGDA 3D cell culture, tissue engineering Tang, A. et al., (2019) [29]

Nanocomposite hydrogels Creating hydrogel structures with vascular networks Kalossaka, L.M. et al., (2021) [76]

Ascorbic acid-loaded hydrogels Controlled drug release from 3D-printed hydrogels Karakurt, I. et al., (2020) [77]

PEGDMA hydrogels Investigating the impact of 3D printing on
hydrogel properties Burke, G. et al., (2020) [78]

Hydrogel structures Low-cost 3D printing of hydrogel structures Magalhães, L.S.S. et al., (2020) [79]

PEGDA hydrogels Studying the impact of photopolymerization in
micro-stereolithography Alketbi, A.S. et al., (2021) [80]

Hydrogels with tunability Developing hydrogels with mechanical tunability
and self-welding properties Sun, Z. et al., (2022) [81]

Stereolithography-based 3D printing for hydrogels is celebrated for its ability to create
complex, high-resolution structures, but challenges such as limited material options and
the need for specialized equipment are considerations in its implementation. Nevertheless,
it remains a powerful tool in the field of hydrogel-based additive manufacturing, enabling
the fabrication of advanced biomimetic structures for a wide range of applications.

3.4. Digital Light Processing (DLP)

DLP-based 3D printing for hydrogels is an innovative and precise additive manufac-
turing technique that harnesses digital light projection to construct intricate 3D structures
using hydrogel materials. This method builds upon the principles of photopolymerization,
where a liquid resin containing hydrogel components is selectively cured by a digital light
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source, typically a projector or UV LED. This process proceeds layer by layer, with each
layer being solidified by the precise projection of light patterns, forming the desired object.
DLP 3D printing for hydrogels is celebrated for its remarkable speed, high resolution, and
ability to create complex geometries with fine detail. It finds particular utility in biomedical
applications, including tissue engineering and the fabrication of customized implants and
drug delivery systems.

Recent advancements in the DLP 3D printing of hydrogels have ushered in a new era
of possibilities and applications. Several research groups have made significant contribu-
tions to this evolving field. Hosseinabadi and collaborators [82] delved into the critical
aspects of ink material selection and optical design in DLP 3D printing, underlining the
importance of precision and performance in hydrogel printing. A concise review summa-
rizing the key developments and prospects of this technology, providing an overview of
the current state of DLP 3D printing for hydrogels, has been presented by Ding et al. [83].
Sun et al. [84] introduced a novel approach to DLP 3D printing by presenting hydrogels
with hierarchical structures enhanced through lyophilization and ionic locking, offering
new possibilities for tailored hydrogel properties. In a different direction, Dong and col-
leagues [85] focused on creating tough supramolecular hydrogels using DLP 3D printing,
emphasizing their potential application as impact-absorption elements. An effective DLP
3D printing strategy was also introduced for cellulose hydrogels with high strength and
toughness, wellsuited for strain sensing applications [86]. Cafiso et al. [87] explored 3D
printing of fully cellulose-based hydrogels through DLP, highlighting the sustainability
and versatility of this approach. On the biomedical front, Wang et al. [88] successfully
fabricated antimicrobial hydrogels using DLP 3D printing, leveraging sustainable resin and
hybrid nanospheres for potential applications in healthcare.

Caproili and colleagues [89] introduced a novel 3D-printed hydrogel imbued with
self-healing properties, employing readily available materials and a DLP printer com-
monly found in the market. The ingenious design of this system involved creating a
sequential semi-interpenetrated network by introducing chemical covalent network pre-
cursors into a solution containing a linear polymer. Following polymerization, this linear
polymer is effectively encapsulated within the cross-linked matrix. The photocurable ink
formulation involved the blending of an aqueous solution of unmodified, non-crosslinked
Poly (vinyl alcohol) (PVA) with acrylic acid (AAc), the cross-linking agent Poly (ethylene
glycol) diacrylate (PEGDA), and a water-compatible photoinitiator based on diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide (TPO). Figure 6a provides a visual representa-
tion of the chemical structures of the initiator, monomer, cross-linker, and mending agent
within the photocurable resin. Figure 6b illustrates the creation of the semi-interpenetrated
network: a physical network is blended with the precursors of the chemical network,
which materializes during exposure to light. The outcome is a hydrogel composed of
PVA chains that are uniformly distributed and incorporated into a cross-linked acrylic
matrix. For tensile testing, two distinct specimens were produced, each featuring a different
color, one printed with methyl red sodium salt dye and the other with brilliant green dye.
These samples demonstrated their capacity to endure bending deformation immediately
upon rejoining, as depicted in Figure 6c. Figure 6d showcases a perforated cylindrical
structure printed with methyl red sodium salt dye, clearly demonstrating that the recon-
nected sample could withstand stretching deformation after a 2h healing process. Figure 6e
reveals body-centered cubic lattice-like structures printed with both methyl red sodium
salt dye and brilliant green dye, enhancing visual comprehension. The inset in this figure
vividly portrays diffusion at the interface after 12 h of contact, owing to the gradient of the
dye. Figure 6f,g display 3D fabricated samples with a PVA 0.8 formulation, featuring a
body-centered cubic lattice-like structure printed with methyl red sodium salt dye and an
axis-symmetric structure with a central pillar printed with brilliant green dye, respectively.
Finally, Figure 6h offers insight into the stress–strain curves of the self-healed hydrogels,
showcasing their performance over increasing healing durations.
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tures with a body-centered cubic pattern, printed with methyl red sodium salt and brilliant green 
dye. Noticeable dye diffusion at the interface is visible after 12 h (inset) due to the dye concentra-
tion gradient. (f,g) 3D-printed samples with the PVA 0.8 formulation: (f) body-centered cubic lat-
tice-like structure printed with methyl red sodium salt dye. (g) Axisymmetric structure featuring a 
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Figure 6. Composition formulation and network formation. (a) Molecular structure of initiator,
monomer, cross-linker, and mending agent within the photocurable resin. (b) Schematic depiction
of semi-IPN and the healing process. Illustrated recovery of cut and rejoined objects printed with
an AAc/PVA ratio of 0.8. (c) Tensile test samples featuring methyl red sodium salt and brilliant
green dye. These specimens exhibited immediate bending deformation upon rejoining. (d) A
cylindrical structure with holes printed using methyl red sodium salt dye. The reconnected sample
demonstrated stretching deformation endurance after a 2h healing process. (e) Lattice-like structures
with a body-centered cubic pattern, printed with methyl red sodium salt and brilliant green dye.
Noticeable dye diffusion at the interface is visible after 12 h (inset) due to the dye concentration
gradient. (f,g) 3D-printed samples with the PVA 0.8 formulation: (f) body-centered cubic lattice-like
structure printed with methyl red sodium salt dye. (g) Axisymmetric structure featuring a central
pillar, printed with brilliant green dye. (h) Stress–strain curves of self-healed hydrogels over rising
healing periods. Reprinted from [89] under a Creative Commons Attribution License 4.0 (CC BY)
“https://creativecommons.org/licenses/by/4.0/ (accessed on 1 November 2023)”.

Zhang et al. [90] experimented with Antheraea pernyi silk fibroin bioinks for DLP
3D printing, offering new opportunities in bioprinting and regenerative medicine. In
another innovative stride, Xiang et al. [91] focused on creating 3D-printed high-toughness
double network hydrogels via DLP, contributing to the development of mechanically
robust hydrogel materials. Lopez-Larrea et al. [92] explored the application of PEDOT-
based photopolymerizable inks for biosensing through DLP 3D printing, marking the
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potential for enhanced biosensor development. Table 7 summarizes various DLP-based
3D-printed hydrogels for diverse applications.

Table 7. DLP-based 3D-printed hydrogels and their diverse applications.

Hydrogel Used Applications/Remarks Reference

Hydrogels Creating hydrogels with hierarchical structures Sun, Z. et al., (2023) [84]

Supramolecular hydrogels Tough supramolecular hydrogels with sophisticated
architectures as impact-absorption elements Dong, M. et al., (2022) [85]

Cellulose hydrogel Cellulose hydrogel for strain sensing Guo, Z. et al., (2023) [86]

Cellulose-based hydrogels 3D printing of fully cellulose-based hydrogels usingDLP Cafiso, D. et al., (2022) [87]

Antimicrobial hydrogel Developing an antimicrobial hydrogel using sustainable
resin and hybrid nanospheres Wang, L. et al., (2022) [88]

Antheraea pernyi silk fibroin Using silk fibroin bioinks for DLP 3D printing Zhang, X. et al., (2023) [90]

Double-network hydrogels 3D printing of high-toughness double
network hydrogels Xiang, Z. et al., (2022) [91]

PEDOT-based photopolymerizable inks DLP 3D printing of PEDOT-based photopolymerizable
inks for biosensing

Lopez-Larrea, N. et al.,
(2022) [92]

It is noteworthy to mention here that in the case of DLP-based 3D printing technology,
post-processing steps, including rinsing and additional curing, may be required after
printing to enhance structural stability. However, it is important to note that material
selection and compatibility with the photopolymerization process are key considerations.
Despite these challenges, DLP-based 3D printing stands as a powerful tool for creating
intricate hydrogel structures, pushing the boundaries of precision and complexity in various
scientific and medical fields. Table 8 summarizes the principle and various properties of
3D printing technologies, including extrusion-based, inkjet-based, SLA, and DLP.

Table 8. Comparative summary of various aspects of 3D printing technologies in terms of principle,
resolution, material compatibility, speed, post-processing, advantages, and limitations.

Extrusion-Based Inkjet-Based SLA DLP

Principle Layer-by-layer extrusion Droplet deposition Photopolymerization Photopolymerization

Resolution Moderate High Very High Very High

Material
Compatibility

Wide range of
hydrogel materials

Limited to specific
hydrogel formulations

Limited choice due
to compatibility

Limited choice due
to compatibility

Speed Moderate Moderate to Fast Moderate to Fast Very Fast

Post-Processing Often minimal May require curing Minimal Minimal

Advantages

- Versatile for
various hydrogels.

- Cost-effective
and simple.

- Well-suited for
large-scale objects.

- Handles high-viscosity
inks well.

- Precise control.
- Multi-material

printing capabilities.
- Suitable for

biomedicine
and research.

- Excellent for
fine-detail structures.

- Exceptional resolution
and surface finish.

- Complex and intricate
geometries possible.

- Fast printing speed
for high-detail objects.

- Fast printing speed,
suitable for large-
scale production.

- Capable of intricate
geometries with
precision.

Limitations

- Viscosity can lead to
nozzle clogging.

- Challenges with
intricate structures.

- Limited in
applications requiring
high precision.

- Prone to nozzle
clogging, especially
with viscous inks.

- May require
crosslinking.

- Limited in creating
large-scale objects.

- UV light exposure
may affect
cell viability.

- Specialized
equipment with high
upfront cost.

- -Potential resin waste
if not fully used.

- UV light exposure
may affect
cell viability.

- Requires specialized
equipment and UV
light source.

- Potential resin waste
if not fully used.
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4. Applications of 3D-Printed Hydrogels
4.1. Role of a 3D-Printed Hydrogel in Biomedical Applications

Hydrogel 3D printing has emerged as a groundbreaking technology in the field of
biomedical engineering, offering innovative solutions in tissue engineering, regenerative
medicine, and drug delivery [93–97]. By harnessing the unique properties of hydrogels,
this approach enables the creation of precise and complex structures that closely mimic
the natural extracellular matrix. By creating intricate structures with tailored properties,
this technology opens avenues for personalized medicine, faster wound healing, and the
development of advanced organ-on-a-chip systems, ultimately reshaping the landscape of
biomedical research and healthcare.

4.1.1. Tissue Engineering

Hydrogel 3D printing plays a pivotal role in fabricating scaffolds and constructs for
tissue engineering, providing a supportive framework for cells to adhere, proliferate, and
differentiate, ultimately aiding in regenerating damaged tissues or organs. Lan et al. [98]
provided a comprehensive review of progress in 3D printing for bone tissue engineer-
ing, highlighting the potential for personalized and effective solutions in orthopedics.
Varaprasad et al. [99] underscored the importance of alginate as a biomacromolecule for
3D-printing hydrogels in biomedical applications, focusing on its potential for creating
bioactive scaffolds.

Xu et al. [100] presented a novel glucose-responsive antioxidant hybrid hydrogel
designed to enhance diabetic wound repair, highlighting its potential in addressing critical
healthcare challenges. Tsegay and colleagues [101] provided a review on smart 3D-printed
hydrogelskin wound bandages, emphasizing the potential of these advanced wound
dressings for improved patient care and recovery. Hydrogel 3D printing is also used
to create microfluidic devices that mimic the structure and function of human organs,
allowing researchers to study diseases and drug responses in a controlled environment.
These systems provide insights into organ-level behavior and drug efficacy without the
need for animal testing. Hydrogel-based constructs can be engineered with vascular
networks, enabling the perfusion of nutrients and oxygen to cells deep within the tissue.
This advancement is crucial for creating thicker tissues and organs, addressing one of the
challenges in tissue engineering.

Guo et al. [102] introduced a groundbreaking 3D liver-inspired detox device. It is
madeusing3D-printing hydrogels with special nanoparticles that attract, capture, and sense
toxins. This innovative system efficiently traps toxins using a liver-like microstructure.
Their work shows that this device effectively neutralizes toxins, offering a promising path
for advanced detoxification platforms. Leveraging the benefits of a 3D biomimetic structure
for enrichment, separation, and detection, a bioinspired 3D detoxification device has
been devised. This innovative device incorporates polydiacetylene (PDA) nanoparticles
into a precisely designed 3D matrix resembling a modified liver lobule configuration,
achieved through advanced 3D printing technology known as dynamic optical projection
stereolithography (DOPsL). DOPsL employs a digital mirror array device (DMD) to create
dynamic photomasks, allowing for the layer-by-layer photopolymerization of biomaterials
into intricate 3D structures.

Figure 7a visually illustrates the integration of PDA nanoparticles (green) within a
PEGDA hydrogel matrix (grey) featuring a liver-mimicking 3D structure produced through
3D printing. This structure can attract, capture, and detect toxins (red), while the modified
liver lobule-like matrix efficiently traps these harmful substances. This biomimetic 3D
detoxifier holds promise for clinical applications, serving as an effective means of collecting
and removing toxins. Furthermore, they have successfully immobilized toxins within
3D-printed hydrogel nanocomposites, each sporting distinct surface patterns in the form of
flower-like shapes with varying diameters (large, medium, and small). When exposed to a
melittin solution, as depicted in Figure 7b–d, the red fluorescence indicates interactions
between PDA and melittin, offering insights into toxin localization.
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Figure 7. (a) PDA nanoparticles (green) embedded within a PEGDA hydrogel matrix (grey) to create
a liver-mimetic 3D structure through 3D printing. Nanoparticles possess the capability to attract,
capture, and sense toxins (red), while the modified liver lobule structure within the 3D matrix allows
for efficient toxin entrapment. (b–d) Toxin capture within 3D-printed hydrogel nanocomposites
featuring various surface patterns. Three distinct types of 3D structural posts, sharing a similar flower-
like form and length but differing diameters, undergo incubation at 37 ◦C with a melittin solution
(50 mg/mL). (b) Demonstrates a post with a large diameter. (c) Represents the medium-diameter post.
(d) Features the narrow-diameter post. The red fluorescence highlights the interactions between PDA
and melittin, marking the toxic region. A scale bar of 200 mm is provided for reference. Reprinted
from [102] under a Creative Commons Attribution License 4.0 (CC BY) “https://creativecommons.
org/licenses/by/4.0/ (accessed on 1 November 2023)”.

Hydrogel-based dressings with 3D-printed structures provide an ideal environment
for wound healing. These dressings can maintain a moist and protective environment,
promote cell migration, and facilitate tissue regeneration. For example, 3D-printed hy-
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drogel dressings can cover burn wounds, providing a barrier against infection, enhancing
wound healing, and reducing pain and scarring. Hydrogel-based wound dressings can
be infused with growth factors and antimicrobial agents, accelerating healing in chronic
wounds like diabetic ulcers. Xiong et al. [103] fabricated DLP-based 3D-printed wearable
sensors possessing self-adhesion and self-healing properties using polymerizable rotaxane
hydrogels. In their study, acrylated β-cyclodextrin combined with bile acid is self-organized
into a polymerizable pseudorotaxane through precise host–guest recognition. This pseu-
dorotaxane is subsequently photopolymerized alongside acrylamide to create conductive
polymerizable rotaxane hydrogels (PR-Gel). PR-Gel exhibited robust self-adhesion to the
skin, as depicted in Figure 8a, and notably, theyleft no residue or caused any allergic reac-
tions when adhered to the wrist. Lap-shear tests were conducted to assess their adhesion
to various surfaces, including nitrile gloves, glass plates, silicone rubber, aluminum, and
pigskin (Figure 8b). Although the adhesion strength between PR-Gel and these substrates
fell within the range of 4.5 to 6.0 kPa, which is lower than that of some highly adhesive
hydrogels, this moderate self-adhesion ensured a secure bond between PR-Gel and human
skin, as demonstrated in Figure 8a. This feature guarantees stable signal transmission
and consistent adhesion for wearable sensor applications. To showcase the self-healing
capabilities, two cylindrical PR-Gel samples were cut and then reassembled at the incision
point, serving as a qualitative demonstration. For better visual distinction, one of the
samples was stained in a red-orange hue, as depicted in Figure 8c. These mended gels
exhibited resilience to tensile deformation without fracturing at room temperature. The
self-healing prowess of PR-Gel underwent further scrutiny through structural damage
and recovery assessments involving continuous strain sweeps with alternating low (1%)
and high (500%) oscillatory excitations. In Figure 8d, the storage modulus (G′) and loss
modulus (G′′) of PR-Gel during continuous strain sweeps illustrate theirrapid self-healing
properties post-damage. This process could be repeated multiple times, underscoring the
reproducible restoration of the PR-Gel network.

4.1.2. Regenerative Medicine

The 3D-printed hydrogels have emerged as a transformative technology with signifi-
cant implications for regenerative medicine. By combining the precision of 3D printing with
the versatility of hydrogels, researchers and clinicians can fabricate intricate structures that
mimic the complexity of biological tissues. This innovative approach enables the creation
of customized scaffolds tailored to match the specific geometry and mechanical properties
of target tissues. The hydrogel’s biocompatibility and ability to encapsulate cells make it
an ideal candidate for supporting cellular growth and tissue regeneration. Moreover, the
controlled release of bioactive molecules from these 3D-printed hydrogels further enhances
their regenerative potential. Applications span a wide range, from engineering bone and
cartilage to creating vascularized tissues. As the field advances, 3D-printed hydrogels hold
promise for revolutionizing regenerative medicine, offering new avenues for personalized
and effective tissue repair and regeneration. Tajik et al. [97] critically reviewed the 3D
printing of hybridhydrogel materials for tissue engineering, underlining the significance of
this approach in advancing regenerative medicine.

Deptula et al. [104] reported various diverse applications of 3D-printed hydrogels in
the domains of wound healing and regenerative medicine. Notably, their research high-
lights the creation of skin wound bandages through 3D-printed hydrogels and the integra-
tion of these hydrogels into tissue-engineering strategies. The work of Bhatnagar et al. [105]
emphasized the significance of hydrogels in regenerative medicine, showcasing their po-
tential for tissue repair and regeneration. Nanoengineered biomimetic hydrogels, a major
advancement detailed by Cernencu et al. [106], have enabled the fabrication of 3D-printed
constructs, offering a promising avenue for regenerative medicine applications. Natural hy-
drogels, as reviewed by Catoira et al. [107], contribute to the overview of materials used in
regenerative medicine, emphasizing their relevance in the field. The comprehensive explo-
ration of hydrogels in regenerative medicine, including their applications and challenges,
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is presented in the work by Hasirci et al. [108]. Aghamirsalim et al. [109] delved into the
specific use of 3D-printed hydrogels for ocular wound healing, showcasing the versatility
of this technology. Shamma et al. [110] focused on the use of triblock copolymer bioinks,
specifically pluronic F127, in hydrogel 3D printing for regenerative medicine. Diverse
applications of hydrogels in regenerative medicine and other biomedical fields have also
been reviewed [111]. The engineering of hydrogels for personalized disease modeling and
regenerative medicine wasdiscussed by Tayler and Stowers [112], highlighting the potential
for tailored therapeutic approaches. Heo et al. [113] presenteda remarkable application,
where 3D-printed microstructures incorporated with hybrid nano hydrogels enhance bone
tissue regeneration. Foyt et al. [114] focused on exploiting advanced hydrogel technologies
to address key challenges in regenerative medicine, showcasing the continuous evolution
of this field.
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between small (1%) and large strain (500%) at 25 ◦C. Reprinted from [103] under a Creative Com-
mons Attribution License 4.0 (CC BY) “https://creativecommons.org/licenses/by/4.0/ (accessed on
1 November 2023)”.

4.1.3. Drug Delivery

The 3D-printed hydrogelalso offers precise control over the spatial distribution of
drug-loaded hydrogel matrices. This technology enables the design of drug delivery
systems that release therapeutic agents in a controlled and sustained manner, improving
treatment efficacy and reducing side effects. Hydrogel-based implants can be 3D printed

49



Gels 2023, 9, 960

with encapsulated drugs or growth factors, allowing for site-specific and controlled release.
This approach is used in cancer therapy, wound healing, and bone regeneration. Oral
drug delivery systems can also be created using a 3D-printed hydrogelthat releases drugs
gradually, enhancing bioavailability and reducing the frequency of dosing. Patient-specific
drug formulations can also be achieved through 3D printing, tailoring drug release profiles
to individual patient needs, which is particularly relevant in cases of chronic diseases.

Tetyczka et al. [100] examined the integration of itraconazole nanocrystals on hydrogel
contact lenses via inkjet printing, demonstrating the implications of this technique for
ophthalmic drug delivery. Maiz-Fernández et al. [115] introduced self-healing hyaluronic
acid/chitosan polycomplex hydrogels with drug release capabilities, opening avenues
for customized and responsive medical interventions. Larush et al. [116] explored the
potential of 3D printing responsive hydrogels for drug delivery, emphasizing the versatility
of this approach. Aguilar-de-Leyva et al. [117] delved into the development of 3D-printed
drug delivery systems using natural products, aligning with the growing trend toward
sustainable and bio-inspired pharmaceutical solutions. Martinez et al. [118] focused on
stereolithographic 3D printing to fabricate drug-loaded hydrogels, presenting a precise
and controlled drug-delivery platform. NIR-triggered drug release from 3D-printed hydro-
gel/PCL core/shell fiber scaffolds, showcasing the potential for localized cancer therapy
and wound healing, has also been reported [119,120]. Dreiss [121] provided insights into
hydrogel design strategies for drug delivery, offering a comprehensive overview of the
evolving landscape in this domain. Wang et al. [122] contributed to the field by 3D printing
shape memory hydrogels with internal structures for drug delivery, adding a layer of
sophistication to the design of drug-release systems.

4.2. Hydrogel 3D Printing across Industries

While hydrogel 3D printing has gained significant traction in biomedical applications,
its versatility extends to diverse industries beyond healthcare. The unique properties of hy-
drogels, such as high water content and tunable mechanical properties, make them intriguing
candidates for various applications in industries like food, cosmetics, and electronics.

4.2.1. Food Industry

In the food industry, 3D-printed hydrogels offer a range of applications, revolution-
izing the way we produce and consume food. This technology enables the creation of
customized food structures with unique textures and shapes while also allowing for precise
control over the release of nutrients and flavors. The ability to tailor mechanical properties
enhances the overall eating experience, mimicking desired textures in food products. More-
over, 3D printing facilitates the integration of functional ingredients, such as probiotics
and antioxidants, in a spatially controlled manner. The technology’s potential to reduce
food waste, streamline processing steps, and contribute to personalized nutrition makes it
a promising innovation in the quest for sustainable and innovative food solutions. Chefs
can leverage 3D printing for artistic culinary designs, while companies benefit from rapid
prototyping for quicker product development.

In the rapidly evolving landscape of food technology, hydrogels derived from natural poly-
mers have emerged as versatile materials with transformative applications. Zhang et al. [123]
extensively explored the diverse applications of natural polymer-based hydrogels in the
food industry, detailing their functionalities and contributions. Meanwhile, the intersection
of 3D printing and food production has been exemplified by Park et al. [124] through
innovative work involving callus-based 3D printing, particularly using carrot tissues.
This approach showcases the potential for revolutionizing food manufacturing processes.
Another promising avenue is the application of hydrogels based on ozonated cassava
starch, as investigated by Maniglia et al. [125]. Their research focused on the impact of
ozone processing and gelatinization conditions, particularly in the context of enhancing
3Dprinting applications. Additionally, the exploration of pectin hydrogels in food appli-
cations has been comprehensively reviewed by Ishwarya and Nisha [126], shedding light
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on the recent advances and future prospects in leveraging pectin hydrogels for diverse
food-related functionalities.

4.2.2. Cosmetic Industry

In the cosmetics industry, hydrogel 3D printing offers the potential to develop novel
skincare products with enhanced absorption and release properties. Customizable shapes
and designs enable the creation of cosmetics that adhere better to the skin. Several cosmetic
industries are using hydrogel 3D printing to create intricate face masks that fit snugly
on the face, enhancing the delivery of skincare ingredients and improving the overall
application experience. Finny et al. [127] delved into the realm of sun protection with their
work on 3D-printed hydrogel-based sensors designed for quantifying UV exposure. This
innovation holds immense potential for personalized UV monitoring. Diogo et al. [128]
explored the engineering of hard tissues using cell-laden biomimetically mineralized shark-
skin-collagen-based 3D-printed hydrogels, offering a promising avenue for developing
advanced biomedical materials. The intersection of 3D printing and dermatology is ev-
ident in the work of de Oliveira et al. [129], who focused on 3D-printed products for
topical skin applications, ranging from personalized dressings to drug delivery systems.
Othman et al. [130] contributed to the field of cosmetic science by developing easy-to-use
and cost-effective sensors for assessing the quality and traceability of cosmetic antioxidants,
addressing a critical need in the cosmetic industry.

4.2.3. Electronics

Hydrogel 3D printing is also being explored for applications in electronics due to
its unique combination of properties, including high water content and the potential
for conductive or responsive behavior. This technology can enable the creation of soft,
flexible electronics. Hydrogel-based sensors with 3D-printed structures can be used in
wearable devices to monitor physiological parameters, such as heart rate and hydration
levels. Guo et al. [131] introduced the 3D printing of electrically conductive and degradable
hydrogel for epidermal strain sensors, which hold promise in wearable electronics.

Liu et al. [132] introduced a cost-effective, specialized 3D printing technology, direct
ink writing (DIW), for creating hydrogel sensors enhanced with two-dimensional transition
metal carbides (MXenes). These sensors exhibit exceptional strain and temperature sensing
capabilities for shape memory solar array hinges. In their approach, Figure 9a illustrates
the MXenes preparation process, which involves a fluoride-based salt etching system to
minimize the risks associated with concentrated hydrogen fluoride (HF) dilution. Notably,
this process uses LiF crystals dissolved in a hydrochloric acid (HCl) aqueous solution to
gradually form HF with lower concentration under low-temperature conditions. This
mixture is then blended with Ti3AlC2 powders to create a black suspension, ensuring
sufficient etching without excessive oxidation.

Subsequent steps involve washing, intercalation, sonication, and argon protection to
obtain delaminated Ti3C2Tx flakes. Subsequently, extended centrifugation was employed
to separate the delaminated Ti3C2Tx flakes from the multi-layered aggregates. Given
the presence of electronegative groups on Ti3C2Tx, polymer hydrogel networks were
established, as depicted in Figure 9b. The typical procedure involved the even dispersion
of lyophilized Ti3C2Tx flakes, followed by the addition of glycerol and polymers. The
resulting black mixture was heated to facilitate the dissolution of PVA under an argon (Ar)
atmosphere, preventing unnecessary oxidation of Ti3C2Tx due to high temperatures. The
resulting liquid precursor was then injected into a syringe and utilized in the DIW printing
process. The SEM images provided in Figure 9c,d depict the Ti3C2Tx flakes displaying a
sleek 2D nanosheet morphology, with lateral sizes ranging from 0.4 to 1 µm. As shown
in the atomic force microscope (AFM) in Figure 9e, these Ti3C2Tx flakes exhibit a smooth
surface with an average thickness of 1.6 nm, consistent with the thickness of a Ti3C2Tx
bilayer structure. To examine the intricate internal microstructure of the hydrogel networks,
the printed hydrogel underwent a process of lyophilization following solvent replacement.
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As illustrated in Figure 9f,g, the unaltered printed hydrogel showcases a porous network
structure characterized by random orientation and a hierarchical distribution of pore sizes.
The cross-sectional morphology of the printed hydrogel, along with its corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental mapping, is displayed in Figure 9h,
confirming the uniform distribution of elements C, O, and N. Analyzing the EDS element
distribution, it becomes evident that the relative content of N elements is lower than
that of C and O. This indicates that the hard domains, comprised of nitrogen-containing
groups within the polyurethane (PU) network, are less abundant than the soft domains,
which in turn impacts the mechanical strength of the hydrogel. Similarly, when 0.25 wt%
Ti3C2Tx flakes are introduced into the precursor, the resulting printed hydrogel exhibits
an unoriented porous framework with random pore size distribution, resembling that of
the pristine hydrogel, as depicted in Figure 9i,j. Furthermore, EDS analysis of elements
C, O, and Ti (Figure 9k) confirms the homogeneous distribution of Ti3C2Tx flakes within
the hydrogel.
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Yang et al. [133] summarized recent advances in the 3D printing of electrically con-
ductive hydrogels for flexible electronics, demonstrating their significance in developing
next-generation electronic devices. Zhang and collaborators [134] also provided a review on
3D-printing hydrogels for actuators, offering insights into the development of responsive
materials for various applications. Chen et al. [135] explored the utilization of 3D-printed
hydrogels in the development of soft thermo-responsive smart windows, showcasing their
adaptability in architectural and environmental applications. Guo and colleagues [136]
investigated the use of biomass-derived hybrid hydrogel evaporators for cost-effective
solar water purification, providing sustainable solutions for clean water access.
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5. Current Challenges and Future Trends in Hydrogel 3D Printing
5.1. Current Challenges

Inspite of the various versatile properties and applications of hydrogel 3D printing,
several challenges associated with it persist, such as resolution limitations, post-printing
processing, scalability, etc. Achieving high-resolution printing remains a challenge due to
the complex rheological properties of hydrogels. The precise deposition of fine features
is hindered by factors like nozzle clogging and the tendency of hydrogels to spread upon
deposition. Also, many hydrogel 3D printing methods require post-processing steps, such
as curing or crosslinking, to enhance mechanical stability, whichcan be time-consuming
and may introduce variability in the final product. Scaling up hydrogel 3D printing to
produce large quantities of intricate structures is also challenging. Maintaining consistent
print quality, gelation kinetics, and resolution across a larger volume is a significant hurdle.

5.2. Future Trends and Advancements

Hydrogel 3D printing faces current challenges related to resolution, post-printing
processing, and scalability. The future holds promising trends and advancements. As
materials, techniques, and applications continue to evolve, hydrogel 3D printing is poised
to reshape industries and contribute to breakthroughs in personalized medicine, tissue
engineering, and various other fields. Future advancements will likely introduce innovative
hydrogel formulations with improved printability, biocompatibility, and mechanical prop-
erties. Hybrid hydrogels combining natural and synthetic components might become more
prevalent, allowing for tailored materials for specific applications. Researchers are likely to
develop improved printing techniques that enhance resolution and speed. This might in-
clude advancements in nozzle design, improved droplet formation in inkjet-based systems,
and refined light-based curing methods in SLA and DLP. Advances in multi-material 3D
printing could enable the integration of hydrogels with other materials, such as polymers
and ceramics, allowing for the creation of complex and functional hybrid structures.

Hydrogel 3D printing will likely explore incorporating bioactive agents directly into
printed structures. This could lead to the creation of constructs with integrated therapeutic
properties, reducing the need for post-printing functionalization. Research into intricate
scaffold architectures will continue, focusing on enhancing tissue integration, nutrient
transport, and cellular responses. This could involve the exploration of gradient structures
and hierarchical designs. The field might see an expansion into personalized medicine,
with the capability to tailor hydrogel formulations and structures for individual patients.
Point-of-care 3D printing could become feasible for producing patient-specific implants
and drug delivery systems. As hydrogel 3D printing matures, more efforts will be directed
toward regulatory approval and clinical translation of hydrogel-based medical devices
and implants.

As technology continues to evolve, 4D printing technologies havealso been developed
for hydrogel printing. Very recently, Wang and Guo [137] provided insights into recent
advances in 4D-printing hydrogels designed for biological interfaces and delvedinto the
innovative use of hydrogels that exhibit dynamic shape changes over time, showcasing the
potential for applications in biological systems. Seo et al. have also introduced a hydrogel
production platform that utilizes photo-cross-linkable and temperature-reversible chitosan
polymer in combination with stereolithography 4D printing technology. This platform
enables the creation of hydrogels with dynamic movement, opening up new possibilities in
tissue engineering and regenerative medicine.

6. Conclusions

In the realm of 3D printing, the union of hydrogels and technology has fostered a
dynamic landscape ripe with innovation and promise. This review has traversed the rich
tapestry of hydrogel 3D printing, elucidating its profound impact on diverse domains
and hinting at the limitless possibilities on the horizon. From their humble beginnings
as unique, water-rich materials, hydrogels have evolved into versatile substrates capable
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of being sculpted into intricate structures with unparalleled precision. The convergence
of hydrogels and 3D printing has unlocked doors to a myriad of applications spanning
biomedical engineering, industrial production, and beyond. The biomedical sector, in
particular, stands as a beacon of hope for hydrogel 3D printing’s transformative power. The
creation of tissue-engineered constructs, regenerative implants, and precise drug delivery
systems has revolutionized healthcare and holds promise for further breakthroughs. The
ability to replicate the intricacies of human biology, coupled with the advent of personalized
medicine, offers a glimpse into a future where hydrogel 3D printing plays a pivotal role
in enhancing the quality of life. Yet, this review acknowledges that challenges persist.
Resolution limitations, post-printing processing intricacies, and the quest for scalable
manufacturing methods are reminders that there is still much terrain to conquer.

Looking forward, the future appears promising. The trajectory of hydrogel 3D printing
is set to be marked by advanced material development, enhanced printing techniques, and
novel applications that defy current boundaries. As we journey further into this frontier,
we anticipate the emergence of innovative solutions, new industries shaped by hydrogel
capabilities, and a profound impact on scientific and technological advancement.
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Biomedicine: Properties, Applications, and Challenges—A Concise Review. Int. J. Mol. Sci. 2023, 24, 2191. [CrossRef]
14. Kaliaraj, G.S.; Shanmugam, D.K.; Dasan, A.; Mosas, K.K.A. Hydrogels—A Promising Materials for 3D Printing Technology. Gels

2023, 9, 260. [CrossRef] [PubMed]

54



Gels 2023, 9, 960

15. Zhang, X.N.; Zheng, Q.; Wu, Z.L. Recent advances in 3D printing of tough hydrogels: A review. Compos. Part B Eng. 2022,
238, 109895. [CrossRef]

16. Xin, P.; Han, S.; Huang, J.; Zhou, C.; Zhang, J.; You, X.; Wu, J. Naturalokra-based hydrogel for chronic diabetic wound healing.
Chin. Chem. Lett. 2023, 34, 108125. [CrossRef]

17. Haghbin, M.; Malekshah, R.E.; Sobhani, M.; Izadi, Z.; Haghshenas, B.; Ghasemi, M.; Kalani, B.S.; Samadian, H. Fabrication and
characterization of Persian gum-based hydrogel loaded with gentamicin-loaded natural zeolite: An in vitro and in silico study.
Int. J. Biol. Macromol. 2023, 235, 123766. [CrossRef] [PubMed]

18. Gabriele, F.; Ranaldi, R.; Bruno, L.; Casieri, C.; Rugnini, L.; Spreti, N. Biodeterioration of stone monuments: Studies on the
influence of bioreceptivity on cyanobacterial biofilm growth and on the biocidal efficacy of essential oils in natural hydrogel. Sci.
Total Environ. 2023, 870, 161901. [CrossRef]

19. Huang, C.; Ye, Q.; Dong, J.; Li, L.; Wang, M.; Zhang, Y.; Wang, X.; Wang, P.; Jiang, Q. Biofabrication of natural Au/bacterial
cellulose hydrogel for bone tissue regeneration via in-situ fermentation. Smart Mater. Med. 2023, 4, 1–14. [CrossRef]

20. Yang, J.; Chen, Y.; Zhao, L.; Zhang, J.; Luo, H. Constructions and properties of physically cross-linked hydrogels based on natural
polymers. Polym. Rev. 2023, 63, 574–612. [CrossRef]

21. Xu, J.; Zhang, M.; Du, W.; Zhao, J.; Ling, G.; Zhang, P. Chitosan-based high-strength supramolecular hydrogels for 3D bioprinting.
Int. J. Biol. Macromol. 2022, 219, 545–557. [CrossRef]

22. Cai, F.F.; Heid, S.; Boccaccini, A.R. Potential of Laponite®incorporated oxidized alginate–gelatin (ADA-GEL) composite hydrogels
for extrusion-based 3D printing. J. Biomed. Mater. Res. Part B Appl. Biomater. 2021, 109, 1090–1104. [CrossRef]

23. Van Velthoven, M.J.; Gudde, A.N.; Arendsen, E.; Roovers, J.P.; Guler, Z.; Oosterwijk, E.; Kouwer, P.H. Growth Factor Immobiliza-
tion to Synthetic Hydrogels: Bioactive bFGF-Functionalized Polyisocyanide Hydrogels. Adv. Healthc. Mater. 2023, 12, 2301109.
[CrossRef]

24. Saccone, M.A.; Gallivan, R.A.; Narita, K.; Yee, D.W.; Greer, J.R. Additive manufacturing of micro-architected metals via hydrogel
infusion. Nature 2022, 612, 685–690. [CrossRef] [PubMed]

25. Adjuik, T.A.; Nokes, S.E.; Montross, M.D. Biodegradability of bio-based and synthetic hydrogels as sustainable soil amendments:
A review. J. Appl. Polym. Sci. 2023, 140, e53655. [CrossRef]

26. Meyer, L.E.; Horváth, D.; Vaupel, S.; Meyer, J.; Alcalde, M.; Kara, S. A 3D printable synthetic hydrogel as an immobilization
matrix for continuous synthesis with fungal peroxygenases. React. Chem. Eng. 2023, 8, 984–988. [CrossRef]

27. Yuk, H.; Lu, B.; Lin, S.; Qu, K.; Xu, J.; Luo, J.; Zhao, X. 3D printing of conducting polymers. Nat. Commun. 2020, 11, 1604.
[CrossRef] [PubMed]

28. Tang, A.; Li, J.; Li, J.; Zhao, S.; Liu, W.; Liu, T.; Wang, J.; Liu, Y. Nanocellulose/PEGDA aerogel scaffolds with tunable modulus
prepared by stereolithography for three-dimensional cell culture. J. Biomater. Sci. Polym. Ed. 2019, 30, 797–814. [CrossRef]
[PubMed]

29. Cao, Z.; Luo, Y.; Li, Z.; Tan, L.; Liu, X.; Li, C.; Zheng, Y.; Cui, Z.; Yeung, K.W.K.; Liang, Y.; et al. Antibacterial hybrid hydrogels.
Macromol. Biosci. 2021, 21, 2000252. [CrossRef]

30. Palmese, L.L.; Thapa, R.K.; Sullivan, M.O.; Kiick, K.L. Hybrid hydrogels for biomedical applications. Curr. Opin. Chem. Eng. 2019,
24, 143–157. [CrossRef]

31. Vasile, C.; Pamfil, D.; Stoleru, E.; Baican, M. New developments in medical applications of hybrid hydrogels containing natural
polymers. Molecules 2020, 25, 1539. [CrossRef]

32. Liao, J.; Shi, K.; Jia, Y.; Wu, Y.; Qian, Z. Gold nanorods and nanohydroxyapatite hybrid hydrogel for preventing bone tumor
recurrence via postoperative photothermal therapy and bone regeneration promotion. Bioact. Mater. 2021, 6, 2221–2230. [CrossRef]

33. Choi, S.; Choi, Y.; Kim, J. Anisotropic hybrid hydrogels with superior mechanical properties reminiscent of tendons or ligaments.
Adv. Funct. Mater. 2019, 29, 1904342. [CrossRef]

34. Yang, X.; Yao, Y.; Wang, Q.; Zhu, K.; Ye, K.; Wang, G.; Cao, D.; Yan, J. 3D macroporous oxidation-resistant Ti3C2Tx MXene hybrid
hydrogels for enhanced supercapacitive performances with ultralong cycle life. Adv. Funct. Mater. 2022, 32, 2109479. [CrossRef]

35. Iwanaga, S.; Hamada, Y.; Tsukamoto, Y.; Arai, K.; Kurooka, T.; Sakai, S.; Nakamura, M. Design and Fabrication of Mature
Engineered Pre-Cardiac Tissue Utilizing 3D Bioprinting Technology and Enzymatically Crosslinking Hydrogel. Materials 2022,
15, 7928. [CrossRef]

36. Ianchis, R.; Alexa, R.L.; Gifu, I.C.; Marin, M.M.; Alexandrescu, E.; Constantinescu, R.; Serafim, A.; Nistor, C.L.; Petcu, C. Novel
Green Crosslinked Salecan Hydrogels and Preliminary Investigation of Their Use in 3D Printing. Pharmaceutics 2023, 15, 373.
[CrossRef]

37. Farsheed, A.C.; Thomas, A.J.; Pogostin, B.H.; Hartgerink, J.D. 3D Printing of Self-Assembling Nanofibrous Multidomain Peptide
Hydrogels. Adv. Mater. 2023, 35, 2210378. [CrossRef]

38. Bom, S.; Ribeiro, R.; Ribeiro, H.M.; Santos, C.; Marto, J. On the progress of hydrogel-based 3D printing: Correlating rheological
properties with printing behaviour. Int. J. Pharm. 2022, 615, 121506. [CrossRef]

39. Amorim, P.A.; d’Ávila, M.A.; Anand, R.; Moldenaers, P.; Van Puyvelde, P.; Bloemen, V. Insights on shear rheology of inks for
extrusion-based 3D bioprinting. Bioprinting 2021, 22, e00129. [CrossRef]
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Abstract: Currently, tissue engineering has been dedicated to the development of 3D structures
through bioprinting techniques that aim to obtain personalized, dynamic, and complex hydrogel
3D structures. Among the different materials used for the fabrication of such structures, proteins
and polysaccharides are the main biological compounds (biopolymers) selected for the bioink for-
mulation. These biomaterials obtained from natural sources are commonly compatible with tissues
and cells (biocompatibility), friendly with biological digestion processes (biodegradability), and
provide specific macromolecular structural and mechanical properties (biomimicry). However, the
rheological behaviors of these natural-based bioinks constitute the main challenge of the cell-laden
printing process (bioprinting). For this reason, bioprinting usually requires chemical modifications
and/or inter-macromolecular crosslinking. In this sense, a comprehensive analysis describing these
biopolymers (natural proteins and polysaccharides)-based bioinks, their modifications, and their
stimuli-responsive nature is performed. This manuscript is organized into three sections: (1) tis-
sue engineering application, (2) crosslinking, and (3) bioprinting techniques, analyzing the current
challenges and strengths of biopolymers in bioprinting. In conclusion, all hydrogels try to resemble
extracellular matrix properties for bioprinted structures while maintaining good printability and
stability during the printing process.

Keywords: natural polymers; hydrogels; crosslinking; bioprinting techniques; tissue engineering

1. Introduction

Tissue engineering (TE), as it is currently known, is a relatively recent field of inno-
vation resulting from a complex merger of pre-existing lines of work from three different
areas of knowledge: engineering, clinical medicine, and the biomedical field [1]. The TE
area emerges as a consequence of clinical challenges related to the unavailability of tissue
samples for the replacement of a damaged area when an accident or injury occurs and
the immunological response associated with allograft transplants. In addition, autografts
and allograft-based therapeutic approaches are associated with low availability, significant
morbidity, and the requirement of immunosuppressive drugs for long-term treatment [2,3].
Driven by the pressing clinical need to develop alternative treatment therapies that can
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achieve the same outcomes as autografts and allografts but without their associated draw-
backs, the field of tissue engineering emerged and has seen rapid progress over the past
few decades [1].

In this way, TE aims to restore, maintain, improve, or replace different types of tissues
and ultimately to incorporate or integrate the in vitro formed tissue into the body, contribut-
ing to the repair of injuries or the replacement of failing organs [1]. To accomplish these
goals, TE proposes the production of provisional structures with structural and functional
features that mimic the native tissue. In this field, different bioengineered constructs have
been developed by employing different techniques, such as matrix decellularization [2,3],
injectable hydrogels [4,5], and bioprinting [6,7]. In the first stage, the TE goal was to pro-
duce tissue constructs using biological or engineering techniques, but the evolution in this
area has been contributing to the exploration of more integrated strategies involving the
use of a biomaterial or biomimetic platform in combination with cells and biological factors
that prompt the tissue regeneration process [6].

For the production of such biomimetic 3D supports, bioprinting is a promising tech-
nology that has revolutionized the TE and regenerative medicine fields, among others.
Through this technology, it is possible to produce tissue models in a high-throughput
manner, creating porous structures with controlled architecture using different biomaterials
in combination with viable and physiologically relevant cells. Bioprinting enables the
achievement of appropriate cell distribution, attachment, and growth within the bioma-
terial scaffold, which is complemented by improved nutrient and gas exchange as well
as enhanced cell-cell communication due to the interconnected pores and large surface
area [8,9]. In this way, bioprinting can contribute to overcoming the lack of dynamic and
complex tissue structure in 2D cell culture as well as provide 3D scaffolds with spatial
depth and more realistic cell-cell communication to better understand and simulate in vivo
physiology [9]. Furthermore, the efficiency of 3D bioprinters and the availability of bioinks
(polymer solutions and viable cells) with suitable structural, physicochemical, mechanical,
thermal, and biological features are key factors for the success of bioprinting technology [9].
To be considered suitable for bioprinting, bioinks must have proper mechanical, rheological,
chemical, and biological attributes [10]. This means that the materials used for the bioink
formulation must ensure their printability, adequate mechanical properties according to
the targeted tissue, high resolution and shape fidelity if needed, as well as biocompat-
ibility, biodegradability, bioactivity, and reliability mimicking the microenvironment of
tissues [11]. Thus, the choice of (bio)printable materials continues to be the bottleneck in
bioprinting technology since it is required to use a polymer solution with suitable rheologi-
cal and biological properties for bioprinting technique and cell incorporation, respectively.
In addition, the printing techniques, such as photopolymerization, laser, extrusion, and
droplets are another parameter that can be considered according to the properties of the
polymeric bioink.

In this way, hydrogels arise as promising materials for TE and bioprinting, as they
are characterized as highly biocompatible materials that allow the incorporation of cells
and bioactive compounds. Moreover, their highly porous microstructures allow better cell
internalization into the matrix and promote cell proliferation, owing to optimized oxygen
and nutrient diffusion [12,13]. Biocompatibility, biodegradability, and specific structural
and mechanical properties need to be ensured when developing a hydrogel formulation
for TE, and more so when the formulation is intended for bioprinting, as bioprinter-specific
requirements need to be considered. It is also important to note that natural materials
are more sustainable than synthetic ones because not only are they degradable, but also,
in most cases, they are obtained from renewal sources or by-products, such as proteins
(e.g., gelatin, sericin), collagens [14], polysaccharides such as chitosan (CS) [15], alginate, or
other natural-derived polysaccharides. Many hydrogel formulations contain polymers with
hydrophilic groups in their structure, which confers enhanced interactions with biological
tissues [16]. Similarly, a swollen-state hydrogel has a low interfacial contact angle with
biological fluids, which decreases the chances of a negative immune response, leading to
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excessive inflammation, interference with healing, and implant rejection [17–19]. Another
interesting characteristic of hydrogels is their stimuli-responsive nature due to their capacity
to perform structural or mechanical changes in response to environmental signals. The
stimuli-responsive nature can be classified into (i) physical, (ii) chemical, and (iii) biological,
which allows the formulation of tunable bioinks for bioprinting [20].

To the best of our knowledge, this review highlights the characteristics and devel-
opment of biological hydrogel-based bioinks for use in TE applications, describing the
methodological modification/functionalization approaches, crosslinking techniques, and
their respective applications on TE. Finally, the main challenges and future steps in using
natural-based hydrogels in the 3D bioprinting area are also depicted.

2. Biopolymers for TE-Formulated Bioinks

Natural polymers are promising materials considering their intrinsic physicochemical
and biological properties, mainly due to their large molecular chains and monomeric
units. As previously outlined, natural polysaccharides and proteins are widely used in
the development of scaffolds in regenerative medicine. Also, in the bioprinting field,
biopolymers received special interest for their rheological and tribological features that
allow them to generate complex geometries and structures of different tissues, as well as
providing support for cell adhesion and proliferation. In this section, recent reports on
proteins and polysaccharides used in 3D bioprinted hydrogels for TE are depicted.

2.1. Proteins

Collagen (Col) and fibrin (F) are proteins found in the Extracellular Matrix (ECM) of
mammals and present specific bio-related features, such as biocompatibility and biodegrad-
ability [21], which is why they have been selected as bioinks to produce 3D bioprinted
structures. In this way, several authors selected ECM structural proteins to produce their
hydrogels and ensure provisional support for cell growth as well as mimicking the microen-
vironment available on the native tissue [22–30]. The rheological properties provided by
these proteins are critical for bioprinting because of their weak mechanical behavior, which
compromises the printability and consequently the integrity of the bioprinted material.

Among them, proteins such as Col, gelatin (Gel), silk fibroin (SF), and F have been
used as bioinks to produce hydrogels for TE, as depicted in the following subsections and
summarized in Table 1.

Table 1. Protein-based bioinks used for tissue engineering purposes.

Bioink
Compounds 1 Cells 2 Printing

Techniques Applications Reference

Col HCCs Extrusion Cartilage tissue
regeneration [31]

Col + VEGF NSCs Droplet Neural tissue
regeneration [32]

Gel + PU MSCs Extrusion Tissue regeneration [33]
Gel + GelMA +

OCP HUVECs SLA Bone regeneration [34]

Gel + GelMA Endothelial and
ASCs Extrusion Bone regeneration [35]

SF + GMA NIH/3T3 and
chondrocytes DLP

Heart, vessel, brain,
trachea, and ear

regeneration
[36]

SF_GMA + GO Neuro2a DLP Neural tissue
engineering [37]

1 Biopolymer acronyms: Collagen (Col), Vascular Endothelial Growth Factor (VEGF), Gelatin (Gel), Polyurethane
(PU), Methacrylate Gelatin (GelMA), Octacalcium Phosphate (OCP), Silk Fibroin (SF), Glycidyl Methacrylate
(GMA), Glycidyl Methacrylate Silk Fibroin (SF_GMA), Graphene oxide (GO). 2 Cells acronyms: Human-derived
Chondrocyte cells (HCCs), Neural Stem cells (NSCs), Mesenchymal Stem cells (MSCs), Human Umbilical Vein
Endothelial cells (HUVECs), Adipose-derived Stem cells (ASCs), embryonic mouse fibroblast cells (NIH/3T3),
and mouse neural crest-derived cells (Neuro2a).
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2.1.1. Collagen

As the main structural protein of the ECM, Col has a high affinity for adherent
cells [38], and Col hydrogels are widely used in 3D bioprinting purposes due to their
good biocompatibility and bioactivity [39–42]. However, the weak mechanical properties
and constraints in sterilization are major challenges [43]. To improve the material properties,
a chemical modification can be performed by adding methacrylate (MA) moieties, allowing
stronger crosslinking by intermolecular radical reactions [44].

It is important to note that these methacrylate groups can cause two undesirable effects
on cells. First, free radical initiators could affect cell membranes under oxidative stress.
Secondly, methacrylate and diacrylate chemical groups could provoke immunological
responses in cells due to incomplete degradation of the scaffold, resulting in toxicity or
disruption of the cell-cell interaction [45,46].

Also, it can be combined with other materials to generate a hydrogel that can be stabi-
lized after printing [47]. In general, bioprinted Col hydrogels are used in microextrusion,
inkjet, or laser-assisted bioprinting strategies [48]. So, this natural polymer can be used
per se or combined with other compounds and cells to generate bioinks with promising
properties for TE applications.

For example, Col was used as a bioink in the development of 3D skin substitutes by
Yoon et al. The authors used extrusion bioprinting to construct Col 3D scaffolds seeded with
primary human epidermal Gel keratinocytes (HEK) and human dermal fibroblasts (HDF).
As the main findings, the results evidenced that the cell-laden 3D scaffolds implanted
on a 1 × 1 cm2 full-thickness excision mouse model were able to promote complete skin
regeneration after one week of implantation [49].

On the other hand, Col combined with fibrinogen, autologous dermal fibroblasts, and
epidermal keratinocytes were tested as bioinks on laser in situ bioprinting on murine
full-thickness wound models (3 × 2.5 cm) and porcine full-thickness wound models
(10 × 10 cm). In general, the results evidenced rapid wound closure, reduced contrac-
tion, and accelerated re-epithelialization [50].

In addition, Col was also used as bioink in the production of 3D bioprinted constructs
for bone regeneration applications. For example, Kim and Kim combined Col with a
bioceramic (β-TCP), preosteoblasts (MC3T3-E1), and human adipose stem cells (hASCs).
The cell-laden structure was mechanically stable, and the cells remain viable, resulting in
their proliferation and osteogenic differentiation [51].

2.1.2. Gelatin

Gelatin (Gel) is a low-cost biopolymer obtained by partial hydrolysis of Col, pos-
sessing a significant amount of arginine-glycine-aspartic acid (RGD), which will prompt
cell attachment [52,53]. Furthermore, Gel is water-soluble and biodegradable through the
action of enzymes such as collagenases (MMP-1 and MMP-8), having lower antigenicity
than Col [54]. Indeed, different studies have evidenced the beneficial effects of Gel on cell
adhesion, migration, and growth in the tissue regeneration process [55–57].

For bioprinting purposes, the solubility of Gel in warm water and its gelation at low
temperatures allow the formation of physical crosslinked hydrogels [35,58]. Also, it is
possible to increase the viscosity of bioinks for extrusion-based printing by decreasing the
melting temperature of non-modified Gel. However, to obtain more stable scaffolds for TE,
chemically crosslinked Gel hydrogels have been explored through the modification of Gel
with methacryl groups [59,60].

In 2018, Yin et al. combined methacrylate gelatin with Gel to obtain stable structures
through the extrusion-based bioprinting technique. So, the printed structures were me-
chanically stable, and the cell printing of bone marrow stem cells did not compromise their
viability [61].

In addition, a composite biomaterial ink composed of Fish Scale and alginate dialde-
hyde (ADA)-Gel for the fabrication of 3D cell-laden hydrogels using mouse pre-osteoblast
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MC3T3-E1 cells was revealed as a suitable biomaterial ink formulation with great potential
for 3D bioprinting for bone TE applications [62].

A semi-synthetic bioink composed of 4.0% Gel, 0.75% alginate, and 1.4% carboxymethy-
lated cellulose nanocrystal dissolved in 4.6% D-mannitol with normal human knee articular
chondrocytes (NHAC-kn) was formulated and evaluated for 3D bioprinting. The results
demonstrated the bioink as printable, stable under cell culture conditions, biocompatible,
and able to maintain the native phenotype of chondrocytes, which, aside from menis-
cal tissue bioprinting, is suggested as a basis for the development of bioinks for various
tissues [63].

Moreover, bioink hydrogel based on Gel blended with other polymers, such as phenyl-
boronic acid-grafted hyaluronic acid (HA-PBA) and poly(vinyl alcohol), demonstrates that
it can produce 3D bioprinted structures with anti-ROS ability. They try to improve cartilage
regeneration in a chronic inflammatory and elevated ROS microenvironment [64].

Also, in Table 1, some recent works reporting the application of bioprinted Gel hydro-
gels for TE applications are summarized.

2.1.3. Silk Fibroin

Silk fibroin (SF) is extracted from silkworm silk and has been used as a potential
biopolymer for TE due to its physicochemical and biological properties such as biocompati-
bility, biodegradability, low immunogenicity, and tunable mechanical properties [35,65,66].
On the other hand, silk biomaterials have received FDA approval for some medical prod-
ucts, such as sutures and surgical meshes, and can be processed into a variety of material
formats [67,68]. Indeed, SF promotes the proliferation and adherence of different cells and
avoids inflammation processes [69–71]. It can also be combined synergistically with other
polymers by chemical interactions or covalent bonds, enabling physical crosslinking and
thus avoiding harsh crosslinking chemicals.

An alternative way to use SF as bioink is based on its chemical modification with
methacrylate groups that enable its photocrosslinking, resulting in a semi-synthetic SF. In
this way, Yang et al. used methacrylated SF and metacrylated gelatin together in a new
bioink to obtain rheological properties suitable for extrusion bioprinting. This bioink was
able to encapsulate human umbilical vein endothelial and rat pheochromocytoma (PC12)
cells, which maintain high viability and proliferation ability after the printing process. Also,
the printed structures were implanted in the subcutaneous tissue of rats, revealing their
promising potential to be used in TE applications [72].

In turn, a 3D-printed hydrogel based on alginate-silk nanofibril was introduced for
soft tissue engineering, in which silk nanofibril reinforced Alg and was responsible for
modulating its injectability by improving its shear-thinning behavior and shape retention
before ionic crosslinking and supporting cell attachment and proliferation, with suitable
physical and mechanical properties for 3D-printed structures in complex shapes such as
ear cartilage [73]. Nevertheless, the low viscosity and frequent clogging during printing are
some barriers described for SF use as bioink [74,75], despite the reports on the production
of diverse 3D bioprinted structures for TE applications as described in Table 1.

2.1.4. Fibrin

Fibrin (F), as well as its precursor fibrinogen, belong to the family of glycoproteins
that are crucial to induced blood clotting. Its three-dimensional network composed of
randomly arranged fibers prevents blood leakage and contributes to the migration of cells
towards the injury site, leading to the tissue regeneration process [76]. For these reasons,
F has been widely used in the biomedical field due to its excellent biocompatibility and
biodegradability, as well as the easily 3D processable capabilities of fibrin hydrogels [28,77].

Budharaju et al. reported a dual crosslinking strategy utilized towards 3D bioprinting
of myocardial constructs by using a combination of alginate and fibrinogen, and it is based
on a pre-crosslinking of the physically blended alginate-fibrinogen bioinks with CaCl2 for
improving shape fidelity and printability. This bioink was revealed to be cytocompatible
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and possesses the potential to be used for the biofabrication of thick myocardial constructs
for regenerative medicine applications [78].

Additionally, other works reported a new droplet-based bioprinting system to inte-
grate a cell-laden hydrogel with a microfibrous mesh produced by embedding human
dermal fibroblasts in a collagen-alginate-fibrin hydrogel matrix. This study shows that
cell-hydrogel-microfibre composites maintain high cell viability and promote cell–cell and
cell–biomaterial interactions, offering an efficient way to create highly functional tissue
precursors for laminar tissue engineering, particularly for wound healing and skin tissue
engineering applications [79].

However, for bioprinting applications, Fibrin cannot withstand a stable 3D shape
due to its low viscosity and Newtonian fluid behavior [80]. Therefore, different strategies
have been developed through the combination of F with printable biomaterials, such as
Gel and polyethylene glycol (PEG) [81,82], using a support bath to embed the printed
structure [22,80], or crosslinking the hydrogel during the printing process [83]. Due to these
reasons, the production of bioprinted fibrin-based hydrogels remains a challenge, and there
are yet few works available in the literature, as listed in Table 1.

2.1.5. Other Proteins

In addition, some reports addressed the use of decellularized matrix and Matrigel
as bioinks for TE purposes. The decellularized matrix (dECM) is obtained through phys-
ical and/or chemical methods to remove all cellular components while maintaining the
ultrastructure and composition of the ECM [84]. As a bioink, dECM does not require
the use of crosslinkers and allows to mimic tissue-specific characteristics into printed
constructs [85–87], but any additional structural biopolymers are needed to recover its
structural stability [84]. In fact, porcine-derived dECM bioink from different sources (liver,
heart, skin, and cornea) was tested, and the authors verified that the tissue source of the
dECM induced tissue-specific gene expression in human bone marrow mesenchymal stem
cells [86]. On the other hand, dECM bioinks have been validated for skin regeneration
applications, where a printed pre-vascularized skin patch promoted wound closure, epithe-
lialization, and neovascularization [88]. In other work, the skin-derived dECM combined
with a fibrinogen-based bioink incorporated with primary human skin fibroblasts improved
the mechanical properties and viability of a bioprinted skin model [89]. Also, dECM as
bioink was studied for the printing of human cardiac progenitor cells, demonstrating that
the printed pre-vascularized stem cell patches promoted vascularization, maintained cell
viability, and decreased cardiac remodeling and fibrosis [90,91].

Similarly, Matrigel consists of a composite, gelatinous mixture that mimics the human
ECM and contains proteins such as laminin, Col, and entactin, which prompt cell growth
and adhesion [92,93]. As recently reviewed, Matrigel applications in TE and bioprint-
ing are based on the efficiency of cell differentiation, promoting angiogenesis and tissue
regeneration both in vitro and in vivo [94].

In a work conducted by Li, the combination of Matrigel with sodium alginate was
used to produce a hydrogel that was suitable for the growth of ectomesenchymal stem
cells [95]. However, Matrigel has poor mechanical strength and requires a temperature-
controlled system when used for extrusion printing [96,97], which limits its application in
3D bioprinting.

2.2. Polysaccharides

Among natural polymers, polysaccharides are described as the most promising macro-
molecules for biomedical applications. The most explored polysaccharides for biomedical
applications are alginate, chitosan (CS), hyaluronic acid (HA), or cellulose [98,99], and
they provide structural support in different cellular walls. These biopolymers are biosyn-
thesized by living organisms, including plants, animals, algae, bacteria, and fungi [100],
and present several important features crucial for 3D bioprinting applications in TE. The
remarkable features of polysaccharides are their biocompatibility with mammalian cells
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and tissues and their biodegradability under physiological conditions, with the formation
of nontoxic degradable products [20,101]. Moreover, these biopolymers are classified as
eco-friendly materials due to their renewable and biodegradable nature [100], and they are
considered safe (GRAS), being widely applied in the pharmaceutical industry as authorized
excipients [102]. However, some studies concluded that alginate does not properly interact
with mammalian cells, promoting minimal protein adsorption [103]. This feature allows
researchers to develop new solutions that can be easily and quickly translated to the clinic.
Nevertheless, the new 3D bioprinting technology implies a new challenge for biomedical
sciences, namely regarding the development of bioinks able to provide adequate printabil-
ity and simultaneously the mechanical and biological features needed for the TE field. In
turn, the main weakness of biopolymer applications in 3D bioprinting is the difficulty in
obtaining scaffolds with reproducible quality and properties and, to some extent, the lack
of mechanical properties supporting their application as bioinks [104]. In this context, these
polymers have been combined and blended with other natural and synthetic polymers to
assure their application as bioinks for 3D bioprinting, as summarized in Table 2.

Table 2. Polysaccharide-based bioinks used for tissue engineering purposes.

Bioink
Compounds 1 Cells 2 Printing

Techniques Applications Reference

Alg + Aga FBCs Extrusion Cartilage tissue
engineering [105]

Col + Fg HUVECs and
HDFs Droplet Vascular tissue

regeneration [106]

CS + PEGDA hMSCs SLA Cartilage tissue
engineering [107]

HA + ChS MSCs Extrusion Cartilage tissue
engineering [108]

Gel + XG Fibroblasts and
keratinocytes Extrusion Skin regeneration [109]

XG + GOx + Glu
+ NHS NIH/3T3 Extrusion Soft tissue engineering [110]

MA-κ-CA NIH/3T3 DLP Soft tissue engineering [111]

MA-κ-CA + Alg HUVECs Extrusion Vascular tissue
regeneration [112]

MA-κ-CA HeLa and
Fibroblasts Extrusion Soft tissue engineering [113]

Pc + Plu + Alg MIN6 Extrusion Pancreatic tissue
engineering [114]

Pc + Plu mBMSCs Extrusion Vascular tissue
regeneration [115]

Alg NIH/3T3 and
hMSCs Laser Skin regeneration [116]

Alg + Fg AC16 Extrusion Myocardial
regeneration [78]

1 Biopolymers acronyms: Alginate (Alg), Agarose (Aga), Collagen (Col), Fibrinogen (Fg), Chitosan (CS), Polyethy-
lene Glycol Diacrylate (PEGDA), Hyaluronic Acid (HA), Chondroitin sulfate (ChS), Gelatin (Gel), Xanthan Gum
(XG), Glucose Oxidase (GOx), Glucose (Glu), N-Hydroxy Sulfosuccinimide (NHS), Photocurable Methacrylate-κ-
Carrageenan (MA-κ-CA), Pectin (Pc), Pluronic F127 (Plu). 2 Cells acronyms: Fetal Bovine Chondrocytes (FBCs),
Human Umbilical Vein Endothelial cells (HUVECs), Human Dermal Fibroblasts (HDFs), Mesenchymal Stem cells
(MSCs), Human Bone Marrow Mesenchymal Stem cells (hBMSCs), Embryonic Mouse Fibroblast cells (NIH/3T3),
Mouse Insulinoma cells (MIN6), Mouse Bone Marrow Mesenchymal Stem cells (mBMSCs), AC16 cardiomyocytes
(AC16).

2.2.1. Alginate

Alginate is a low-cost FDA-approved natural polysaccharide and probably the most
used biomaterial in TE because it mimics the functions of the ECM and also has the
possibility of being functionalized with cell adhesive links. Moreover, as a bioink, alginate
has tunable degradation kinetics and can gelate easily [117–120].
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Alginate solutions present the characteristic behavior of non-Newtonian fluids at low
viscosities, which makes the production of a 3D geometrically defined structure difficult.
Therefore, effective 3D printing alginate structures usually require crosslinking or the
addition of thickening agents aiming to facilitate the solution extrusion as a filament [121].
For this reason, different approaches have been explored, from ionic crosslinking to combi-
nations with other polymers.

Alginate is widely employed in vascular, cartilage, and bone tissue printing, as re-
viewed by [122,123]. The most successful applications of alginate as bioink are related
to cartilage printing and bioprinting of vascularized tissues, for which the employment
of coaxial (or triaxial) nozzle assemblies for printing alginate-based bioinks highlights
excellent results. However, the mechanical performance of alginate compromises its appli-
cation in bone tissue engineering, which can be overcome by combining alginate with other
biomaterials such as Gel, hydroxyapatite, polycaprolactone, polyphosphate, or biosilica.

2.2.2. Chitosan

Chitosan (CS) is also highly used in TE due to its low price and some critical biologi-
cal properties, such as biodegradability, biocompatibility, and antimicrobial activity [124].
Indeed, CS supports adequate cell proliferation and differentiation, mimicking the native
tissue structure, and provides a suitable microenvironment for oxygen and nutrition ex-
changes [125,126]. In addition, the presence of CS in the composition of bioinks confers
high antimicrobial activity due to the electrostatic interaction of the protonated NH3+ in
CS with the negative cell wall of bacteria, which causes bacterial death or restricts their
growth [127].

Further, the CS-containing solutions remain stable under physiological conditions, pos-
sessing appropriate viscosity values for bioprinting purposes [128,129]. However, as a natural
polymer, CS presents a slow gelation rate and a weak mechanical strength [130–132]. Such
a drawback has been overcome through combination with other polymers or the produc-
tion of semi-synthetic CS derivatives. For example, the approach involves CS coupling
with methacrylic anhydride (methacrylation of the backbone) to promote stronger crosslink-
ing [133]. In Table 2, different CS-based bioinks produced for TE are listed.

In fact, the use of CS as bioink for TE applications has been widely explored, as
evidenced in different reviews [134–136].

2.2.3. Hyaluronic Acid

Another remarkable polysaccharide is hyaluronic acid (HA), which is a linear polysac-
charide with an important role in ECM formation, especially in connective tissues. HA
plays key roles in cell proliferation and differentiation, immune modulation, and angio-
genesis since it can mediate cell activity through receptor-ligand interactions with surface
receptors such as CD44 and RHAMM [137,138]. In addition, HA structure is amenable to
chemical modification through the grafting of active moieties or crosslinking, and diverse
HA derivatives are available for clinical applications [138,139].

Two main limitations of using HA as a bioink are its limited mechanical performance
and its viscous shear-thinning behavior, which hinders the interaction and fusion of printed
filaments or droplets, preventing it from maintaining the desired shape throughout the
printing process [140–142]. Because of this, HA is usually combined with other biomateri-
als, including natural or synthetic polymers, to obtain 3D bioprinted matrices for tissue
regeneration applications, resulting in the creation of stable structures that can ensure cell
viability during the extrusion process. In Table 2, the most recent works reporting the
development of HA-based 3D bioprinted matrices for TE purposes are depicted.

Indeed, the intrinsic properties of HA make it an ideal choice of bioink for developing
tissue constructs. Some reviews available in the literature describe the physicochemical
properties, reaction chemistry involved in various cross-linking strategies, and biomedical
applications of HA. Further, the features of HA bioinks, emerging strategies in HA bioink
preparations, and their applications in 3D bioprinting have also been depicted [142,143].
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2.2.4. Cellulose

Cellulose, mainly obtained from plants (Cellulose Nanofibril or CNF), but also pro-
duced by some bacteria (e.g., Cellulose Nanocrystals or CNC), is one of the most abundant
biomaterials on earth [144] This biomaterial provides a stable matrix for TE with good
mechanical properties. Another interesting feature is that inside the human organism,
cellulose behaves as a non-degradable or very slowly degradable material [145,146]. Due
to these reasons, cellulose is the main biopolymer in medical products, reinforcing its safety
for humans.

For 3D bioprinting purposes, cellulose can support different process parameters, while
its high viscosity, high surface area, good mechanical stability, tunable surface chemistry,
and shear-thinning behavior allow the creation of 3D-printed freestanding and biocom-
patible constructs with favorable mechanical properties. However, it is necessary to use
polymeric combinations or cellulose derivatives to improve the ink printability and shape fi-
delity after printing [147–149]. Nanocelluloses have attracted significant interest in the field
of bioprinting, with previous research outlining the value of nanocellulose fibrils and bacte-
rial nanocelluloses for 3D bioprinting tissues such as cartilage, augmenting the printability
and chondrogenicity of bioinks [150], and as reviewed by [151], with important features for
TE with different applications from vascular prosthesis to neural and bone regeneration.
Furthermore, multicomponent bioinks based on pectin (Pc) and TEMPO-oxidized cellu-
lose nanofibers (TOCNFs) for extrusion-based applications are used in complex-shaped
scaffolds for tissue engineering [152] and in the production of hybrid hydrogels made of
chemically modified pectin, Gel, and xanthan gum to create a supportive environment for
cell adhesion and proliferation essential for wound healing and to incorporate cells in 3D
bioprinting applications [153].

Moreover, novel, biodegradable, cost-effective, antimicrobial-loaded scaffolds are
an emergent trend in biomedical devices and medical equipment manufacturing. So,
hydrogel-based bioinks composed of cellulose and derivates revealed significant antibacte-
rial and antibiofilm properties, suggesting the promising potential to be introduced in 3D
bioprinting technology [154].

2.2.5. Gellan Gum

As a linear microbial exopolysaccharide, Gellan gum (GG) is a low-cost biopolymer
that exhibits a variety of desirable properties, such as biocompatibility and biodegradability.
Furthermore, according to their degrees of methylation, GG can show high transparency,
thermo-responsive characteristics, flexible mechanical properties, efficient gelling, ease of
manufacturing and crosslinking, and stability under physiological conditions that make it
a compelling option as a bioink [155–157].

GG has been used to create bioprintable hydrogel when physically combined with
lignin and crosslinked with magnesium ions, leading to improved in vitro chondroge-
nesis of hMSCs for cartilage regeneration [158]. Furthermore, when blended with Gel,
it was used for vascularized bone regeneration, resulting in a hydrogel scaffold with a
controlled release of deferoxamine that significantly promoted angiogenesis and osteogenic
differentiation [159], as well as for adipose tissue engineering [155].

A recent review conducted by Cernencu described the various strategies that have
been employed to propel the use of GG as bioink [160]. Also, a synopsis of the printable ink
designs (e.g., compositions and fabrication approaches) that may be explored for tuning
the properties of GG-based 3D-printed hydrogels for TE applications was discussed. Such
work outlined the development of GG-based 3D printing inks, highlighting their possible
biomedical applications.

2.2.6. Other Polysaccharides

Other polysaccharides of natural origin, such as xanthan, have been proposed as
bioinks considering their biological activities. Xanthan gum (XG) is a heteropolysaccharide
of high molecular weight produced by Xanthomonas campestris. The rheological properties
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of XG are attractive, as they enable the formation of pseudoplastic solutions at low concen-
trations. Additionally, XG exhibits good biocompatibility and is considered safe for various
biomedical applications [161]. Moreover, it has been used in 3D bioprinting to produce
a multilayered 3D construct by extrusion techniques on a hydrogel-based formulation
containing alginate chemically crosslinked with SrCl2, which can be conveniently sterilized
via steam heat. Furthermore, its good rheological properties make it a cost-effective option
to obtain a bioink able to produce biological tissues and other applications [162]. It can
also be blended with Gel crosslinked with GTA to obtain a 3D-printed hydrogel that is
biocompatible, maintains its print shape, resists swelling, and degrades easily [108]. More-
over, enzymatic polymerization or methacrylation has been proposed for the obtainment of
semi-synthetic xanthan gum to modulate its printability [110] and biofunctionality [163].

Additionally, dextran (Dex) is a nontoxic and hydrophilic homopolysaccharide that
can be used to produce biodegradable scaffolds due to its degradation by dextranase. As a
bioink, dextran is usually combined with other biomaterials to modify its poor mechan-
ical strength [164,165]. So, Dex was used for microextrusion hydrogels with chemically
crosslinked Gel-varying ratios of Dex polyaldehyde. This material has the potential to:
(1) form self-supporting structures in multiple layers that can be combined with living
cells [166], and (2) produce a biocompatible and printable hydrogel using thermosensitive
Gel and oxidized dextran with a tunable gelation time that can be easily post-reinforced
through Schiff base crosslinking [167]. Dex exhibits remarkable properties in the TE
field, specifically in skin and wound regeneration, when combined or modified with
other biopolymers.

Starch is a neutral polysaccharide produced by plants such as rice, wheat, or maize.
This polysaccharide is insoluble in water at room temperature, but its granules swell and
gelatinize when heated. By cooling the starch suspension, the amylose phase separates,
promoting the formation of a highly stable and biocompatible gel [168,169]. For bioprinting
purposes, starch has been chemically modified or combined with other biomaterials to
obtain hydrogels with good mechanical and rheological properties as well as enable the
printing of structures without the need for any additional heat treatment. Thus, some
authors have proposed starch as a highly desirable bio-ink to promote 3D TE by blend-
ing it with Gel nanoparticles and Col [170] or with CS in a 50/50 ratio for neural TE
application [171].

Apart from alginates, other macroalgae-based polysaccharides have been evaluated for
their suitability to be used in 3D bioprinting. Carrageenan (CA) is widely used in TE for its
resemblance to the natural glycosaminoglycans of ECM. Despite the important properties
of k-carrageenan (κ-CA) such as biocompatibility, biodegradability, shear-thinning, and
ionic gelation, its gelation properties are challenging to control, which limits its use for
applications in 3D bioprinting. To overcome this limitation, various modifications to the
crosslinking process were tested to enhance the rheological properties of extrusion-based
3D-printed scaffolds. Several studies have reported the use of k-carrageenan-based bioinks
in the extrusion-based 3D printing of cell-laden hydrogel structures with high cellular
viability [172]. K-carrageenan has been blended with Gel [173], with alginate to obtain a
bioink with suitable structural strength and printability without affecting cell viability [174],
with methylcellulose [175] to be used on tissue regeneration, or with another bioink for
cell encapsulation and 3D bioprinting in tubular tissue regeneration [112]. Moreover, other
works reported the addition of methacrylate groups to obtain a hydrogel with later UV
(ultraviolet) crosslinking. This approach was used for encapsulating NIH-3T3 cells [176] to
obtain a photocurable bioink through visible light for soft tissue injuries in situ healing [113]
or to produce tissue scaffolds using DLP-based 3D printing technology [111].

Pullulan (PUL) is a non-ionic exopolysaccharide with a molecular weight ranging
from 10 to 400 kDa, resulting in low-viscosity solutions when dissolved in water. To
obtain hydrogels, PUL can undergo chemical modifications with methacrylate groups. This
modification led PUL to the synthesis of a photo-crosslinkable hydrogel suitable for 3D
printing while allowing spatial and structural control over the porosity and shape of the
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printed structure [177]. Additionally, this modification of PUL did not alter its rheologic
properties but assured its printability in an extrusion 3D printing process. To the best of our
knowledge, the use of pullulan for the preparation of cell-laden bioinks for 3D bioprinting
has not been reported yet [20].

Pectin (Pc), a natural heteropolysaccharide extracted from plant cell walls, exhibits
shear-thinning behavior that makes the extrusion process easier [178]. However, the
low viscosity values of pectin solutions hinder their printability. For this reason, partial
crosslinking through cation addition, either during the printing or in the post-printing
process, is reported as a useful strategy to obtain table 3D structures [179,180]. Additionally,
pectin can also be combined with other biopolymers such as oligochitosan [181] or Pluronic
(Plu) to obtain scaffold structures crosslinked with Ca2+ [182] and containing microspheres
with bioactive molecules, such as estradiol, for the generation of vascularized tissue [115].
Further, 3D bioinks based on high-methoxylated pectin with Manuka honey have been
developed to produce wound dressings [183]. However, Pc has been primarily used in
the enhancement of bioinks by adding bioactivity, among other important biochemical
properties. This enhanced capacity has been reported in bioprinted cell-laden devices made
of an alginate-pluronic hydrogel that supports the viability of pancreatic β-cells while
adding immunomodulating capacity [114] or as a Gel thickening agent and promoter of
bioprintability [184,185].

Despite different works reporting the application of protein or polysaccharide-based
bioink, the blended between them arises as an excellent option since it is possible to meet
the bioactive and structural properties of proteins and polysaccharides, respectively, as
listed in Table 3.

Table 3. Protein- and Polysaccharide-blended bioinks used for tissue engineering purposes.

Bioink
Compounds 1 Cells 2 Printing

Techniques Applications Reference

F + Alg + G U87MG Extrusion Tissue construct [186]

Col + Alg + TH Fibroblasts Extrusion Vascular tissue
regeneration [187]

Col + GelMA HUVECs and
hMSCs Droplet Vascular tissue

regeneration [188]

SF + Gel hMSCs Extrusion Cartilage tissue
engineering [189]

F + Alg + G ASCs Extrusion Neural tissue
engineering [190]

F + G + Alg hiPSCs Extrusion Neural tissue
engineering [191]

Alg + Gel +
DEAE-C + Fg

HPFs and
keratinocytes Extrusion Skin tissue

engineering [192]

Alg + TOCNF +
PDA-NPs Osteoblasts Extrusion Bone tissue

regeneration [193]

Alg + Gel + Soy HUVECs Extrusion Vascular tissue
regeneration [194]

aAlg + aHA MSCs Extrusion Cartilage tissue
engineering [195]

tCS + GHEC +
CNCs MC3T3-E1 Extrusion Bone tissue

regeneration [196]

sCS + aDex +
GelMA

hBMSCs and
HUVECs Extrusion Vascular tissue

regeneration [165]

HAMA + Col PC-12 Neural tissue
engineering [197]

HA + CMC MC3T3 Extrusion Bone tissue
regeneration [198]

HAMA +
GelMA CCs Extrusion Cartilage tissue

engineering [199]
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Table 3. Cont.

Bioink
Compounds 1 Cells 2 Printing

Techniques Applications Reference

TOCNF +
GelMA ASCs Extrusion Vascular tissue

engineering [200]

TOCNF + Alg hMF Extrusion Cartilage tissue
engineering [201]

GGMA + GelMA
+ DFO-Eth

HUVECs and
hBMSCs Extrusion Bone

regeneration [159]

GG + Alg + LM hiPSCs Extrusion 3D
neuromodeling [202]

aDex + sCS +
GelMA

hBMSCs and
HUVECs Extrusion Skin

regeneration [165]

1 Biopolymers acronyms: Fibrin (F), Alginate (Alg), Genipin (G), Collagen (Col), Tyramine Hydrochloride (TH),
Methacrylate Gelatin (GelMA), Silk Fibroin (SF), Gelatin (Gel), Diethylaminoethyl Cellulose (DEAE-C), Fibrinogen
(Fg), TEMPO-oxidized Cellulose Nanofibril (TOCNF), Polydopamine Nanoparticles (PDA-NP), Gelatin (Gel),
Aldehyde Alginate (aAlg), Amine-Hyaluronic Acid (aHA), Thermogelling Chitosan (tCS), Glycerophosphate
Hydroxyethyl Cellulose (GHEC), Cellulose Nanocrystals (CNC), Succinylated Chitosan (sCS), Dextran Alde-
hyde (aDex), Methacrylated Hyaluronic Acid (HAMA), Hyaluronic Acid (HA), Carboxymethylcellulose (CMC),
Methacrylated Gellan Gum (GGMA), Deferoxamine-loaded ethosomes (DFO-Eth), Gellan Gum (GG), Laminin
(LM). 2 Cells acronyms: Glioblastoma cells U87MG (U87MG), Human Umbilical Vein Endothelial cells (HUVECs),
Human Mesenchymal Stem cells (hMSCs), Adipose-derived Stem cells (ASCs), Human induced Pluripotent
Stem cells (hiPSCs), Human Dermal Fibroblasts (HPFs), Mesenchymal Stem cells (MSCs), Pre-osteoblastic cells
(MC3T3-E1), Human Bone Marrow Mesenchymal Stem cells (hBMSCs), Rat adrenal phaeochromocytoma cells
(PC-12), Porcine Chondrocytes cells (CCs), Human Meniscus Fibrochondrocytes (hMF).

3. Biopolymers Requirements for Bioprinting

In bioprinting, bioink is the term used to refer to a solution composed of natural
and/or synthetic polymers selected for their good biocompatibility and rheological prop-
erties. Typically, bioinks are cell-laden gels with specific properties designed to be used
in biofabrication (Figure 1). The two main components of these inks are biopolymers and
solvents. So, the fundamental function of biopolymers is to maintain the most favorable
conditions for the cells during the formulation and processing stages, as well as to act as a
safe supporting substrate for the cells. Meanwhile, solvents’ main function is to provide
appropriate rheological behavior and an adequate cell environment during the printing
process. The concentration and the molecular weight of the biopolymer are critical in
determining hydrogel viscosity behavior. Taking this into account, the most stable bioink
formulations in the field of bioprinting are those using water as a solvent.

The combination of components and their proportion within the bioink formulation
play a crucial role in establishing the printing conditions (e.g., pressure or temperature)
and the overall quality of the printing outcome. For extrusion-based bioprinting, a high
biomaterial concentration implies high viscosity, which usually has a negative impact on
cell growth, migration, and differentiation, although it provides better fidelity control
over the extruded material. Hydrogels with high molecular weight and low concentration
biopolymers are commonly used and specifically formulated to determine the viscosity
behavior, solubility shear rate, and working temperature of these hydrogels.

It is important to note that during the bioprinting process, bioinks undergo inner
forces (compression and shear forces) that generate stress on the materials. The inner forces
generated by each bioprinting technique must be considered during the setting because
they have a major role in the bioink viscosity behavior, which controls important outcomes
such as printability, fidelity, and cellular viability. This implies that bioinks must flow
properly while maintaining their structural integrity to minimize cell stress and maintain
the shape fidelity of the bioprinted structures.
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The consolidation of the bioink is a crucial process that affects the qualities of the
printed object and its application. The consolidation process determines the printing or
bioprinting method to be used. During the consolidation process, the bioink undergoes
a transition from its solvated (sol) state to its highly hydrophilic 3D reticulated macro-
molecule (Gel) state. The term “gelation” or “sol-gel transition” refers to this change of
state. A polymer undergoes a transformation from its liquid or solvated state, exhibiting a
pseudoplastic behavior (Sol), to a solid viscoelastic state (Gel), during the gelation process.
In the case of bioinks, this consolidation process (sol-gel transition) is the result of the reac-
tions of different macromolecular chains to gelate the bioink (crosslinking). The polymer’s
size increases as a result of the macromolecular chain combination, eventually forming a
stable or pseudo-stable three-dimensional network.

Depending on the crosslinking process, hydrogels can be classified into those that
crosslink by chemical (permanent) or physical (typically reversible) bonds. The former
creates a stable covalent chemical bond, while the latter relies on non-permanent physical
processes, as crosslinking occurs via dynamic and reversible non-covalent (hydrophilic,
electrostatic, or hydrogen) bonding interactions. Due to the rapid formation rate, physical
crosslinking is the most interesting method to maintain the shape of the printed material.

The bioink structure should be reticulated to promote the adhesion and growth of
loaded cells and reconstruct tissue-specific structures. The bioink can form crosslinked
structures that contribute to the mechanical effects on cells, increasing both mechanical
strength and biological activity. Physical crosslinking can be achieved using light and/or
heat under specific conditions, while chemical crosslinking can be achieved by the addition
of chemical or natural crosslinking agents. Cell survival is directly impacted by the stiffness
of the print substrate. The mechanical and rheological properties of the bioink can be
adjusted by modifying its composition. So, the bioink components should facilitate cell
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attachment, growth, and proliferation inside the 3D construct. At the same time, compo-
nents should facilitate the modification of the biopolymers’ functional groups, promoting
the inclusion and delivery of different biochemical signals or biomolecules.

It is common to apply a final fixing step or re-gelation process to maintain the final
shape of the bioprinted object and keep a compromise between the different properties
of the bioinks. Typically, this re-gelation stage is performed by incubating the bioprinted
hydrogel in a solution with a physical or chemical crosslinking agent. Some common
strategies utilized in bioprinting include adding photopolymerizing agents or agents that
increase post-printing viscosity, facilitating crosslinking during these subsequent treatments.
Another strategy is the addition of thermoplastic materials to mechanically reinforce and
stabilize the structure of these printed objects [179,203–205].

4. Crosslinking of Biopolymers

The long-term stability and shape retention of a structure after printing are critical
properties in bioprinting. The mechanism used by a hydrogel to achieve this is decisive
when it comes to its use as a bioink. As previously mentioned, there are two types of
crosslinking processes: chemical, which requires a crosslinking agent, and physical, which
occurs through physical interactions between the biopolymer chemical groups and/or
chains. Chemical crosslinking involves a molecule, the crosslinker, that reacts directly
with the biomaterial and forms permanent interpolymeric bonds. Physical interactions are
formed through various means, including electrostatic or macromolecule restructuration-
type interactions, hydrogen bonds, the formation of stereogenic complexes, interpolymeric
amphiphilic interactions, and reversible crystallization. Due to the lack of crosslinking
agents, reversible hydrogels pose less toxicity, making them highly attractive for the
development of bioinks [179,203,205–209].

4.1. Physical Crosslinking

Physically crosslinked polymers (Table 4) do not form any covalent bonds between
chains, which implies that the bonds are formed through weak interactions. These bonds
can be cyclically undone and re-done. Such behavior is typically seen in macromolecules
with a specific preferred orientation and packaging, demonstrating a certain degree of order.
Furthermore, these hydrogels have polar chemical groups that allow weak interactions,
which can be broken with external stimuli such as temperature, pH, or similar, while
exhibiting fast formation kinetics. Consequently, they are of great interest in the pharma-
ceutics and biomedicine fields, as they are not needed as crosslinking agents, which can be
toxic/cytotoxic. Some of its counterparts have difficulty controlling the hydrogels’ physical
properties, gelation time, network pore size, chemical functionalities, and degradation time.
Moreover, enhancing their mechanical properties is challenging [207].

Table 4. Different kinds of physical crosslinking with some examples of biopolymers and their
chemical schema.

Physical
Crosslinking Biopolymers Schema References

Crystallization

Chitosan/PVA
Gelatin/PVA
Strach/PVA
Dextran
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4.1.1. Crystallization

The process of polymer crystallization consists of the formation of domains within the
polymer matrix where different polymer sections are grouped together, increasing their
arrangement, and clustering into pseudocrystalline structures (spherulites). This process
affects the entire material, and multiple chain sections are involved in the formation of each
domain. Therefore, the pseudocrystals reduce chain mobility and serve as crosslinking
anchor points between consecutive chains. Polyvinyl alcohol (PVA) is one of the first
hydrogels obtained using this type of crosslinking.

Polyvinyl alcohol (PVA) hydrogels, crosslinked by recrystallization, are gradually
generated from an aqueous PVA solution at room temperature. The mechanical strength
of these hydrogels manifests a significant dependence on the proceeding conditions. The
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molecular weight and the initial concentration are among those factors that influence the
mechanical properties significantly. Additionally, the thermal history of the process and
the gelation temperature have a significant impact. For example, the production of stable
PVA hydrogel by crystallization at 37 ◦C may take up to 6 months. Hydrogels with this
kind of crosslinking composition (PVA/CS, PVA/Starch, and PVA/Gel) are currently of
interest in the fields of protein and peptide biotechnology as well as tissue engineering.
Currently, there is a growing interest in the use of hydrogels with this crosslinking method
in the fields of TE, protein, and peptide biotechnology. This includes the production of
hydrogels with low-molecular-weight dextrin via recrystallization [203,205–208].

4.1.2. Stereocomplex Formation

Stereocomplexation is a process wherein the recrystallization process of optical iso-
meric polymers of racemic blends undergoes recrystallization. Complexation is a con-
sequence of the interactions generated by the stereoselective van der Waals forces. So,
hydrogels crosslinked via this method show improved thermal and mechanical proper-
ties compared to their homocrystal counterparts. However, it is important to take into
consideration the limited number of polymers compatible with this crosslinking method,
such as mixtures of high molecular weight such as PDLA or PLLA. This mixture exhibits a
phase transition or melting temperature (Tm) at higher temperatures (230 ◦C). In this sense,
the modification of the melting temperature is attributed to the formation of stereocom-
plexes. Additionally, protein-based hydrogels are often formed from dextran-oligolactate
suspensions. The degradation kinetics of these hydrogels are highly dependent on the
number, length, and polydispersity of the lactate grafts, as well as the initial water con-
tent [179,203,205,207,208,210].

4.1.3. Heating/Cooling

Heating/cooling crosslinked gels are generated through the processes of macromolecu-
lar chain recombination and conformational change, such as the restructuring of alpha-helix
sections. For polymer solution temperatures above the melting point (Tm), the conforma-
tion of the macromolecular helix is lost. Posterior cooling redoes the helix structure due
to intermolecular forces. This process involves the association of different macromolecule
structures, leading to the formation of stronger junction zones, such as double helixes.
Furthermore, when K+ or Na+ cations are present, the double helices further aggregate,
forming more stable gels [203,207,210].

4.1.4. Hydrogen Bonding

Hydrogen bond crosslinking is caused by the interaction between an electron-deficient
hydrogen atom in a molecule and another functional group possessing a higher electron
density in a closer molecule. In hydrogen bonds, the presence of protonated carboxylic
acid groups is prevalent, and thus, the swelling of these gels is dependent on the environ-
mental pH. This crosslinking process is usually found on gelatin-based hydrogels, such
as blends of gelatin-agar, starch-carboxymethyl cellulose, or hyaluronic acid-methacrylate
(HAMA). It is noteworthy that the hydrogel crosslinking process can be reversed with
temperature when this hydrogen bridge formation does not happen at the same time as a
macromolecular restructuring. Furthermore, other studies have explored hydrogel systems
in which crosslinking is a result of the hybridization of hydrogen bonding and the stacking
of bases [203,205–208].

4.1.5. Ionic Interaction

One of the most widespread gelation processes is ionic interaction, which can be
achieved under regular conditions such as room temperature and physiological pH. Usu-
ally, hydrogels based on ionic crosslinking are polysaccharide-based, with alginate-based
hydrogels being the most commonly used. The crosslinking of alginate with polycationic
solutions (Ca2+, Fe2+, and Fe3+) is feasible due to the presence of mannuronic and glu-
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curonic acids. These gels are frequently used as matrices to encapsulate living cells and for
protein delivery. Similarly, hydrogels can be produced by crosslinking CS, which contains
1,4-linked-β-glucosamine units, with glycerol-phosphate disodium salt. CS solutions below
room temperature remain in a liquid phase when this salt is present but solidify quickly
upon heating. Therefore, hydrogels that are in liquid form at room temperature but solid-
ify at physiological temperature can be easily formulated. These gels can deliver active
proteins, previously included in the hydrogel formulation before the gelation process, that
stimulate bone and cartilage formation.

The addition of ions to produce hydrogels via ionic crosslinking does not require the
presence of ionic groups in the polymer. Carrageenan is a polysaccharide containing 1,4-α-
D-galactose and 1,3-β-D-galactose, as well as a few sulphate groups on its polymeric chain,
that can form a gel either with potassium ions or under salt-free conditions. Furthermore,
very rigid hydrogels can be produced in the presence of metallic cations. Dextran is
another biopolymer that forms a hydrogel in the presence of potassium ions by encasing
the potassium ions within the macromolecule structure. However, this hydrogel is not
suitable for drug delivery due to its instability when in contact with water. Hydrogels can
also be produced by the complexation of polyanions with polycations. The most frequently
used ionically crosslinked CS hydrogels are the result of the complexation between CS and
polyanions, such as dextran sulphate or polyphosphoric acid [203,205,207–209].

4.1.6. Hydrophobicity

Hydrogels with a high water content, typically around 80 wt%, are physically crosslinked
by hydrophobic interaction. This is achieved using compounds such as hydrophobic mod-
ified CS, dextran, pullulan, and carboxymethyl curdlan, which interact in the presence of
water. These specific compounds are utilized in the formation of monodisperse hydrogel
nanoparticles as a means of creating a microenvironment to safeguard proteins from thermal
denaturation, aggregation, and enzymatic degradation. Furthermore, highly porous and
low-swelling solid materials can be obtained via freeze drying and subsequent hydration with
an alkaline buffer. This method can be used to obtain precise control over material properties
and structure, producing materials that can increase their weight about 20 times without
swelling [205,208].

4.1.7. Maturation

The process of maturation consists of an increase in molecular weight, resulting in
the production of a precisely structured hydrogel with controlled, structured molecular
dimensions. An example of heat-induced gelation is the thermal treatment of gum Arabic,
which contains about 2–3% protein [arabinogalactan protein (AGP), arabinogalactan (AG),
and glycoprotein (GP)] as an integral part of its structure. So, these proteins are responsible
for aggregation, leading to the improvement of their mechanical properties and water-
binding capability [203,205].

4.2. Chemical Crosslinking

The formation of chemically crosslinked hydrogels, as represented in Table 5, is the
result of a reaction between multifunctional monomers or groups and the biopolymer. The
resulting hydrogel becomes insoluble in any solvent because of the formation of covalent
bonds, which remain intact until breakage. Compared to physically crosslinked hydrogels,
these hydrogels show better mechanical stability, resistance, longer degradation times, and
the ability to regulate hydrogel formation. A wide range of chemical processes are available
to form these hydrogels, such as radical polymerization, Michael reactions, Schiff based
reactions, and enzymatic crosslinking reactions, based on the functional groups present
(such as OH, COOH, NH2, and others).
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Table 5. Different kinds of chemical crosslinking, with some examples of biopolymers and their
chemical schema.

Chemical
Crosslinking Biopolymers Schema Reference

Complementary
Groups

1. Aldehyde,
Dihydrazide, and
Schiff’s base

Hyaluronic
acid-based
Dextran
Chitosan
Alginate
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tion will start hydrogel production. On the other hand, resins will be produced if the con-
centration is very high. 
• Aldehyde, dihydrazide, and Schiff’s base 

Aldehydes and dihydrazides (such as glutaraldehyde and adipic acid dihydrazide) 
are two important crosslinking agents. Crosslinking usually begins with low pH, high 
temperature, and methanol addition as a quencher. When preparing hydrogels, the poly-
mer’s amino group can react with the aldehyde to form a Schiff base. The resulting imine 
link can be hydrolyzed, resulting in the breakdown of Schiff bases at low pH levels. So, 
using dialdehyde or formaldehyde as a crosslinking agent makes it possible to form gelled 
hydrogels based on proteins such as Gel, albumin, and amine-containing polysaccharides. 
In this sense, some hydrogel films are made by modifying HA with adipic dihydrazide 
and then crosslinked with poly (ethylene glycol)-propiondialdehyde. These hydrogels are 
commonly used for controlled medication delivery [210]. 
• Thiol-ene Michael addition 

The thiol-based Michael-type reaction has been investigated as a viable method for 
producing chemically crosslinked hydrogels due to its mild reaction conditions, well-
characterized reaction processes, and capacity to create homogeneous constructions. This 
chemical crosslinking is based on nucleophilic addition to unsaturated carbonyl com-
pounds. Typical nucleophiles include thiol and amine-bearing molecules, while unsatu-
rated carbonyl can be found in acrylate, methacrylate, and vinyl sulfone groups. Photoin-
itiated thiol-ene crosslinking has recently been investigated as a desirable method for cell 
encapsulation. This photopolymerization mode requires highly reactive components and 
a short exposure time. So, cells can benefit from lower exposure to reactive radicals. Ad-
ditionally, the thiol-ene chemistry has a reduced susceptibility to oxygen inhibition, al-
lowing cell encapsulation in an oxygen-rich environment, which is a desirable attribute 
for 3D bioprinting technologies [210]. 
• Condensation 

Condensation reactions are an effective method for crosslinking water-soluble poly-
mers. Therefore, their application in hydrogel creation is being encouraged. The Passerini 
and Ugi condensation processes are extensively used in the synthesis of polymers, specif-
ically in the production of polyesters and polyamides. For this reason, biopolymers that 
present hydroxyl groups or amines with carboxylic acids or derivatives are necessary, 

[180,204–206,210,211]
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4.2.1. Complementary Groups

Chemical groups in hydrophilic polymers comprise atoms with varying electronegativ-
ities. As a result, some of these chemical groups, such as COOH, will be electron-deficient,
while others, such as NH2 or OH, will be electron-dense. The presence of these groups in
the polymer enables the creation of hydrogels through their reactivity, such as in the cases
of amino-carboxylic acid, isocyanate-OH/NH2, or the synthesis of Schiff bases. Covalent
bonds are created between the polymer chains during this process. A bifunctional molecule
with the appropriate chemical group may be necessary as a crosslinking agent under certain
circumstances. The dilution of the polymer’s aqueous starting solution will start hydrogel
production. On the other hand, resins will be produced if the concentration is very high.

• Aldehyde, dihydrazide, and Schiff’s base

Aldehydes and dihydrazides (such as glutaraldehyde and adipic acid dihydrazide)
are two important crosslinking agents. Crosslinking usually begins with low pH, high
temperature, and methanol addition as a quencher. When preparing hydrogels, the poly-
mer’s amino group can react with the aldehyde to form a Schiff base. The resulting imine
link can be hydrolyzed, resulting in the breakdown of Schiff bases at low pH levels. So,
using dialdehyde or formaldehyde as a crosslinking agent makes it possible to form gelled
hydrogels based on proteins such as Gel, albumin, and amine-containing polysaccharides.
In this sense, some hydrogel films are made by modifying HA with adipic dihydrazide
and then crosslinked with poly (ethylene glycol)-propiondialdehyde. These hydrogels are
commonly used for controlled medication delivery [210].

• Thiol-ene Michael addition

The thiol-based Michael-type reaction has been investigated as a viable method for
producing chemically crosslinked hydrogels due to its mild reaction conditions, well-
characterized reaction processes, and capacity to create homogeneous constructions. This
chemical crosslinking is based on nucleophilic addition to unsaturated carbonyl compounds.
Typical nucleophiles include thiol and amine-bearing molecules, while unsaturated car-
bonyl can be found in acrylate, methacrylate, and vinyl sulfone groups. Photoinitiated
thiol-ene crosslinking has recently been investigated as a desirable method for cell encapsu-
lation. This photopolymerization mode requires highly reactive components and a short
exposure time. So, cells can benefit from lower exposure to reactive radicals. Addition-
ally, the thiol-ene chemistry has a reduced susceptibility to oxygen inhibition, allowing
cell encapsulation in an oxygen-rich environment, which is a desirable attribute for 3D
bioprinting technologies [210].

• Condensation

Condensation reactions are an effective method for crosslinking water-soluble poly-
mers. Therefore, their application in hydrogel creation is being encouraged. The Passerini
and Ugi condensation processes are extensively used in the synthesis of polymers, specifi-
cally in the production of polyesters and polyamides. For this reason, biopolymers that
present hydroxyl groups or amines with carboxylic acids or derivatives are necessary,
respectively. To facilitate the sol-gel transition, the crosslinking reaction can be conducted
in slightly acidic water at room temperature. A few molecules are commonly included in
this process to prevent any unwanted side reactions and to achieve tighter control of the
gel’s crosslinking density. The rate of gel degradation at room temperature and pH 9.5 can
be adjusted based on the crosslinking density. The inclusion of bioactive molecules, such
as antimicrobial proteins, lysozymes, or negatively charged polysaccharides, to increase
loading capacity is another intriguing alteration [205,207,208,211].

4.2.2. Radical Polymerization

Radical polymerization has become the most widely used technique for creating
chemically crosslinked hydrogels. Specifically, two reaction subclasses can be further
classified under this category: random and controlled polymerization. To produce hydro-
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gels through free radical processes, a monomer, oligomer, or macromer with unsaturated
vinyl functional groups must undergo polymerization. The macromolecular backbones
are activated in chemical grafting via radical polymerization, which occurs through the
reaction of a chemical reagent (visible or UV light, heat, or redox initiators). This crosslink-
ing technique is highly effective and frequently utilized, even in modest conditions. The
characteristics of the hydrogel and its swelling capacity depend on the proportion of
crosslinker used. The most typical natural polymers used in radical crosslinking are HA,
dextran, and CS, as well as biopolymers functionalized with acrylate groups. Therefore,
photocrosslinking techniques are typically the most promising for using cell-laden bioinks
in bioprinting [205,207–209,211].

Additionally, the classification of a radical initiation method can be extended to include
thermal and photoinitiation processes, as well as polymerization induced by heat and/or
light. This crosslinking by light-induced polymerization is an incredibly quick hydrogel
process that is particularly attractive for the creation of patterned structures. The selection
of the appropriate photoinitiator type and solvent is crucial, as they may leak out of the
hydrogel post-production. The radicals produced during polymerization in the presence of
proteins can harm the protein’s structure. Additionally, the UV light’s intensity is restricted
to prevent cell damage because the heat released during the crosslinking process may result
in cell death [179,205,207].

4.2.3. Enzymatic

Enzymatic crosslinking offers excellent substrate selectivity and avoids adverse re-
sponses. The peptide ratio can be changed to customize the gel’s properties. The reaction
kinetics of the gel are influenced by the ratio of reactants, enzyme concentration, and
macromer shape and composition. This qualifies these hydrogels as suitable for in situ
gelling systems.

Transglutaminase (TG), a Ca2+-dependent enzyme, is capable of catalyzing the formation
of polypeptide-like hydrogels rapidly at biological temperature (37 ◦C). The TG forms these
hydrogels by amide linkage between the carboxamide and primary amines on polymers or
polypeptides. Horseradish peroxidase and H2O2 have been used in similar proceedings to
crosslink hydrogels based on HA, dextran, cellulose, and alginate [180,204–206,210,211].

5. Printing Techniques for Biopolymers

Bioprinting is defined by the Cambridge English Dictionary as ‘the process of pro-
ducing tissue or organs similar to natural body parts and containing living cells using
3D printing’. The field of bioprinting has experienced tremendous growth over the last
decade as it allows the deposition of biomaterials with cells following precise geometries
that aim to mimic the tissue or organ structures present in the body. One of the current and
potential uses of bioprinting is the fabrication of viable tissues and organs for application in
regenerative medicine, the creation of biomimetic in vitro models for drug screening, and
the use of bioprinting in personalized medicine through a collection of tissues obtained
from the same patients receiving the treatment.

The cells used in bioprinting require an environment capable of providing, at the same
time, adequate mechanical support for shape retention and a biocompatible environment
to allow cell growth while maintaining their functionality as closely to their native physio-
logical environment as possible. For this purpose, printing typically follows the structure
of porous scaffolds, with pores providing an area for cell growth and nutrients and oxygen
penetration within the printed construct. Natural polymers, as opposed to synthetic ones,
offer advantages in terms of better biocompatibility, biodegradability, and mimicking of
the physiological properties of extracellular matrix (ECM) [212] e.g., stiffness.

Different biopolymers and gelation techniques have been used to generate bioinks.
Therefore, printing techniques have been developed based on different principles, printing
parameters (Table 6), and foundations adapted to each hydrogel and cell type. In this
sense, these printing technologies can be divided into photopolymerization, laser-assisted,
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and deposition printing approaches depending on the underlying concepts upon which
they are founded (Figure 2). Therefore, the properties of these scaffolds and their ultimate
application hinge on the manufacturing procedure used to create them.

Table 6. Bioprinting techniques and their printing parameters.

Bioprinting Technique Parameters Reference

Photopolymerization

Wavelength
Light/laser power
Exposure time
Repetition rate
Pulse width
Environmental temperature

[212–214]

Laser-based

Wavelength
Laser intensity/power
Pulse rate/frequency
Laser fluence
Hydrogel viscosity
Thickness of the absorbing layer
Thickness of the bioink layer
Travel distance
Printing velocity

[215–217]

Extrusion

Printing pressure
Printing velocity
Nozzle height
Flow rate
Printing temperature
Hydrogel viscosity
Extrusion gauge
Environmental temperature

[217–219]

Droplet

Pressure
Droplet rate
Droplet volume
Hydrogel viscosity
Kinetic momentum
Printing speed
Printing time
Voltage pulse (amplitude, rise and fall times,
dwell time, echo time, and frequency)
Substrate hydrophobicity/hydrophilicity

[212,220,221]
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ultimate application hinge on the manufacturing procedure used to create them. 

 
Figure 2. Different printing techniques used with biopolymers: (A) photopolymerization, (B) laser, 
(C) extrusion and (D) droplet. 

Table 6. Bioprinting techniques and their printing parameters. 

Bioprinting Technique Parameters Reference 

Photopolymerization 

Wavelength 
Light/laser power 
Exposure time 
Repetition rate 
Pulse width 
Environmental temperature 

[212–214] 

Laser-based 

Wavelength 
Laser intensity/power 
Pulse rate/frequency 
Laser fluence 
Hydrogel viscosity 
Thickness of the absorbing layer 
Thickness of the bioink layer 
Travel distance 
Printing velocity 

[215–217] 

Figure 2. Different printing techniques used with biopolymers: (A) photopolymerization, (B) laser,
(C) extrusion and (D) droplet.
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5.1. Photopolymerization-Based

In photopolymerization-based printing, resins contain a photoinitiator activated by
laser to produce the photopolymerization of a small volume around the focus spot. For
this reason, the selection of an adequate photoinitiator agent is critical for biocompatibility
since some have cytotoxic effects [222]. Furthermore, the photoinitiator will affect the final
resolution, and occasionally a photoinitiator and a photoblocker are combined to achieve a
smaller spot size.

Several techniques using photopolymerization principles have been developed, including
stereolithography (SLA), digital light printing (DLP), and two-photon polymerization (2PP).

SLA works by using a mirror (galvanometer) to focus a laser beam on the desired spot,
typically inside a resin tank, and achieves high resolution at a relatively low printing speed.
Each layer of the object is printed by scanning dot by dot with the mirror (Figure 2A).
Improvements in SLA technology have led to DLP, a more efficient method in which a
digital light projector replaces the laser beam, curing each full layer at a time. Resolution in
SLA and DLP printers is typically within 10–75 µm and rapidly improving. 2PP is based
on photopolymer crosslinking induced by high-intensity femtosecond laser pulses. Due
to the non-linear nature of the two-photon absorption, proportional to the square of the
light intensity, it is possible to achieve very small voxel sizes, leading to submicrometer
resolution [212], albeit with longer printing times.

The range of materials available for photopolymerization was initially restricted to
photocurable synthetic resins, including hydrogels made from modified biopolymers. In
this sense, it should be noted that the materials used in photopolymerization are not strictly
natural polymers but modified polymers including acrylate or diacrylate groups, allowing
the polymerization process to occur after the photoinitiator has been excited. Vinyl chemical
groups are often incorporated through modification with acrylates, such as methacrylic an-
hydrides. Thus, polymers such as gelatin methacrylate (GelMA), hyaluronic acid methacry-
late (HAMA), or Col methacrylate (ColMA) are among those commonly used.

The biocompatibility of constructs produced by photopolymerization may be lim-
ited by several factors. Photoinitiators are required in the hydrogel, which could harm
biocompatibility through possible residual toxic photocuring agents [222]. Additionally,
UV and shorter wavelengths of light may cause mutations in DNA, and intense light can
decrease cell viability. Therefore, caution is needed while selecting and utilizing photoini-
tiators, as well as the wavelength and intensity of the light. Printing time is another crucial
consideration because long print durations will result in insufficient immersion of cells in
the medium and a lack of necessary CO2 supply and humidity [214]. The porosity of the
printing scaffold and the rheological properties of the hydrogel will determine whether
the cells can obtain enough oxygen and nutrients, further spread, and migrate through the
material, which is another important consideration.

Postprocessing in photopolymerization bioprinting affects both the structural prop-
erties of the construct and cell viability. Typically, these samples need to be immersed
in a bath with a solvent (e.g., water or isopropanol) that removes the non-crosslinked
volume, and in some cases, the extra support material must be mechanically removed.
Furthermore, inks made of synthetic polymers commonly contain organic solvents that
are usually cytotoxic. Thus, post-printing cell seeding is more prevalent than cell-laden
photopolymerization-based bioprinting.

Examples of photopolymerization-based bioprinting are numerous. Both SLA and
DLP have been used to produce vascular grafts and vascularized tissue constructs [213].
These techniques allow the building of cylindrical structures with a very narrow lumen
due to their high resolution. For the same reason, they are also used for printing other
tubule-like structures, such as nerve conduits [223,224]. 2PP lithography was initially
limited to resin-like materials [225], resulting in biomimetic models that are particularly
useful for tissue engineering, such as trabecular bone [226,227], cardiac tissue [200], or
blood-brain barrier [228]. Nowadays, natural polymers find application in various fields,
such as printing microvasculature channels in Col hydrogels [229,230], creating structures
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for cell encapsulation in GelMA [231], or reproducing the microstructure of a lung’s alveolar
tissue parenchyma in gelatin methacryloyl-based resin [232].

5.2. Laser-Based

In laser-assisted bioprinting (LAB), a laser beam is focused on the upper surface of a
bioink layer affixed to a transparent support. In response to the laser, a bubble forms at the
focus spot, making the ink stream along the vacuolar membrane. After the bubble collapses,
the ink forms a jet or droplet that is deposited on the substrate [220], which typically
contains a biopolymer or cell culture medium to ensure cell adhesion (Figure 2B) [216]. The
small size of the droplets guarantees a higher resolution than extrusion-based bioprinting.
Despite the numerous factors potentially affecting cell viability in this technique (laser
radiation, thermal changes, mechanical forces during the transfer and landing processes),
LAB has been reported to achieve viabilities of over 90% [215,217]. LAB allows printing
using more viscous bioinks than extrusion-based systems, as the ink does not pass through
a nozzle [220].

LAB has been used to print cellularized skin grafts in a mouse skin model using
fibroblasts and keratinocytes positioned in a Col solution on the surface of a commercially
available Col/elastin matrix (Matriderm®) [116]. After 11 days of implantation, the grafts
were explanted and analyzed, revealing that the printed cells had formed a tissue similar
to the native mice skin. This formation included a dense epidermis and the formation of a
microvascularization network.

5.3. Extrusion-Based

In this bioprinting technique, hydrogels are extruded through a nozzle or printing
head and deposited over a substrate to construct layer-by-layer through a mechanical force
(Figure 2C). Due to its working mechanism, the bioink must have adequate rheological
properties, provide good extrudability, and maintain structural integrity after printing.
These requirements, often referred to as printability, contribute significantly to the regula-
tion of cell functioning [233,234]. Thus, the design of a hydrogel for extrusion bioprinting
must consider both rheological and biological factors. Bioinks are composed of one or more
biomaterials mixed with living cells and eventually other biologically active components
that impact their flow behavior. The viscosity of bioinks must be low enough to allow the
extrusion process without requiring high pressure. This high pressure causes excessive
shear stress, which can dramatically affect cell viability [235]. On the other hand, the
retention of the shape of the construct after the extrusion process is primarily influenced by
the material yield stress and, secondly, by its viscosity.

Crosslinking/gelation can also be of crucial importance in controlling both printability
and cell function in extrusion-based bioprinting. Hydrogel gelation can be performed
before, during, and after the extrusion printing procedure. So, pre-printing crosslinking
can be used as a printability enhancer to obtain gel-like materials adequate for printing.
This procedure must be carefully considered due to the possibility of provoking nozzle
clogging, and thus, decreasing the material’s extrudability [234] or even inducing the total
gelation of the bioink, which is then no longer extrudable. Additionally, crosslinking
while the printing process is ongoing, such as immediate photopolymerization after the
bioink exits the nozzle, helps in maintaining the structural integrity of the printed part.
However, crosslinking agents activated by visible light are preferred compared to those
activated by UV light, as they may damage cells, and the presence of photoinitiators may
also have deleterious effects on the cells [223]. Finally, post-printing crosslinking is typically
accomplished by a light source, thermal treatment, or the addition of a metal-ion source
such as CaCl2. However, thermal post-printing treatment in cell-laden hydrogels is limited
by the presence of the cells and the range of temperatures they can stand. The addition
of CaCl2, which is generally well-tolerated by most cell types, could affect the survival of
those cells strongly affected by the presence of X2+ ions, such as cardiomyocytes.
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Alginate/gelatin (AlgGel) hydrogel is a widespread example of a natural polymeric
bioink for extrusion bioprinting due to its excellent printability, biocompatibility, and
biodegradability. Alginate is renowned for its printability properties, but it lacks bio-
logical activity, while Gel enhances biological activity, resulting in a biocompatible and
biodegradable easy-to-print bioink [207]. This combination has been used, for example, to
print cardiac patches, mixing the hydrogel with human coronary artery endothelial cells
(HCAECs) and separately with mouse vascularized cardiac spheroids (VCSs) [236]. The
results showed high viability at 28 days, with the HCAECs successfully establishing a
vascular network and the VCSs showing contractility. Another example is the printing of
bilayer renal tubular tissue with a decellularized kidney ECM mixed with alginate using a
coaxial extruder [237].

5.4. Droplet-Based

In droplet-based bioprinting (DBB), the structure is built by small bioink droplets
deposited on a substrate. There are different approaches to this technique: inkjet, acoustic,
and microvalve bioprinting (Figure 2D) [238]. Similar to extrusion bioprinting, bioinks
used in DBB require low viscosity, biocompatibility, and biodegradability.

Printing hydrogel droplets on a substrate is the most frequent approach, but an
alternative approach involving printing droplets containing cells or other biologicals on
top of hydrogel substrates has also been reported [238]. For instance, skin graft substitutes
have been fabricated by printing a solution of human dermal microvascular endothelial
cells mixed with thrombin onto a substrate made of Col type I with neonatal human
fibroblasts [239]. These skin grafts were implanted in a mouse model, demonstrating
improvements in wound contraction.

Besides Col, several natural polymeric hydrogels have been reported as effective op-
tions for DBB. Alginate is frequently used in DBB and is often preferred due to its excellent
printability, for example, in printing microvasculature constructs [240]. GelMA is also one
of the most commonly used natural polymer hydrogels due to its degradability and tunable
mechanical properties. GelMA has been used to recreate tumor microenvironments by mix-
ing co-cultured CAL27-CALF tumor spheroids with a GelMA-based bioink and printing
them using acoustic droplet printing [241]. F has been used to produce microvasculature by
inkjet printing droplets of thrombin loaded with human dermal microvascular endothelial
cells on top of a fibrinogen substrate, forming a microcapillary network after 21 days of
culture [241].

6. Discussion

3D bioprinting is a recent and promising technology for TE but still presents several
challenges to solve. The most relevant ones are: (1) the identification of biodegradable
and biomimetic printable biopolymers that enable prompt cell adhesion and proliferation;
(2) the need for vascularization at the single-cell level; (3) the development of complex
patterning of heterocellular tissues; and (4) the conservation of cell viability and long-
term post-printing functionality until the remodeling and regeneration of the tissue are
completed [179,206,209,228].

Figure 3 presents the most relevant data extracted in this review, showing that biopoly-
mers are commonly used in six specific TE applications: bone, cartilage, neural, vascular,
skin, and pancreatic tissue regeneration. Other applications are included under a gen-
eral concept named other tissue regeneration. This figure represents the interaction of
commonly used biopolymers, their bonding into new hydrogels, and the printing and
crosslinking techniques used for each application.
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part of the blend (not included for simplicity).

7. Conclusions and Future Perspectives

In conclusion, hydrogels based on biological source compounds, namely, polysaccha-
rides and proteins, are widely used in the composition of bioinks due to their biocompat-
ibility, biodegradability, and resemblance to some properties of the ECM (e.g., stiffness).
The potential of natural-based bioinks has been evaluated in several TE applications, such

84



Gels 2023, 9, 890

as bone, cartilage, neural, vascular, skin, and pancreatic tissue regeneration. These types
of bioinks have been studied due to their biocompatibility, flexibility to be chemically
modified or blended to improve their printability and mechanical stability during and
after the printing process, and also to augment the biological or mechanical features of
the 3D-printed structures. However, the rheological properties of natural compounds are
unsuitable to be used alone as bioinks. So, several procedures to improve their printability
are commonly used, such as blending with other natural or synthetic materials or chemical
modification. In general, alginate and gelatin are biopolymers widely used in TE for a
variety of applications, together with other methacrylated biopolymers (GelMA, ColMA,
and HAMA). However, new alternative biopolymers are currently under study to avoid un-
desirable effects that compromise cell proliferation and maturation using Michael reactions
for crosslinking.

Furthermore, future research may also attempt to optimize the printing techniques
and printing process parameters to develop specific multifunctional bioprinted constructs.
By combining state-of-the-art TE strategies and achievements made by current and ongoing
research, it aims to propel the development of ideal 3D bioprinted materials based on
biopolymers and consequently their successful translation into clinical applications in
the future.
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Abstract: Natural polysaccharides are highly attractive biopolymers recommended for medical
applications due to their low cytotoxicity and hydrophilicity. Polysaccharides and their derivatives
are also suitable for additive manufacturing, a process in which various customized geometries
of 3D structures/scaffolds can be achieved. Polysaccharide-based hydrogel materials are widely
used in 3D hydrogel printing of tissue substitutes. In this context, our goal was to obtain printable
hydrogel nanocomposites by adding silica nanoparticles to a microbial polysaccharide’s polymer
network. Several amounts of silica nanoparticles were added to the biopolymer, and their effects on
the morpho-structural characteristics of the resulting nanocomposite hydrogel inks and subsequent
3D printed constructs were studied. FTIR, TGA, and microscopy analysis were used to investigate the
resulting crosslinked structures. Assessment of the swelling characteristics and mechanical stability
of the nanocomposite materials in a wet state was also conducted. The salecan-based hydrogels
displayed excellent biocompatibility and could be employed for biomedical purposes, according
to the results of the MTT, LDH, and Live/Dead tests. The innovative, crosslinked, nanocomposite
materials are recommended for use in regenerative medicine.

Keywords: salecan; silica nanoparticles; 3D printing

1. Introduction

For obtaining three-dimensional (3D) objects from a computer design, 3D printing
was created more than 30 years ago. A quick and affordable design cycle is made possible
by this layer-by-layer method for creating customized biomaterials [1,2]. Many polymers
have been employed to create materials used in pharmaceutical and medical fields using
three-dimensional printing technology [3]. Moreover, multiple materials can be combined
in a single structure using multi-material 3D printing [4]. With the development of 3D
printing technology, it is now possible to reconstruct tissues using active components and a
growing variety of materials that have strong and stable mechanical properties, and good
biocompatibility [5,6]. It is interesting how the development of functional hydrogels opens
up several opportunities for incorporating hydrophilic networks into 3D-printed scaffolds
that are similar to the extracellular matrix [7].
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Hydrogels are three-dimensional polymeric structures that can absorb large amounts
of water without disintegrating or losing their physical integrity [8,9]. Hydrogels have
drawn a lot of interest as prospective biomaterials for medical applications such as drug de-
livery, tissue engineering, cell culture scaffolds, wound dressings, and filtration/separation
techniques due to their high water content and inherent mechanical strength [10,11]. Hydro-
gels can be made from synthetic or natural polymers using techniques that include physical
crosslinking, chemical gelation, or self-assembly [8,12–14]. Natural polymer-based hydro-
gels, particularly those made of polysaccharides, have seen increased use in recent years
because of their outstanding biocompatibility, bioactivity, biodegradability, hydrophilicity,
and low toxicity [9,15,16]. In previous research works, polysaccharides such as starch,
dextran, cellulose, and their derivatives have been used to develop polysaccharide-based
hydrogels [17,18]. Moreover, polysaccharides feature active groups that can be function-
alized by utilizing a variety of methods in order to improve their mechanical properties
and stability; furthermore, they can be produced from renewable sources [19]. Alginate,
chitosan, cellulose, k-carrageenan, pectin, and other polysaccharides are frequently used in
the manufacture of composite hydrogels [20–24].

Salecan is a new water-soluble glucan (natural polysaccharide), produced by the strain
Agrobacterium sp. ZX09, which has recently been identified and commercialized [25–27]. Its
backbone features a distinctive design “→ 3)-β-D-Glcp-(1→ 3-[β-D-Glcp-(1→ 3)-β-D-Glcp-
(1→ 3)]3-α-D-Glcp-(1→ 3)-α-D-Glcp-(1→”, groups that are all connected by α-(1–3) and
β-(1–3) glycosidic connections [28]. Salecan, which differs significantly from the other β-
glucans, offers a variety of benefits including biocompatibility, great immune boosting, high
solubility, antioxidation properties, and biodegradability. The medical, pharmaceutical,
cosmetic, and food sectors all greatly value these qualities [29–31]. One of the most
important characteristics of salecan is the rheological property, which is incredibly valuable
in our current inquiry. For drug delivery purposes, our research team has developed
polymer nanocomposites containing salecan [32]. We recently investigated the possibility
of synthesizing exclusively salecan green crosslinked materials, as well as the first use of
salecan in additive manufacturing [25].

Organic-inorganic nanocomposite particles have attracted a lot of attention recently
in research areas and industry. The combined and, in some cases, synergistic effects of
the organic and inorganic components in these hybrid materials make them useful for a
variety of applications, including catalysis, coatings, photonics, and biomedicine [33,34].
To create organic-inorganic nanocomposite materials, several inorganic particles, including
silica, Laponite clay, magnetite, zinc oxide, titanium oxide, and graphene oxide, have been
used [33,35]

The silicate minerals that make up the majority of the silica in the Earth’s crust are
also present in plants and grains [36,37]. Due to the presence of silanol groups (Si-OH),
silica nanoparticles (SiO2) have good biocompatibility, homogeneous pore size, adjustable
particle size, a large surface area, and are easily modifiable [38]. Furthermore, the pro-
liferation and differentiation of cell cultures can all be aided by the addition of silica
nanoparticles [39]. Based on these features, the inorganic silica skeleton is more stable
than conventional degradable biomaterials in the presence of temperature changes, organic
solvents, and acidic environments [40]. The production of silica nanoparticles has increased,
making them the second most common nanomaterial produced globally [41]. Function-
alized silica nanoparticles, present free OH groups on their surface, and these groups are
highly affine to the COO–groups found in biopolymers such as sodium alginate, gelatin,
agar, etc., forming hydrogen bonds [39]. For example, Roopavath et al. prepared a 3D
printable alginate/gelatin/SiO2 ink with increased viscosity that presented a potential for
bone regeneration and nanomedicine [39]. Moreover, using a salecan graft copolymer and
Fe3O4@SiO2 nanoparticles as the drug carrier, Hu et al. created a pH-sensitive magnetic
composite hydrogel [17].

In the present work, a novel 3D-printed nanocomposite hydrogel was synthesized
and characterized. The main objective of this study was to introduce silicon dioxide
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nanoparticles in the polymer network of a microbial polysaccharide (salecan) in order to
obtain new 3D printable nanocomposite hydrogels. Thus, we have followed enhanced
printing fidelity by varying the amount of nanofiller in the polysaccharide formulation.
As far as we know, our study is the first report investigating an ink based on salecan with
entrapped silica nanoparticles developed for additive manufacturing with potential for
biomedical applications.

2. Results and Discussion
2.1. Rheological Behavior

All of the samples displayed normal filaments and kept the 3D-printed structure they
were originally created with depending on the composition. As was seen both during
and after the 3D printing process, the 3D printed shape demonstrated good stability and
maintained its design. Even though they can be printed up to 10 layers thick, the neat
hydrogel sample S0 and S1 showed collapsed layers in contrast to the nanocomposite
structures made from the printing inks S2 and S3.

To evaluate the printability of the newly formulated inks and the influence of silica
nanoparticles amount over the salecan, the shear viscosity was investigated. Figure 1 shows
the variation of viscosity with a shear rate for S0, S1, S2, and S3. The bicomponent samples
forming the printing inks offer specific rheological characteristics. The shear viscosity
decreases with the applied shear rate for all samples, which suggests a non-Newtonian
pseudoplastic fluid with a shear-thinning character. This rheological characteristic is typical
of polysaccharide materials and is linked to their vast hydrodynamic size, which comes
from the grouping of linear and stiff macromolecules, which results in high viscosities and
pseudoplasticity [25,42]. Furthermore, the salecan hydrogels’ viscosity is reduced from
105 Pa·s to 100 Pa·s with an increased shear rate, displaying shear-thinning behavior and
suggesting the feasibility of injecting salecan hydrogel-based inks [25].
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As intended, the viscosity of the silica—salecan composites slightly increased with the
increasing silica concentration at a constant polysaccharide concentration. The difference
between the studied samples is the viscosity value, which was the highest for S3 and
the lowest for S0, while S1 and S2 presented intermediate values. The slightly increased
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viscosity conferred by the inclusion of silica nanoparticles is beneficial for the extrusion of
hydrogel and for producing 3D structures with precise geometry [43].

2.2. FT-IR Analyses

To understand the influence of silica nanoparticle content on the structural properties
of the newly obtained salecan/silica composite, we investigated the compositional behav-
iors of designed hydrogels by using the FT-IR technique. The FT-IR spectra of the newly
obtained biomaterials based on salecan and silica nanoparticles are given in Figure 2.
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Figure 2. FTIR Spectra of the obtained samples.

FT-IR spectroscopy showed the specific peak of salecan at around 3300 cm−1 due
to its abundant OH groups [17]. Other peaks appear at 2800 and 1013 cm−1, which are
attributed to CH2 and C–OH stretching frequencies in the glucopyranose ring from the
salecan structure, respectively [25,30]. Moreover, stretching vibration of the C=O peak
from the citric acid structure appears on the FT-IR curve at around 1700 cm−1 [44,45]. The
FTIR curve of silica nanoparticles exhibits a peak at 1049 cm−1, which is ascribed to the
Si-O–Si bond from the silicon dioxide inorganic network, with no OH-specific peaks in the
3300 cm−1 area.

In the case of the produced nanocomposites, we discovered that the aforementioned
peaks were slightly changed and diminished as the silica content in the polysaccharide
matrix increased. The peak assigned to Si–O at 1049 cm−1 overlaps with the peak attributed
to C–OH from salecan at 1013 cm−1. The resulting peaks of nanocomposites are more
of a combination of the two peaks with a gradual shift to higher wavenumbers (1023
cm−1). Unlike other investigations which used functionalized silica nanoparticles [17,39],
the present study used amorphous SiO2 nanoparticles which are only physically confined
in biopolymeric matrices and do not participate in the crosslinking processes.
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2.3. Swelling Behavior

The hydrogel’s ability to swell in contact with fluids is a crucial characteristic for
scaffolds used in tissue engineering applications since it has a significant impact on the
regeneration of the new tissue and can present an important influence on the mechanical
properties and the degradation rate [14,46]. The water uptake of the new 3D-printed
composite hydrogels was thoroughly assessed for that aim. The swelling behavior for
the studied samples was evaluated for 48 h using a simulated fluid with pH 5.5, 7.4, and
11. Figure 3 presents the values of swelling degree (SD) and illustrates how salecan and
SiO2 content affect the water absorption capacity. The maximum amount of water was
absorbed by the S0 sample (sample without silica nanoparticles) which presented the best
hydrophilicity at pH 7.4.
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The inclusion of silica nanoparticles in the polymeric matrix leads to the limitation of
the hydrogel swelling behavior in different pH media as a consequence of the replacement
of biopolymer with silica nanoparticles. Moreover, with the exception of S0, whose SD
value is maximum at pH 7.4, the swelling degree was higher with the increase of the pH
for all the samples because more COO– groups are forming inside the hydrogels (from the
citric acid structure) [25,47].

All of the 3D structures that were printed have the potential to quickly absorb fluids
in various pH media in about one hour. The produced 3D printed composites consist of
durable biopolymer networks, evidenced by the fact that all the swelled samples retained
their stability in wet settings after 24 h, the crosslinking procedure being successful in the
presence of the nanofiller. Moreover, after one month, minimal degradation of less than
3% was found for samples preserved in acidic media, of ~10% for neutral pH, while the
degradation reached its peak for samples preserved in the basic medium after only 30 h,
regardless of sample type. This behavior is governed by the polysaccharide matrix, with a
distinct behavior observed in cases where salecan crosslinked with citric acid was obtained
at various concentrations of reactants [25].

Because hydrogel behavior is pH-dependent, this novel family of materials can there-
fore be used in any application that requires higher stability in an acidic environment and
gradual disintegration over time in environments with greater pH’s.

2.4. Thermal Properties

To confirm that the inclusion of the silica nanoparticles can improve the thermal
stability of new 3D printed composites, further TGA investigation was performed. Figure 4
presents the TGA curves of new 3D printed composites tested in nitrogen conditions with
a heating rate of 10 ◦C/min.

Thermogravimetric parameters of the analyzed samples are presented in Table 1.

Table 1. Thermogravimetric of the samples.

Samples
Step 1 Step 2 Step 3

T, ◦C Weight
Loss, % T, ◦C Weight

Loss, % T, ◦C Weight
Loss, %

S0

80–200

16.81

200–320

57.49

320–700

39.86
S1 11.95 22.07 34.35
S2 10.84 22.31 26.72
S3 9.29 18.48 26.10

100



Gels 2023, 9, 425Gels 2023, 9, x FOR PEER REVIEW 7 of 20 
 

 

 
Figure 4. Thermal properties of the obtained sample, TGA. 

Thermogravimetric parameters of the analyzed samples are presented in Table 1. 

Table 1. Thermogravimetric of the samples. 

Samples 
Step 1 Step 2 Step 3 

T, °C Weight 
Loss, % 

T, °C Weight 
Loss, % 

T, °C Weight 
Loss, % 

S0 

80–200 

16.81 

200–320 

57.49 

320–700 

39.86 
S1 11.95 22.07 34.35 
S2 10.84 22.31 26.72 
S3 9.29 18.48 26.10 

All the samples exhibited three different steps of decomposition. The first step rang-
ing between 80 to 200 °C with a weight loss of around 10–17% was attributed to the re-
moval of adsorbed water and slightly volatile substances [48]. The second step ranged in 
temperature from 200 to 320 °C and presented a weight loss of about 19–58% representing 
the cleavage of side chains [30]. The third decomposition stage correlated with dehydra-
tion of carbohydrate chains, which was presented between 320 and 700 °C, respectively, 
showed a weight loss between 26–40% [17,30]. As can be observed in Table 2, the weight 
loss for all the steps decreases with the addition of the silica nanoparticles, so, the sample 
with the highest residual mass was S3.  

Table 2. Elastic modulus calculated from stress-strain curves. 

Sample 
  Elastic Modulus (KPa)  

1–6 KPa STDV R2 20–25 KPa STDV R2 25–35 KPa STDV R2 
S0 6.57 ±0.66 0.9906 12.74 ±0.44 0.9990 13.46 ±0.10 0.9971 
S1 15.35 ±2.10 0.9979 24.37 ±0.98 0.9988 25.90 ±0.18 0.9977 
S2 7.32 ±1.29 0.9913 27.38 ±1.45 0.9998 31.09 ±1.36 0.9993 
S3 9.42 ±2.36 0.9988 27.47 ±1.50 0.9977 32.14 ±1.88 0.9984 

  

Figure 4. Thermal properties of the obtained sample, TGA.

All the samples exhibited three different steps of decomposition. The first step ranging
between 80 to 200 ◦C with a weight loss of around 10–17% was attributed to the removal of
adsorbed water and slightly volatile substances [48]. The second step ranged in temper-
ature from 200 to 320 ◦C and presented a weight loss of about 19–58% representing the
cleavage of side chains [30]. The third decomposition stage correlated with dehydration of
carbohydrate chains, which was presented between 320 and 700 ◦C, respectively, showed a
weight loss between 26–40% [17,30]. As can be observed in Table 2, the weight loss for all
the steps decreases with the addition of the silica nanoparticles, so, the sample with the
highest residual mass was S3.

Table 2. Elastic modulus calculated from stress-strain curves.

Sample
Elastic Modulus (KPa)

1–6 KPa STDV R2 20–25 KPa STDV R2 25–35 KPa STDV R2

S0 6.57 ±0.66 0.9906 12.74 ±0.44 0.9990 13.46 ±0.10 0.9971

S1 15.35 ±2.10 0.9979 24.37 ±0.98 0.9988 25.90 ±0.18 0.9977

S2 7.32 ±1.29 0.9913 27.38 ±1.45 0.9998 31.09 ±1.36 0.9993

S3 9.42 ±2.36 0.9988 27.47 ±1.50 0.9977 32.14 ±1.88 0.9984

2.5. Mechanical Properties of the Crosslinked Materials in Wet Conditions

The mechanical properties can be observed in Figure 5.
The sweeps were carried out to determine the storage modulus and loss modulus.

It was observed that the storage modulus (G′) of all samples was greater than the loss
modulus (G”), indicating a crosslinked state for all of the samples analyzed. With a
frequency range of 0.1 to 10 Hz, the change in G′ was practically constant and still greater
than that of G”, indicating that hydrogels have elastic solid characteristics and excellent
stability. Generally, the storage modulus increased as SiO2 loadings increased. This
suggested that the inclusion of silica nanofiller increased the stiffness of the salecan matrix
and effectively boosted the elastic characteristics of the hydrogel nanocomposites due to the
rigid inorganic nanoparticles impeding the mobility and deformability of the biopolymeric
chains. This phenomenon was observed in other research studies that investigated the
influence of silica nanoparticles on the mechanical properties of hydrogels [49–51].
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A stress-strain test is an effective instrument for measuring how material changes in
response to different loading situations. Stresses of ~26 KPa (according to a static force
of ~6.5 N) have been applied for all samples, thus, the obtained hydrogels may satisfy
the requirements of soft tissues [52,53]. The swollen cylindrical hydrogels exhibited a
linear increase of stress reaching ~40–85% strain till achieving a constant compression. The
crosslinked hydrogels with silica loading had a stiffer behavior that was better able to with-
stand stress till maximum compression. The addition of high loads of silica nanoparticles
resulted in a considerable improvement in the compressive strength of the composite wet
samples compared to the salecan neat sample. The origin of this phenomenon could be the
decreased mobility of the biopolymer macromolecules in the presence of the inorganic filler.
Another probable reason is that the absorption capacity of crosslinked hydrogels changes
depending on the sample composition, with the presence of additional water molecules
in the biopolymeric network impairing mechanical behavior. As depicted in Figure 5, the
pure salecan sample retained more water, while the samples loaded with silica nanofiller
had a lower swelling degree.
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It is important to note that the samples recovered quickly following the imposed
mechanical stress showing an elastic behavior, the water ejected under stress circumstances
being quickly reabsorbed. The elastic modulus of hydrogels was determined using stress-
strain curves, and the three most linear stress-strain regimes were considered [54,55]. The
results are presented in Table 2.

The elastic modulus of the produced hydrogels ranged between 6.5 and 32 KPa,
revealing their elastic property suited for soft tissue engineering [55]. The elastic modulus
rose in the presence of silica nanoparticles across the ranges investigated, showing an
increase in the stiffness of the nanocomposites. Moreover, the elastic modulus generally
increased as the concentration of inorganic filler increased, with higher stress being more
pronounced. The fact that the first interval deviates from the norm is intriguing, and this
is very probably related to the distribution of silica particles within the hydrogel sample.
Under great stress, the increased amount of silica nanoparticles are likely to restrict the
movement of the biopolymer networks, resulting in the expected reliance on the amount of
silica added to the system, which is consistent with other studies [56–58].

Thus, the inclusion of silicon dioxide nanoparticles into salecan crosslinked hydrogels
can improve the mechanical behavior of the resulting hydrogel nanocomposites due to
possible physical interaction between inorganic nanoparticles and salecan biopolymer
chains. The salecan hydrogel’s mechanical stability in wet conditions can therefore be easily
modified by adding silica nanoparticles to suit different applications such as soft tissue
engineering or wound dressings.

2.6. Morphological Evaluation

SEM analysis was used to examine the hydrogel’s porous microarchitecture. In Figure 6
the microstructure aspect of new 3D printed scaffolds can be observed.

The SEM images of the novel 3D printed composite reveal porous scaffolds, with an
architecture strongly dependent on the composition of the hydrogels as visible in Figure 6.
Furthermore, all the samples presented interconnected pores without any phase separation
between the polymer matrix and silica nanoparticles. The neat salecan sample presented the
spongiest structure with larger pores than salecan/SiO2 composite materials. The addition
of silica nanoparticles to the polymer matrix causes shrinkage of the pores, creating a
structure with more pores of smaller sizes. The network structure of the pores is crucial
when aiming for regenerative medicine applications since it helps to guide and promote
the creation of new tissue [59]. The same effect was obtained by Hu et al. [17] in their
research with an increase in Fe3O4@SiO2 content; the average pore size was diminished. It
is possible that the hydroxyl groups on nanoparticle surfaces can establish hydrogen bonds
with the carboxyl and hydroxyl groups from the biopolymer/polymer chains, leading
to the development of more crosslinking points as nanoparticle content increased, with
a reduction in the average pore size [17,60]. Furthermore, the differences presented in
SEM images suggest that in the presents of a higher content of silica nanoparticles, the 3D
printed composites maintained their profile better. The roundness of open pores could be
used to quantify the printing accuracy of 3D forms. Using SEM images and the H. Wadell
equation, the average roundness of the open pores of the scaffolds was estimated [61].
R = 1 is obtained for a perfectly round object, but irregular shapes have values less than 1.
Thus, when the macropores of 3D printed form approach a rectangular shape, R values
tend to 0 while R values approaching 1 indicate that the macropores are nearly circular. The
computed value of the S0 sample was ~0.58, whilst the nanocomposite samples loaded with
silica nanoparticles roundness value ranged between 0.5–0.3 (Figure 6B). These differences
imply that in the presence of silica nanoparticles, 3D-printed objects kept their shape
better when printed. S3 had the lowest R values, indicating that the macropores are
close to a rectangular shape, with the 3D printed shape matching the designed 3D model
the best. This fact reinforces the observations made throughout the 3D-printing process,
as well as the evaluation of the stability of the printed constructions produced when
nanoparticles were used. These observations correlated well with the rheological behavior
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of nanocomposite inks, which showed that the silica-salecan composites’ viscosity slightly
increased commensurate with their silica content.
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Figure 7 presents the TEM images of the nanocomposite sample S3, which have a
higher concentration of silica nanoparticles. From the TEM images for sample S3, nanomet-
ric agglomerates can be observed due to the presence of spherical silica particles.

Furthermore, the TEM images revealed that the silica nanoparticles used for the
development of the new 3D printed composites presented nanometer dimensions with an
apparent average particle size between 10–30 nm.

2.7. Antimicrobial Activity

A key characteristic of many hydrogels utilized as scaffolds for regenerative medicine
is their antibacterial activity [62]. All 3D printed scaffolds were tested against two gram-
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positive bacteria, Staphylococcus aureus and Escherichia coli (gram-negative bacteria). The
antibacterial activity of every one of the obtained 3D printed salecan-based hydrogels was
assessed (Figure 8).
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Figure 8. Antimicrobial activity (Staphylococcus aureus and Escherichia coli) of the 3D printed samples.
(A). Images with the seeded samples; (B). Inhibition zone diameters for the samples seeded with
Staphylococcus aureus; (C). Inhibition zone diameters for the samples seeded with Escherichia coli.
Statistical significance: ns p < 0.5; ** p < 0.005, **** p < 0.0001. ONE WAY ANOVA TEST.

It can be observed from Figure 8 that every sample showed antibacterial activity
against the two strains that were put to the test. Due to the samples’ citric acid content,
which is known to have an antibacterial effect, Staphylococcus aureus and Escherichia coli
were inhibited in a detectable zone [62,63]. According to their chemical makeup, citric
acid-derived polymers were shown to suppress bacterial proliferation to various degrees.
Because of the leakage of unreacted citric acid molecules present in the tested samples,
citrate-based polymers’ inherent antibacterial characteristics allow them to impede bacterial
development [64–66].

All of the samples had bacterial inhibition diameters for any of the microorganisms
examined, according to the results presented in Figure 8.

Thus, all the samples presented good antimicrobial activity against Staphylococcus
aureus and Escherichia coli and the presence of silica nanoparticles does not alter the antimi-
crobial behavior of the green crosslinked polysaccharide.

2.8. Biological Assessment of the Crosslinked 3D Printed Polysaccharide Constructs

One of the most fundamental things to take into account when choosing materials
for biomedical purposes is cytotoxicity. The influence of salecan-based hydrogels on cells’
viability was established by in vitro methods ((Live/Dead, MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5 diphenyl tetrazolium bromide) and LDH (lactate dehydrogenase) tests) assessed on
HeLa cells.

Using Live/Dead staining, the cell viability of HeLa cells, cultivated in the salecan-
based hydrogels, was evaluated. After 24 h of incubation, the green fluorescence, presented
in Figure 9, showed that the majority of the cells embedded in the polysaccharide hydrogels
were still alive. Furthermore, the MTT test confirmed the good biocompatibility of the
new 3D printed polysaccharide constructs. Additionally, no significant difference in the
cytotoxicity results between the salecan hydrogels and the negative control sample was
observed from the LDH test, demonstrating the non-toxicity of these 3D printed hydrogels
to HeLa cells.

The results of the MTT, LDH, and Live/Dead tests showed that the salecan-based
hydrogels had great biocompatibility and can be used for biomedical applications. The
outcomes are in line with those of prior research in which salecan-containing hydrogels
showed promising biological characteristics [31,67,68].
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3. Conclusions

The synthesis of nanocomposite hydrogels with appropriate rheology for the produc-
tion of precise-shaped 3D constructions was accomplished. Green-crosslinked biopolymer
nanosilica materials were created by adding varying quantities of silica nanoparticles to a
polysaccharide hydrogel.

According to our findings, the hydrogel’s pore size, swelling, and mechanical proper-
ties under wet circumstances can all be easily modified by varying the quantity of silica
nanoparticles in the composition used for hydrogel 3D printing. Moreover, increased
printing ink viscosity was obtained by adding silica nanoparticles to the salecan biopoly-
mer matrix, which led to the creation of 3D constructions with improved shape fidelity.
MTT, LDH, and Live/Dead test outcomes demonstrated the salecan-based hydrogels’ good
biocompatibility and potential for usage in biomedical applications.

Due to the adaptability of the internal and external architecture, unique multi-functional
hydrogels containing bioactive ingredients may be developed with particular demands
and a regulated degradation profile that corresponds to the targeted tissue functionality.
These investigations are presently ongoing.

Therefore, our hydrogel might be used as an easy-to-use and adaptable hydrogel for
the creation of customized 3D printed constructs with a range of uses.

4. Materials and Methods
4.1. Materials and Synthesis

Suzhou Chemicals (Suzhou, China) provided the microbial polysaccharide known as
Salecan (>90% purity), and SC Remed Prodimpex SRL (Pantelimon, Romania) provided
the citric acid (>99.5% purity). Sigma-Aldrich (Steinheim, Germany) supplied the silica
nanoparticles (amorphous silicon dioxide, 99.8%, 12 nm average size). Using HCl 37%
and NaOH (>99.3% purity) from SC Chimreactiv SRL, Romania, we created simulated
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biological fluids with various pH values (5.5, 7.4, and 11) in our laboratory and Na2HPO4
(>99.9% purity) from Reactivul, Voinesti, Romania.

The new formulations were prepared according to the composition from Table 3 using
an adapted preparation process [62].

Table 3. Composition of the obtained composites.

Sample Salecan [g] Citric Acid Solution 5% [mL] Silica Nanoparticles [g]

S0 1.125 15 -
S1 1.125 15 0.281
S2 1.125 15 0.562
S3 1.125 15 0.843

Briefly, in order to obtain the new nanocomposite based on salecan, different con-
centrations of silica nanoparticles were dispersed in citric acid solution using magnetic
stirring (600 rpm, 90 min, 22–25 ◦C using Arex heating magnetic stirrer, Velp Scientifica,
Usmate Velate, Italy) and sonication treatment (5 min, 20% amplitude, 20 khz frequency,
ice bath, using High Intensity Ultrasonic Processor, CPX 750, CV33, COLE PARMER, Cam-
bridgeshire, UK); salecan was then added in the silica dispersion under mechanical stirring
thus obtaining the hydrogel ink. A part of the composition was used for molding and the
other part was used for 3D printing. All obtained samples were freeze-dried and then
exposed to thermal treatment. The schematic synthesis steps can be observed in Figure 10.
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Figure 10. Schematic representation of the formation and characterization of the new polysaccharide-
based nanocomposites.

Four inks were developed in order to construct porous biocompatible scaffolds that
could support cell attachment and proliferation because the main objective of this research
study was to create a new nanocomposite printing ink that could be used in tissue engineer-
ing. A 3D bioprinter from RegenHU Ltd., Villaz-St-Pierre, Switzerland, was used to print
the nanocomposite ink samples. Room temperature (25–30 ◦C) was used for the printing
procedure. The experiments were conducted using a direct dispensing printhead and a
5 mL syringe with an attached cylindrical nozzle that has a 0.41 mm diameter at various
pressures between 190 and 350 kPa. Up to 10 layers of each mixture were printed. The 3D
printed hydrogel structures underwent the previously indicated processes of lyophilization
and heat treatment after the additive manufacturing process. The constructions were
washed to remove all of the unreacted polysaccharides, and a previously known tech-
nique was used to quantify the degree of crosslinking between the polysaccharide and
citric acid [8,25,27]. The crosslinking percentage was found to be ~95% for all samples
regardless of composition. This demonstrated that the biopolymer crosslinking process
was not impacted by the presence of silica nanoparticles, a highly crosslinked structure
being synthesized.
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4.2. Methods
4.2.1. Rheological Behavior

The shear viscosity vs. shear rate behavior was estimated using a Kinexus Pro Rheome-
ter (Malvern, UK). The temperature of 25 ◦C was controlled with a Julabo CF41 cryo-
compact circulator. In parallel plate geometry, the samples were put (10 mm diameter) with
a gap of 0.5 mm. The shear viscosity was measured at an applied shear rate between 0.001
and 1000 s−1. The results were represented logarithmically.

4.2.2. Fourier Transform Infrared Spectrometry (FT-IR)

The samples were structurally evaluated using Vertex 70 Bruker FTIR spectrometer
(Billerica, MA, USA). All the FT-IR analyses were achieved in the 4000–600 cm−1 wave-
length scale. The grounded samples were used for qualitative FTIR analysis in ATR mode.

4.2.3. Swelling Behavior

The swelling degree of the obtained 3D printed composites was analyzed by incu-
bation in simulated biological fluids having different pH values (pH = 5.5; 7.4; 11) and a
temperature of 37 ◦C. After a predicted time, the samples were removed from fluids, and
filter paper was used to remove any surface-adsorbed water. The increase in weight (w −
w0) from the initial weight (w0) represented the degree of swelling.

4.2.4. Thermo Gravimetric Analysis (TGA)

With a NETZSCH TG 209 F1 Libra instrument (Selb, Germany) (controlled atmosphere
utilizing a nitrogen flow rate of around 20 mL/min, scanning from 25 to 700 ◦C and a
heating degree of 10 ◦C/min), the thermogravimetric analysis of 3D printed nanocomposite
was evaluated in triplicate. The samples utilized for all measurements ranged in mass from
3.5 to 5 mg.

4.2.5. Scanning Electron Microscopy (SEM)

The internal structure and morphology of the 3D printed nanocomposites were ex-
amined using the scanning electron microscope ESEM-FEI Quanta 200 (Eindhoven, The
Netherlands). All the scaffolds were studied without any coating.

Wadell’s Equation (1) was used to calculate the roundness of open pores (R). R is
therefore equal to the average radius of curvature of the four corners of the 3D construct
open pores to the radius of the greatest inscribed circle of the analyzed pore, as specified in
Equation (1):

R =

(
1
n∑n

i=1 ri
)

/rmax (1)

where ri = radius of the corner curvature, rmax = radius of the greatest inscribed circle,
n—number of corners (n = 4). The R-value for every 3D construct is the estimated average
of the open pores shown in the SEM picture. R is greater than 0 for all other objects and
equals 1 for perfectly spherical objects [61,69].

4.2.6. Transmission Electron Microscopy (TEM)

The freeze-dried 3D printed composites were examined using transmission electron
microscopy (TEM). On a TECNAI F20 G2 TWIN Cryo-TEM (FEI, Hillsboro, OR, USA), all
of the samples were examined in BF-TEM (Bright Field Transmission Electron Microscopy)
mode at an accelerating voltage of 200 kV.

4.2.7. Mechanical Tests

The resulting hydrogel samples’ mechanical behavior was assessed using a DMA
Q800 TA Instruments (New Castle, DE, USA). The analyses were conducted at 37 ◦C
in compression mode using cylindrical samples with a 15 mm diameter and ~8 mm
thickness. All of the equilibrium swollen composites were compressed, with a ramp force of
0.2 N/min to 6.5 N/min till a constant strain plateau was registered.
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Elastic modulus was calculated from stress-strain curves using the following equation
E = σ/ε, where compressive stress is denoted as σ (N/m2) and ε represents the related
strain. Three linear regions of stress-strain curves were considered to calculate the elastic
modulus, namely: 1–6, 20–25, and 25–35% strain compressions.

Dynamic frequency sweeps were carried out over a frequency range of 0.1–10 Hz with
a continuous strain of 0.1% (in the linear viscoelastic area) at 25 ◦C in order to record the
storage (G′) and loss (G”) moduli of the water-swollen samples at equilibrium.

4.2.8. Antimicrobial Activity

Two standard strains from the ICPI Institute’s Microbiology Department collection—
Escherichia coli ATCC 11229, a Gram-negative bacteria strain, and Staphylococcus aureus
ATCC 25923, a Gram-positive bacterium strain—were used to determine the antibacterial
activity for the 3D printed nanocomposites. Using a modified spot diffusion approach,
the antibacterial properties were qualitatively screened. Our prior research study in-
cluded a full description of this method’s procedure [70]. Following 24–48 h of microbial
cultures developed on Muller Hinton agar (MHA), bacterial and yeast suspensions of
(1–5) × 108 µcf/mL (corresponding with 0.5 McFarland standard density) were obtained.
These suspensions were put in Petri dishes, left at room temperature to ensure equal dif-
fusion of the compound in the medium, and then incubated with 3D printed composites
at 37 ◦C for 24–48 h. The samples’ inhibitory zone diameters were evaluated in triplicate
after 24 h.

4.2.9. Biological Assessment of the 3D Printed Salecan-Based Hydrogels

The biocompatibility of the materials was tested on HeLa cells. Cells were cultivated
at a density of 105 cells/ well in Dulbecco’s Modified Eagle Medium with 10% fetal bovine
serum. The materials were UV sterilized and added on top of the cells for 24 h. Cytotoxic-
ity was measured using the LDH Cytotoxicity kit (Sigma) following the manufacturer’s
instructions. Absorbance was read at λ = 490 nm using a NanoQuant Infinite M200 Pro
instrument. The viability of the cells was analyzed using the Live/Dead assay (cat. No.
L3224). Imaging was performed at λ = 494/517 (live cells) and at λ = 517/617 (dead cells)
using a Zeiss fluorescence microscope.

Cell proliferation was quantified using the CyQUANT™ MTT Cell Viability Assay
(Thermos Scientific, Zeiss Oberkochen, Baden-Wurttenberg, Germany) following the manu-
facturer’s instructions.

4.2.10. Statistical Analyses

The data are presented as mean standard deviation. A one-way ANOVA was used
to assess the significance of differences. If the p-value was less than 0.05, the significance
was evaluated.
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Abstract: Seaweeds, rich in high-value polysaccharides with thickening/gelling properties (e.g., agar,
carrageenan, and alginate), are extensively used in the food industry for texture customization and
enhancement. However, conventional extraction methods for these hydrocolloids often involve
potentially hazardous chemicals and long extraction times. In this study, three red seaweed species
(Chondrus crispus, Gelidium Corneum, and Gracilaria gracilis) commercialized as food ingredients
by local companies were chosen for their native gelling biopolymers, which were extracted us-
ing water-based methodologies (i.e., (1) hydration at room temperature; (2) stirring at 90 ◦C; and
(3) centrifugation at 40 ◦C) for production of sustainable food gels. The potential use of these extracts
as bioinks was assessed employing an extrusion-based 3D printer. The present work aimed to study
the gelation process, taken place during printing, and assess the effectiveness of the selected green
extraction method in producing gels. To improve the definition of the printed gel, two critical printing
parameters were investigated: the addition of locust bean gum (LBG) at different concentrations (0,
0.5, 1, 1.5, 2, and 2.5%) and printing temperature (30, 40, 60, and 80 ◦C). Rheological results from
a controlled-stress rheometer indicated that gels derived from G. corneum and G. gracilis exhibited
a lower gel strength (lower G′ and G′′) and excessive material spreading during deposition (lower
viscosity) than C. crispus. Thus, G′ was around 5 and 70 times higher for C. crispus gels than for
G. corneum and G. gracilis, respectively. When increasing LBG concentration (0.5 to 2.5% w/w) and
lowering the printing temperature (80 to 30 ◦C), an enhanced gel matrix definition for G. corneum and
G. gracilis gels was found. In contrast, gels from C. crispus demonstrated greater stability and were
less influenced by these parameters, showcasing the potential of the seaweed to develop sustainable
clean label food gels. Eventually, these results highlight the feasibility of using algal-based extracts
obtained through a green procedure as bioinks where LBG was employed as a synergic ingredient.

Keywords: seaweeds; gels; locust bean gum; hydrocolloids; green extraction; 3D food printing; rheology

1. Introduction

Seaweeds, also known as macroalgae, are a group of macroscopic multicellular species,
traditionally classified into Phaeophyta (brown), Rhodophyta (red), and Chlorophyta
(green), based on their pigmentation. Carbohydrates represent the major component of the
biomass of seaweeds, varying between 25 and 50% (green), 30 and 60% (red), and 30 and
50% (brown) dry weight (DW) [1]. Phycocolloids are large molecules present in intercellular
spaces in algae, conferring consistency/flexibility to their cell walls [2]. Phycocolloids in
red algae (Rhodophyta) are floridean starch and floridoside, which are similar to general
starch. The major polysaccharide constituent of red algae are galactans, mostly represented
by carrageenan (up to 75% DW) and agar (up to 52% DW) [3]. Industrially, commercial
carrageenans are mainly extracted from Chondrus spp., Eucheuma spp., and Kappaphycus
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spp. [3,4]. However, seaweeds produce hybrid structures of the kappa, iota, and lambda
forms of carrageenans, which are composed D-galactopyranose residues bonded by reg-
ularly alternating α-(1 → 3) and β-(1 → 4) bonds [5]. Kappa (κ)-carrageenan has one
sulfate ester, while iota (ι)- and lambda (λ)- carrageenan contain two and three sulfates per
dimer, respectively. Their ability to act as a gelling or thickening agent is dependent on
the presence of the anhydro-galactose bridge of the 4-linked galactose residue, crucial for
the formation of the helical structure and, consequently, the ability to form a gel. While
both the κ-carrageenan and ι-carrageenan share the ability to form gels, they distinguish
themselves by producing strong and brittle gels for the κ-type and soft gels for the ι-type.
The λ type, usually only described as a thickening agent, has been proved to form gels
based on a trivalent cation complexation [6]. Commercial carrageenans find extensive
application as additives in the pharmaceutical, cosmetic, and food industries for enhancing
and customizing the texture of functional food products, showcasing its phycocolloids
relevance from a boasting market size of 872 million USD in 2022 [7]. Commercial agar is
mainly extracted from Gracilaria spp. (53%) and Gelidium spp. (44%) [8,9]. Agar presents
unique physicochemical properties, acting as a gelling, thickening, and stabilizing agent,
also exhibiting notable biodegradability and a substantial water-holding capacity. Its ap-
plications include the food, pharmaceutical, cosmetic, biotechnological, and biomedical
sectors, presenting a notable market size valued at 264 million USD in 2022 [10]. Agar is
mainly composed of agarose and agaropectin, the former being the gel-forming component,
with a linear chain of repeating units of (1,3)-linked-β-D-galactose and (1,4)-linked-3,6-
anhydro-α-L-galactose [11]. The gelling ability of agar is hindered by the substitution of the
hydroxyl groups of l-galactose by sulphate esters, methyl ethers, or pyruvate acid ketals.

The quality of phycocolloids is industrially valued by its yield, gel strength, and
purity. Gel properties of phycocolloids are usually species-dependent and dictated by
the environmental conditions and extraction and isolation methods of the polysaccha-
rides. Conventional extraction methods generally include a washing step followed by
pre-treatments (employing alkali (e.g., NaOH) or acidified water) and a final hot-water
extraction [3]. Alkali treatment has commonly been carried out due to the reportedly
weak gel properties of the gels extracted with hot water [12]. However, these multi-step
methods are time-, energy-, water-, and solvent-consuming, generating large amounts
of wastewater. Therefore, the search for alternative polysaccharide extraction methods
that are eco-friendlier, due to the absence of a strong alkali, and predictably cheaper, as
fewer steps are included in the extraction process, has boosted over increasing ecological
concerns [11,13]. These include microwave-, ultrasound-, and enzyme-assisted extraction,
which are relatively environment-friendly technologies but still rather limited to the labora-
tory scale [14]. Finding adequate operational conditions to adjust the mechanical properties
of the formed gels is crucial for the industrial scale-up process.

Polymers extracted from algae have proven to be valid bioinks with the properties
required for 3D printing. As those properties are largely influenced by the extraction
technique employed, when mechanical features of algal polysaccharides are poor, either
mixing with other polymers or chemical modification can be considered to make them
suitable for 3D printing [15,16]. Also, the examination of the rheological properties of the
bio-inks developed is of paramount importance, as the extrudability, shape retention, and
overall quality of the printed materials depend largely on them [17].

Locust bean gum (LBG) is a galactomannan naturally occurring in the endosperm of
some Leguminosae, mainly extracted from carob tree seeds. It is composed of a linear man-
nose (M) backbone bearing side chains with a single galactose (G) unit. Galactomannans by
themselves can form viscous solutions; however, they are also able to synergistically inter-
act with other biopolymers. The synergistic effects between κ-carrageenan–galactomannan
systems depend on the mannose/galactose ratio of the galactomannan backbone [3]. In
these mixed systems, the mannose-free regions of the galactomannans are able to associate
with carrageenan helices, leading to the formation of elastic and strong gels, offering the
potential of improving food products and reducing production costs [18].
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In this paper, a very simple and eco-friendly extraction method—water-based—was
explored to develop 3D-printed biopolymer-based hydrogels. Three different red seaweed
species (Chondrus crispus, Gelidium Corneum, and Gracilaria gracilis) were chosen for its
native phycocolloids (carrageenan and agar). The aim of this work was as follows: first, to
determine if the green extraction method selected was adequate to obtain bioinks, which
form a gel during the printing process; and, second, to establish the best formulation and
processing conditions (i.e., optimal thickening agent content and printing temperature) to
improve the structure of the printed hydrogel. This evaluation is carried out by analyzing
the rheological behavior of the biopolymer solutions in terms of mechanical properties
and flow. The influence of the parameters on the gel structure was confirmed by scanning
electron microscope (SEM) analysis.

2. Results and Discussion
2.1. Temperature and Time Sweep: Gels Rheological Behavior during Thermal Cycle

The effect of the distinct composition of each seaweed extract, with and without LBG
additions, on the gelation mechanism of the phycocolloids-based extracts was rheologically
characterized, and the results are presented in Figure 1. As observed, the samples generally
showed a similar behavior for viscoelastic moduli as a function of cooling. At the beginning
of the cooling cycle from 80 ◦C, the extracts were fluids with a predominantly viscous
character (G′′ > G′). Upon further decrease in temperature, the moduli values increased
and a cross-over could be detected (i.e., G′′ = G′), indicating the beginning of gel formation.
This sol–gel transition was rheologically analyzed and is reported in Table 1. The crossover
time was termed, in this work, as gelation time (tgel) and crossover temperature as gelation
temperature (Tgel). From that moment on, the elastic behavior was predominant (G′ > G′′),
and eventually, plateau values were achieved for both viscoelastic moduli.

Gels 2024, 10, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 1. Temperature and time sweeps of C. crispus (a), G. gracilis (b), and G. corneum (c). 

Table 1. Viscoelastic properties of seaweed (C. crispus, G. gracilis, and G. corneum) extracts, with dif-
ferent LBG concentrations, at the crosspoint G′ = G″: gelation time (tgel), gelation temperature, (Tgel), 
and gelation modulus (Ggel). 

Seaweed Extract LBG (%) tgel (s) Tgel (°C) G′gel (Pa) 

C. crispus 

0.0 257.39 ± 23.88 a 35.45 ± 3.99 a 64.17 ± 19.36 c 

0.5 244.15 ± 12.05 a 37.19 ± 2.64 a 85.47 ± 8.65 c 

1.0 229.13 ± 16.10 a 39.31 ± 2.67 a 179.83 ± 8.72 b 

1.5 225.59 ± 46. 39 a 39.90 ± 7.72 a 358.43 ± 41.90 a 

G. gracilis 

0.0 298.92 ± 31.93 b 27.88 ± 5.06 a 2.66 ± 0.50 a 

1.5 318.84 ± 2.11 b 25.73 ± 2.11 a 45.27 ± 10.30 b 

2.0 397.79 ± 0.02 a 24.99 ± 0.02 a 116.90 ± 13.29 c 

2.5 394.61 ± 0.01 a 25.00 ± 0.01 a 325.64 ± 15.52 d 

G. corneum 

0.0 No crosspoint 
1.0 298.54 ± 12.27 c 29.89 ± 2.68 a 23.02 ± 3.19 a 

1.5 328.92 ± 8.17 b 25.36 ± 1.32 b 32.34 ± 5.03 b 
2.0 377.16 ± 3.73 a 25.03 ± 0.01 b 56.74 ± 11.73 b 
2.5 387.76 ± 12.25 a 25.01 ± 0.01 b 422.33 ± 52.79 b 

Values are given as mean ± standard deviation (n = 3). Means (for the same sample) with different 
letters, within the same column, differ significantly (p < 0.05). 

Figure 1. Temperature and time sweeps of C. crispus (a), G. gracilis (b), and G. corneum (c).

116



Gels 2024, 10, 166

Table 1. Viscoelastic properties of seaweed (C. crispus, G. gracilis, and G. corneum) extracts, with
different LBG concentrations, at the crosspoint G′ = G′′: gelation time (tgel), gelation temperature,
(Tgel), and gelation modulus (Ggel).

Seaweed Extract LBG (%) tgel (s) Tgel (◦C) G′gel (Pa)

C. crispus

0.0 257.39 ± 23.88 a 35.45 ± 3.99 a 64.17 ± 19.36 c

0.5 244.15 ± 12.05 a 37.19 ± 2.64 a 85.47 ± 8.65 c

1.0 229.13 ± 16.10 a 39.31 ± 2.67 a 179.83 ± 8.72 b

1.5 225.59 ± 46. 39 a 39.90 ± 7.72 a 358.43 ± 41.90 a

G. gracilis

0.0 298.92 ± 31.93 b 27.88 ± 5.06 a 2.66 ± 0.50 a

1.5 318.84 ± 2.11 b 25.73 ± 2.11 a 45.27 ± 10.30 b

2.0 397.79 ± 0.02 a 24.99 ± 0.02 a 116.90 ± 13.29 c

2.5 394.61 ± 0.01 a 25.00 ± 0.01 a 325.64 ± 15.52 d

G. corneum

0.0 No crosspoint

1.0 298.54 ± 12.27 c 29.89 ± 2.68 a 23.02 ± 3.19 a

1.5 328.92 ± 8.17 b 25.36 ± 1.32 b 32.34 ± 5.03 b

2.0 377.16 ± 3.73 a 25.03 ± 0.01 b 56.74 ± 11.73 b

2.5 387.76 ± 12.25 a 25.01 ± 0.01 b 422.33 ± 52.79 b

Values are given as mean ± standard deviation (n = 3). Means (for the same sample) with different letters, within
the same column, differ significantly (p < 0.05).

Concerning the effect of LBG, for C. crispus gels, gelation time tended to decrease
with increasing additions of LBG (0–1.5% w/w), whereas gelation temperature seemed to
increase. However, no significant influence was detected, so no major effect of the addition
of LBG on the gelling behavior of C. crispus extracts could be implied. Despite this, the
moduli significantly increased, as they increased almost six times their original values when
LBG content was 1.5% w/w. Thus, the addition of LBG promoted an enhancement of their
gel strength, influencing the gelation mechanism, which suggests that LBG is playing a sig-
nificant role in the gel formation process. All C. crispus printed gels presented a good shape
definition and a self-supporting structure yet maintaining a soft and flexible consistency.
Previous studies have shown that LBG additions to κ-carrageenan gels lead to gels with
enhanced texture properties [19]. This synergetic behavior between κ-carrageenan and LBG
has been extensively reported in the literature [5,20–22]. Thus, their good miscibility has
been associated with the intermolecular interactions formed between both polysaccharides,
which, for example, has led to the formation of films with adequate water vapor barrier and
mechanical properties [5]. More specifically, an interaction between the double-stranded he-
lix of κ-carrageenan and the unbranched “smooth” segments of the d-mannose backbone of
the galactomannan molecules has been proposed to explain the synergistic mechanism [23].
Previous studies have suggested that in mixed systems containing κ-carrageenan or agar,
the gelling mechanism is primarily influenced by these phycocolloids, with other com-
pounds functioning as active particle fillers within the gel network [24,25]. Consequently,
analyzing the relevant phycocolloids extracted from seaweed biomass can provide valuable
insights into the rheological behavior of the gels. A previous study reports for C. crispus
(from the same biomass producer as present study—IMTA-cultivated C. crispus), a car-
rageenan yield (aqueous extraction) of 30.6–36.3%. This study also found that the native
state of C. crispus is a source of copolymers of carrageenan κ/ι [26]. Several studies have
shown that FTIR spectroscopy can be used to analyze algae-driven polysaccharides [27,28].
FTIR results (Figure 2 revealed typical bands associated with the presence of copolymers
of carrageenan κ/ι. These results showed strong bands associated with κ-carrageenan at
845 cm−1, which is assigned to D-galactose-4-sulphate (G4S), and at 930 cm−1, indicative of
the presence of 3,6-anhydro-D-galactose (DA). Moreover, a lower absorbance at 805 cm−1

(3,6-anhydro-D-galactose-2-sulphate) was also exhibited, indicating the presence of sul-
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phate ester in the 2-position of the anhydro-D-galactose residues (DA2S), a characteristic
band of ι-carrageenan [29]. Pereira et al. (2009) found similar bands for C. crispus collected
from the central zone of the western coast of Portugal [27]. Moreover, the typical band
(830–820 cm−1) for λ-carrageenan was not present in the C. crispus gel. The presence of the
κ/ι hybrid copolymers contributes to explaining how the obtained C. crispus extracts could
form stable yet soft gels. While pure κ-carrageenan tends to form hard and brittle gels, in
the presence of ι-carrageenan, soft and elastic gels take over [30].
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G. corneum and G. gracilis are the largest sources of agar worldwide, and the crossover
between G′′ and G′ can be attributed to the formation of a network by aggregation of the
agarose helices into larger bundles [31]. No crossover point (G′′ = G′) was detected for
the G. corneum extract without LBG addition, as it already presented a solid-like behavior
(G′ > G′′ or tan δ < 1), even at 80 ◦C. In any case, similarly to C. crispus extracts, both G′ and
G′′ increased during the remaining cooling stage from 80 to 25 ◦C, which can be attributed
to additional molecular interactions, leading to the formation of three-dimensional net-
works [32]. However, the moduli (G′ and G′′) after gelation (i.e., at 25 ◦C) always presented
lower values, independently of the LBG content, when compared to C. crispus gels. It
has been demonstrated that in extraction methods where no pre-treatments (e.g., alkaline
solutions) are applied, as is the case in our work, less purified agar-based extracts are pro-
duced. These agar-based extracts were reported to form softer gels [31]. Some authors have
found that extracts resulting from hot-water extraction processes include other components
that, even if they did not have an important effect on the nature of the interactions formed
between the agarose chains, did lead to fewer or smaller agarose aggregates, which are
responsible for holding the hydrogel network structure. This has been associated with
the lower agar (and agarose) content found in hot-water extraction when compared to
extraction processes where strong alkali are employed [33].

Conversely to C. crispus gels, the addition of LBG led to crossover points (G′′ = G′)
to happen later (i.e., at a lower temperature) in the cooling step. A similar behavior
was reported by Sousa and Gonçalves (2015), where agar/LBG gels presented lower
gelation temperatures and higher gelation times, compared to pure agar gels [25]. Previous
studies reported gelling temperatures for G. gracilis and G. corneum biomasses (from the
same producers as the present study—Algaplus and Iberagar) of 42.2 ◦C and 34.4 ◦C,
respectively [34,35]. In our study, gelling temperatures from pure G. gracilis and G. gelidium
extracts (i.e., without LBG) presented lower Tgel compared to the previous reported values.
These findings could indicate an influence of other compounds present in the extract
(e.g., proteins, lipids, ash, starch), and/or their interactions with agar, on the formation of
the gels [36].
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As mentioned before, no cross-over point (G′′ = G′) was detected for the G. corneum
extract without LBG addition, as that extract already displayed a predominantly elastic
behavior at 80 ◦C. However, an increase in G′ with cooling reveals a gel structure rein-
forcement. Sousa and Gonçalves (2015) reported no cross-point for a mixed system of
agar/LBG (25–75 ratio, respectively). However, at a 50–50 ratio, a crossover of the moduli
was reported [25]. In our study, although increasing additions of LBG did not hinder the
occurrence of the crossover between G′ and G′′, the gelling properties of G. gracilis and G.
gelidium gels seem to be greatly influenced by increasing additions of LBG. Particularly,
G. gelidium finds a reversal from solid-like behavior to fluid-like behavior at 80 ◦C due
to the addition of LBG. This should be related to the reported less coarse network found
when LBG was added to agar solutions, leading to a decrease in the gelation point and
a reduction in elastic moduli [26]. The reversal from solid-like to fluid-like behavior at
80 ◦C might be a good point for 3D printing, as those extracts might flow in an easier
way through the nozzle and then gel once they are deposited on the printing bed at lower
temperatures. This, together with the higher viscoelastic moduli due to the presence of the
thickening agent, can contribute to a better definition for printed samples containing LBG.

Immediately after the temperature sweep, the gel maturation kinetics of the extracts
were monitored through the evolution with time of G′ and G′′ moduli during an isothermal
stage at 25 ◦C (Figure 1). While C. crispus gels reached the steady state revealing constant
values of both moduli, G. gracilis and G. corneum gels, particularly the latter, showed a
slower equilibration step. The maturation pattern observed in the gels of G. gracilis and
G. corneum follows the typical behavior of biopolymer gelation. Initially, G′ shows a rapid
increase, followed by a slower progression. This is generally attributed to the ongoing
reorganization of polymeric molecules within the gel network. [37].

Table 2 reports the viscoelastic properties (G′, G′′, and tan δ) for the seaweed gels, at
80 ◦C (before gelation) and 25 ◦C (after gelation). Overall, increasing additions of LBG led
to a decrease in elasticity (tan δ increase) of all seaweed gels. Specifically, the gels of G.
gracilis displayed a significant increase of 244% in tan δwhen transitioning from 0% LBG
to 2.5% LBG gels. Sousa and Gonçalves (2015) also reported significant elasticity losses
(tan δ increase) in agar/LBG binary systems [25]. In contrast, all C. crispus gels presented a
comparable elastic response (tan δ circa 0.07–0.1). The same behavior was observed for G.
corneum gels, up to 2% LBG addition.

For all seaweed extracts, G′ at 25 ◦C is significantly higher than at 80 ◦C, as expected
after gelation. At 25 ◦C, C. crispus gels exhibited a decrease in G′ values (G′ 25 ◦C), when
0.5% LBG was added to the gel. However, further additions led to an increase in the elastic
modulus, reaching a similar G′ value of the gel without LBG. This could be explained by
the interference effect of the low content of LBG on the self-association of κ-carrageenan
chains [5]. Further LBG additions seem to have reinforced the gel’s network structure
(increased G′ values). A similar structuring effect can be observed for G. corneum and G.
gracilis gels. Overall, LBG additions contributed to elevate gel strength of these seaweeds.
The exception is for the G. gracilis gel at 2% LBG addition, where G′ exhibits a sudden
decrease. A previous study also reported a synergy for agar extracted from a Gelidium sp.
and LBG in 1:9 proportion, when a maximum hardness of the gel was achieved. When this
ratio changed to 1:4, the gel returned to exhibit the gel strength of agar, i.e., the synergistic
behavior was lost [38]. The same authors stated that such agar-LBG synergism is not
possible for agars extracted from Gracilaria spp. Findings from another study confirm a
lack of agar/LBG synergy for Gracilaria vermiculophylla. This study reported a gradual
decrease in gel rigidity (G′ decrease) with LBG addition in mixed systems of agar/LBG,
with higher concentrations of LBG [26]. In a more detailed analysis, Khoobbakht et al.
(2024) observed that agar/LBG (commercial hydrocolloids) formed harder gels when mixed
in a 4:1 ratio compared to a 1:1 ratio. [39]. Thus, while previous studies suggest a limited
synergy between agar and LBG, our study presents a contrasting perspective. Our findings
indicate an enhancement of the viscoelastic properties of gels derived from G. corneum and
G. gracilis when LBG is added.
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Contrarily to the viscoelastic properties at the crossover point (Table 1), at 25 ◦C
(Table 2), G. corneum gels exhibit higher viscoelastic properties (G′, G′′) than G. gracilis.
These findings reflect the gel strength of G. corneum, accordingly shown on the mechanical
spectra (Figure 3). These results can generally be attributed to (i) the yield of extracted agar
and to (ii) the agar quality of each of the seaweeds. In the context of agar yield, previous
studies report considerable variability of agar yields, extracted from G. corneum (from the
same producer as in our study). A previous study on the influence of seasonal harvesting
on the biochemical characteristics of G. corneum revealed that its agar aqueous extraction
yield ranged between 5.99% (spring) and 8.70% DW (winter) [40]. Martínez-Sans et al.
(2021) reported a yield of 10–12% for G. corneum (as G. sesquipedale), while Gomes-Dias et al.
(2022) obtained an extraction yield of 8.4% for native agar using a conventional hot-water
bath extraction method (95 ◦C, 90 min) [35,41]. On the other hand, other studies have
reported higher yields for agar extracted from G. corneum through aqueous extraction
methods, ranging from 21% to 48% [42,43]. Native agar yields from Gracilaria typically
range around 10–15% but can increase when using alkali pretreatment (15–33%) [44]. A
previous study reported an agar yield of 14% for a similar Gracilaria gracilis biomass,
obtained from the same producer as the present study [34]. Regarding the agar quality,
Gelidium spp. is known for presenting a better agar quality than Gracilaria spp. This is due
to the natural internal desulfation of Gelidium, modulated by enzymatic processes. On the
other hand, Gracilaria presents polysaccharides which are typically more sulfated, and the
conversion of these sulfated groups (i.e., L-galactose-6-sulphate to 3,6-anhydro-L-galactose)
does not occur in sufficient quantity during the seaweed’s lifespan [38]. As a result, the
Gracilaria species typically requires alkali pre-treatments to improve the gelling capacity of
its agar gels [45,46]. In summary, the findings suggest that native agars from G. corneum
exhibit superior gelling properties compared to G. gracilis, explaining the significantly
higher values of G′ at 25 ◦C for the former (Table 2). Nonetheless, it is noteworthy to
note that despite the increase in G′ 25 ◦C values (over G′ 80 ◦C), the values obtained for
G. cornem and G. gracilis gels without LBG addition (737.8 and 446.9 Pa, respectively)
are substantially lower than values reported in the literature. Gomes-Dias et al. (2024)
reports 8838 Pa for G′ at 20 ◦C, for hot-water extracted agars (95 ◦C, 180 min) from G.
corneum. The same study reports a contrastingly high G′ value (2567 Pa) at 20 ◦C for agar
extracted from Gracilaria vermiculophyla [47]. One possible explanation for the lower values
obtained in our study can be the purification step for agar that most studies perform when
analyzing gelling properties of native seaweed-derived hydrocolloids. The lack of the
purification step in the present study could have led to the presence of other components
in the seaweed extracts, such as proteins, which have shown to give rise to the formation of
softer hydrogels [31]. Nevertheless, non-purification is a deliberate strategy in this study,
considering the positioning of the gels within the context of clean label foods. Moreover,
even when comparing the extraction method employed in this study with similar extraction
methods (hot-water extractions), it appears that most studies have used longer extraction
times (>180 min) and higher temperatures (>95 ◦C) than ours (70 min, 90 ◦C).

120



Gels 2024, 10, 166Gels 2024, 10, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 3. Frequency sweeps of C. crispus (a,b), G. gracilis (c,d), and G. corneum (e,f), at 80 and
25 ◦C, respectively.
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Table 2. Viscoelastic properties of seaweed (C. crispus, G. gracilis, and G. corneum) extracts, with
different LBG concentrations, before (80 ◦C) and after (25 ◦C) at the crosspoint: elastic modulus at
80 ◦C (G′ 80 ◦C) and at 25 ◦C (G′ 25 ◦C), tan δ at 80 ◦C (tan δ 80 ◦C) and at 25 ◦C (tan δ 25 ◦C).

Seaweed Extract LBG (%) G′ 80 ◦C (Pa) G′ 25 ◦C (Pa) tan δ 80 ◦C tan δ 25 ◦C

C. crispus

0.0 3.95 ± 0.76 b 30,746.25 ± 5277.21 a 3.91 ± 1.55 a 0.07 ± 0.00 b

0.5 5.73 ± 1.03 b 20,580.05 ± 1413.15 b 4.16 ± 0.71 a 0.09 ± 0.00 a

1.0 36.54 ± 6.65 b 27,675.65 ± 23,10.27 a,b 2.12 ± 0.22 b 0.10 ± 0.01 a

1.5 129.75 ± 60.01 a 30,137.03 ± 4766.15 a 1.53 ± 0.26 b 0.10 ± 0.01 a

G. gracilis

0.0 0.32 ± 1.14 b 446.99 ± 309.49 a 1.03 ± 1.79 a 0.18 ± 0.18 b

1.5 5.47 ± 5.11 b 579.51 ± 110.26 a 2.60 ± 1.13 a 0.19 ± 0.02 b

2.0 5.45 ± 0.13 b 429.84 ± 80.71 a 3.56 ± 0.25 a 0.40 ± 0.02 a,b

2.5 39.14 ± 3.19 a 662.01 ± 44.31 a 2.35 ± 0.02 a 0.62 ± 0.01a

G. corneum

0.0 3.17 ± 0.42 b 737.84 ± 65.50 e 0.29 ± 0.17 d 0.05 ± 0.01 c

1.0 5.97 ± 0.31 b 943.61 ± 136.30 d 1.28 ± 0.00 c 0.07 ± 0.00 b

1.5 6.44 ± 0.50 b 1259.55 ± 30.00 c 1.35 ± 0.06 c 0.09 ± 0.00 b

2.0 5.88 ± 2.07 b 1718.15 ± 123.68 b 1.78 ± 0.2 b 0.09 ± 0.00 b

2.5 66.50 ± 30.17 a 2338.98 ± 22.61 a 2.32 ± 0.41 a 0.24 ± 0.00 a

Values are given as mean ± standard deviation (n = 3). Means (for the same sample) with different letters, within
the same column, differ significantly (p < 0.05).

2.2. Frequency Sweeps: Gels Characteristics

Frequency sweeps, shown in Figure 3, were performed both in the extract solutions at
80 ◦C and in the gels formed after cooling to 25 ◦C, and demonstrate the distinct behavior
of the seaweed extracts at the two physical states for different LBG contents. At 80 ◦C
(Figure 3a,c,e), seaweed extracts were presented in a liquid-like state. At this temperature,
G′ and G” values were similar for all the seaweed extracts and increased with frequency.
G′′ was always above G′, which is a behavior typical of entangled solutions [31]. While C.
crispus extracts show an increase in elastic properties, manifested by a notable rise in G′

and a reduction in tan δ (Table 2), as the content of LBG content increases; for G. gracilis and
G. corneum, tan δ is always higher for the systems containing LBG, which would indicate
a growing importance of their viscous behavior, which could be negative for attaining
self-supporting gels in the 3D-printing process.

At 25 ◦C (Figure 3b,d,e), seaweed extracts acquire a solid-like texture and G′ is always
above G′′. At 25 ◦C, C. crispus extracts showed a behavior typical of strong gels, where
G′ was at least one order of magnitude higher than G′′, and both moduli showed little
frequency dependence within the studied range (0.1–100 rad/s). This behavior should
be beneficial for the 3D-printing process, as the spread of the sample on the printing
bed would be hindered. The same could not be observed for G. gracilis and G. corneum
gels. Although G′ was always above G′′, both these gels presented a greater frequency
dependence, indicating a weak-gel-like behavior. Nonetheless, G. corneum gels presented
enhanced gel strength (higher G′ values) than G. gracilis gels (Table 2). Increasing additions
of LBG to gels seemed to increase the slope of G′ and G′′ along the frequency range
(Figure 3). Sousa and Gonçalves (2015) reported an increase in frequency dependence of
the moduli at higher LBG concentrations of agar/LBG binary systems [25].

The results obtained from the mechanical spectra (Figure 3) can be further explained
by the composition of seaweeds used in this study, as the polysaccharides’ composition has
a direct effect on the gelling mechanism and gel strength. According to Gomes-Dias et al.
(2024), Gelidium corneum biomass (cultivated and harvested by the same manufacturer
from the present study—Iberagar) presents galactans (37%) and glucans (14%) in its sugar
composition, although 28% of these polysaccharides are of water extractives [47]. Silva-
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Brito et al. (2021) studied the sugar composition of G. gracilis biomass (from the same
producer as our biomass—Algaplus) and reported 24.4% of galactans, 3.5% of glucans,
and 2.6% of arabians [35]. Moreover, Nova et al. (2023) reported for the same G. gracilis
biomass (cultivated and harvested by the same producer), the presence of galactose as the
main sugar residue (34 mol%), followed by 3,6-anhydrogalactose (25 mol%) and glucose
(19 mol%) [48]. The presence of glucose is likely due to the presence of floridean starch, a
storage polysaccharide [36].

The degree of sulfation and the content on 3,6-anhydro-L-galactose (3,6-AG) is also
revealed to be an important factor to consider when evaluating the quality of agars [36].
The conversion of L-galactose-6-sulphate to 3,6-anhydro-L-galactose is associated with an
increase in gel strength, as well as in gelling temperatures [49]. Consequently, the lower
the sulphates/3,6-AG ratio, the higher the gelling properties [47]. Gomes-Dias et al. (2024)
reported a sulfate content of 0.49% and a 3,6-AG content of 28.2% for agar extracted from
G. corneum (hot-water extraction). The same study reports a sulfate content of 2.1% and
a 3,6-AG content of 25.3% for agar extracted from Gracilaria vermiculophyla [47]. For the
same seaweed, other studies have reported higher values for sulfate and 3.6- AG content.
Sousa et al. (2010) reported a 3,6-AG content of 31.3% and a sulfate content of 1.78% for
agar extracted from G. vermiculophylla, produced in an IMTA system and subjected to a
traditional extraction method (alkali treatment and acid neutralization) [49]. For the same
red seaweed (without alkali pre-treatments), Villanueva et al. (2009) reported a content of
3,6-AG of ~32–33% and a sulfate content of 2.2–2.4% [50]. Nonetheless, for agar extracted
from G. gracilis (harvested from the southern Atlantic coast of Morocco) Belattmania et al.
(2021) reported a 3,6-AG content of 5.7% and a sulfate content of 0.7% [51].

Previous studies have found a negative correlation between sulfate content and gel
strength and gelling temperature, while 3,6-AG content has been found to have the op-
posite correlation with these gelation properties [49,50]. In the present study, all seaweed
biomasses underwent a water-based extraction without alkaline pre-treatments. Conse-
quently, the sulfate content was anticipated to be higher, while the 3,6-AG content was
expected to be lower, in comparison to prior studies employing traditional or alternative
extraction methods. Gomes-Dias et al. (2022) observed that conventionally extracted
agar presented double the sulphate content of the autohydrolysis extracted agar, which
led to lower viscoelastic moduli values [35]. Additionally, as previously mentioned, it
is noteworthy that agars from Gelidium spp. typically present a low degree of substitu-
tion and, thus low sulfate content, resulting in agars with high gel strength, compared to
Gracilaria spp. [52]. FTIR results (Figure 2) revealed that the band at 930 cm−1 in the spectra,
corresponding to 3,6-anhydro-galactose, was more intense in the G. gracilis gels than in
the G. corneum. However, a more intense broad band for G. gracilis in the 1240–1260 cm−1

spectral region, associated with the vibration of the sulphated groups, contributes to a
higher sulphates/3,6-AG ratio. As sulfate groups are related to a lower gel strength of agar,
agar in G. gracilis is considered to present lower agar quality, due to the higher presence
of α-l-galactose 6-sulphate units detected in FTIR [53]. Sulphur content in the seaweed
extracts can not only be attributed to the sulphate substitution in the agar component, but
also to the presence of other sulphated components such as proteins [8]. G. gracilis biomass
is reported to have a higher protein content (21%) than G. corneum biomass (10.4–19.4%).

This divergence in seaweed composition contributes to elucidating the heightened
gelling properties observed in G. corneum, evidenced by increased gel strength (higher G′

values) and a higher gelling temperature (Tgel) when lower LBG additions (<1% w/w) are
applied (Table 1).

2.3. Flow Curves: Gel Viscosities

Figure 4 presents the steady shear flow behavior of seaweed extracts at 80 ◦C, over the
selected range of shear rates (1–100 s−1). Results obtained from viscosity curves showed a
shear-thinning behavior, with higher viscosities at low shear rates and lower viscosities at
high shear rates. Such flow behavior is necessary for a successful 3D extrusion. During
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printing, high shear rates are generated in the nozzle walls, and extrusion is thus facilitated
if viscosity decreases. The process is reversed when a food material is layered on the
printing platform, and viscosity increases due to the reduction in shear rates, contributing
to forming a self-supporting material [54].
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Figure 4. Flow curves of C. crispus (a), G. gracilis (b), and G. corneum (c), at 80 ◦C (1–100 s−1).

Table 3 reports the viscosity values obtained at a selected shear rate (100 s−1) for all
seaweed extracts. This shear rate value was selected as it is the closest shear rate at the nozzle,
based on estimated values obtained from the Weissenberg–Rabinowitsch–Mooney equation.

Table 3. Flow properties of seaweed (C. crispus, G. gracilis, and G. corneum) gelled extracts, with
different LBG concentrations, at 80 ◦C: viscosity at (η100).

Seaweed Extract LBG (%) η100 (Pa·s)

C. crispus

0.0 1.29 ± 0.05 d

0.5 2.09 ± 0.19 c

1.0 3.48 ± 0.04 b

1.5 2.83 ± 0.15 a

G. gracilis

0.0 0.04 ± 0.03 c

1.5 0.71 ± 0.04 b

2.0 1.70 ± 0.48 a

2.5 1.93 ± 0.65 a

G. corneum

0.0 0.11 ± 0.02 c

1.0 0.49 ± 0.02 b,c

1.5 0.65 ± 0.04 b,c

2.0 1.37 ± 0.11 b

2.5 4.32 ± 1.00 a

Values are given as mean ± standard deviation (n = 3). Means (for the same sample) with different letters, within
the same column, differ significantly (p < 0.05).

Results show that flow properties were dependent on LBG concentration: higher
viscosity with higher additions of LBG, demonstrating the synergetic effect: η algaeextract +
LBG > η algaeextract. Similarly to viscoelastic properties, C. crispus gels obtained the highest
values, followed by G. corneum and G. gracilis.

Hernández et al. (2001) reported increased viscosity for a binary system composed
of κ-carrageenan and λ-carrageenan with LBG (LBG + κ and LBG + λ), compared to
single systems of any of the studied gums. These findings align with the results obtained
in this study, reinforcing the presence of synergistic effects—specifically, an increase in
viscosity—resulting from the combination of LBG with carrageenan [55].

As can be clearly observed in Supplementary Table S1, where shift factors for viscosity
and shear rate were used to overlap every seaweed extract system to the correspond-
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ing system without LBG addition (LBG 0%) (master curve for every seaweed extract in
Supplementary Figure S1), G. corneum is the seaweed most affected by the addition of LBG,
as at 1.5% LBG, the viscosity enhancement was almost 4 or 5 times that found for C. crispus
or G. gracilis, respectively.

2.4. Printed Gels

In Figure 5, the visual representation of printed gels from C. crispus (a), G. gracilis
(b), and G. corneum (c) is shown. The figures illustrate the impact of cooling the printing
temperature (from 80 to 30 ◦C) and increasing LBG content on the appearance of the
seaweed gels.
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C. crispus exhibited the best gel structure, confirmed by its viscoelastic properties (G′,
G′′ and tan δ) (Tables 1 and 2). Moreover, all C. crispus printed gels (Figure 5a) presented a
good shape definition and a self-supporting structure yet maintaining a soft and flexible
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consistency, which should be related to the abovementioned rheological properties, and
to the fact that texture properties are affected by LBG additions to κ-carrageenan gels.
During deposition of layers and cooling of the C. crispus extracts, a typical gel structure
was obtained, and even for extracts without LBG addition, a well-defined 3D structure
was produced. Contrastingly, printing definition was very poor for G. corneum and G.
gracilis gels without LBG, as the material flowed when deposited (Figure 5b,c). With
increasing LBG additions, both G. corneum and G. gracilis acquired an improved shape
definition and increased gel strength (Tables 1 and 2). Nevertheless, it was observed that
additional additions of LBG had a more pronounced impact on the gel structure of G.
gelidium (Figure 5c) in comparison to G. gracilis gel (Figure 5b). This should be related to G.
corneum gels exhibiting higher viscoelastic properties (G′, G′′) than G. gracilis, which reflect
the gel strength of G. corneum, accordingly shown on the mechanical spectra (Figure 3) and
visibly noticeable in Figure 5c, where G. corneum gels acquire a better-defined shape with
increasing additions of LBG. Moreover, a better shape definition of G. corneum gels can be
further supported by the gels’ higher values of viscosity, as evidenced in Table 3. In contrast,
a reduction in the printing temperature seemed to produce a greater improvement of shape
definition in G. gracilis gel, when compared to G. gelidium gel. Lower printing temperatures
increase viscosity and may reduce the spreading effect of the filaments during deposition.

SEM was used to characterize the microstructure of the gels. Figure 6 shows the
internal structures of the C. crispus, G. gracilis, and G. corneum gels, printed at 25 ◦C, with
(1.5%) and without LBG addition. Under a 30×magnification, it was possible to observe
the printed layer filaments of the gels at 1.5% LBG addition while, without LBG, the printed
filaments could not be observed, except in the C. crispus gel. For this seaweed, the impact
of LBG addition to the structure was lower, as can be observed in Figure 5a. These results
agree with the mechanical spectra obtained from frequency sweeps (Figure 3), which show
little frequency dependence, indicating the presence of a strong gel.
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Figure 6. SEM images of C. crispus, G. gracilis, and G. Corneum 3D gels, with and without LBG
addition, under 30× and 250×magnifications.

Under a 250× magnification, the morphology of the gel and the size and number
of pores illustrate the molecular interactions established with and without LBG addition
to seaweed gels. Overall, 1.5% LBG addition resulted in denser gels characterized by
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smaller-sized pores. This effect was particularly noticeable in C. crispus and G. gelidium
gels, confirming the stronger synergistic interaction among the gelling components (κ/ι-
carrageenan and agar, respectively) in these gels. In contrast, G. gracilis exhibited larger
pores and a less dense microstructure. All the seaweed gels presented a heterogeneous
structure. Previous studies have shown that gels of mixed systems generally present a
more heterogenous structure than gels of individual gelling components [56].

3. Conclusions

The present study investigated the gel-forming kinetics and gel properties of algal
polysaccharides obtained in a green extraction process from three red seaweed biomasses
(Chondrus crispus, Gracilaria gracilis, and Gelidium corneum). Locust bean gum (LBG) was
added to the final extracts, and gelation was monitored in situ. Results showed a similar
gelation behavior for all seaweed extracts during the cooling cycle, transitioning from a
liquid-like state to a final gel formation, at the crosspoint between G′ and G′′. C. crispus
gels exhibited increased gel strength (higher G′) and more stable gels (shorter maturation
time to obtain steady gel structures). This structuring effect was additionally observed
on the microstructure of the gels. G. corneum and G. gracilis exhibited lower viscoelastic
properties, yet their gel strength noticeably improved with the addition of LBG, indicating
a synergistic interaction between the seaweed extracts and LBG. This synergy proved to
be necessary to obtain self-supporting structures from G. gracilis and G. corneum extracts,
during the printing process. Similarly, viscosity of gels was likewise enhanced by the
increasing additions to the seaweed extracts. Nevertheless, flow curves proved that gels
presented a suitable flow behavior for extrusion: a shear-thinning behavior with increasing
shear-rates. Additionally, printing at lower temperatures seemed to have improved the
shape definition of the printed gels.

These findings confirm that a green-extraction can be applied to develop algal-based
extracts with gelling capacity. Additionally, a synergetic interaction between extracts and
LBG enhanced the gels’ suitability for printing. This could be used in several applications,
such as the design of novel food products. The effect of different thickening agents on
the features of the bioinks and the resulting 3D-printed gels should be considered in
future research.

4. Materials and Methods
4.1. Materials and Sample Preparation

Materials. Three different species of red algae (Rhodophyta) were selected for the
preparation of the biopolymer solutions: Chondrus crispus, Gelidium Corneum, and Gracilaria
gracilis. Chondrus crispus is typically rich in carrageenan (being κ-carrageenan and ι-
carrageenan, able to form gels), while agar, a gelling, thickening, and stabilizing agent,
is more abundant in Gelidium Corneum and Gracilaria gracilis. C. crispus and G. gracilis
were purchased from AlgaPlus (Ilhavo, Portugal) and G. corneum from Iberagar-Sociedade
Luso-Espanhola de Colóides Marinhos S.A. (Coina, Portugal). According to the datasheet
of the producer, C. crispus and G. gracilaria were cultivated in an integrated multi-trophic
aquaculture system (Aveiro, Portugal). The seaweeds were washed with seawater and
dried in an air-tunnel set at 30 ◦C, until the desired moisture content (12%) was reached,
followed by milling and sieving (<0.25 mm). Regarding G. corneum, according to the
manufacturer, the algae undergo a drying process in the sun, are milled, and finally sieved
(3 mm).

The proximate composition for C. crispus, provided by the manufacturer, is as follows:
12% moisture, 1% lipids, 17.7% carbohydrates (<0.01% sugars), 17.3% protein, and 38.1%
dietary fiber. For G. gracilaria, it is as follows: 12% moisture, 1.2% lipids, 8.2% carbohydrates
(0.2% sugars), 21% protein, and 38.8% dietary fiber. For G. corneum, a previous study using
a similar biomass from the same manufacturer obtained the following: 9.2–19.8% ash,
0.7–4.7% lipids, 24.8–39.5% carbohydrates, and 10.4–19.4% crude protein [43,44,57]. These
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red algae were selected for their native phycocolloids and gelling ability, crucial for the
3D-printing process.

Sample preparation. Seaweed solutions were prepared following a 2-step alternative
extraction method. First, seaweeds (in dry powder) were hydrated in water (1:10 w/w,
seaweed/water), for 30 min, at room temperature. Then, the seaweed solutions were
heated to 90 ◦C (70 min) with constant stirring. Finally, the solutions were centrifuged
(40 ◦C, 10,000 rpm, 15 min), and the supernatants were collected to be printed. Once
printed, gels from the different species of seaweeds did not all present the same definition
of shape. To improve the shape quality of the printed gels, the addition of locust bean gum
(LGB) to the supernatants was studied, as LBG presents a synergy with naturally present
phycocolloids in Rhodophyta (carrageenan and agar). LBG was added to supernatants
immediately following centrifugation, under strong stirring to ensure full dissolution.
Based on preliminary tests, LBG additions to supernatants were set as follows: Chondrus
crispus (0–1.5% w/w), Gelidium Corneum (0–2.5% w/w), and Gracilaria gracilis (0–2.5% w/w).

4.2. Three-Dimensional-Printing Process

The printing process was performed using the Genesis™ 3D printer (3D Biotechnology
Solutions, Brazil), following the LBG addition to the supernatants.

Printing of the gels took place at a different range of temperatures (80–30 ◦C) to study
the influence of printing temperature on the quality of shape of the printed gels. To do this,
syringes (22 G nozzle) were loaded with the seaweed extracts and were pre-heated beforehand
according to the selected printing temperature, while the printing platform was always kept at
room temperature. After 15 min of equilibration time in the syringe, the extracts were printed
at 40 mm/s, forming a total of 8 layers of a cube design (20 × 20 × 20 mm).

4.3. Rheology Characterization

Rheology characterization tests were performed to study the viscoelastic properties of
the algae-based biopolymers solutions, in terms of storage (G′) and loss (G′′) moduli, using
a strain-controlled rheometer (Discovery HR 10, TA instruments, New Castle, DE, USA),
equipped with a Peltier plate temperature system. A serrated parallel plates geometry
(PP20) was used, with a gap of 1 mm.

Before starting measurements, hot biopolymer solutions were directly placed on the
preheated parallel plates geometry and coated with paraffin oil to avoid evaporation.

Determining LVE. Firstly, the linear viscoelastic region (LVE) was determined via
amplitude sweep tests, carried out at a fixed frequency (6.28 rad/s), at 80 ◦C. All measure-
ments were performed within the LVE, as at this range, all dynamic rheological parameters
are independent of applied shear strain.

First frequency sweep. Secondly, frequency sweep tests were carried out within a
frequency range varying from 1 to 100 rad/s (ω), at a fixed temperature (80 ◦C), to study
the viscoelastic properties.

Temperature sweep. Following frequency sweeps, temperature sweeps were run,
applying a cooling temperature ramp from 80 to 25 ◦C (ω = 6.28 rad/s, 10 ◦C/min). During
temperature sweeps, the transition from sol-gel was monitored, which corresponds to
tan δ = G′′/G′ = 1. The temperature and time at which the crossover between G′ and G′′

occurred, i.e., G′′ > G′, was noted as an empirical indication of gelling temperature (Tgel)
and time (tgel), respectively [58].

Time sweep. Time sweeps were performed (30 min,ω = 6.28 rad/s, 25 ◦C) to obtain
the gel maturation kinetics.

Final frequency sweep. A final frequency sweep was performed on the gels, from 1 to
100 rad/s (ω), at a fixed temperature (25 ◦C), to analyze the influence of the temperature
ramp on the viscoelastic properties.

Flow curves. Flow sweeps were performed (80 ◦C) to study the viscosity (η) of the
biopolymer solutions as a function of a selected range of shear rates (1–100 s−1).
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4.4. Fourier Transform Infrared (FTIR) Spectroscopy

Seaweed extracts at 80 ◦C were cast in Petri dishes and dried overnight. FTIR spectra
of films formed from seaweed extracts were performed with an ATR objective in an Invenio
X spectrometer (BRUKER, Billerica, MA, USA). Spectra were collected in the wavelength
between 4000 and 400 cm−1, with a resolution of 4 cm−1.

4.5. Scanning Electron Microscope (SEM)

The microstructures of the gels were investigated via scanning electron microscopy
(SEM) using a tabletop scanning electron microscope (SEM) (TM3030 PLUS, Hitachi, Japan).
Samples were printed, and immediately, small cuts were performed on their surface using a
scalpel to promote better observation of the inner microstructures. The samples were placed
on the specimen holder, at −4 ◦C, in a vacuum chamber. Observations were performed
under different magnifications (30× and 250×).

4.6. Statistical Analysis

Analysis of variance (ANOVA) was performed on Minitab (version 17, Pennsylvania,
USA) to evaluate significant (p < 0.05) differences between samples. In case of signifi-
cant differences, multiple pairwise comparisons were performed with Tukey’s Honest
Significant Difference test (HSD) at 95% confidence level.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels10030166/s1, Figure S1: Master curve for the different LBG
contents for every seaweed extract, using every system without LBG as reference; Table S1: Shift
factor for viscosity and shear rate to overlap every seaweed extract system to the corresponding
system with-out LBG addition (LBG 0%).
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Abstract: It is believed that 3D bioprinting will greatly help the field of tissue engineering and
regenerative medicine, as live patient cells are incorporated into the material, which directly creates
a 3D structure. Thus, this method has potential in many types of human body tissues. Collagen
provides an advantage, as it is the most common extracellular matrix present in all kinds of tissues and
is, therefore, very natural for cells and the organism. Hydrogels with highly concentrated collagen
make it possible to create 3D structures without additional additives to crosslink the polymer, which
could negatively affect cell proliferation and viability. This study established a new method for
preparing highly concentrated collagen bioinks, which does not negatively affect cell proliferation
and viability. The method is based on two successive neutralizations of the prepared hydrogel using
the bicarbonate buffering mechanisms of the 2× enhanced culture medium and pH adjustment by
adding NaOH. Collagen hydrogel was used in concentrations of 20 and 30 mg/mL dissolved in acetic
acid with a concentration of 0.05 and 0.1 wt.%. The bioink preparation process is automated, including
colorimetric pH detection and adjustment. The new method was validated using bioprinting and
subsequent cultivation of collagen hydrogels with incorporated stromal cells. After 96 h of cultivation,
cell proliferation and viability were not statistically significantly reduced.

Keywords: bioprinting; bioink; collagen hydrogels; biofabrication; pH; neutralization; automation;
stromal cells

1. Introduction

Bioinks—polymers with incorporated cells ‘customized’ for the preparation of tissues
and organs—must meet many criteria to be structurally strong enough for the preparation
of 3D structures, but also non-toxic to organisms, especially the cells that populate the gel.
Ideally, cell adhesion and proliferation are also promoted. The resulting bioink should be
nonimmunogenic and biodegradable [1]. Using natural or synthetic polymers is an option,
where, in addition to properties, we must also consider the processability of the material,
suitability for bioprinting, cost, and commercial availability. While synthetic polymers
excel in mechanical durability, natural gels are highly biocompatible [2]. Using a natural
material with a high concentration of polymers combines the advantages of both types of
materials but has its limits for adhesion and cell growth [3].

A suitable natural polymer for bioink preparation is collagen, which is abundant in
the extracellular matrix and thus is very natural to use and is also highly available in the
connective tissues of organisms [4]. Collagen has a high affinity for adherent cells, which is
the reason why these hydrogels are widely used in biomedical applications, from testing
materials for 3D bioprinting to general tissue models for in vitro cell studies, drug testing,
and specialized tissue models, especially when using cell-filled hydrogels [5].

Due to its good biocompatibility and low immunogenicity, collagen has been suc-
cessfully used in clinical practice. However, low immunogenicity can only be achieved
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using high-purity collagen solutions when the protein is derived from collagen-containing
tissues. The main weaknesses of this material are its low mechanical properties, difficulty
in sterilization (e.g., heat sensitivity, degradation), and the commonly occurring shrinkage
of collagen scaffolds in response to cellular activity [5]. Regarding 3D printing applica-
tions, collagen-based bioinks with potential for tissue regeneration have been developed to
produce breast implants and artificial cartilage for joint reconstruction, among others [6].
Cell-based collagen bioinks also contribute to the growth of the 3D-printed alternative meat
market, which companies are exploiting [7].

However, in the present studies, relatively low-concentration collagen polymers are
used, as higher concentrations (10 mg/mL) reduce cell proliferation in the gel and differ-
entiate ability, and the diffusion of waste products in the polymer is also impeded [8,9].
However, several factors influence the successful formation of the 3D structure. These in-
clude the properties of the bioink itself (composition, pH, temperature, viscosity, cell culture
concentration, and crosslinking method) as well as the parameters of the printing process
(temperature, pressure, and speed of parts of the printing system parts), as they have a
significant impact on the resulting structural strength and viability of the incorporated
cells [5].

Collagen hydrogels (COLs) are usually created from cold, acid-solubilized monomers
(tropocollagen) by neutralization and heating to induce physical crosslinking. COL gelation
is due to fibrillogenesis, a self-assembly process that proceeds from the self-association of
triple helices [10]. This process is strongly affected by the nature of the COL monomers
and many other physical factors [11]. Fibrillogenesis is induced by the neutralization
of pH and by increasing temperature while increasing the ionic strength, which causes
a decrease in the rate of fibrillogenesis [12]. The kinetics of COL fibrillogenesis consist
of two stages: (1) a nucleation process and (2) the subsequent growth of nuclei and the
aggregation of COL fibrils that result in the 3D network structure of the hydrogel [13].
Both the pH and the ionic strength affect the net surface charges of the COL molecules.
Low pH causes a repulsive electrostatic interaction between COL molecules. Consequently,
they are homogeneously dissolved [14], while neutral pH conditions cause a weakening of
electrostatic repulsion. The kinetics of fibril self-assembly are also affected by the alteration
of electrostatic, hydrophobic, and covalent interactions between monomers, resulting in
the range of fibril size [11] and the final microstructure and the properties of the collagen
gel [15,16]. These interactions are strongly influenced by concentrations of both COL and
solvent [17]. The highest rates of fibrillogenesis occur between pH 6.9 and 9.2, with no
significant changes in fibril diameters [18]. Another important factor is temperature, which
affects the water-mediated hydrogen bonding between collagen molecules because water
between triple helices may play a role in the association process [19].

Gelation occurs in two stages: first, triple helices in COL molecules are dissolved in
dilute acid (typically acetic acid for several days at low temperatures) to disrupt weaker
intermolecular hydrogen bonds and Schiff bases between collagen molecules [20], followed
by the formation of 3D hydrogel structures induced by increasing the temperature and pH
value (using dilute alkali solution or various simulated body fluid media). Therefore, COL
hydrogel formation is a process of reconstruction of collagen molecules with water in a
3D space.

Studies that have used collagen concentrations of 10 mg/mL or more for bioink
preparation have often used additives (riboflavin, Pluronic F127) to crosslink the polymer,
resulting in increased mechanical strength of gels [21]. Still, the substances used are unnat-
ural to cells. They can interfere with cell proliferation and differentiation, as well as the
biocompatibility of the entire structure [22]. Crosslinking by mere modification of physical
conditions (temperature, pH) is rarely represented due to high collagen concentrations [9].

In our previous work [23], we optimized the bioink properties with highly concen-
trated collagen (20 mg/mL dissolved in 0.1% acetic acid; the final collagen concentration
was 10 mg/mL), especially the gel composition and adjustment of pH. When NaOH was
added, we adjusted the final pH and gelation time. The composition and pH adjustment al-
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lowed the cells to grow and divide, and the higher mechanical modulus of these constructs
also allowed the structures to be printed up to several millimeters in height with sufficient
mechanical resistance. This experiment demonstrated that a high concentration of collagen
gels is not necessarily a limiting factor for cell proliferation.

However, from an objective point of view, higher cell viability could be achieved in
the resulting structures. Furthermore, the bioink preparation method also needed to be
optimized regarding component volumes, as they varied up to a thousand times (from a
few µL to several mL). This is particularly disadvantageous for mechanized, automated
bioink preparation. Therefore, our paper aims to eliminate these weaknesses and obtain a
3D culture with high cell viability even after several days of cultivation.

This study builds on the results of a previous study to optimize the bioink composition
so that cells achieve higher viability and proliferation even after several days of static culture.
Furthermore, we also want to improve the method of mixing the bioink so that higher
volumes of components can be handled, and a machine can then implement the mixing.

2. Results and Discussion
2.1. Cell Growth in Modified Culture Media

New formulations of culture media with a compensated additive concentration were
compared to the formulation from our previous article and control growth culture medium.
Growth and viability were evaluated after 3 days of static cultivation.

Cells in the nutritionally compensated media have proliferation similar to that of the
control sample, although their shape is slightly elongated. In an uncompensated medium,
proliferation is lower in all hatches. In this medium, the cells are not elongated are more
isolated, and do not form a continuous structure as in the other samples. This indicates
insufficient cell proliferation, which does not result in adequate formation of the potential
tissue base. As illustrated in Figure 1, a medium lacking nutrients degraded cell growth.

Furthermore, nutrition-compensated media were tested to determine whether high
concentrations of medium components during bioink preparation would result in cell
damage and thus reduce viability. After 3 days of culture, there was no significant difference
from control cells grown in the original culture medium. No dead cells are visible in any of
the images; as in these 2D cultures, the cells are rinsed with PBS before analysis, and thus,
the dead cells are removed from the culture.

2.2. Collagen FTIR Spectra

The FTIR spectra of isolated COL (original) and COL dissolved in 0.05 wt.% and in
0.1 wt.% acetic acid in a COL concentration of 20 mg/mL can be seen in Figure 2. All
spectra contained five amidic bands typical for proteins. The band cantered at 3315 cm−1,

relating to a mutual band of hydrogen bonds among OH groups of water and humidity and
amide A of COL, which belong to NH2 stretching. The band at ~3077 cm−1 is mutual band
of the N-H stretching vibrations in the secondary amides (amide B) and C–H stretching
vibrations in the sp2 hybridization existing in aromatic amino acids. The amide I band
describes the C=O stretching coupled with N–H bending vibrations. The amide II band
originates from N–H bending coupled with C–N stretching vibrations. Another proof of
the existence of a triple helical structure in the COL represents a band triplet (at ~1205,
1240, and 1280 cm−1) of amide III together with the band at 1337 cm−1 [24,25]. Changes in
the intensities and positions of individual amide bands could be connected with changes
in the secondary structure of COL. As was proved in our previous study [23], the use of
70% ethanol for sterilization did not alter the secondary structure of COL. As shown in
Figure 2, the use of acetic acid as a solvent, regardless of concentration, does not change
the secondary structure of COL compared to original and commercial COL.
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Figure 1. Live/dead images of cells cultured for 3 days in control culture medium, without compen-

sation of nutrients and compensated (protocol 1, e.g., pH adjusted culture medium, and protocol 2, 

culture medium without pH adjustment). Live cells were stained with fluorescein diacetate (green), 

and dead cells (nuclei) were stained with propidium iodide (red), scale bar 100 µm—custom-built 

Thorlabs CERNA fluorescence microscope with Olympus Plan Fluorite 10× objective. 

2.2. Collagen FTIR Spectra 
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Figure 1. Live/dead images of cells cultured for 3 days in control culture medium, without compen-
sation of nutrients and compensated (protocol 1, e.g., pH adjusted culture medium, and protocol 2,
culture medium without pH adjustment). Live cells were stained with fluorescein diacetate (green),
and dead cells (nuclei) were stained with propidium iodide (red), scale bar 100 µm—custom-built
Thorlabs CERNA fluorescence microscope with Olympus Plan Fluorite 10× objective.
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Figure 2. FTIR spectrum of porcine collagen lyophilizate after isolation (original COL) and examples
of spectra of COL after dissolution in 0.05 wt.% and in 0.1 wt.% acetic acid in a COL concentration of
20 mg/mL and comparison with commercial COL.

Apparent changes in band intensities in spectral region 2800–3000 cm−1 and at
720 cm−1, relating to C-H aliphatic bonds, and changes in bands at 1743 cm−1, 1165 cm−1

and 1085 cm−1 ascribed to the C=O bonds in ester, are related to the presence of lipids. The
different intensities of the infrared bands belonging to lipids in all spectra are caused by
local inhomogeneity. Lipids are common residual impurities remaining in collagen after
the isolation procedure [24]. As can be seen in Figure 2, the commercial COL does not
contain such impurities.

The comparison of the infrared spectra of the original collagenous lyophilizate and
the collagens subjected to acetic acid of two various concentrations (0.05 wt.%, 0.1 wt.%)
proved that the spectra following dissolution in acetic acids did not exhibit significant
changes compared to original COL.

2.3. Effect of Medium Preconditioning

The culture media used in this study use a bicarbonate and CO2 buffering system that
affects the resulting pH [26]. In our case, we prepared 2× enhanced media that is in an
optimal state above the physiological range of approximately 7.6–7.8, depending on the
batch and adjustments before sterilization. Figure 3 illustrates different pH levels of culture
media preconditioned in a CO2 atmosphere for 120 min and media left on air. The medium
left in the air, due to the lack of CO2, changed to an alkaline pH. The range of change was
affected by the length of exposure, its volume, and also by the fact that our “2× enhanced”
medium contains twice the bicarbonate compared to the standard proliferation medium
(thus the large interval in the chart). The primary challenge is that the pH level of the
culture medium has an impact on the neutralization of the collagen hydrogel. The pH of
the collagen hydrogel then affects the gelling properties, cell viability, and printability. To
ensure consistency and reproducible outcomes, we have used only preconditioned media
in the following preparations of printable bioinks.
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2.4. pH Response of Collagen Hydrogel to Medium Added

As described above, the use of lower concentrations of acetic acid (AA) in the disso-
lution of collagen yields almost an optimal pH after neutralization. Furthermore, some
different adjustments of the culture media prior to sterilization (especially 10× concen-
trated) can affect the resulting parameters. To demonstrate this, we performed a simple
volumetric neutralization in our mixing system. The mixing syringe was prefilled with
1400 µL of collagen (all variants—concentration of collagen 20 and 30 mg/mL and 0.05 and
0.1% dissolving AA). Then, the ‘2× enhanced’ medium was dosed in 200 µL steps. After
each addition, the collagen and the media were mixed, and the pH was captured using a
colorimeter. This was performed until 1400 µL of media was dosed to achieve a 1:1 ratio
of collagen to medium. As illustrated in Figure 4, it is obvious that 0.1% AA provides a
more acidic and probably buffered collagen hydrogel, which may require more culture
medium or NaOH modification. Differences in the preparation of the culture medium and
its adjustments before sterilization can affect the neutralization behavior. In the case of
0.05% AA, there is a promising fact that with a different approach in media preparation,
there is no need to perform any NaOH modification in culture media. Another approach
can utilize continuous mixing and the estimation of pH in a designed mixing system,
allowing for the change in the ratio between the neutralization and cell suspension media.

In our described experiments, the neutralization medium was modified using fixed
steps of NaOH and a fixed 2:1:1 ratio (collagen:neutralization medium:suspension medium).
These optimizations will be made in the following research.

Sterilization of the medium by filtration causes an increase in pH, and titration with
this medium leads to an optimal pH much earlier. Collagen dissolved in less concentrated
acid reaches physiological pH values with the addition of approximately 1 mL of culture
medium so that further pH adjustment with NaOH is no longer necessary. This confirms
the results of the previous analysis. By selecting the appropriate concentration of solvent
and neutralizing with 2× enhanced medium, the pH of the mixture reaches a value of 7, at
which point the cell suspension can be added without negatively affecting cell proliferation
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or viability. In some cases, it is unnecessary to add NaOH to the mixture, as we have
implemented and published the results of the previous article [23] so far.
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2.5. The pH Balancing

The pH of the prepared bioink varies according to the concentration of AA in which
collagen dissolves, as shown in Figure 5. In the case of 0.1% acid, after the first neutraliza-
tion, the pH is around 6.5, which is a fairly acidic environment for adding cells. After the
second neutralization, the pH is below the physiological limit. Using a less concentrated
solvent (0.05 wt.% AA) and no NaOH, the pH values are higher than with 0.1% acid but
still below the physiological limit. The addition of NaOH at a concentration of 50 µL/mL
leads to a change in pH below the physiological limit after the first neutralization. After
the second neutralization, the pH is fully physiological for cell development.

To find the optimal neutralization medium and procedure, we find that two concen-
trations of collagen (20 and 30 mg/mL) and both dissolving AA concentrations (0.05 and
0.1 wt.%) were first neutralized using 2× enhanced medium with 0, 50, and 100 µL/mL
NaOH. This initial neutralization step is crucial because it shifts the pH level closer to
the physiological range, thereby making it more compatible and acceptable for cells. This
prevents the cells from experiencing a shock from a rapid change in pH, which results in
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higher cell viability. The second neutralization step was performed with a 2× enhanced
culture medium. The resulting pHs are illustrated in Figure 6. The 0.1% AA in both concen-
trations of collagen is obviously more acidic than 0.05%. Even when 100 µL/mL NaOH
was used, collagens dissolved in 0.1% acidic were below the physiological range of pH.
The 0.05% acidic acid as the dissolving agent provided easier control over the pH range.
When neutralized without adding NaOH, the resulting pH after the first neutralization
was slightly above 7 (6.8–7) and after the second neutralization reached the physiological
range. However, it was still slightly below 0.1–0.15. For the following prints with living
cells, 50 µL/mL NaOH was chosen as the optimal amount to add.
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Figure 5. Two-step neutralization of collagens dissolved in 0.1 and 0.05 wt.% acetic acid using
preconditioned and NaOH-modified 2× enhanced culture medium. A lower concentration of acetic
acid provides a nearly optimal pH of the resulting bioink. However, depending on the batch of
collagen, other pH adjustments using NaOH are optimal. Created with BioRender.com.

We have used two-step neutralization, where first neutralization shifts the pH of
acid collagen into a natural pH of around 7. In addition, we chose this value as the
working threshold for the second neutralization with culture media. As a simple alternative,
we tested only single-step neutralization. In single-step neutralization, we mixed both
neutralization media containing NaOH and cell suspension together. Then, it was mixed
with acid collagen. The resulting pHs were similar to those of two-step neutralization;
however, it resulted in poor cell viability. Skipping the two-step neutralization procedure
leads to apoptosis of most cells in the hydrogel, as demonstrated in Figure 7.
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neutralization medium (different concentrations of NaOH added).

Although it must be taken into account, the use of a less concentrated acid can result
in less pH fluctuation during bioink preparation, and it can also not completely dissolve
collagen fibers, which would have an adverse effect on subsequent printing.

In a previous article, we determined the optimal volumetric concentration of NaOH
in collagen bioink to be 20 mg/mL in 0.1% AA–10 µL/mL, in terms of both mechanical
strength and cell survival. Now, we must refine this conclusion. Several circumstances
influence the resulting pH. Not only is the concentration of collagen in the bioink and the
concentration of acid used for dissolution, but the pH is slightly different in each batch of
production as a result of natural influences. Thus, it is not possible to generally determine
the appropriate concentration of hydroxide to stabilize the pH, but in each individual
experiment, the pH must be monitored and adjusted, if necessary, before cell suspension.
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Figure 7. Difference in cell viability using single- or two-step neutralization. Live/dead images of
cells grown for 3 h in a printed collagen bioink. Live cells stained with fluorescein diacetate (green)
and dead cells (nuclei) stained with propidium iodide (red), scale 100 µm. Custom-built Thorlabs
CERNA fluorescence microscope with Olympus Plan Fluorite 10× objective.

2.6. Cellular Behavior in Bioinks

It is well known that high-concentrated collagen hydrogels, especially their stiffness,
porosity, pH level, chemical composition, and presence of adhesive ligands, affect cell
morphology and behavior [27]. We analyzed the cell morphology within the four different
categories of gels at three different time points. The stromal cells in the hydrogel showed
high viability and density even in the inner parts of the materials after 96 h of culture,
as shown in the confocal microscope images in Figure 8. For samples with different
concentrations of AA, no difference in cell viability was evident because the gels were
prepared by two-step neutralization, where the cell suspension was mixed into a gel at a
pH of approximately 7. A slight but not statistically significant difference was observed for
samples with different concentrations of 20 and 30 mg/mL (resulting in concentrations of 10
and 15 mg/mL). The 30 mg samples, regardless of the concentration of AA, showed lower
cell viability at some time intervals. With the more concentrated collagens, the hydrogel
does not mix completely with the cells, and the cells form clusters where more cells are
clumped, so the gel is not completely uniformly populated with cells. Thus, these clusters
are more susceptible to automatic and manual cell counting. Inaccuracies in counting also
introduce some errors, as the cells are interspersed throughout the gel volume, and cell
viability varies greatly from each section.

This confirms the validity of our method of gradual neutralization of collagen hydro-
gels during bioink preparation. None of the samples show reduced cell proliferation. This
corresponds to our results that, depending on the actual batch and acidity of the collagen
used, the process method needs to be adjusted to optimize the pH to physiological values
suitable for cell growth.

A comparison of two bioink production methods (Figure 9) where 10× concentrated
culture medium was (un)adjusted to pH 7.0 before mixing also showed no differences in
cell morphology and proliferation. After 96 h of culture, the cells were viable, elongated,
and formed a structure similar to that of physiological tissue.
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Figure 8. Confocal microscopy images of cultivated samples in 20 and 30 mg/mL collagen dis-
solved in 0.05 and 0.1 wt.% acetic acid. Cultivation for 24, 48, and 96 h. F-actin was stained using
Alexa Fluor™ 594 Phalloidin (red), and cell nuclei were counterstained using DAPI (blue), scale
150 µm. Nikon CSU-W1 confocal microscope with CFI Plan Apo VC 20× dry objective. Orthographic
projection rendered.

However, unlike cell morphology, cell viability differed between samples (Figure 10).
The highest viability was observed for the 20 mg/mL, 0.1% AA, 100 NaOH sample and
the 30 mg/mL, 0.05% and 50 NaOH samples; the other two samples showed higher
cell mortality, which was obviously evident at other times. However, the comparison
of multiple samples showed that the differences between samples were not statistically
significant because the pH neutralization of the collagen hydrogels was emphasized in
the preparation of the bioinks. Regardless of the initial concentration of collagen and
acetic acid, the resulting bioink is chemically and structurally similar in all samples, and
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thus differences in cell growth and viability are not apparent. The comparison of the two
production methods again showed small differences, especially after 24 h of cultivation,
which were again not statistically significant (Figure 11). Several factors influence cell
viability, particularly in 3D samples: the actual structure, homogeneity, and thickness of
the layer in which the cells are incorporated. The higher density of collagen fibers can be
concentrated in one location, preventing diffusion, and cells are not optimally nourished.
Furthermore, the viability is affected by random effects during bioprinting, the temperature
acting on the cells, the mechanical pressure, and the chemical effects of the components.
After 96 h of culture, the images show the highest proportion of dead cells. As a result of
the growth of cells throughout the gel volume, dead cells cannot be washed out during
medium exchange, as in flat culture on the substrate. Thus, these cells accumulate there,
and viability seems to be lower than in previous intervals. Also, wide-field fluorescence
microscopy has its limits in taking images, especially in 96 h intervals from gel substrates.
It is also expected that cells partially remodel the substrate. In images from confocal
microscopy, there were no significant changes in the morphology or structure of cells in
the 96 h interval compared to 48 h. Also, a limitation may be the substrate used (coverslip
glass) that limits diffusion from one side of the 3D construct. The use of a mild culture
perfusion in a bioreactor can also improve these problems.
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Figure 9. Confocal microscopy images of cultivated samples in 20 mg/mL collagen dissolved in
0.05 wt.% acetic acid prepared using two different culture media (protocol 1, e.g., pH adjusted culture
medium, and protocol 2, culture medium with no pH adjustment). Cultivation for 24, 48, and 96 h.
F-actin was stained using Alexa Fluor™ 594 Phalloidin (red), and cell nuclei were counterstained
using DAPI (blue), scale 150 µm. Nikon CSU-W1 confocal microscope with CFI Plan Apo VC 20×
dry objective. Orthographic projection rendered.
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Figure 10. Live/dead images of cultivated samples in 20 and 30 mg/mL collagen dissolved in 0.05
and 0.1 wt.% acetic acid. Cultivation for 24, 48, and 96 h. Fluorescein diacetate-stained live cells
(green) and dead cells (nuclei) stained with propidium iodide (red), scale 100 µm. Custom-built
Thorlabs CERNA fluorescence microscope with Olympus Plan Fluorite 10× objective.
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Figure 11. Live/dead images of cultivated samples in 20 mg/mL collagen dissolved in 0.05 wt.%
acetic acid were prepared using two different culture media (protocol 1, e.g., pH adjusted culture
medium, and protocol 2, culture medium with no pH adjustment). Fluorescein diacetate-stained live
cells (green) and dead cells (nuclei) stained with propidium iodide (red), scale 100 µm. Custom-built
Thorlabs CERNA fluorescence microscope with Olympus Plan Fluorite 10× objective.
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2.7. Benefits and Risks of Current Bioink Formulation

The formulation of bioink in our previous work [23] was optimized to acquire the
most suitable pH for the neutralization of the collagen hydrogel to promote its gelation,
resulting in a stable bioink for 3D bioprinting and a printed substrate with cells. However,
this formulation, which modifies the resulting pH, lacks nutrients and uses extremely low
volumes of cell suspension, resulting in a complicated preparation.

In this study, we have modified our bioink based on a highly concentrated collagen
hydrogel (20 and 30 mg/mL). Optimization of the formulation, especially in terms of
FBS-derived growth factors, resulted in improved cell culture viability and cell growth and
division during the 4-day period studied. Furthermore, the change in the volume ratio of
the different bioink components led to the fact that the mixing process could be automated,
which not only speeds up the process but also continuously monitors the pH during the
bioink production process. Automated mixing also reduces the temperature shock to cells
during bioink formation, which can negatively affect cell viability. The new method based
on highly concentrated collagen may be a promising 3D bioprinting bioink for use in tissue
engineering.

On the other hand, the cultivation of 3D scaffolds is practically limited by the thickness
of the scaffold, with simple diffusion transferring nutrients and oxygen and removing waste
products only for structures up to a maximum thickness of 2 mm. To nourish cells to deeper
layers, a transport system, e.g., channels, must be added to permeate the entire volume of
the scaffold. However, the use of type I collagen for bioprinting requires further research. In
fact, some studies have shown that its use induces cell dedifferentiation, as demonstrated,
for example, in chondrocytes in the study by Farjanel et al. [28]. The rapid expansion
of chondrocytes in the monolayer leads to their dedifferentiation [29]. Furthermore, the
synthesis of type III collagen to type I collagen occurred [29].

3. Conclusions

This study investigated the ability to control the collagen neutralization process that
provides a printable bioink. These steps were utilized by our custom-built semiautomatic
mixing system. The collagens used in this study were in two concentrations of 20 and
30 mg/mL dissolved in two concentrations of acetic acid 0.1 and 0.05 wt.%. In addition, phe-
nol red was added to the dissolved collagen hydrogels, allowing colorimetric estimation of
pH. To neutralize collagen hydrogels, a new formulation of culture media compositions was
made—2× enhanced. A mixing ratio of 2:1:1 (collagen hydrogel:neutralization medium:
cell suspension) was established as optimal to provide sufficient volumes for neutralization
and the addition of cell suspension. The prepared collagens were titrated to determine the
optimal volume of medium to neutralize the pH of the collagens by a bicarbonate buffering
mechanism. Therefore, the method of 2 neutralizations was established to balance the pH
of collagen hydrogels by supplying 0–100 uL/mL NaOH. After the first neutralization,
the medium would be suitable for the addition of the cell suspension that constitutes the
second neutralization. The amount of NaOH added cannot be fixed; it always depends on
circumstances such as the buffering capacity of the culture medium, the pH of the batch of
collagen hydrogels, etc. However, based on the established methodology of 2 neutraliza-
tions, the collagen bioinks were verified by 96 h culture. Cell viability and proliferation
were not reduced after 96 h of culture.

4. Materials and Methods
4.1. Collagen Isolation

Type I collagen (COL), which was used for the preparation of hydrogels, was isolated
from porcine skin according to our previous study [23]. Briefly, degreasing procedures
were performed using 70 vol.% ethanol solution followed by the extraction of COL by
application of 0.1 vol.% acetic acid solution (AA). After centrifugation, the COL in the
collected supernatant was precipitated using a 0.1 M NaOH solution up to neutral pH.
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The obtained COL pellets after centrifugation were then dissolved in 0.1 vol.% acetic acid
solution, frozen to −30 ◦C, and lyophilized. All isolates were stored in a freezer at −20 ◦C.

4.2. Preparation of Collagen Hydrogels

Lyophilized COL I was sterilized by immersion in 70 vol.% ethanol for 2 h. After
removal from ethanol, the COL was freely dried in a laminar flow box. COL was then
dissolved in 0.05 wt.% and in 0.1 wt.% acetic acid in a COL concentration of 20 mg/mL
and was stored at 4 ◦C for 10 days. Phenol red in the amount of 0.008 g was added to 1 L
of acetic acid solutions to observe the changes in pH during further operations. The COL
suspension was further homogenized using a disintegrator with 10,000 rpm for 2 min (IKA
Dispersers, T 10 basic ULTRA-TURRAX®, Staufen, Germany) to obtain a homogenous COL
solution.

4.3. Collagen Hydrogel Preparation

Lyophilized COL I was sterilized by immersion in 70 vol.% ethanol for 2 h. After
removal from ethanol, the COL was dried freely in a laminar flow box. The COL was then
dissolved in 0.05 wt.% and 0.1 wt.% AA in a concentration of COL of 20 or 30 mg/mL and
stored at 4 ◦C for 10 days. Phenol red in the amount of 0.008 g was added to 1 L of AA
solutions to observe changes in pH during future operations. The COL suspension was
further homogenized using a disintegrator with 10,000 rpm for 2 min (IKA Dispersers, T 10
basic ULTRA-TURRAX®, Staufen, Germany) to obtain a homogenous COL solution.

4.4. Analysis of Porcine Collagen Properties

The secondary structure COL lyophilizates (original and dissolved in both concen-
trations of acetic acid) were evaluated by attenuated total reflection infrared spectrometry
(ATR-FTIR) using an iS50 infrared spectrometer (Nicolet Instrument, Madison, WI, USA),
the ATR device was equipped with a diamond crystal. Spectra were scanned in absorption
mode in the range 4000–400 cm−1 at a resolution of 4 cm−1 64 times. Infrared spectra were
processed and evaluated using the OMNIC version 9 software. The spectra of studied
samples were compared with commercial COL (lyophilized rat tail collagen; ROCHE, Basel,
Switzerland), and they were scanned in a lyophilizate state several times to verify the
homogeneity of the material.

4.5. Composition of Culture Media Used for Neutralization of Collagen Hydrogel

In the experiments, the control samples prepared according to the method of our
previous work [23] and the samples prepared according to the new method were compared.
For the current experiments, the culture medium for the bioink preparation was enriched
with its components so that the resulting concentration of all components in the bioink
(i.e., after mixing with collagen and cell suspension) was 1× that of the standard growth
medium for stem cell culture, except for fetal bovine serum, which is 10 times more
concentrated (in the original formulation only 3× more concentrated), as shown in Table 1.

The original culture growth medium (marked in the table as DMEM/F12 FBS FGF
ABAM) is composed of a 1:1 mixture of Dulbecco’s modified Eagle Medium and Ham’s
F-12 Medium (DMEM:F12, Gibco; supplemented with 2.438 g/L sodium bicarbonate), with
10% fetal bovine serum, 1% ABAM antibiotics (100 IU/mL penicillin, 100 µg/mL of strep-
tomycin, and 0.25 µg/mL of Gibco Amphotericin B; Sigma-Aldrich, St. Louis, MO, USA)
and 10 ng/mL FGF2.

Ten times (10×) concentrated DMEM/F12 was prepared using two protocols, differing
in pH adjustment. The manufacturer’s recommendations for 1× concentrated medium
were followed in the preparation of the media. The medium prepared according to protocol
1 contained 1/10 water, and the pH of the medium was adjusted to pH 7.0 using HCl. Then,
the medium was sterilized. In protocol 2, no HCl was added, and the pH of the medium
was left at 7.5 and then filtered.

147



Gels 2024, 10, 66

Table 1. Comparison of the composition culture medium prepared according to the previous protocol
and the new protocol.

Medium Composition According to [23] New Composition

Partial Concentration (per 1 mL
of Culture Media)

Partial Concentration (per 1 mL
of Culture Media)

Volume
Concentration

Ionic
(DMEM:F12)

Nutrients
(FBS)

Volume
Concentration

Ionic
(DMEM:F12)

Nutrients
(FBS)

10× DMEM/F12 3.5% 0.7 0.0 3.5% 0.70 0.00

DMEM/F12 FBS
FGF ABAM 16.5% 0.3 3.3 16.5% 0.33 3.30

H2O 30.0% 0.0 0.0 26.5% 0.00 0.00

FBS 0.0% 0.0 0.0 3.5% 0.00 7.00

Concentration
without collagen 50.0% 2.1 6.6 50% 2.06 20.60

Collagen 50.0% 0.0 0.0 50% 0.00 0.00

Resulting
concentrtion 100.0% 1.03 3.3 100% 1.03 10.3

4.6. Cell Survival in Newly Prepared and Concentrated Media

The tests were performed in various cell concentrations in compensated and uncom-
pensated culture medium and compared to standard proliferation media. Culture media
were prepared according to Table 1. Culture media were tested with cells in which collagen
was replaced with dH2O. Cells were seeded in culture wells at a concentration of 10, 50,
and 100,000 cells per cm2. Cell viability was evaluated 3 days after seeding compared to
the conventional growth medium.

Porcine stromal cells derived from porcine adipose tissue were used for all the experi-
ments in this article. The entire procedure, including cell characterization, is described in a
previous article by Matejka et al. [30]. Cells were harvested in 3–5 passages after cultivation
in a cell growth medium. After centrifugation, cells were resuspended in a 2× enhanced
culture medium.

4.7. Medium Preconditioning

The culture media used in this study use a bicarbonate buffer system with a 5% CO2
atmosphere to maintain optimal pH. When fresh culture media is prepared, its optimal
pH is in the physiological range of 7.2–7.4. However, manipulation in a normal atmo-
sphere, especially in small volumes, tends to change the pH of the medium to alkaline [31].
Furthermore, in our case, we have prepared ‘2× enhanced’ culture media consisting of
twice bicarbonate compared to normal culture media. This increased bicarbonate shifts the
prepared medium above the physiological range of 7.5–7.8 (according to the protocol used)
and is more prone to change pH to alkaline in an atmosphere without CO2.

To achieve an optimized pH of the culture medium used to mix the printable bioink
that shifts the pH to the base, we have constructed a preconditioning setup. This setup
consists of a standard GL45 bottle with a custom 3D printed pass-through plug with three
fluidic ports. Two ports are used to recirculate the CO2 atmosphere through two 220 nm
PTFE sterile filters. The third port allows for the aseptic connection of a syringe to obtain a
pH-optimized medium. When the medium is placed in the syringe without any air gaps,
the change in pH is minimal. To speed up the process, a magnetic stirrer was also used.
According to pH measurements and depending on volume, the culture medium stabilized
to pH 7.6–7.7 in 120 min. This setup is illustrated in Figure 12.
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4.8. Preparation of Printable Bioinks

In this study, we have formulated an optimal mixing ratio of 2:1:1 (collagen hydro-
gel:neutralization medium:cell suspension medium). This ratio was chosen to achieve
a high concentration of the resulting collagen, the ability to control the pH of the result-
ing bioink using the neutralization step, and the ability to prepare cell suspensions with
densities lower than in our previous work [23].

The preparation of the printable bioink is performed in two steps (two-step neu-
tralization). In the first step, collagen gel dissolved in acetic acid (AA) is mixed with a
neutralization medium. This neutralization medium is based on 2× enhanced culture
media and can be mixed with the same medium with added NaOH. This step is crucial to
neutralize acidic collagen to a neutral pH of around 7. In the second step, the cell suspension
in the 2× enhanced medium is mixed into the pre-neutralized solution, which transforms
into the final bioink. Throughout the process, the syringes containing all components are
cooled to 4 ◦C to prevent premature gelation. These procedures are schematically shown in
Figure 13.

To test the pH trend in the bioink, three different concentrations of 1 M NaOH
were added to the 2× enhanced medium to form the neutralization medium: 0, 50, and
100 µL/mL. Four groups of samples were prepared, varying in collagen concentration and
solvent concentration: 20 mg/mL and 0.1% AA, 30 mg/mL and 0.1% AA, 20 mg/mL and
0.05% AA, and finally 30 mg/mL and 0.05% AA. During the preparation of the bioinks, the
pH of all components was measured colorimetrically. These initial tests to determine the
optimal pH were performed without cell addition.

We have also tested the possibility of mixing neutralization and cell suspension media
and then mixing them with collagen. There were similar results with the resulting pH
of the bioink; however, cell viability was decreased as a result of the high pH in the
culture medium, and the large difference was decreased. This procedure, called ‘single-step
neutralization’, is illustrated in Figure 14 and was not used in the preparation process.
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4.9. Colorimetric pH Evaluation

The estimation of pH is crucial in the collagen neutralization process. First, it in-
fluences cell viability, and second, it affects printing properties [23]. Estimation with a
conventional pH probe or touch pH probe has its limitations, which involve a long settling
time, unsterile measurements, and a large sample volume. However, culture media and our
prepared collagen hydrogels also contain phenol red as a pH indicator, allowing colorimet-
ric estimation. For this purpose, we have created a unique cooled syringe holder equipped
with a colorimetric sensor an EZO-RGB™ Embedded Color Sensor (Atlas Scientific, NY,
USA). This colorimetric sensor provides output in the standardized CIE 1931 color space
with outputs of x, y, and Y, where x and y are color space coordinates and Y is luminance.
The white-point calibration of the colorimeter was set to the standardized D65 illuminant.
This white point estimation was performed on the white and gray card, and then a syringe
with white silicone was used. Calibration of pH was performed for both culture mediums
(control, extended) and both collagen hydrogels. The standard flat-head touch electrode
was used as a reference (THETA 90, Prague, Czech Republic).
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The most important factor in determining pH was the CIE-y value, which changes in
the pH range from 6.2 to 8.1. The measured data were fitted using a parabolic curve, and
these values were also placed on a section of the CIE diagram. The measured CIE-x and
Y values were affected by the type of media and hydrogel; however, they were not affected
by the pH. These processing steps are illustrated in Figure 15.
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A major advantage of this approach is the fast response and measurement over the
syringe wall, which ensures sterility. Based on fitted data and reverse evaluation, the
resolution of the setup is better than 0.1 pH. The following measurements were made with
this colorimetric setup.

4.10. Semiautomated System for Bioink Preparation

As mentioned above, the preparation of printable collagen bioink utilizes two steps:
collagen hydrogel is first neutralized to a pH of around 7, and then cell suspension is added. In
these procedures, the collagen hydrogel needs to be precisely dosed, and then a 2× enhanced
culture medium with optimized pH is added. These components are dosed in hundreds of
microliter volumes. Even small changes in volume can extensively affect the pH, printing,
and gelling parameters of the prepared collagen bioink. Due to the low volumes needed and
repeatability, we have constructed a custom semiautomated mixing system.

This system consists of three motorized linear actuators that hold three 10 mL syringes
containing collagen, 2× enhanced culture medium, and 2× enhanced culture medium with
the addition of 100 µL/mL NaOH. These three syringes are connected to a five-element,
three-way stopper manifold. The upper two ports of the manifold connect the manual
mixing syringe and the printhead syringe. All syringes are kept cooled below 10 ◦C by
circulating water. The cooled mixing syringe holder also contains a colorimeter. The
manifold is cleaned using sterile PBS and a connection to a vacuum.
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The preparation of the bioink in this system consists of several steps. First, a neutral-
ization medium with a given pH (added NaOH concentration) was prepared. This step
consists of dosing the desired volumes of extended and NaOH-enhanced culture media
from cooled syringes. In this study, we used fixed steps of NaOH concentrations (0, 25,
50, and 100). However, the system allows for proportional mixing and titration. The next
steps utilize the dosing of collagen in the prepared medium, followed by manual mixing.
This mixing is performed by a repeated manual push of the mixing and printing syringe
plungers. A schematic of the semiautomated system with its components is illustrated in
Figures 16 and 17.
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4.11. Bioprinting

Five groups of samples were printed, varying in collagen concentration and solvent
concentration, and modified neutralization culture media: 20 mg/mL and 0.1% AA with
100 µL/mL neutralization medium, 30 mg/mL and 0.1% AA with 100 µL/mL neutraliza-
tion medium, 20 mg/mL and 0.05% AA 50 µL/mL neutralization medium, 30 mg/mL and
0.05% AA 50 µL/mL neutralization medium and finally 20 mg/mL and 0.05% AA with
medium protocol 2 without added NaOH in neutralization medium. The final cell density
was set to 10 mil. cells/1 mL of bioink.

The prints were made in our modified bioprinter on tissue-treated coverslip glass
(24 × 24 mm). The 15 × 15 × 1 mm square was set as a printing shape. Slicing was set to
two layers with a G17 nozzle. The printing feed rate was set to 300 mm/min. The printing
head was kept cool at <10 ◦C using cooled circulating water, while the print bed with the
vacuum fixture was heated to 37 ◦C using heated circulating water. The print setup is
illustrated in Figure 18.

Gels 2024, 10, x  22 of 24 
 

 

 

Figure 18. Bioprinting on 24 × 24 mm coverslip glass. 

4.12. Cell Viability Analysis 

Cell viability was identified by live cell staining with fluorescein diacetate (FDA, 5 

mg/mL; F1303, ThermoFisher, MA, USA) and dead cell staining with propidium iodide 

(PI, 2 mg/mL; P1304MP, ThermoFisher, MA, USA) after 24, 48 and 96 h of culture of 

printed samples. Samples were rinsed three times with PBS and stained with FDA and PI 

diluted in culture medium without fetal bovine serum for 5 min at 37 °C in a humidified 

incubator. According to the manufacturer’s instructions, live and dead cells were labeled 

green and red. The images were then taken using a custom-built Thorlabs CERNA 

(Thorlabs, Bergkirchen, Germany) wide-field fluorescence microscope with Olympus 

Plan Fluorite 10× objectives (Olympus, Tokyo, Japan) and DCU223M CCD camera (The 

Imaging Source, Bremen, Germany). 

4.13. Cell Morphology 

The filamentous actin (F-actin) in the cell cytoskeleton was stained using Alexa 

Fluor™ 594 Phalloidin (Thermo-Fisher, Waltham, MA, USA, Cat. No. A12381, 200 U/mL) 

and cell nuclei using DAPI (Thermo-Fisher, D1306, 300 nM concentration). Staining was 

performed in humidified chambers for 120 min at room temperature. After staining, the 

samples were rinsed and stored in PBS. Confocal microscopic images were taken using a 

Nikon CSU-W1 inverted spinning disc confocal microscope based on the Nikon Eclipse 

Ti2 inverted microscope (Nikon, Tokyo, Japan) with the Yokogawa CSU-W1 spinning disc 

module (Yokogawa, Tokyo, Japan) and equipped with dual sCMOS PRIME BSI cameras 

(Teledyne Photometrics, Tucson, AZ, USA). Due to the manner of the samples, Nikon dry 

objectives CFI Plan Apo VC 20x were used with a 50 mm pinhole disc in Z stack mode (–

0–250 mm depth). Images were then processed in Imaris 10.1.0 software (Oxford Instru-

ments, Abingdon-on-Thames, Great Britain). 

  

Figure 18. Bioprinting on 24 × 24 mm coverslip glass.

Printed samples were placed in six-well plates and flooded with culture media. The
culture was held for 24, 48, and 96 h. Each culture interval was microscopically evaluated
for cell viability and morphology.

4.12. Cell Viability Analysis

Cell viability was identified by live cell staining with fluorescein diacetate (FDA,
5 mg/mL; F1303, ThermoFisher, MA, USA) and dead cell staining with propidium iodide
(PI, 2 mg/mL; P1304MP, ThermoFisher, MA, USA) after 24, 48 and 96 h of culture of printed
samples. Samples were rinsed three times with PBS and stained with FDA and PI diluted
in culture medium without fetal bovine serum for 5 min at 37 ◦C in a humidified incubator.
According to the manufacturer’s instructions, live and dead cells were labeled green
and red. The images were then taken using a custom-built Thorlabs CERNA (Thorlabs,
Bergkirchen, Germany) wide-field fluorescence microscope with Olympus Plan Fluorite
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10× objectives (Olympus, Tokyo, Japan) and DCU223M CCD camera (The Imaging Source,
Bremen, Germany).

4.13. Cell Morphology

The filamentous actin (F-actin) in the cell cytoskeleton was stained using Alexa Fluor™
594 Phalloidin (Thermo-Fisher, Waltham, MA, USA, Cat. No. A12381, 200 U/mL) and cell
nuclei using DAPI (Thermo-Fisher, D1306, 300 nM concentration). Staining was performed
in humidified chambers for 120 min at room temperature. After staining, the samples
were rinsed and stored in PBS. Confocal microscopic images were taken using a Nikon
CSU-W1 inverted spinning disc confocal microscope based on the Nikon Eclipse Ti2
inverted microscope (Nikon, Tokyo, Japan) with the Yokogawa CSU-W1 spinning disc
module (Yokogawa, Tokyo, Japan) and equipped with dual sCMOS PRIME BSI cameras
(Teledyne Photometrics, Tucson, AZ, USA). Due to the manner of the samples, Nikon
dry objectives CFI Plan Apo VC 20x were used with a 50 mm pinhole disc in Z stack
mode (–0–250 mm depth). Images were then processed in Imaris 10.1.0 software (Oxford
Instruments, Abingdon-on-Thames, UK).

Author Contributions: Conceptualization J.M., D.K., M.S. and R.M.; Investigation, J.M., D.K., R.M.
and M.S.; Data Curation, R.M.; Software, R.M.; resources, J.M, R.M., D.K. and M.S.; writing—original
draft preparation, J.M., D.K, M.S. and R.M.; writing—review and editing, J.M. and R.M.; visualization,
D.K. and R.M. Funding acquisition, R.M. and M.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ministry of Health of the Czech Republic grant No.
NV19-02-00068, and by the Grant Agency of the Czech Technical University in Prague, grant No.
SGS22/201/OHK4/3T/17.

Institutional Review Board Statement: Porcine adipose-derived stromal cells used in this study
were harvested during animal experimental surgeries approved by the Institutional Review Board
of the Institute of Clinical and Experimental Medicine, Prague, Czech Republic (protocol code: 417;
date of approval: 2 February 2021) and the Ministry of Health of the Czech Republic (protocol code:
MZDR 8166/2021-4/OVZ, PID: MZDRX01EP4X5, 22/2021; date of approval: 3 March 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data and materials are available on request from the corresponding
author. The data are not publicly available due to ongoing research using a part of the data.

Acknowledgments: We acknowledge the Imaging Methods Core Facility at BIOCEV, an institution
supported by the MEYS CR (LM2023050 Czech-BioImaging), and for their support & assistance in this
work. We also acknowledge the laboratory infrastructure at FBME CTU in Prague supported by MEYS
CR and EU OPRDE (CZ.02.2.69/0.0/0.0/16_018/0002242 and CZ.02.1.01/0.0/0.0/16_017/0002244)
and the Longterm Conceptual Development Research Organization under project no. RVO: 67985891.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hospodiuk, M.; Dey, M.; Sosnoski, D.; Ozbolat, I.T. The bioink: A comprehensive review on bioprintable materials. Biotechnol.

Adv. 2017, 35, 217–239. [CrossRef] [PubMed]
2. Abelardo, E. 7—Synthetic material bioinks. In 3D Bioprinting for Reconstructive Surgery; Thomas, D.J., Jessop, Z.M., Whitaker, I.S.,

Eds.; Woodhead Publishing: Sawston, UK, 2018; pp. 137–144.
3. Delgado, L.M.; Bayon, Y.; Pandit, A.; Zeugolis, D.I. To crosslink or not to crosslink? Crosslinking associated foreign body response

of collagen-based devices. Tissue Eng. Part. B Rev. 2015, 21, 298–313. [CrossRef] [PubMed]
4. Kim, A.; Lakshman, N.; Karamichos, D.; Petroll, W.M. Growth factor regulation of corneal keratocyte differentiation and migration

in compressed collagen matrices. Investig. Ophthalmol. Vis. Sci. 2010, 51, 864–875. [CrossRef] [PubMed]
5. Stepanovska, J.; Supova, M.; Hanzalek, K.; Broz, A.; Matejka, R. Collagen Bioinks for Bioprinting: A Systematic Review of

Hydrogel Properties, Bioprinting Parameters, Protocols, and Bioprinted Structure Characteristics. Biomedicines 2021, 9, 1137.
[CrossRef] [PubMed]

6. Ashammakhi, N.; Ahadian, S.; Xu, C.; Montazerian, H.; Ko, H.; Nasiri, R.; Barros, N.; Khademhosseini, A. Bioinks and bioprinting
technologies to make heterogeneous and biomimetic tissue constructs. Mater. Today Bio 2019, 1, 100008. [CrossRef]

154



Gels 2024, 10, 66

7. Ahmad, K.; Lim, J.-H.; Lee, E.-J.; Chun, H.-J.; Ali, S.; Ahmad, S.S.; Shaikh, S.; Choi, I. Extracellular Matrix and the Production of
Cultured Meat. Foods 2021, 10, 3116. [CrossRef]

8. Melchels, F.P.W.; Blokzijl, M.M.; Levato, R.; Peiffer, Q.C.; de Ruijter, M.; Hennink, W.E.; Vermonden, T.; Malda, J. Hydrogel-based
reinforcement of 3D bioprinted constructs. Biofabrication 2016, 8, 035004. [CrossRef] [PubMed]

9. Gaudet, C.; Marganski, W.A.; Kim, S.; Brown, C.T.; Gunderia, V.; Dembo, M.; Wong, J.Y. Influence of type I collagen surface
density on fibroblast spreading, motility, and contractility. Biophys. J. 2003, 85, 3329–3335. [CrossRef]

10. Silver, F.H.; Freeman, J.W.; Seehra, G.P. Collagen self-assembly and the development of tendon mechanical properties. J. Biomech.
2003, 36, 1529–1553. [CrossRef]

11. Fratzl, P. Collagen: Structure and Mechanics; Springer: New York, NY, USA, 2008.
12. Christiansen, D.L.; Huang, E.K.; Silver, F.H. Assembly of type I collagen: Fusion of fibril subunits and the influence of fibril

diameter on mechanical properties. Matrix Biol. 2000, 19, 409–420. [CrossRef]
13. Wood, G.C. The formation of fibrils from collagen solutions. 2. A mechanism for collagen-fibril formation. Biochem. J. 1960, 75,

598–605. [CrossRef]
14. Matinong, A.M.E.; Chisti, Y.; Pickering, K.L.; Haverkamp, R.G. Collagen Extraction from Animal Skin. Biology 2022, 11, 905.

[CrossRef] [PubMed]
15. Gobeaux, F.; Mosser, G.; Anglo, A.; Panine, P.; Davidson, P.; Giraud-Guille, M.M.; Belamie, E. Fibrillogenesis in Dense Collagen

Solutions: A Physicochemical Study. J. Mol. Biol. 2008, 376, 1509–1522. [CrossRef]
16. Forgacs, G.; Newman, S.A.; Hinner, B.; Maier, C.W.; Sackmann, E. Assembly of Collagen Matrices as a Phase Transition Revealed

by Structural and Rheologic Studies. Biophys. J. 2003, 84, 1272–1280. [CrossRef] [PubMed]
17. Zhang, X.; Xu, S.; Shen, L.; Li, G. Factors affecting thermal stability of collagen from the aspects of extraction, processing and

modification. J. Leather Sci. Eng. 2020, 2, 19. [CrossRef]
18. Wood, G.C.; Keech, M.K. The formation of fibrils from collagen solutions 1. The effect of experimental conditions: Kinetic and

electron-microscope studies. Biochem. J. 1960, 75, 588–598. [CrossRef] [PubMed]
19. Kar, K.; Amin, P.; Bryan, M.A.; Persikov, A.V.; Mohs, A.; Wang, Y.-H.; Brodsky, B. Self-association of Collagen Triple Helic Peptides

into Higher Order Structures. J. Biol. Chem. 2006, 281, 33283–33290. [CrossRef]
20. Davison, P.F.; Cannon, D.J.; Andersson, L.P. The Effects of Acetic Acid on Collagen Crosslinks. Connect. Tissue Res. 1972, 1,

205–216. [CrossRef]
21. Adamiak, K.; Sionkowska, A. Current methods of collagen crosslinking: Review. Int. J. Biol. Macromol. 2020, 161, 550–560.

[CrossRef]
22. Khor, E. Methods for the treatment of collagenous tissues for bioprostheses. Biomaterials 1997, 18, 95–105. [CrossRef]
23. Stepanovska, J.; Otahal, M.; Hanzalek, K.; Supova, M.; Matejka, R. pH Modification of High-Concentrated Collagen Bioinks as a

Factor Affecting Cell Viability, Mechanical Properties, and Printability. Gels 2021, 7, 252. [CrossRef]
24. Jackson, M.; Choo, L.P.; Watson, P.H.; Halliday, W.C.; Mantsch, H.H. Beware of connective tissue proteins: Assignment and

implications of collagen absorptions in infrared spectra of human tissues. Biochim. Biophys. Acta 1995, 1270, 1–6. [CrossRef]
[PubMed]

25. Rabotyagova, O.S.; Cebe, P.; Kaplan, D.L. Collagen Structural Hierarchy and Susceptibility to Degradation by Ultraviolet
Radiation. Mater. Sci. Eng. C Mater. Biol. Appl. 2008, 28, 1420–1429. [CrossRef] [PubMed]

26. Levraut, J.; Labib, Y.; Chave, S.; Payan, P.; Raucoules-Aime, M.; Grimaud, D. Effect of sodium bicarbonate on intracellular pH
under different buffering conditions. Kidney Int. 1996, 49, 1262–1267. [CrossRef] [PubMed]

27. Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240–249.
[CrossRef] [PubMed]

28. Farjanel, J.; Schürmann, G.; Bruckner, P. Contacts with fibrils containing collagen I, but not collagens II, IX, and XI, can destabilize
the cartilage phenotype of chondrocytes. Osteoarthr. Cartil. 2001, 9 (Suppl. S1), S55–S63. [CrossRef]

29. Mayne, R.; Vail, M.S.; Mayne, P.M.; Miller, E.J. Changes in type of collagen synthesized as clones of chick chondrocytes grow and
eventually lose division capacity. Proc. Natl. Acad. Sci. USA 1976, 73, 1674–1678. [CrossRef]
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Abstract: The generation of 3D structures comprises three interlinked phases: material development,
the printing process, and post-printing treatment. Numerous factors control all three phases, making
the optimization of the entire process a challenging task. Until now, the state of the art has mainly
focused on optimizing material processability and calibration of the printing process. However, after
the successful Direct Ink Writing (DIW) of a hydrogel scaffold, the post-printing stage holds equal
importance, as this allows for the treatment of the structure to ensure the preservation of its structural
integrity for a duration that is sufficient to enable successful cell attachment and proliferation
before undergoing degradation. Despite this stage’s pivotal role, there is a lack of extensive literature
covering its optimization. By studying the crosslinking factors and leveling the post-treatment settings
of alginate–gelatin hydrogel, this study proposes a method to enhance scaffolds’ degradation without
compromising the targeted swelling behavior. It introduces an experimental design implementing
the Response Surface Methodology (RSM) Design of Experiments (DoE), which elucidated the key
parameters influencing scaffold degradation and swelling, and established an alginate ratio of 8%
and being immersed for 15 min in 0.248 M CaCl2 as the optimal level configuration that generates
a solution of 0.964 desirability, reaching a degradation time of 19.654 days and the swelling ratio
of 50.00%.

Keywords: optimization DoE; post-printing treatment; scaffolds; degradation; swelling

1. Introduction

Direct Ink Writing (DIW) is an Additive Manufacturing (AM) method that enables the
creation of complex 3D structures with intricate designs and various material compositions
for biomedical applications [1]. The rapid progress in the development of innovative bio-
materials that are processable for extrusion-based AM methods like DIW allows for strong
biological interactions, eventually facilitating the cultivation of 3D artificial tissues [2]. In
DIW, a viscoelastic ink is extruded through a deposition nozzle, layer by layer, to construct
scaffolds [3]. Unlike other manufacturing methods, DIW-based scaffold development
allows for the precise and controlled placement of biomaterials, highlighting its potential
as a means to produce innovative and adaptable grafts which are suitable for various types
of tissues [4]. The cost-effectiveness, ease of use, and capability to blend multiple materials
in a single manufacturing step have gathered significant interest from various research
teams worldwide, leading to extensive advancements in this cutting-edge technology. The
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precision of DIW can address the need of Tissue Engineering (TE) for artificial tissues
with embedded vascular networks and establish directed vascularization, increasing the
compatibility and longevity of the printed structures [5]. Up until now, much effort has
been made in achieving a high precision in geometry fidelity by optimizing materials’ ink
properties and the printing process. However, one of the most crucial factors in developing
functional 3D systems is their ability to preserve their structural integrity for a sufficient
duration, as guided by the specific requirements of the target tissue. In the case of guided
vascularization, studies suggest that a three-week (21-day) cell culture is the appropriate
timeframe for vessel formation [6].

This stage, which is referred to as the post-printing treatment, is mainly governed
by the crosslinking process which, in turn, is determined by the ink’s composition. In the
present study, based on the printing approach and the need for in situ gelation, to ensure
that the printed products maintain their structural integrity and stability after printing,
alginate–gelatin ink was selected. This hydrogel ink possesses the desired properties for
efficient use in DIW, as presented in previous results, and shows great compatibility with
biological systems [7]. Alginate-based biomaterial inks have gained popularity, as alginate
is a biodegradable and biocompatible polysaccharide derived from brown algae, and is
capable of forming a gel through ionic crosslinking [8]. It has been employed for printing
vascular tissue, bone, and cartilage-like structures. Gelatin is another well-researched
biomaterial used as ink for DIW. Gelatin provides arginine–glycine–aspartic acid (RGD) cell
adhesion motifs in alginate–gelatin composite hydrogel, imparting bioactivity and enhanc-
ing cell adhesion capabilities. In addition, these oligopeptide sequences containing RGD
peptide also result in more favorable scaffold degradation compared to pure alginate [9,10].
Thus, although alginate lacks the desired bioactive properties and gelatin has limitations
in terms of mechanical strength, the right combinations of these materials can lead to
biomaterial inks that are suitable for scaffolds that promote directed vascularization [11].

Post-printing treatment is necessary for both alginate and gelatin to acquire good
mechanical properties and stability. First, by cooling down the printed structures (20 ◦C),
the physical crosslinking of the temperature-dependent gelatin is activated. Then, these pre-
crosslinked samples are soaked in Ca+ solution. The interaction between multivalent cations
and the glucuronic blocks in alginate leads to ionic crosslinking of the alginate particles,
resulting in the formation of a 3D network and enhancing the mechanical properties of the
created scaffold [12]. The crosslinking of hydrogels has the effect of preserving their shape
even though they can absorb significant amounts of fluids and swell. Thus, a necessary
equilibrium must be established between the degradation rate and the ratio of swelling
when introducing a scaffold in in vitro and in vivo applications [13].

However, when studying the post-printing treatment, and aiming to decrease the
degradation rate, the optimization process should take into consideration that the scaffold’s
functionality might be decreased due to four different reasons related to the handling of the
scaffold following the printing. Firstly, when sodium alginate-based hydrogels, crosslinked
with calcium ions, are exposed to physiological conditions, a process occurs where divalent
calcium ions are gradually replaced by monovalent sodium ions present in the degradation
medium [13,14]. Secondly, when alginate–gelatin scaffolds are incubated in culture media,
temperature-dependent gelatin is gradually dissolved and released from the scaffold due to
high temperature (37 ◦C), leading to hypoxia affecting cell viability. However, the inclusion
of crosslinked sodium alginate matrices, as well as the interaction between alginate and
gelatin, enhances the thermal stability of gelatin and slows down the release of gelatin
from the printed scaffolds when maintained at 37 ◦C [15]. Furthermore, densely arranged
hydrogels could pose a substantial obstacle to the diffusion of various substances (such as
protein molecules, gases, growth factors, and metabolic waste) between the enclosed cells
and the surrounding culture medium. This confinement of cells could lead to diminished
cell viability. For this reason, the swelling capacity of the scaffolds is highly important [16].
Last, but not least, after implantation, a distinct reduction in size can lead to detachment,
and an uncontrolled increase in the substrate could result in severe inflammation or patient
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discomfort. The shaping process can be accurately managed through specific parameters
during fabrication. Therefore, it is of high importance to address the deformation that
occurs after the treatment [17].

Thus, through the examination of the factors related to crosslinking, an approach that
improves the degradation of scaffolds while maintaining their functionality needs to be
developed. In the existing literature, when aiming to decrease the scaffold’s degradation
rate in order to reach the desired time interval without losing its structural integrity, em-
phasis is mainly given to studying the parameters of the crosslinking stage (alginate ratio,
crosslinker concentration, immersion time) in correlation with other scaffold properties,
such as its stiffness and mechanical properties [18]. For instance, Naghieh at al. showed
that both the duration of the immersion and the concentration of the crosslinker employed
are critical factors that significantly influence the mechanical properties in 3D bioplotted
alginate scaffolds [19]. Bahrami et al. demonstrated that the 4% alginate scaffold experi-
enced substantial weight loss in various solutions, and its dissolution rate was significantly
greater than that of the 8% and 16% alginate scaffolds in all of the tested solutions, while
16% alginate scaffold, due to its density, presented a very low degradation rate [20]. Fur-
thermore, Sonaye et al. showed that increasing the concentration of crosslinking and the
amount of alginate in the printed scaffolds improved the swelling capacity and reduced
the degradation rate [21]. Specifically, they identified that an optimal crosslinking concen-
tration of 500 mM CaCl2 and an alginate content of 12% (w/v) resulted in scaffolds with
high swelling (70%) and low degradation rates (28%). This research team established a
connection between crosslinking parameters and scaffold characteristics, such as stiffness,
swelling capacity, and degradation rate, to create scaffolds suitable for durable skeletal
muscle tissue constructs in tissue engineering applications. Finally, Lei et al. suggested
treating alginate/gelatin scaffolds with CaCl2 and CaCl2–EDC solutions when targeting
minimal swelling (50%) throughout the post-treatment period. Their findings confirm
that the deformation occurring after treatment can be controlled through a crosslinking
process [17].

In addition, until now, the state of the art, including our team’s previous work [22],
in Direct Ink Writing (DIW) has primarily relied on the Design of Experiments (DoE) to
optimize the initial two stages, which encompass the material processability and printing
process parameters. There is also a limited number of studies optimizing some scaffold
properties, like porosity, based on material composition [23]. Notably, the existing literature
lacks any evidence of a similar methodology applied to the subsequent post-printing stage.
However, it is imperative to extend the application of the DoE to optimize the post-printing
treatment phase, given that it is influenced by numerous factors which are often overlooked
(UV treatment, culture media), resulting in inefficient resource utilization through trial-
and-error approaches [24]. Furthermore, the implementation of an experimental design
becomes crucial to identify the most functional compromise within the 3D system, focusing
on key responses such as the degradation behavior and swelling ratio. Such a design would
not only illuminate the interactions among the post-printing treatment factors but also
expedite the development of a predictive model for enhanced efficiency.

The primary objective of this research is to bridge this gap and offer insights into
optimizing the post-printing treatment of alginate–gelatin hydrogel, building upon our
team’s prior published research [22], which focused on optimizing ink processability and
the printing process. Specifically, this study seeks to improve the degradation characteristics
of scaffolds while maintaining their swelling capacity. To address these objectives, an
experimental design is introduced that employs Statistical Response Surface Methodology
(RSM DoE). This approach aims to systematically uncover the key parameters that govern
post-printing treatment and establish their optimal levels. In this context, we developed
alginate–gelatin scaffolds through DIW to explore and optimize the effect of crosslinking on
their biodegrability and deformation. The ink formulation and printing parameters were
adjusted based on the results of the previous work through the corresponding three-step
optimization method [22]. The combination of the levels that we judged to be optimal for
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each parameter has resulted in the printing of rectangular scaffolds with a high geometry
fidelity. Following, via RSM DoE, we studied which post-printing factors play the most
crucial role in scaffolds’ functionality and, after defining the optimal levels, we investigated
the properties of the scaffolds that were treated with the conditions identified as optimal
by the experimental design. Thus, the current paper presents an innovative approach
that addresses the critical yet underexplored stage of scaffold post-printing treatment. By
implementing a novel approach that utilizes RSM design, this study concurrently optimizes
two vital scaffold properties: degradation and swelling behavior. These responses are
inherently challenging to co-currently optimize, as maximizing one often leads to a decrease
in the other and vice versa. Reaching the targeted values for both responses would improve
the total functionality of alginate–gelatin scaffolds.

2. Results and Discussion
2.1. Scaffolds Development

After the development of the three distinct alginate–gelatin ink configurations (4/4
(%), 6/4(%) and 8/4 (%)), the successful Direct Ink Writing of the scaffolds for use in the
suggested screening tests was subsequently undertaken. The four samples were printed in
triplicate and each of them was then methodically treated in accordance with the specified
conditions, as determined by the selected leveling of the post-printing factors, in order to
record the variance in the degradation time and swelling ratio results. For the assessment
of the scaffolds’ shape fidelity and structural integrity, precise measurements were taken,
including their dimensions and the diameter of their individual strands, via ImageJ (Na-
tional Institutes of Health, Bethesda, MD, USA) software. The term ‘material strand’ refers
to the diameter of the deposited material. In this context, it is compared to the theoretical
value, which is defined by the tip’s diameter (0.41 mm in this case). This comparison serves
to define the printability of the ink based on the following equation (Equation (1)):

Strand Printability : 1 − Ds − Dexp
Ds

(1)

where Ds is the theoretical strand diameter and Dexp is the experimental strand diameter [22].
Furthermore, their dry weight was determined and recorded for further use in the

deformation analysis. The results for Samples 1–4 are presented in Table 1, providing a
comprehensive overview of the screening scaffolds’ characteristics. An ideal printability
value of 1 signifies a perfect match between the experimental strand and the theoretical
model, demonstrating the precise deposition of material. The results presented in Table 1
reveal a printability trend for samples with a fixed gelatin ratio of 4% and varying alginate
content within the 4–8% range. Specifically, it becomes evident that, as the alginate ratio
increases, as shown by Sample 4 with 8% alginate, printability significantly improves. This
observation is consistent with prior findings in the field [22,25]. As presented, higher print-
ability values correlate with a reduced scaffold mass and smaller dimensions, indicating a
more efficient printing process. This is attributed to the deposition of less material in each
layer, resulting in superior shape fidelity.

Table 1. Scaffolds’ properties for the screening tests.

Samples Length (mm) Width (mm) Height (mm) Strand (mm) Mass (gr) Printability

Sample 1 18.121 ± 0.037 18.332± 4.061 ± 0.020 0.493 ± 0.003 0.919 ± 0.023 1.202 ± 0.035
Sample 2 17.793 ± 0.023 18.015± 3.465 ± 0.022 0.484 ± 0.002 0.860 ± 0.012 1.180 ± 0.019
Sample 3 17.924 ± 0.031 17.777± 3.791 ± 0.019 0.489 ± 0.002 0.854 ± 0.007 1.192 ± 0.017
Sample 4 16.767 ± 0.015 16.597± 3.374 ± 0.011 0.471 ± 0.001 0.693 ± 0.009 1.148 ± 0.011
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2.2. Screening Tests Characterizations Results
2.2.1. Degradation Behavior

Figure 1 displays the FT-IR (Fourier-transform infrared spectroscopy) spectra of the
pellets that were collected after the centrifugation of the media in which the screening
scaffolds (Samples 1–4) were immersed for 7 days. As confirmed in Figure 1, the amino
group in gelatin and the carboxyl acid group in alginate exhibited electrostatic attraction,
leading to the formation of the alginate–gelatin network backbone [26]. The small ab-
sorption peaks at 3263 cm−1 are characteristic of sodium alginate for –OH stretching [27].
However, with regard to this absorption band, concerning the stretching vibration of the
N–H group bonded to O–H group, the increase in intensity is reported to be characteristic
of an increase in intramolecular bonding attributed to CaCl2 crosslinking [17,28]. Another
small peak at 2922 cm−1 which is partially overlapped with the peak for –OH stretching
is assigned to N–H stretching from gelatin or C-H stretching from alginate [29]. The dis-
tinctive peak at 1643 cm−1 is associated with the stretching vibrations of the asymmetric
and symmetric -COO- groups, as found in sodium alginate infrared spectra (1635 cm−1)
peaks at 1640 cm−1 for C=O, from gelatin [27]. Another characteristic peak of alginate
at 560 cm−1 clearly indicates its dissolution in the culture media. The absorption peaks
at 1028 cm−1 are strongly indicative of dissolute gelatin (Amide III) [26] and have cou-
pled with stretching vibrations of C-O from pure sodium alginate, which is recorded at
1043 cm−1 [29]. Moreover, the strong peaks exhibited at 3363 and 1643 cm−1, as well as
the wide and small peak at 2089 cm−1, are characteristic peaks of the water spectrum.
According to the obtained spectra, it can be concluded that Sample 1, with strong char-
acteristic peaks of alginate and gelatin, was totally dissolved in the culture medium by
Day 7, demonstrating a high degradation rate. Samples 2 and 3 exhibited peaks that were
smaller but also indicative of alginate and gelatin, leading to the conclusion that those
samples demonstrated a medium degradation rate. Finally, the spectrum of Sample 4 is
characterized by water-indicative peaks, which means that no dissolute alginate or gelatin
was detected in the culture medium. Thus, Sample 4 exhibits a small degradation rate,
verifying that the selected levels for the optimization DoE indicate a sufficient range of
degradation rates.
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These findings are also confirmed in Figure 2, where there is evidence that the config-
uration of low levels led to rapid degradation until Day 2, whereas the configuration of
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high levels for the relevant factors enabled the scaffold to maintain its structure until Day
23. In addition, the observed slight deviation between the degradation times of Sample 2
and Sample 3 can be attributed to a single differentiating factor, which is the UV exposure,
while all other post-printing parameters remained consistent in their handling. Sample 3,
which did not undergo UV treatment, displayed a slightly faster degradation rate compared
to Sample 2. These findings underline the significance of considering UV exposure as a
post-printing treatment factor in the DoE framework.
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Figure 2. Time needed for each screening sample to maintain its structural integrity before dissolving
in culture medium.

2.2.2. Swelling Ratio

The scaffolds’ swelling behavior first reached a high absorbency and subsequently
showed a decline in the swelling percentage. This constitutes a typical phenomenon
for an ionically crosslinked hydrogel. When the ionic strength of the swelling medium
is raised, the swelling capacity of ionic hydrogels decreases, resulting in poor anion–
anion electrostatic repulsion and a decreased osmotic pressure [30]. In line with this, the
plateau of the scaffolds’ maximum swelling was observed up to Day 3, regardless of the
crosslinker’s concentration or the immersion time. As is evident from Figure 3a, displaying
the combination of the factors, lower levels led to greater media absorption, gradually
increasing the scaffolds mass. A lower alginate ratio, combined with less immersion time
and a lower crosslinker concentration, lead to a limited degree of crosslinking which, in
turn, resulted in a less dense hydrogel network that is able to absorb water, as recorded in
the mass diagram of Sample 1 (Figure 3a), which exhibits the highest swelling ratio. On
the other hand, Sample 4 represents a configuration characterized by the high levels of
these factors, resulting in extensive crosslinking of the alginate blocks. This higher-level
combination scaffold (Sample 4) displayed minimal deformation due to its density, which
hindered media absorbance. By Day 3, Samples 1–4 displayed maximum swelling ratios
of 96.543%, 79.833%, 57.120%, and 12.090%, respectively, as presented in Figure 3b,c. The
value range covers the targeted swelling rate of 50.00% and is evaluated as suitable for
the process optimization. The fluctuation observed in the scaffolds’ mass recording is
partly attributed to temperature, which results in gelatin dissolution, and partly to the
change in culture medium at Day 2. After the change in the culture medium, the process of
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monovalent sodium ions replacing divalent calcium ions reoccurs, leading to decreased
crosslinking degree and increased swelling ability until the reestablishment of the ion
equilibrium [14].
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2.3. Design of Experiments
2.3.1. Model Summary and Regression Analysis for Response 1: Degradation Time and
Response 2: Swelling Ratio

The structure of the RSM’s robust design and the degradation and swelling results
for each sample are presented in Table 2. The set of experiments was conducted two times
and the mean value was obtained for both responses. The results acquired from the run
of 34 experimental sets, suggested by the I-optimal type of RSM model, were analyzed by
the Design Expert© 11.0 (Stat-Ease, Minneapolis, MN, USA) software. For the degradation
time results, the day that the scaffolds were dissolved in the media, losing their original
structure, was recorded while, for the swelling ratio results, the maximum swelling ratio of
each run was recorded. As shown in Table 2, a maximum degradation time of 23 days was
achieved with runs 24 and 29. The maximum swelling ratio of the hydrogel scaffolds was
120.3% (run 19). However, the targeted swelling ratio is 50.00%. Swelling ratios of 52.5%
and 49.9% were observed in runs 9 and 27 respectively.
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Table 2. RSM Design of Experiments structure.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response 1 Response 2

Run A: Alginate B: Time
(CrossLinking)

C:
Concetration
(Crosslinker)

D: Media 1 E: UV Degradation Swelling

% min M - - Days %
1 8 10 0.5 PBS No 16.5 16.749
2 6 10 0.5 DMEM No 16 9.4675
3 8 15 0.05 PBS No 7 112.544
4 4 15 0.5 DMEM Yes 13 0.000
5 8 5 0.05 DMEM No 7 97.262
6 6 10 0.1 DMEM No 11 80.254
7 6 10 0.1 DMEM No 10.5 85.993
8 6 15 0.05 DMEM Yes 10 100.873
9 4 5 0.5 PBS Yes 10 52.548
10 6 15 0.1 PBS No 3.5 110.401
11 4 10 0.1 DMEM Yes 7 39.036
12 4 10 0.5 DMEM Yes 12 13.559
13 4 15 0.5 PBS No 13 3.934
14 8 5 0.5 DMEM Yes 16 23.195
15 4 5 0.05 DMEM Yes 6 89.373
16 6 10 0.05 PBS Yes 4.5 95.019
17 8 15 0.1 DMEM Yes 15 82.043
18 4 10 0.05 PBS No 2 88.401
19 6 10 0.05 PBS Yes 4 120.275
20 4 5 0.5 DMEM No 11 39.992
21 6 10 0.5 PBS Yes 14.5 2.579
22 6 10 0.1 DMEM No 11 91.872
23 6 5 0.5 PBS No 13 25.956
24 8 15 0.5 DMEM No 23 3.008
25 6 5 0.1 PBS No 5 67.782
26 6 15 0.1 PBS No 5.5 95.145
27 4 15 0.1 PBS Yes 4 49.895
28 4 15 0.05 DMEM No 9.5 71.652
29 8 15 0.5 PBS Yes 23 12.945
30 8 10 0.1 PBS No 6.5 105.106
31 6 15 0.05 DMEM Yes 10.5 95.814
32 6 10 0.1 DMEM Yes 10.5 92.279
33 4 10 0.1 DMEM Yes 8.5 43.810
34 8 5 0.1 PBS Yes 8 111.501

1 PBS: Phosphate buffered saline, DMEM: Dulbecco Modified Eagle Medium.

To evaluate whether the design is well-balanced and study the possibility of multi-
collinearity, the Standard Error, the Variance Inflations Factor, and the Ri2 values were
obtained and assessed, as displayed in Table 3. As shown, the similarity and small values of
standard errors indicate a balanced design and precise measurements, while VIF values of
about 1 suggest no presence of multicollinearity. In addition, an Ri2 close to zero indicates
that the terms included in the model are not interrelated, a phenomenon which could lead
to suboptimal model performance [22,23].

To assess which terms and interactions among the variables should be included in
the model, two-way non-parametric Kruskal–Wallis tests (ANOVA equivalent) were run.
According to the p-values (<0.05) (Table 4), the interaction terms AB, AC, AE, BC, BD, and
CD will be included in the degradation analysis model, and the interaction terms AC and
BC will be, respectively, included in the swelling ratio analysis model [23].
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Table 3. Model terms and interactions.

Term Standard Error * VIF Ri
2 Power

A 0.2374 1.12095 0.1079 98.0%
B 0.2344 1.07312 0.0681 98.1%
C 0.2290 1.43552 0.3034 99.6%
D 0.1831 1.136 0.1197 99.9%
E 0.1844 1.15616 0.1351 99.9%

AB 0.2836 1.12591 0.1118 90.9%
AC 0.2546 1.14246 0.1247 95.6%
AD 0.2421 1.14503 0.1267 97.1%
AE 0.2446 1.16822 0.1440 96.8%
BC 0.2623 1.18698 0.1575 94.5%
BD 0.2380 1.13322 0.1176 97.5%
BE 0.2398 1.14976 0.1303 97.3%
CD 0.1977 1.12462 0.1108 99.7%
CE 0.1990 1.14333 0.1254 99.7%
DE 0.1835 1.12884 0.1141 99.9%
A2 0.4137 1.40955 0.2906 99.5%
B2 0.4057 1.35545 0.2622 99.6%
C2 1.07 1.42195 0.2967 42.0%

* p-value < 0.0001 is considered as significant.

With regard to the degradation analysis, the model is described as significant
(p-value < 0.0001) (Table 5). A model F-value of 75.040 can also be considered as an indi-
cator of the model’s significance. The Lack of Fit F-value of 1.819 suggests that the Lack
of Fit is not statistically significant when compared to the pure error and it indicates that
the model is a good fit for the data (Table 5) [23]. The R-squared value of the degradation
analysis model is 0.975, indicating a very strong level of correlation. The Predicted R2 of
0.933 closely aligns with the Adjusted R2 of 0.963, with a difference of less than 0.2 between
them (Table 5) [23,31,32].

As supported by the p-values (Table 5), among the design’s selected factors, Alginate
ratio, Time, Concentration, and Media all have a significant effect on the scaffold’s degrada-
tion behavior and should be taken into account to achieve the targeted functionality. The
UV Exposure term (p-value > 0.05) could be excluded from the analysis, leading to model
reduction. However, not including this term did not increase the R2 value. In addition, in
order to define the required steps for the optimal post-printing handling of the scaffolds,
the UV exposure effect was decided to be further investigated and, thus, included in the
degradation analysis model.

Furthermore, in order to identify any patterns and outliers in the residuals associated
with different factor levels or combinations, the Residuals vs. Factor plots were studied.
The horizontal axis of the plots in Figure 4 represents the factors that were identified as
significant and their levels. As shown in the colored dot plots (Figure 4a–c), the samples
that maintained their structural integrity for more days when immersed in the culture
medium (marked as red points) were those that were treated with the maximum levels
of the three statistically significant numerical factors. In addition, the degradation time
was maximized when the samples were immersed in DMEM instead of PBS, as shown in
Figure 4d. The fact that the residuals fall between the two horizontal red lines suggests that
the residuals have a relatively uniform variability and are evenly distributed around zero,
and that the patterns in the data are sufficiently captured.

Regarding the analysis of the scaffolds’ swelling ratios, the statistical model shows
strong significance with a very low p-value (<0.0001) (Table 6). The Lack of Fit F-value
of 2.68 implies that the Lack of Fit is not significant relative to the pure error, indicating
a good fit of the model [23]. The R-squared value for the swelling ratio analysis model is
0.898, demonstrating a strong level of correlation. In addition, the Predicted R2 of 0.829
is in reasonable agreement with the Adjusted R2 of 0.870, as the difference is less than 0.2
(Table 6) [23,31,32].
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D-Media 528.260 1 528.260 2.620 0.117 

E-UV 13.720 1 13.720 0.068 0.796 

AC 2068.080 1 2068.080 10.260 0.003 

BC 1150.540 1 1150.540 5.710 0.024 

Residual 5242.070 26 201.620   

Lack of Fit 4715.090 20 235.750 2.680 0.112 

Pure Error 526.980 6 87.830   

Figure 4. (a) Response 1: Residual vs. Alginate ratio plot, (b) Response 1: Residual vs. Time (crosslinking)
plot, (c) Response 1: Residual vs. Concentration (CaCl2) plot, (d) Response 1: Residual vs. Culture
media plot.

Table 6. Analysis of variance table for Response 2 and statistical summary for the linear model for
the five factors affecting swelling ratio.

Source Sum of Squares df Mean Square F-Value p-Value

Model 46,294.00 7 6613.530 32.800 0.000
A-Alginate 1384.170 1 1384.170 6.870 0.014

B-Time
(crosslinking) 806.930 1 806.930 4.000 0.056

C-Concentration
(CaCl2) 39,930.220 1 39,930.220 198.050 0.000

D-Media 528.260 1 528.260 2.620 0.117
E-UV 13.720 1 13.720 0.068 0.796
AC 2068.080 1 2068.080 10.260 0.003
BC 1150.540 1 1150.540 5.710 0.024

Residual 5242.070 26 201.620
Lack of Fit 4715.090 20 235.750 2.680 0.112
Pure Error 526.980 6 87.830
Cor Total 51,536.770 33
Std. Dev. 14.200 R2 0.898

Mean 62.650 Adjusted R2 0.870
C.V.% 22.660 Predicted R2 0.829

Adeq. Precision 18.048
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Studying the p-values of the terms included in the model (Table 6), it is evident that the
factors A, alginate ratio, and C, concentration (crosslinker), have a statistically significant
impact on the swelling behavior of the samples. However, the factors B, D, and E could
not be omitted from the model as the main goal of this study is to level all post-printing
treatment conditions by taking into consideration the optimization of both the degradation
and swelling behavior in a simultaneous manner.

As depicted in the colored dot plot (Figure 5), when studying the statistically significant
factors separately, it can be deduced that the samples exhibiting a moderate swelling ratio
(marked as green points) are those that had lower levels of their alginate ratio (Figure 5a)
or those which were treated with a higher-level concentration of CaCl2. Moreover, both
diagrams are indicators of a uniform variability and even distribution.
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Figure 5. (a) Response 2: Residual vs. Alginate ratio plot; (b) Response 2: Residual vs. Concentration
(CaCl2) plot.

Finally, in order to understand how the values of both responses vary, a Reduced
Two-Factor Interaction Model was employed to propose a possible relationship between
the five most-critical post-printing variables affecting the scaffold’s functionality and the
statistically significant term-interactions. Based on this, two reduced 2FI models (Table 7)
were generated using the Design Expert software to forecast the degradation time (days)
and swelling ratio (%). Both equations are expressed in terms of the actual factors. For this
reason, the coefficients in the equation are adjusted to account for the units of each factor
and should not be utilized to assess the relative influence of each factor.

As the culture medium and UV exposure treatment are two categorical predictors, the
model consists of four equations, one for each of the combinations of the two categorical
variables. In addition, as presented in Figure 6, as the line is not significantly skewed
either left or right, it can be assumed that there is no significant deviation from the normal
distribution for the observations for both responses.

In order to evaluate the equations’ accuracy, a confirmation experiment was piloted
selecting the medium levels of the factors: A: alginate ratio = 6%, B: time (crosslinking)
= 10 min, C: concentration (CaCl2) = 0.1 M, D: media = DMEM, UV exposure = Yes. The
measurements were conducted in triplicate and the average values were obtained for both
responses (degradation time and swelling ratio). The results and the comparison with
the values predicted by the actual reduced 2FI model equations are presented in Table 8.
Both experimental values fall into the Confidence Interval, indicating the equations’ high
predictability.
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Table 7. Degradation time equations and swelling ratio equations of the reduced 2FI model for each
combination of media and UV exposure.

Degradation Swelling

Media DMEM Media DMEM

UV No UV No

+9.856 +26.131
−0.608 Alginate +10.985 Alginate
−0.334 Time (crosslinking) +0.724 Time (crosslinking)
−5.645 Concentration (CaCl2) +47.471 Concentration (CaCl2)
+0.095 Alginic × Time (crosslinking) −24.374 Alginic × Concentration (CaCl2)
+2.050 Alginic × Concentration (CaCl2) −7.390 Time (crosslinking) × Concentration (CaCl2)
+0.781 Time (crosslinking) × Concentration (CaCl2)

Media DMEM Media DMEM
UV Yes UV Yes

+5.331 +24.838
+0.194 Alginate +10.985 Alginate
−0.334 Time (crosslinking) +0.724 Time (crosslinking)
−5.645 Concentration (CaCl2) +47.471 Concentration (CaCl2)
+0.095 Alginic × Time (crosslinking) −24.374 Alginic × Concentration (CaCl2)
+2.050 Alginic × Concentration (CaCl2) −7.390 Time (crosslinking) × Concentration (CaCl2)
+0.781 Time (crosslinking) × Concentration (CaCl2)

Media PBS Media PBS
UV No UV No

+6.744 +34.178
−0.608 Alginate +10.985 Alginate
−0.585 Time (crosslinking) +0.724 Time (crosslinking)
+3.440 Concentration (CaCl2) +47.471 Concentration (CaCl2)
+0.095 Alginic × Time (crosslinking) −24.374 Alginic × Concentration (CaCl2)
+2.050 Alginic × Concentration (CaCl2) −7.390 Time (crosslinking) × Concentration (CaCl2)
+0.781 Time (crosslinking) × Concentration (CaCl2)

Media PBS Media PBS
UV Yes UV Yes

+2.219 +32.885
+0.194 Alginate +10.985 Alginate
−0.585 Time (crosslinking) +0.724 Time (crosslinking)
+3.440 Concentration (CaCl2) +47.471 Concentration (CaCl2)
+0.095 Alginic × Time (crosslinking) −24.374 Alginic × Concentration (CaCl2)
+2.050 Alginic × Concentration (CaCl2) −7.390 Time (crosslinking) × Concentration (CaCl2)
+0.781 Time (crosslinking) × Concentration (CaCl2)

Table 8. Reduced 2FI model equations’ predicted responses for numerical factors’ medium levels
and observed results from confirmation tests.

Response Predicted
Mean

Predicted
Median Observed Std. Dev SE Mean

95% CI
Low for
Mean

95% CI
High for

Mean

95% TI
Low for
99% Pop

95% TI
High for
99% Pop

Degradation 12.990 12.990 14.000 0.968 0.543 11.866 14.115 8.725 17.252
Swelling 97.813 97.813 93.872 14.199 6.587 84.272 111.355 39.055 156.52
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Figure 6. (a) Normal Probability Plot for degradation time observations, (b) Normal Probability Plot
for swelling ratio observations.

2.3.2. Parameter Optimization by Response Surface Methodology for Scaffold’s
Post-Printing Treatment

When optimizing the post-printing treatment for scaffolds, specific criteria must
be met to ensure their suitability for the targeted application. For instance, in the case of
in vitro micro-vessel network formation, a critical evaluation of 3D cultures typically occurs
at the 14-day mark. However, it is essential to note that optimal scaffold performance
in facilitating vessel formation often demands structural integrity extending beyond this
period, ideally reaching the 21-day threshold. Additionally, the swelling ratio of 3D systems
is of pivotal importance, as excessive swelling can lead to inflammation and discomfort,
while minimal deformation may result in detachment post-implantation. As a guideline, a
moderate swelling ratio of 50% could strike the targeted balance. These criteria help guide
the effective optimization of post-printing treatment for scaffolds, ensuring their suitability
for the intended applications [6,17,21].

As displayed in the contour diagrams (Figure 7), for factor B: time (crosslinking) = 15 min,
the higher the alginate ratio and the crosslinker concentration, the higher the time interval
that the scaffolds maintain their structure when immersed in culture medium (contoured as
red region) (Figure 7a). However, for the same conditions, the swelling ratio is rather low
(contoured as blue region) (Figure 7b), not reaching the targeted value of 50% (contoured
as green region) (Figure 7b). For this reason, an optimization process was piloted to define
the optimum compromise between the two expected functionalities.

The numerical optimization [23,33,34] process was conducted with the primary objec-
tive of addressing two specific functionalities of the scaffold: achieving a low degradation
rate and maintaining a moderate swelling ratio. In order to achieve these goals, the opti-
mization criteria were precisely defined. The targeted values for the two key responses
were set at 21 days for the degradation time and 50% for the swelling ratio. Through the op-
timization modeling process, a total of 100 solutions were generated, with their desirability
decreasing progressively. Remarkably, the initial solution, which defined the optimal levels
for both the numerical and categorical factors, yielded an impressive desirability score of
0.964. Implementing these recommended factor settings resulted in the model predicting a
degradation time of 19.654 days and a swelling ratio of 50.00%. This achievement not only
met one of the primary criteria (swelling ratio) but also exhibited nearly ideal degradation
behavior. The predicted optimal values for each variable are comprehensively presented in
the Ramps diagram (Figure 8) and summarized in Table 9.
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Table 9. RSM’s numerical optimization variable levels (Solution 1/100; Desirability = 0.964).

Factors A: Alginate Ratio
(%)

B: Time
(Crosslinking)(min)

C: Concentration
(CaCl2)

(M)

D: Media
(-)

E: UV Exposure
(-)

Optimal Levels 8.000 15.000 0.284 DMEM Yes

The “All Factors” diagram (Figure 9) plots each individual response on the y-axis
against each design factor on the x-axis, providing a structured representation of the rela-
tionship between variables and responses. Additionally, to encapsulate the co-optimization
objective, a third response is introduced in the diagram by plotting desirability on the
y-axis. It becomes evident that, for the majority of the responses, an apparent linearity
prevails. Notably, the Desirability-Concentration (CaCl2) plot deviates from this pattern,
revealing a non-linear relationship where the peak response is displayed at C = 0.284 M.
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Furthermore, the slope of these lines demonstrates the magnitude of a variable’s
impact on the response; a steeper slope signifies a more pronounced effect. As is compre-
hensively presented, the optimization’s objective can be reached by using a high alginate
ratio for a high level of immersion time in the medium crosslinker concentration. In re-
gard to the conditions, UV exposure is suggested. Immersing the scaffolds in PBS might
negatively affect the degradation rate of the scaffold. These results are also verified by the
2D contour plots (Figure 10), where the highest desirability is observed (contoured as red
region) for high alginate ratios and medium levels of crosslinker concentration when the
immersion time in DMEM is 15 min.

2.3.3. Model Validation

In order to validate the obtained models and predicted optimal values, a parallel
analysis in Minitab 2021 was conducted utilizing the levels’ configuration generated by the
RSM design, along with the corresponding results for the degradation and swelling ratio.
The results of this analysis in Minitab 2021totally mirrored those obtained in Design Expert
(DE). Specifically, the same terms and interactions were identified as statistically significant
for both the degradation and swelling ratios, as presented in Figure 11a,b respectively.
Moreover, regarding the generated models’ analysis of variance as well as the models’
summary, the calculated values are identical to those obtained from DE as presented in
Table 10, describing the observed data effectively. Moreover, the desirability score was
again calculated as 0.963, affirming that the validation test confirmed the existence of a
solution that optimizes both responses without significant compromise. Notably, as shown
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in Figure 12, all of the predicted optimal levels are completely identical with those obtained
from DE. Thus, the results obtained from this validation approach completely align with
the outcomes obtained using Design Expert, further reinforcing the accuracy of the software
and models used in the study.
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Table 10. Analysis of variance and model summary comparison as obtained by Design Expert and
Minitab software, respectively.

Source Sum of
Squares df Mean

Square F-Value p-Value

Degradation
Analysis

Design Expert
Model

825.460 11 75.040 80.010 0.000
Minitab 825.460 11 75.040 80.010 0.000

Swelling ratio
Analysis

Design Expert
Model

46,294.700 7 6613.530 32.800 0.000
Minitab 46,294.700 7 6613.530 32.800 0.000

Degradation
Analysis

Design Expert Std. Dev. R2 Adjusted R2 Predicted R2

Minitab 0.968 0.975 0.963 0.933
Swelling ratio

Analysis
Design Expert 0.968 0.975 0.963 0.933

Minitab 14.200 0.898 0.870 0.829
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2.4. Confirmation Tests
2.4.1. RSM

In order to compare the experimental results with the RSM-predicted values, confir-
mation experiments were then conducted by using the suggested levels of the numerical
variables and by applying the optimal conditions for the post-printing treatment as in-
dicated by the optimization process. The as-suggested treated scaffold maintained its
structural integrity for 18.5 days, while reaching a swelling ratio of 54.120%. Both results
are within the given limits of [18.37, 20.897] and [36.840, 63.571], respectively, according to
C.I., with 95% confidence (z =1.96) (Table 11). The experimental results deviate by 5.621 (%)
and 8.842 (%), respectively, from the predicted values, verifying the model’s suitability for
the post-printing stage’s optimization.

Table 11. RSM’s DoE point prediction for optimum variable levels and observed results from
confirmation tests.

Optimal
Response

Predicted
Mean

Predicted
Median Observed Std Dev SE Mean

95% CI
Low for
Mean

95% CI
High for

Mean

95% TI
Low for
99% Pop

95% TI
High for
99% Pop

Degradation 19.654 19.654 18.500 0.968 0.607 18.376 20.897 15.262 24.011
Swelling 50.00 50.000 54.120 14.189 6.502 36.840 63.571 −8.406 108.818

Therefore, the RSM was used to define the optimum alginate ratio, time of immersion,
and crosslinker concentration while determining that UV exposure facilitates the achieve-
ment of the targeted functionalities. The model also indicated that the degradation rate is
higher when the scaffold is immersed in PBS, suggesting cautious and rapid procedures
when treating it with PBS.

2.4.2. Characterization Results for the Confirmation Tests
Degradation Behavior

FT-IR Spectroscopy

Figure 13 displays the FT-IR spectra of the pellets that were collected after centrifuga-
tion of the media in which the optimized scaffold was immersed for 7 days and 14 days,
respectively. The wide peak at 3358 is a characteristic peak of sodium alginate for –OH
stretching [27]. The stronger peaks at 1034 (Amide III) and 1412 (O-C-C stretching) are
indicative of dissolute gelatin and sodium alginate, demonstrating that, on Day 7, the
scaffold exhibited lower degradation [29]. The narrow peaks at 3317 and 1647 cm−1, as
well as at 562 and 2132 cm−1, are water characteristics, and this might indicate that the
pellet was not totally dried. The scaffold was dissolved in the media in 18.5 days, almost
reaching the ideal degradation interval of 21 days.

Shape retention

In order to more comprehensively present the degradation behavior of the optimized
scaffold from Day 0 of its post-printing treatment until Day 18.5 when the scaffold lost its
structural integrity, photos were taken at various time intervals as displayed in Figure 14.
As is shown, the scaffold retained its infill’s structure at a sufficient level up to Day 18. For
the shape retention measurement, the shape of the scaffold was also recorded at various
time intervals (3, 7, 14, and 18 days) during its 18.5-day culturing (Figure 15). Representative
images of the scaffold were also acquired at Day 1 to ensure the culture conditions and the
sustainability of the produced 3D structure (Figure 16). By using a face contrast microscope
(Zeiss, Axiovert S100, Oberkochen, Germany, 5×), images of the scaffold were obtained and
analyzed via Image J software. A commonly used criterion to evaluate the shape fidelity
after treatment of the scaffold is based on the measurement of the diameter of the deposited
filament (strand) and its comparison with the theoretical strand diameter (0.41 mm based
on the nozzle diameter).
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Figure 14. Representative photos of the scaffold were acquired at several time points. (a) Optimized
scaffold aft post-printing treatment at Day 0, (b) optimized scaffold at Day 3 after immersion in
DMEM, (c) optimized scaffold at Day 7 after immersion in DMEM, (d) optimized scaffold at Day 15
after immersion in DMEM, (e) optimized scaffold at Day 18 after immersion in DMEM.

For the diameter of each strand, multiple measurements were taken and the mean
value was calculated. For instance, the vertical strand’s diameters are displayed in Figure 15,
indicating the scaffold’s deformation throughout the degradation study. As was expected,
until Day 3, where the plateau in the swelling curve occurs, the scaffold was expanding due
to water uptake, and an increase by 2.05% in the scaffold’s strand diameter was recorded.
From Day 3 to Day 18.5 (Figure 17), the scaffold gradually exhibited degradation, leading
to the reduction in the strand’s diameter by 39.4% before its complete dissolution in the
culture media.

Morphology

SEM characterization was applied as a supplementary method for assessing the
infill morphology of alginate–gelatin scaffolds over time, following their immersion in
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DMEM. In line with the shape retention results, the optimized scaffold demonstrated
high stability, maintaining its infill structure integrity from Day 0 through to Day 14
and Day 18, as presented by the preserved primary shape of the pores in Figure 18a–c.
However, on Day 14, a critical time point for the cell culture, a slight crack appeared in
the pore’s perimeter, signifying the initial stages of gradual alteration of the scaffold’s
geometry. Comparing the morphology of the Day 0 scaffold (Figure 18d) with that of Day
18 (Figure 18f), it is apparent that the pores significantly retained their geometry, while
the scaffold’s macroscopic structure exhibited some deformation, likely due to gelatin
dissolution. Additionally, a representative EDS analysis conducted on Day 14 ensured the
detection of calcium in the infill, responsible for crosslinking the alginate blocks, despite its
release into the culture media and replacement by sodium ions (Figure 18e).
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Figure 15. Representative images of the scaffold were acquired at several time points. (a) Strand
retention measurements at Day 0, (b) strand retention measurements at Day 3, (c) strand reten-
tion measurements at Day 7, (d) strand retention measurements at Day 14, (e) strand retention
measurements at Day 18 (Zeiss, Axiovert S100, Oberkochen, Germany) (×5 magnification).
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Figure 16. Representative images of the scaffold were also acquired also at Day 1 to ensure the scaf-
fold’s sustainability. (a) Scaffold at Day 1 (×4 magnification), (b) scaffold at Day 1 (×10 magnification)
(Zeiss, Axiovert S100, Oberkochen, Germany).

Swelling Behavior

Swelling Ratio

As was expected, after the optimized level combination, the scaffold exhibited moder-
ate deformation (Figure 19a), reaching a maximum swelling ratio of 54.120% (Figure 19b)
and reaching the critical equilibrium of strong water uptake that facilitates cell viability and
nutrient diffusion but not exhibiting excessive deformation that could cause inflammation
or discomfort to the host after implantation. The fluctuation observed in the swelling ratio
of the optimized scaffold is a result of multiple factors. Firstly, temperature variations can
induce gelatin dissolution, leading to an initial degradation which was recorded at Day 2.
However, the change in culture media at Day 2 triggers, again, the ion exchange, leading to
a temporary decrease in the crosslinking degree and an increase in the scaffold’s swelling
ability. These changes persist until the ion equilibrium is reestablished, resulting in the
subsequent stabilization of the swelling ratio [14,30].
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As was expected, after the optimized level combination, the scaffold exhibited mod-

erate deformation (Figure 19a), reaching a maximum swelling ratio of 54.120% (Figure 

19b) and reaching the critical equilibrium of strong water uptake that facilitates cell via-

bility and nutrient diffusion but not exhibiting excessive deformation that could cause 
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Figure 18. (a) Optimized scaffold’s infill structure integrity morphology assessment at Day 0 at an
acceleration voltage of 5 kV (×120 magnification); (b) optimized scaffold’s infill structure integrity
morphology assessment at Day 14 after immersion in DMEM, at an acceleration voltage of 5 kV
(×120 magnification); (c) optimized scaffold’s infill structure integrity morphology assessment at Day
18 after immersion in DMEM, at an acceleration voltage of 5 kV (×120 magnification); (d) optimized
scaffold’s infill morphology at Day 0 at an acceleration voltage of 15 kV (×80 magnification); (e) EDS
analysis of scaffold’s infill selected region, at Day 14 after immersion in DMEM at an acceleration
voltage of 15 kV (×1000 magnification); (f) optimized scaffold’s infill morphology at Day 18 at an
acceleration voltage of 5 kV (×60 magnification).
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3. Conclusions

This study, which constitutes a follow-up to our previously published work [22], rep-
resents a systematic and data-driven exploration of post-printing treatment optimization
which aimed to enhance the entire implementation of hydrogels’ DIW. The current work
is driven by the use of RSM DoE to uncover the optimal combination of conditions for
the desired degradation and swelling behavior of the printed structure, further advanc-
ing the field of bioprinting and tissue engineering. By employing RSM DoE, this study
identified the individual and interactive effects of five post-printing treatment factors
on scaffolds’ degradation time and swelling behavior, and also suggested an optimized
methodology to guide the selection of post-printing treatment conditions tailored to the
scaffold’s targeted functionalities.

Thus, this study managed to address a critical gap in the existing literature by concur-
rently optimizing the degradation and swelling behavior of DIW scaffolds. The developed
model has not only identified the key factors influencing the degradation time and swelling
ratio but has also yielded a solution that achieves a remarkable desirability score of 0.964,
closely approaching the desired benchmarks of 21 days for degradation and a 50% swelling
ratio. The optimal conditions, including an 8% alginate ratio, 15 min of crosslinking time, a
crosslinker concentration of 0.284 M, DMEM as the immersion medium, and the incorpo-
ration of UV exposure, have been successfully predicted with a high degree of accuracy,
with experimental values confirming the model’s reliability. Furthermore, this optimization
process has shed light on crucial post-printing handling procedures for scaffolds, notably
revealing that UV exposure enhances structural integrity while decreasing the degradation
rate and emphasizing the need for caution when treating the scaffolds with PBS, which
accelerates degradation. This innovative approach highlights the applicability of the Re-
sponse Surface Methodology in simultaneous response optimization, offering a promising
possibility for future research aimed at co-optimizing scaffold-targeted responses, and
ultimately enhancing scaffold functionality without compromising other critical proper-
ties. This approach aims for not only improved scaffold functionality but also enhanced
efficiency and resource utilization by reducing reliance on trial-and-error methods.

The present research is focused on the post-printing treatment of a specific composite
hydrogel based on its common use in tissue engineering applications. Although the
widespread use of alginate–gelatin hydrogel makes this study’s findings as relevant to
a significant portion of ongoing research in this field, the study’s scope is limited to the
materials and conditions utilized in this specific experiment and may not cover a broad
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range of possible materials and conditions relevant to all applications. However, the
proposed approach, which entails the simultaneous optimization of two critical responses,
offers a versatile and customized methodology. This adaptability enables future studies to
tailor the DoE’s variables to match the specific materials and conditions in their optimization
scenarios, thereby broadening the current study’s applicability across a diverse range of
hydrogel-based 3D bioprinting systems. This paper introduces an innovative methodology
that addresses the intricate balance between these pivotal properties and offers a novel
dimension to scaffold optimization through the application of RSM.

4. Materials and Methods
4.1. Design of Experiments

The responses that this study aims to optimize are two-fold: degradation time and
swelling ratio. Degradation time is a crucial factor in scaffold functionality, influencing
the rate at which the scaffold provides support before naturally degrading as the vessel
network is formatting [6]. Simultaneously, maintaining strong but not excessive water
uptake enhances cell migration and infiltration, as well as nutrient diffusion. Achieving
an optimal balance between scaffold degradation time and swelling ratio is a complex and
critical task [35]. For this challenge to be addressed, this study adopts a systematic and data-
driven approach utilizing Statistical Response Surface Methodology (RSM DoE). RSM DoE
is an experimental design technique used to optimize processes, as it offers a comprehensive
means to navigate the interdependent factors that influence a system’s responses.

Thus, three numerical factors were selected for investigation: alginate ratio, crosslinker
concentration, and immersion time. These factors are crucial elements of the scaffolds’
final properties, affecting their structural integrity, deformation, and biocompatibility.
Additionally, two categorical factors are be explored, namely UV treatment and culture
media, recognizing their substantial impact on post-printing treatment outcomes.

The experimental design encompasses 4 centroids within the factor space, yielding a
total of 34 runs. Each run represents a carefully orchestrated combination of these factors,
allowing for a comprehensive study of the selected parameter range.

Prior to the development of the Statistical Response Surface Methodology step, a
crucial screening stage was essential to qualitatively define the most influential factors
affecting the response variables: degradation time and swelling. This initial phase also
aimed to establish a range of values for each factor within which the optimal levels were
more likely to be found. The selection of the alginate–gelatin blend composition range
was guided by our previous work, which was grounded in the outcomes of the material
processability optimization process [22]. In this context, the gelatin ratio was fixed at 4%,
while the alginate ratio varied between 4%, 6%, and 8%. Regarding the ionic crosslinking
of sodium alginate, the screening tests indicated that the two most critical factors were the
concentration of the crosslinker and the immersion time of the scaffolds in the crosslinking
solution. Based on the existing literature, for the initial observations of scaffold degradation
behavior, the designated value range for CaCl2 concentration was set at [0.01–0.8] M.
However, scaffolds that were treated with CaCl2 solutions in the range of [0.01–0.04] were
difficult to handle and exhibited a very high degradation rate. On the other hand, hydrogels
treated with CaCl2 solutions in the range of [0.6–0.8] were too dense and exhibited a very
low degradation rate. For these reasons, the final range for CaCl2 concentration was set
at [0.05–0.5]. Although the release of calcium ions from the printed structures during
their culture could potentially have a cytotoxic effect, the selected high level of 0.5 M
CaCl2 is recorded as not cytotoxic with good biocompatibility results [21]. In line with the
findings of the existing literature and after screening trials, the immersion time was set to
range from 5 to 15 min. Furthermore, it was of paramount importance to investigate the
impact of culture media and UV treatment on the scaffold, as these two factors represent
major conditions that need to be considered during the post-printing treatment of the
scaffolds. With regard to culture media, DMEM is a well-established and widely utilized
basal medium known for its capacity to facilitate the proliferation of diverse mammalian
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cell lines, offering great suitability as the selected medium for this experimental setup. The
future perspectives of this study include the co-culture of cells and scaffolds in DMEM. PBS
is also a commonly used buffer in everyday 3D cell-culture routine, for scaffold washes and
during procedures such as trypsinization (cell splits). Thus, these two media were selected
to be studied. In addition, UV treatment was used for sterilization reasons. Towards
addressing these considerations, these two factors were incorporated into the experimental
design as categorical variables, with different levels determined based on the respective
conditions, such as “PBS or DMEM” and “UV or No UV” treatments. The levels for each
numerical factor that were classified as “low”, “medium”, and “high”, and the two levels
for the categorical variables, are displayed in Tables 12 and 13, respectively.

Table 12. Defined levels for all three numerical factors of the post-printing treatment of alginate–
gelatin scaffolds.

Post-Printing
Treatment Factor

A: Alginate Ratio
(%)

B: Time (CrossLinking)
(min)

C: Concentration
(CrossLinker)

(M)

Low Level 4 5 0.05
Medium Level 6 10 0.1

High Level 8 15 0.5

Table 13. Defined levels for both vategorical variables of the post-printing treatment of alginate-
gelatin scaffolds.

Post-Printing Treatment Factors D: Culture Media E: UV Exposure

Level 1 DMEM NO
Level 2 PBS YES

4.2. Screening Tests of DoE’s Selected Levels

In the proposed methodology, an initial screening stage was incorporated consisting
of experiments to evaluate the effectiveness of the levels chosen for the RSM DoE. Aiming
to determine whether these selected levels warranted further optimization, a total of four
samples were prepared. These samples encompassed various combinations of factors at
different levels: Sample 1 involved the low-level combination of factors, Samples 2 and 3
represented medium-level combinations, and, finally, Sample 4 encompassed the high-level
combination of factors. A detailed breakdown of these combinations can be found in
Table 14. The samples were then evaluated in terms of degradation rate and swelling ratio.

Table 14. Factors’ level combinations for screening tests samples.

Post-Printing
Treatment Factors

A: Alginate Ratio
(%)

B: Time
(Crosslinking) (min)

C: Concentration
(CaCl2) (M) D: Media (-) E: UV Exposure (-)

Sample 1 4 5 0.05 PBS No
Sample 2 6 10 0.1 PBS Yes
Sample 3 6 10 0.1 PBS No
Sample 4 8 15 0.5 DMEM Yes

4.3. Materials

Sodium alginate (alginic acid sodium salt, low viscosity, (Alfa Aesar) Thermo Fisher
Scientific, TechnoBiochem, Athens, Greece), gelatin (general purpose grade, Fisher Scientific,
Waltham, MA, USA), PBS (Phosphate buffered saline tablets, Fisher Bioreagents, TechLine,
Athens, Greece), and calcium chloride (CaCl2) (Calcium Chloride Dihydrate, Riedel de
Haen, Germany) were procured and used without modifications. Also, DMEM (Dulbecco’s
Modified Eagle Medium) (Gibco BRL, Life Technologies, ThermoScientific, Paisley, UK)
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culture medium was supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine,
1% sodium pyruvate, and antibiotics (Gibco BRL, Life Technologies, Thermo Scientific,
Paisley, UK) [36].

4.4. Hydrogel Synthesis

As indicated by the Design of Experiments, alginate and gelatin were combined in
the various ratios of 4/4, 6/4, and 8/4 (%) for the generation of the three hydrogel blends
displayed in Table 15. For instance, the following procedures were followed to prepare
50 mL of alginate/gelatin hydrogel 4/4 (%). A total of 2 g of gelatin was dissolved in 50 mL
of PBS under continuous mechanical stirring at 60 ◦C. Then, an amount of 2 g of alginic
acid sodium salt was added to the solution followed by stirring at 5600 rpm for 1.5 h at
50 ◦C to ensure homogeneity. The developed composite alginate–gelatin hydrogel inks
were left on a hot plate to achieve a temperature of 30 ◦C before the Direct Ink Writing of
the scaffolds.

Table 15. Different ratios of developed alginate–gelatin hydrogel blends.

Hydrogel Alginate (%) Gelatin (%)

1 4 4
2 6 4
3 8 4

4.5. Direct Ink Writing of the Scaffolds

The 3D printing of the scaffolds was accomplished using the Bioprinter Regemat 3D
BIO V1 (REGEMAT 3D S.L., Granada, Spain). The composite alginate–gelatin hydrogel inks
were loaded into 5 mL syringes. Subsequently, the material was extruded from the syringe
nozzle to form a continuous filament, aided by the motor-assisted piston mechanism. The
hydrogel filament was deposited layer by layer, following the designed 3D blueprint [22].
The designated scaffold dimensions were specified as L:17 mm × W:17 mm × H:3.5 mm,
featuring an infill pattern of orthogonal pores measuring L:1.7 mm × W:1.7 mm. In order
to ensure high printability and geometric accuracy, the optimal levels of four primary (Tem-
perature, Extrusion Speed, Nozzle Diameter, Layer Height) and four secondary (Perimeter
speed, Infill Speed, Retract Speed, Travel Speed) printing parameters were implemented.
These optimal parameter settings had been previously determined through a robust Taguchi
design, as detailed in our earlier work on optimizing the 3D printing process. A compre-
hensive overview of the nine printing parameters and their respective optimal levels can
be found in Table 16.

Table 16. Optimal levels for 8 selected printing settings for high printing accuracy.

Printing
Parameters

Temperature
(◦C)

Extrusion
Speed
(mm/s)

Nozzle
Diameter

(mm)

Layer
Height
(mm)

Perimeter
Speed
(mm/s)

Infill
Speed
(mm/s)

Retract
Speed
(mm/s)

Travel
Speed
(mm/s)

Printability
Window 24 2 0.41 0.25 3 2 30 50

4.6. Crosslinking Process

A major requirement for the ink used in Direct Ink Writing of scaffolds is for it to
be easily stabilized after its extrusion from the nozzle tip for the printed structure to
sufficiently maintain its geometry. For this reason, the main step that governs the post-
printing treatment is the crosslinking process [37]. This step is essential not only for
the enhancement of the rigidity of the hydrogel-based printed scaffolds but also for the
maintenance of the scaffolds’ deformation at minimal levels. In the initial screening phase,
different combinations of calcium chloride (CaCl2) concentrations and scaffolds’ immersion
time into the crosslinking solution were investigated to identify the range of the most
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optimal crosslinking conditions suitable for the scaffolds. Based on the results of the
screening phase, following the printing process, the scaffolds were submerged in a CaCl2
solution with varying concentrations (0.05 M, 0.1 M, or 0.5 M) for different time intervals
(5 min, 10 min, or 15 min). Subsequently, the scaffolds were removed from the CaCl2
solution and tapped dry. Additionally, to activate the temperature-dependent gelatin’s
physical crosslinking, the scaffolds were left at room temperature (22 ◦C) overnight before
their immersion in culture medium at 37 ◦C.

4.7. UV-Exposure

A supplementary step in the post-printing treatment is the UV exposure of the
crosslinked scaffolds. As documented by Carranza et al., despite the sterilization effect, UV
samples also exhibited a higher degree of dimensional stability [38]. The samples sterilized
by UV radiation in particular presented the highest dimensional stability. In the direction of
studying whether the UV-exposure affects the degradation behavior of the scaffolds, some
of the samples were exposed to UV light before their immersion in the culture medium,
while others not. For the preparation of UV scaffolds, the samples were placed in petri
dishes, exposed to 254 nm UV light in a cabinet (MSC-AdvantageTM) with type-II laminar
flow for 30 min, according to common sterilization protocols [39].

In consideration of environmental sustainability, the experimental procedure was
designed to minimize UV light utilization, but if UV-exposure was totally avoided, then
possible contaminations in the incubator and the laboratory abductor would lead to point-
less repetitions of the scaffold printing that would eventually burden the environment with
a higher energy footprint and waste. To accomplish this, all samples were first printed and
those selected for UV exposure based on DoE runs were collectively subjected to UV light,
limiting the frequency of UV lamp usage. Moreover, safety protocols were implemented to
prevent any researcher exposure to UV light during the experimentation process, utilizing
automatic lock system of the laboratory door during the exposure time.

4.8. Degradation Test

The printed scaffolds were crosslinked and treated as indicated by the matrix runs
of the DoE. In order to collect data for the monitoring of the design’s selected response,
degradation time, the scaffolds were then immersed in culture media after being rinsed
with ethanol (90%) for sterilization. The selected media were DMEM and PBS as it is of
high importance to reassure that the structure will not be dissolute at standard cell cultures
conditions. DMEM is a very commonly used medium and PBS is used in everyday routine,
for cell washes and during procedures such as trypsinization (cell splits) [40]. Thus, some
structures were immersed in DMEM and PBS, respectively, at 37 ◦C, 95% humidity, in
a 5% CO2 incubator and steady pH conditions of 7.4 [41] for varying durations (3, 7,14,
and 21 days). During the degradation study, it was ensured that the scaffolds stayed
submerged in the culture media. At the end of the time points, samples were retrieved and
shape-retention testing of the crosslinked hydrogel scaffolds was conducted via Image J
(National Institutes of Health, Bethesda, MD, USA) software. In addition, the supernatant
media was centrifuged (HITACHI High Speed Refrigerated Centrifuge, CR22, Eppendorf
Himac Technologies, Takeda, Japan) and the pellets’ FT-IR spectra were obtained.

4.9. Swelling Test

In vitro cell culture studies depend significantly on the scaffolds’ capacity to swell,
as this property permits the flow of cell nutrients inside the scaffold, increasing the cell’s
longevity. Moreover, a swelling test is critical as it provides an estimate of the scaffolds’
maximum volume following implantation. In this study, the swelling tests were conducted
by immersing dry samples in DMEM or PBS at 37 ◦C. The samples were taken out at
various time intervals, they were tapped dry to remove excess water and then weighed
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until water absorption reached saturation. The following equation was used to determine
the swelling ratio of scaffold sample (Equation (2)):

Swelling ratio =
W1 − Wo

Wo
(2)

where W1 is the weight of the wet scaffold after immersion in the culture media (DMEM/PBS),
and W0 is the weight of the dry scaffold before water uptake.

4.10. FT-IR Spectroscopy

FTIR spectroscopy was conducted with the FTIR spectrometer (Cary 630 FTIR, Agilent
Technologies, Santa Clara, CA, USA). In parallel with morphological observation through
a face contrast microscopy and Scanning Electron Microscopy (SEM), FTIR spectroscopy
was the characterization method that was employed in order to study the degradation
rate of scaffolds, with regard to the chemical composition of the scaffold over time [42–44].
Aiming for maintaining aseptic conditions, this non-invasive approach to monitor scaffold
dissolution was applied.

The FTIR spectra of the pellets of the centrifuged culture media for varying durations
(7 and 14 days) enabled the identification of the dissolution of alginate and gelatin in the
culture media. Resolution of 2 cm−1 was maintained in all cases. This method not only
allowed for effective tracking of scaffold dissolution but also eliminated the risk of poten-
tial contamination associated with direct scaffold handling during mass or dimensional
measurements.

4.11. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was applied to assess the optimized scaffold’s
morphology at various time points of immersion in culture media. Alginate–gelatin hy-
drogel scaffolds were desiccated by passing the samples through a gradation of alcohol
dehydration series followed by vacuum drying and characterized using SEM at an acceler-
ating voltage of 5 kV. Scanning electron microscopy was performed with a Hitachi TM3030
(Thermo Fisher Scientific Waltham, MA, USA) tabletop microscope, equipped with an
energy dispersive X-ray spectrophotometer (EDX) system (QUANTAX 70) for the coupled
analysis of chemical structure.

4.12. Flow Diagram

In order to clarify the aforementioned methodology, the following flow diagram
(Figure 20) summarizes the main steps. This study focuses on the steps that are enclosed in
the light blue frame.
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Abstract: Since the emergence of 3D bioprinting technology, both synthetic and natural materials
have been used to develop bioinks for producing cell-laden cardiac grafts. To this end, extracellular-
matrix (ECM)-derived hydrogels can be used to develop scaffolds that closely mimic the complex
3D environments for cell culture. This study presents a novel cardiac bioink based on hydrogels
exclusively derived from decellularized porcine myocardium loaded with human-bone-marrow-
derived mesenchymal stromal cells. Hence, the hydrogel can be used to develop cell-laden cardiac
patches without the need to add other biomaterials or use additional crosslinkers. The scaffold
ultrastructure and mechanical properties of the bioink were characterized to optimize its production,
specifically focusing on the matrix enzymatic digestion time. The cells were cultured in 3D within
the developed hydrogels to assess their response. The results indicate that the hydrogels fostered
inter-cell and cell-matrix crosstalk after 1 week of culture. In conclusion, the bioink developed
and presented in this study holds great potential for developing cell-laden customized patches
for cardiac repair.

Keywords: 3D bioprinting; hydrogels; extracellular matrix; decellularized cardiac tissue; biomaterials;
mesenchymal stromal cells

1. Introduction

There is a significant lack of organs for transplantation and replacements for implants
and this problem will increase with the population aging, particularly in developed coun-
tries. Tissue engineering and regenerative medicine have emerged as potential solutions to
overcome the progressive reduction of viable organ donors [1]. In the specific case of the
heart, engineering implantable hearts built in the laboratory is still far away [2]. Hence,
novel constructs based on decellularized tissue [3] or electroconductive scaffolds [4] have
been recently developed to produce re-cellularized grafts (in the form of cardiac patches) to
ameliorate the function of diseased hearts [5]. Several synthetic materials have been used to
develop these scaffolds, but they still possess limitations related to immune responses and
biodegradability [6,7]. Naturally derived materials, on the other hand, have been explored
with the idea that they could better resemble the native environment of cardiac cells [8,9],
especially those based on the extracellular matrix (ECM) obtained from the decellulariza-
tion of cardiac tissues (dECM) [10–12]. An interesting feature of dECM patches is that,
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because of their biomimetic nature, they can be repopulated with human mesenchymal
stromal cells (hMSCs) to enhance their regenerative potential [3,13]. Although such de-
veloped cardiac patches have shown good outcomes, they still present certain limitations,
for instance, their inadequate mechanical properties (e.g., low stiffness) and the lack of
patient-specific shapes [14,15]. Thus, there is a need for bioprintable cell-laden hydrogels
(bioinks) to develop customized patches exhibiting enough mechanical strength.

In the present work, we describe an optimized protocol to produce cardiac hydrogels
from the enzymatic digestion of decellularized porcine myocardium (cECM) that can be
loaded with cells, and which are bioprintable. The bioink is generated in a way that can be
fabricated and bioprinted without the need to mix the cECM with other biomaterials or
incorporate external crosslinkers. The mechanical properties of the developed hydrogel
were assessed by rheometry and its ultrastructure by imaging with a Scanning Electron
Microscope. The cECM bioink (loaded with human-bone-marrow-derived mesenchymal
stem cells -hBM-MSCs) was bioprinted by using a two-printhead strategy with a sacrificial
material. The behavior of the cells when cultured in 3D within the developed scaffolds was
then studied by immunostaining and contraction assays.

2. Results and Discussion
2.1. Macro- and Ultra-Structure of the Hydrogels Developed from the Digested cECM

The hydrogels showed a homogeneous structure with no macroscopically visible
fiberboard clusters. Structures formed with the developed hydrogels showed enough
strength to be manipulated with tweezers without breaking and with the capability of re-
covering the original shape after manipulation (Figure 1A). This improvement with respect
to previously reported studies is achieved by working at higher powder concentration
and by optimizing the digestion time (as compared with the common protocol originally
published by Freytes and coworkers [16]). Thanks to such improvement in mechanical
strength, the 3D-bioprinted structures can be manipulated with surgical tools so they could
be implanted in vivo by using a bio-glue. This aspect represents an important advance
in the case of patches developed from ECM-derived cardiac bioinks. Indeed, to have the
required strength, previously reported materials presented weaker mechanical properties,
so they should be mixed with other biomaterials [17] not naturally included in the native
tissue or additionally crosslinked [18].

Regarding to ultrastructure, SEM images of the hydrogels showed a fibrillary structure
as expected (Figure 1B). The average diameter of the fibers of the cECM hydrogel was
126 ± 8 nm. These data agree with the diameter of tropocollagen fibers [19], which is
consistent with collagen I fibrils, reported to be in the 100 nm diameter range [20]. The
structure observed in cECM hydrogels is closer to that of the native ECM compared with
previous works [21], showing fibers with a diameter slightly below that of the collagen
present in the ECM. As can be observed in Figure 1B, the structures obtained with the
developed bioink presented a distribution of the fibers resembling that of the original
cardiac ECM [22,23]. Moreover, thanks to the small diameter of the fibers, the hydrogel
presented a high contact area [24], which has been reported to improve cell attachment and
proliferation [25,26].

2.2. Rheological Properties of the cECM Hydrogels Depending on the Pepsin Digestion Time

The rheological properties of the cECM hydrogels depended on the digestion time
(Figure 2). Gelation started gradually, being the hydrogel digested for 24 h the one showing
the highest storage modulus (G′ = 23.9 ± 10.6 Pa), and the hydrogel digested for 16 h,
the one with the lowest storage modulus (G′ = 4.8 ± 1.4 Pa). Of note, for digestion times
above 24 h, the cECM did not reach gelation, in keeping with previous reports regarding
other natural, organ-derived hydrogels, such as lung extracellular matrix or type I collagen
hydrogels [27].
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Figure 2. Rheological properties of the cECM hydrogels as a function of the pepsin digestion time (N = 2).

Thus, 24 h was the chosen digestion time for the bioinks used in the rest of the experi-
ments in the present work. The required digestion time is highly dependent on the particle
size obtained after decellularization and cryogenic milling. If the digestion time is not long
enough, big particles cannot be fully solubilized, while if the time is higher than optimal,
pepsin may start to degrade certain proteins that are crucial for hydrogel formation.
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2.3. 3D Cultures of hBM-MSCs

When cultured in 3D, hBM-MSCs contracted the cECM hydrogels, as measured via
the hydrogel contraction assay (Figure 3). As expected, the shrinkage of the structures
increased with the culture time. After 1 day of 3D culture, the measured area of the cECM
hydrogels with hBM-MSCs was reduced to 158.5 ± 8.3 mm2 (12.9 ± 4.5 percent of contrac-
tion; p = 0.076). At day 4, the measured value was 111.2 ± 11.2 mm2 (38.9 ± 6.2 percent
of contraction; p = 0.005), and after 7 days in culture, the area was 85.7 ± 7.4 mm2

(52.9 ± 4.1 percent of contraction; p < 0.001).
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Figure 3. Contraction of the 3D-cultured cECM hydrogels (hBM-MSC) with respect to acellular ones
(control) for 1, 4 and 7 days. **: p < 0.01; ***: p < 0.001.

The contraction observed in the cell-laden structures indicated an active crosstalk
between the cECM hydrogel matrix and the cells. The concentration of cells used in the
present study, which is in the lower range (2.5× 105–5× 105 cells/mL) recommended in the
seminal paper by Freytes and coworkers for stem cell-laden cardiac hydrogels [16], seemed
to be enough for this type of cells to interact with their surrounding ECM. Nevertheless,
several effects could be overlapping, explaining the observed contraction, as cells can be
effectively pulling the fibers of the structure while, at the same time, degrading matrix
proteins by secreting metalloproteinases. Previous studies conducted with fibroblasts
and stromal cells cultured in collagen matrices have shown that the combination of both
factors strongly depends on structural mechanics and other stimuli that may alter cell
contractility [28–30]. Although it is out of the scope of the present study, further work
should be carried out to determine which of the mechanisms is dominating for this kind of
cells in cECM hydrogels.

To better understand these cell–matrix interactions, the alteration of the mechanical
properties of the structures due to the cell culture was studied via rheometry. As shown
in Figure 4, cell-laden structures were softer when compared with the acellular ones. As
expected, values for the shear modulus and viscosity decreased with the applied strain.
Measured rheological properties were in the same range of values previously reported for
other cECM hydrogels [15]. Interestingly, cell-laden hydrogels seemed to be softer than
acellular ones as shown in the representative example in Figure 4. Nevertheless, these
experiments have the limitation that the size of cell-laden structures varies from replicates
due to contraction so an extensive analysis of this aspect would be extremely complex (due
to physical limitations of the rheometer) and it is out of the scope of this work. Even in
this case, an explanation for the observed softening of the structures could be that cells
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are generally softer than their surrounding ECM or by the fact that cells are degrading the
ECM where they are cultured.
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Figure 4. Comparison of the storage modulus (G′, G′′ and viscosity) in acellular (A) and cellular
hydrogels (B) in a representative example.

Immunofluorescence images of 3D cultured hBM-MSCs for 7 days can be observed in
Figure 5. Cells were stained for Connexin 43 (Cx43) and α-Smooth muscle actin (α-SMA)
in green. The actin filaments of the cytoskeleton and the nuclei were also stained. Together
with high-magnification images to show single-cell morphology, low-magnification images
reveal that there are several cells positive for the different stainings.

Even with the difficulties of imaging cells within hydrogels (cells are not as well
aligned with the imaging plane as they are when imaged on top of plane surfaces), data from
Figure 5 illustrate that cells presented a well-formed cytoskeleton with the characteristic
spindle shape of MSCs. Additionally, immunostaining revealed that cells expressed Cx43
and α-SMA after 7 days of 3D culture within the developed scaffolds.

The observed results indicate that the cells were able to remain alive when cultured in
the developed cardiac patches built with cECM bioinks, showing a cytoskeleton-spindle-
like morphology typical of MSCs [31]. It has been previously proven that hMSCs have the
ability to release paracrine factors and extracellular vesicles (EVs) exhibiting immunomod-
ulatory, anti-inflammatory, and antimicrobial effects [32–36]. The proliferation and/or
differentiation of the cells within the developed dECM hydrogels are not studied in the
present work. Proliferation has not been generally observed in previous studies in short
periods of culture (1 week), while differentiation was not expected to occur. Indeed, hBM-
MSCs were maintained in culture by using manufacturer-recommended medium and
supplements, which are designed to keep the stemness of the cultured cells. Although, the
presented data show cell survival together with the positive expression of Cx43 and α-SMA
(which indicated cell–cell and cell-matrix interactions, which have been shown to play an
important role in the physiology of the heart [37,38] and its ECM remodeling [39,40]) it
was shown that the developed bioinks at the cell concentration used are suitable for the
development of hMSC-loaded cardiac patches (although it would be interesting to test
lower and higher concentrations in future works).

Bioinks developed exclusively from the digestion of decellularized ECM should be
printed in liquid phase, hence a support material is needed (F127 in our case), which should
be removed after the crosslinking of the final structures. This aspect represents a limitation
if complex shapes must be developed, but it is well suited for developing a customized
cardiac patch. Moreover, as the bioink is printed in liquid phase, the pressure required
is quite low (lower that the one exerted on the cells when manipulated with a standard
laboratory pipette), thus fastening the test phase of new developments as they can be
carried out with standard labware prior to testing in with the bioprinter.
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Figure 5. Immunostaining of hBM-MSC 3D-cultured in the cECM hydrogels for 7 days. (A) Phalloidin
(red). (B) α-SMA (green). (C) Cx43 (green). Left and center images are low-magnification (20×)
with split channels, while the nucleus is counter-stained in blue; right images are high-magnification
(100×) images.

Previous studies have reported the use of pericardium dECM to engineer patches for the
treatment of myocardial infarction [3]. Indeed, rat dECM patches have successfully replaced
the right ventricular outflow tract defect in Lewis rat models, showing no differences between
the area in contact with the patch and the healthy ventricles [41]. Moreover, patches have
also shown signs of neovascularization and nerve sprouting in the infarcted area that was in
contact with either human pericardial or porcine myocardial dECM scaffolds [13]. The results
presented herein extend the potential of cardiac patches based on dECM, as they open the
door to developing custom-shaped grafts using 3D bioprinting technology [42].

The idea of customizing the shape of the cardiac patches started when Pati et al. [43]
printed three-dimensional cardiac tissue with cECM hydrogel made from porcine dECM
and human-adipose-derived MSCs, achieving high cell viability. Jang et al. [44] added
Vascular Endothelial Growth Factor (VEGF) and MSCs to a porcine dECM pregel to promote
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a rapid vascularization of cell-laden heart cECM bioink. In both cases, polycaprolactone
(PCL, a synthetic polymer) was used to provide mechanical support to the structure, due
to the weak mechanical properties of their cECM hydrogel alone. Other approaches used
crosslinkers [45–47] and biomaterials from natural and synthetic origins (such as silk,
genipin [18], or gelatin methacrylate-GelMA [14]) with the same objective of obtaining
patches with enough strength to be manipulated with surgical tools and hence for in vivo
application. The solution achieved in the present work by optimizing the digestion of
cECM overcomes those previous limitations, as there is no need to use a complementary
biomaterial or to crosslink the patches after 3D bioprinting.

3. Conclusions

The use of MSCs for the repair of the infarcted zones of the heart is a promising
therapy, with the release of paracrine factors as the main mechanism of repair involved.
The use of MSC-laden grafts in the form of myocardial patches to be implanted in the
heart represents a major advance in this field, since the therapeutic effect of the cells can be
sustained over time when using this strategy. Nevertheless, MSCs are highly sensitive to
the physico-chemical properties of their ECM microenvironment. Therefore, it is important
to mimic the characteristics of the ECM as much as possible when engineering a therapeutic
graft. Among all possible procedures, the use of cardiac ECM obtained via native tissue
decellularization as a biomaterial to develop the grafts is one the most promising nowadays,
because the scaffold has components from the ECM exclusively. In this work, we have
developed a novel cardiac ECM bioink (digested decellularized myocardial ECM mixed
with hBM-MSCs and bioprinted in the pregel phase) in such a way that the obtained
patches can be manipulated with surgical tools, and thus applied in vivo, not requiring
the use of additional biomaterials or crosslinkers. Moreover, the printability (using a two-
nozzle system with a supporting material) of the bioink allows for custom-shaped patch
development. The morphology and expression of relevant markers of hMSCs cultured
within the developed scaffolds showed effective cell–cell and cell–matrix interactions after a
1-week culture. However, further in vivo studies in animal models are required to ascertain
the therapeutic effect of these cell-cultured scaffolds. Nevertheless, the preliminary results
we show herein, together with results we previously reported for MSCs cultured within
lung ECM hydrogels [24], are promising and suggest that the cECM bioink presented in
this work could be an excellent material to develop customized patches for cell therapy in
cardiac repair.

4. Materials and Methods

All the reagents employed were obtained from Sigma Aldrich (Saint Louis, MO, USA)
unless otherwise specified.

4.1. Preparation of the cECM Bioinks from the Decellularization of Porcine Myocardia

Porcine hearts were obtained from a local slaughterhouse and then washed with
deionized water before freezing them at −80 ◦C to promote cell lysis and storage until
further processing. The decellularization method was adapted from a protocol developed
for human hearts [46], with slight modifications. Briefly, hearts were thawed to room
temperature (RT), and the left ventricular myocardium was sectioned into 1 × 1 × 1 cm3

cubes and frozen for further cryo-sectioning into 300 µm-thickness slices using a cryostat
(HM 560, Thermo Fisher Scientific, Waltham, MA, USA). The resulting myocardial slices
were then decellularized via sequential immersion in lysis solution (10 mM Tris, 0.1% w/v
ethylenediaminetetraacetic acid (EDTA), pH 7.4 in dH2O, 2 h at RT), 0.5% sodium dodecyl
sulfate (SDS) (6 h at RT), and fetal bovine serum (FBS) (3 h, 37 ◦C) with intermediate washes
in phosphate-buffered saline (PBS) 1x. At the end of the decellularization process, the slices
were drained and stored at −80 ◦C. To produce the cECM powder, slices were freeze-dried
for 48 h (Lyoquest-55 Plus, Telstar, Terrassa, Spain) and pulverized into a micrometric
powder using a cryogenic miller (6775 Freezer/Mill, SPEX, Metuchen, NJ, USA).
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The resulting cECM powder was digested at a concentration of 20 mg/mL in a 0.1 M
HCl solution with pepsin from porcine gastric mucosa (1:10 concentration) under magnetic
stirring at RT for different times (for experiments other than rheology, 24 h digestion was
chosen as this time and resulted in the highest storage modulus). After digestion of the ECM
(where pH never rose above 3), the pregel solution was stabilized to pH = 7.4 ± 0.4 using
1 M NaOH (1:10 v/v respect to the HCl volume) and PBS 10x (1:10 v/v respect to the
neutralized volume). For 3D bioprinting, after loading the pregel with the cells (Figure 6A,
Section 4.4 of the present work for more details) the dual-printhead method described
in [27] was used as schematically represented in Figure 6C. Briefly, one printhead of
the 3D bioprinter (3Ddiscovery, RegenHU, Switzerland, installed inside a safety laminar
flow cabinet) was filled with the pregel and maintained at 4 ◦C to prevent gelification. A
secondary printhead was filled with Pluronic F-127 gel at room temperature (RT). Structures
were then bioprinted by alternatively printing an F127 layer (40% v/v in PBS 1x, printed
at ~4.5 atm with a needle of 250 µm of diameter—Nordson EFD, Westlake, OH, USA),
which served as a template, and a pregel layer to form the desired shape. As the pregel
is maintained in liquid phase, the pressure exerted was just above atmospheric pressure.
At the end of the bioprinting process, scaffolds were incubated at 37 ◦C for 45 min to
crosslink the cell-laden cECM hydrogels. Finally, the Pluronic was dissolved by immersing
the developed structures in culture media at 4 ◦C for 10 min.
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4.2. Ultrastructural Characterization by Scanning Electron Microscopy

The ultrastructure of the cECM hydrogel scaffolds was visualized with a JSM-6510
(JEOL, Tokyo, Japan) scanning electron microscope (SEM). cECM scaffolds of 20 × 9 × 3 mm3

were produced via 3D bioprinting casting
The 3D scaffolds were fixed in 4% paraformaldehyde (PFA) in PBS for 48 h and then

washed three times with 0.1 M phosphate buffer (PB). Next, the samples were incubated
in 4% osmium tetroxide for 90 min and then rinsed with deionized water. Subsequently,
samples were dehydrated by washing them with ethanol 80% (×2), 90% (×3), 96% (×3), and
100% (×3) and preserved in absolute ethanol at 4 ◦C until critical point drying (Autosamdri-
815 critical point dryer, Tousimis, Rockville, MD, USA). Samples were then carbon coated
and mounted using conductive adhesive tabs (TED PELLA, Redding, CA, USA). Imaging
was performed by using an SEM (JSM-6510, JEOL, Tokyo, Japan) at 15 kV.

The diameter of the fibers was assessed following the method developed in [47].
Briefly, 10 fibers of three different zones of each sample were randomly selected, and their
diameter was computed with ImageJ Software v1.53 (National Institute of Health, Bethesda,
MD, USA).

4.3. Hydrogel Rheology

The rheology of the developed bioinks was measured using a Haake RheStress1
rheometer (Thermo Fisher, MA, USA) with a 35 mm serrated parallel plate. The storage
(G′) and loss (G′′) moduli were measured, and the modulus of the complex viscosity (η*)
was calculated by using Equation (1) for a given frequencyω.

η∗ = η′ − iη′′ =
G′′

ω
− iG′

ω
(1)

Hydrogels were digested for 16 h, 20 h, 24 h, and 28 h. The gelation kinetics of the
acellular hydrogels was assessed by loading a pregel solution onto a Peltier plate at 4 ◦C
for 10 min at 0.628 rad/s frequency (0.1 Hz). The temperature was kept constant for 10 min,
subsequently increased to 37 ◦C, and kept constant for 15 min.

4.4. 3D Cell Culture of hBM-MSCs

Human bone marrow mesenchymal stromal cells (ATCC, Manassas, VA, USA) were
expanded in tissue culture plates by following the manufacturer’s instructions. Cells in
passages 3–5 were used for conducting all the experiments in this study.

The 3D cultures were prepared by cooling the digested ECM solution to 4 ◦C in the
fridge and then maintaining it in ice prior to neutralization by using ice-cold NaOH and
PBS 10X as previously described. Once the pregel was at 4 ◦C and at physiological pH, it
was mixed with the cells resuspended in ice-cold culture media (2.5 × 106 cells/mL) at a
relation 10:1 v/v. To form the cell-laden hydrogel structures, the resulting mixture was then
incubated at 37 ◦C for 45 min to form disk-shaped structures of 1.9 cm2 of surface area. The
final cell concentration in the scaffolds was 2.5 × 105 cells/mL. The cell-laden structures
were cultured for 7 days, changing the medium every 3 days.

The diameter of cell-laden structures was measured on days 1, 4, and 7 after cell
seeding. cECM hydrogels were imaged with a high-resolution camera fixed to a tripod after
aspirating the culture media to avoid image errors due to the movement of the structure.
The surface area of the 3D cultures was quantified from the acquired images by using
ImageJ Software, and the contraction was calculated as the percentage of reduction with
respect to the corresponding acellular controls [27].

The influence of the cells on the rheological properties once the structures were gellified
was assessed for the cultures at 7 days. Then, rheometry on the cell-laden hydrogels (24 h of
pepsin digestion) was characterized at 37 ◦C by using an amplitude sweep from 5% (which
showed to be the deformation for the cell-laden hydrogels when applying the lowest value
for tension that the equipment allowed) to 1000% at a frequency of 3.14 rad/s (0.5 Hz).
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For the immunohistochemical analysis of the cells cultured in 3D within the cardiac
bioinks, cell-laden hydrogels at day 7 were immersed in Optimal Cutting Temperature
(OCT) and frozen at −80 ◦C. Thin hydrogel slices (≈12 µm) were obtained via cryo-
sectioning (HM 560, Thermo Fisher Scientific, MA, USA) and placed on top of positively
charged glass slides. OCT was removed by thawing and washing the samples in PBS
1X solution at room temperature. Subsequently, cells were fixed with 4% PFA for 15 min.
Primary and secondary antibodies were incubated overnight and for 2 h at 37 ◦C. Nu-
clei were stained with Hoechst 33342 (Thermo Fisher Scientific, MA, USA) for 15 min.
Primary antibodies employed were anti-Cx43 (ab11370, abcam, Cambridge, UK) and anti-
αSMA (ab32575, abcam, Cambridge, UK). Secondary antibodies used were Alexa 488 goat
anti-rabbit (ab150081, abcam, Cambridge, UK) and Alexa 488 goat anti-mouse antibody
(ab150117, abcam, Cambridge, UK). Images were acquired with a Nikon D-Eclipse Ci con-
focal microscope with a 20× and 100× Plan Apo objectives (Nikon, Tokyo, Japan). Usual
controls for immunostaining (e.g., without the primary antibody or without the secondary
antibody) were performed to ensure non-specific staining in the experiments.

4.5. Statistical Analysis

Data are expressed as mean ± SE. For the digestion time and contraction analyses,
one-way analysis of variance (ANOVA), followed by the Holm–Sidak’s post hoc test, was
conducted, while paired t-test was performed for rheological characterization. Statistical
significance was considered at p-values < 0.05.
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Abstract: Alginate–gelatin hydrogels are extensively used in bioengineering. However, despite
different formulations being used to grow different cell types in vitro, their pH and its effect, together
with the crosslinking ions of these formulations, are still infrequently assessed. In this work, we
study how these elements can affect hydrogel stability and printability and influence cell viability
and metabolism on the resulting 3D prints. Our results show that both the buffer pH and crosslinking
ion (Ca2+ or Ba2+) influence the swelling and degradation rates of prints. Moreover, buffer pH
influenced the printability of hydrogel in the air but did not when printed directly in a fluid-phase
CaCl2 or BaCl2 crosslinking bath. In addition, both U2OS and NIH/3T3 cells showed greater cell
metabolic activity on one-layer prints crosslinked with Ca2+. In addition, Ba2+ increased the cell
death of NIH/3T3 cells while having no effect on U2OS cell viability. The pH of the buffer also had
an important impact on the cell behavior. U2OS cells showed a 2.25-fold cell metabolism increase on
one-layer prints prepared at pH 8.0 in comparison to those prepared at pH 5.5, whereas NIH/3T3
cells showed greater metabolism on one-layer prints with pH 7.0. Finally, we observed a difference in
the cell arrangement of U2OS cells growing on prints prepared from hydrogels with an acidic buffer
in comparison to cells growing on those prepared using a neutral or basic buffer. These results show
that both pH and the crosslinking ion influence hydrogel strength and cell behavior.
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1. Introduction

Recently, 3D (bio)printing technology has shown its potential to replace and comple-
ment existing methods in basic research, drug delivery, screening, and medical procedures.
For instance, it allows the production of a bioprinted full-skin equivalent, which can sup-
port bone and capillary formation and breast fat tissue growth, among other biological
structures created in (bio)printed scaffolds in vitro [1–4]. However, even though some
important advances have been made to date, this technology is still evolving and requires
more research on the basic requirements needed to create optimal matrices to grow tissues
in vitro. To construct a successful environment, the biological, physical, mechanical, and
chemical aspects of these scaffolds should be established specifically for each tissue and/or
purpose of the study, as pathologic tissues behave differently from healthy ones.

Hydrogels are largely used in the bioengineering field due to their ability to mimic the
extracellular environment. Alginate hydrogel is the second most used natural bioink in this
field because of its biocompatibility, biomimetic, tunability, good printability, and crosslink
characteristics [5]. However, alginate’s highly swollen polymer crosslinked network can
lead to instability and degradation in just a few days under cell culture conditions [6].
Therefore, tailoring the alginate into a more biomimetic matrix can make it a more attractive
biomaterial. The addition of gelatin can improve the mechanical properties of the hydrogel,
increasing its elasticity and decreasing its stiffness [7,8]. Moreover, Alsberg et al. (2001)
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have shown that the incorporation of RGD molecules into alginate gel transforms the
hydrogel into a suitable matrix to promote bone formation [9]. Finally, an additional way
to tailor its mechanical properties is the degree of crosslinking, which can be determined
by the crosslinker type, concentration, temperature, time of exposure, etc. [10,11].

Alginate can be chemically or physically crosslinked. Chemical crosslinking involves
the formation of irreversible covalent bonds between alginate chains and leads, in general,
to better stability under cell culture conditions [12–15]. Physical crosslinking involves
hydrogen bonding, hydrophobic bonding, ionic bonding, electrostatic interactions, etc.,
to create reversible three-dimensional structures [13–16]. Alginate is usually ionically
crosslinked in the bioengineering field using divalent cations, including calcium. However,
Ca2+ molecules from the crosslinked hydrogel can be released into the medium, causing
inflammatory responses in vitro and in vivo [17]. Another possibility for the ionic crosslink-
ing of alginate substrates for cell-based therapies is the use of Ba2+ molecules. Barium
has a better affinity to alginate, therefore providing hydrogels with stronger mechanical
properties and increased Young’s modulus in comparison to calcium [18]. Yet, Ba2+ has
shown diverse effects on cell viability and proliferation depending on the cell type. For
instance, Luca et al. (2007) reported that encapsulated Sertoli cells in alginate microbeads
showed greater viability after barium crosslinking in comparison to calcium [19]. However,
Mores et al. (2015) showed a decrease in the mononuclear phagocyte viability caused by
apoptosis due to barium crosslinking [20]. Therefore, as few studies regarding barium
crosslinking are available in the literature, alginate crosslinking with barium should be
studied carefully for each cell type and condition.

Another important aspect during the preparation of hydrogel scaffolds for bioengi-
neering is the pH of the solution. FitzSimons et al. (2022) described how pH influences the
polymer bonding kinetics, the mechanical properties, and the protein release of PEG hydrogels
crosslinked via reversible thia-Michael addition [21]. In addition, pH is involved in regulating
the solubility of alginate/gelatin in the aqueous phase [22]. Bouhadir et al. (2001) showed
that increasing the pH leads to an increase in the alginate hydrogel’s degradability [23]. In
addition, the alginate hydrogel viscosity increased with decreasing pH, reaching a max-
imum viscosity at pH 3.0–3.5 once the carboxylate groups were present in the alginate
chain protonate and formed hydrogen bonds [15]. Recently, the effect of pH on hydrogels
has been largely studied, especially regarding the production of responsive hydrogels
used to deliver drugs or optimize cell growth and differentiation. Tailoring hydrogel’s
mechanical properties, degradation rate, and affinity to proteins via pH changes is a costless
and important tool for the bioengineering field. Therefore, understanding the effect of
hydrogel’s intrinsic pH as well as the surrounding pH on the hydrogel’s mechanics and
kinetics is fundamental to accurately control hydrogel behavior.

In this work, we used a hydrogel composed of 6% alginate and 2% gelatin (w/v) to
investigate the impact of different pH values (5.5, 6.5, 7.0, 8.0) and crosslinking ions (CaCl2,
BaCl2) on hydrogel stability under cell culture conditions incubated with either DMEM or
RPMI 1640. These two media are widely used in cell culture and present differences in their
composition regarding calcium (RPMI: 0.8 mM, DMEM: 1.8 mM) and phosphate (RPMI:
5 mM, DMEM: 1 mM) concentrations [24]. Both media present a physiological pH of 7.0–7.4.
The printability of the alginate–gelatin hydrogel with different pH values was tested in
the air and under fluid phase using a support bath containing either 100 mM CaCl2 or
100 mM BaCl2. Air printing allowed the printability of high-viscosity biomaterials and
bioinks, while fluid-phase printing allowed the printability of low-viscosity biomaterials
and bioinks [25]. Finally, to broaden our understanding, different cell types (the human
osteosarcoma cell line U2OS and the murine fibroblast cell line NIH/3T3) were used to
study the effect of the substrate’s pH (as modified by buffer) and crosslinking on cell
viability and metabolism.
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2. Results and Discussion
2.1. Results

Alginate–gelatin hydrogels were prepared using an MES buffer with a pH of 5.5, 6.5,
7.0, or 8.0 and crosslinked with either 100 mM CaCl2 or 100 mM BaCl2 to study the role
of the buffer pH and crosslinking on hydrogel stability over time. With all other factors
remaining the same, the addition of a different pH buffer was expected to change the pH of
the hydrogel, hereafter the substrate’s pH. Hydrogels were molded into 10 mm discs and
kept under cell culture conditions incubated with either complete RMPI 1640 + 10% FBS or
complete DMEM + 10% FBS for 25 days to measure their swelling and degradation rates.
As a result, we observed that all the conditions presented a weight loss of approximately
50% during overnight crosslinking with either calcium or barium. However, they regained
their initial weight at different speeds. Hydrogels crosslinked with calcium and incubated
with RPMI were the least stable under cell culture conditions, showing, in general, the
fastest degradation rate among all the conditions tested in this work. They regained their
initial weight within 24 h, and the swelling of all the hydrogels was between 150 and
200% before degrading (Figure 1A). Crosslinking with calcium and incubation with DMEM
showed better stability in comparison to the previous conditions. The swelling of the
samples was around 135% before degradation. However, all the substrates, regardless of
their pH, degraded within 25 days under cell culture conditions (Figure 1B). Crosslinking
with barium provided overall good stability to the alginate–gelatin hydrogel. Incubation
with RPMI 1640 promoted the higher swelling of samples (~150%) in comparison to their
incubation with DMEM (~120%) (Figure 1C,D). Regarding the hydrogel pH, the hydrogel
pH 8.0 presented the weakest stability under cell culture conditions in RPMI regardless of
the crosslinking and in DMEM after calcium crosslinking (Figure 1).

Afterward, alginate–gelatin hydrogels with different pH values had their printability
tested under the following three different conditions: air printing, fluid-phase embedding
printing with 100 mM of a CaCl2 support bath, and fluid-phase embedding printing with
100 mM of a BaCl2 support bath. We reported in previous findings that to produce printings
of the alginate–gelatin hydrogel, the fluid phase is an efficient way to increase printing
fidelity and resolution [26]. To generate these prints, a needle size of 0.43 mm ID was
used, and the diameter of the strand spread was measured just after printing for the three
conditions. First, we observed that the spread of the air printing strand was around 200%,
while both fluid-phase embedding printing restrained the spread of the printed strand as
the hydrogel was immediately crosslinked during printing. In addition, the two crosslinker
solutions were used as support baths and showed no significant difference in the spread
of the strand between them (Figure 2A). The pH of the alginate–gelatin hydrogel had a
significant influence on air printing, increasing the spread of the printed strand with the
increase in pH. By contrast, fluid-phase embedding printings only showed a slight increase
in the spread of the strand with a hydrogel pH of 8.0, which was not significant (Figure 2B).
The spread of the strand is important for the resolution of the (bio)print and should be
calculated and adjusted to obtain the desired printing design. Knowing how the pH of the
substrate can influence this aspect and how to overcome it is an important parameter for
the biofabrication field. Finally, our results showed that both crosslinker (Ca2+ and Ba2+)-
containing support baths increased the printing fidelity, which is particularly important at
the corners of the prints, as seen in Figure 2C.

Next, we tested the effect of crosslinking on the cell viability and metabolic activity of
the human osteosarcoma U2OS and the murine fibroblast NIH/3T3. Both cell types are well
established in the literature and present high-cell proliferative rates, making them good
models for this study. U2OS cells did not show significant a difference in the cell death
rate of cells growing on alginate–gelatin substrates crosslinked with calcium or barium
either on day 1 or day 7 of cell culture (Figure 3A). However, the substrate crosslinked
with barium led to a 3.62-fold decrease in U2OS cell metabolic activity in comparison to
the substrate crosslinked with calcium (Figure 3B). NIH/3T3 cells presented a high-cell
death rate on both day 1 and day 7 of cell culture on alginate–gelatin hydrogel crosslinked
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with barium at 45% and 60%, respectively, in comparison to 10% and 20%, respectively, of
the cell death rate on the same hydrogel crosslinked with calcium (Figure 3C). Moreover,
NIH/3T3 cells also showed less metabolic activity on the substrate crosslinked with barium
(83.91%) in comparison to the one crosslinked with calcium (100%) (Figure 3D). Even
though crosslinking with barium showed better stability of the alginate–gelatin hydrogel,
the two cell types studied in this work did not show good cell viability and/or cell metabolic
activity on substrates crosslinked with Ba2+.
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Figure 1. Alginate–gelatin hydrogel swelling and degradation curve. 6% alginate + 2% gelatin
hydrogel prepared with 0.1 M MES buffer pH 5.5, 6.5, 7.0 or 8.0 and crosslinked with either 100 mM
CaCl2 or 100 mM BaCl2. The samples were kept under cell culture conditions at 37 ◦C with saturating
humidity with either RPMI 1640 + 10% FBS or DMEM + 10% FBS. Hydrogels were dried and weighed
after being molded into 10 mm diameter discs (W0 = 100%), after crosslinking (WAcl), and on day
1 (WD1), day 5 (WD5), day 10 (WD10), day 15 (WD15), day 20 (WD20), and day 25 (WD25). (A) Hydrogels
crosslinked with 100 mM CaCl2 and incubated with RPMI 1640 + 10% FBS. (B) Hydrogels crosslinked
with 100 mM CaCl2 and incubated with DMEM + 10% FBS. (C) Hydrogels crosslinked with 100 mM
BaCl2 and incubated with RPMI 1640 + 10% FBS. (D) Hydrogels crosslinked with 100 mM BaCl2 and
incubated with DMEM + 10% FBS. (n = 4, graph of mean ± SD).

To study the effect of the substrate’s pH on cell viability and metabolic activity, U2OS
and NIH/3T3 were seeded onto alginate–gelatin prepared with the MES buffer of pH 5.5,
6.5, 7.0, and 8.0. Cells were kept in culture for 7 days incubated with complete RPMI +10%
FBS (U2OS) or complete DMEM + 10% FBS (NHI/3T3). Our results show that U2OS cells
growing on alginate–gelatin hydrogels prepared with different pH values present good
cell viability of approximately 90% of viable cells on day 1 and day 7 of cell culture. Some
cell protective effects were observed by the substrate at pH 7.0; however, no significant
difference in cell viability was caused by the substrate pH (Figure 4A). On the contrary,
the substrate presenting different pH values led to a significant difference in cell metabolic
activity. Cells growing on substrates prepared with pH 7.0 and 8.0 showed an important
increase in cell metabolism in comparison to cells growing on acidic substrates after 7 days
of cell culture. An increase of 2.25-fold was observed in cell metabolism on the substrate
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at pH 8.0 in comparison to cells on the substrate at pH 5.5. All the cells were grown in an
RPMI 1640 cell culture medium under physiological pH. The results show that it is possible
to grow cells over the influence of the pH of interest by preparing a substrate with a specific
pH independent of the cell culture medium utilized. In the same way, NIH/3T3 cells also
showed good viability of cells regardless of substrate pH values on day 1 and day 7 of cell
culture (Figure 4C). However, in the same fashion as U2OS cells, NIH/3T3 also showed a
significant difference in cell metabolism due to the substrate pH. NIH/3T3 cells growing
on substrate at pH 7.0 presented higher metabolic activity in comparison to cells growing
on substrates at pH 6.5 and 8.0 and even greater cell metabolic activity in comparison to
cells growing on substrates at pH 5.5 (Figure 4D).
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Figure 2. Alginate–gelatin hydrogel printability. (A) Quantification of the alginate–gelatin hydrogel
at pH 5.5, 6.5, 7.0, or 8.0 for the diameter of the strand printed in the air and the fluid-phase
embedding support bath containing either 100 mM CaCl2 or 100 mM BaCl2. (n = 4, Two-way ANOVA,
** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant). (B) R-squared of the effect of increasing pH
of alginate–gelatin hydrogel on the spread of the printed line (strand). (C) Alginate–gelatin hydrogel
pH 7.0 square wave printing obtained under 3 bars and 1 mm/s in the air and fluid-phase embedding
support bath containing either 100 mM CaCl2 or 100 mM BaCl2.
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Figure 3. (A) LDH cytotoxicity assay of U2OS cells on alginate–gelatin hydrogel at pH 7.0 crosslinked
with either 100 mM CaCl2 or 100 mM BaCl2 on days 1 and 7 of cell culture (day 1 n = 4 and day 7
n = 3, Two-way ANOVA, ns: not significant). (B) U2OS metabolic activity rate quantified by the % of
alamarBlueTM reduction on day 7 of cell culture on alginate–gelatin hydrogel at pH 7.0 crosslinked
with either 100 mM CaCl2 or 100 mM BaCl2 (n = 4, Two-way ANOVA, **** p < 0.0001). (C) LDH
cytotoxicity assay of NIH/3T3 cells on alginate–gelatin hydrogel at pH 7.0 crosslinked with ei-
ther 100 mM CaCl2 or 100 mM BaCl2 on days 1 and 7 of cell culture (n = 3, Two-way ANOVA,
*** p < 0.001, **** p < 0.0001). (D) NIH/3T3 metabolic activity rate quantified by the % of alamarBlueTM

reduction on day 7 of cell culture on alginate–gelatin hydrogel at pH 7.0 crosslinked with either
100 mM CaCl2 or 100 mM BaCl2 (n = 4, Two-way ANOVA, ** p < 0.01).

Finally, we observed that the pH of the substrate also influenced the cell–cell and
cell–matrix interactions, with cells favoring interactions with each other below pH 7 and
the matrix at pH 7 and above. Alginate–gelatin substrates at pH 5.5 and 6.5 led to the
formation of cell aggregates, whereas substrates at pH 7.0 and 8.0 showed cells that grew
in a more spread-out layout after 7 days of cell culture (Figure 5).

2.2. Discussion

Alginate hydrogels can be crosslinked with many divalent cations. In the present study,
we tested the swelling and degradation rates of alginate–gelatin hydrogels with different
pH values after crosslinking with either 100 mM CaCl2 or 100 mM BaCl2. Both cations are
widely used in the biofabrication field to crosslink the alginate for different purposes, such
as drug encapsulation and delivery, wound dressing, tissue formation, etc. In addition, the
choice of the crosslinker and its concentration can tailor some of the hydrogel’s mechanical
properties like elasticity, strength, stiffness, swelling, etc. [27]. Haper and Barbut (2014)
showed that alginate films, when crosslinked with BaCl2, had the highest tensile strength
and Young’s modulus among Ba2+, Ca2+, Mg2+, Sr2+, and Zn2+ while films crosslinked
with CaCl2 had the highest puncture strength [18]. Alginate’s affinity for divalent cations
was shown to decrease in the following order: Pb2+ > Cu2+ > Cd2+ > Ba2+ > Sr2+ > Ca2+ >
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Co2+, Ni2+, Zn2+ > Mn2+ [28,29]. Gel strength decreased with decreasing affinity. Our study
is in accordance with the literature, as barium crosslinking provided better stability for all
the tested hydrogels in comparison to calcium crosslinking. Additionally, we observed a
shrinkage of approximately 50% on all hydrogels incubated with both crosslinker solutions
(CaCl2 and BaCl2) for 24 h. Saitoh et al. described a similar effect of alginate hydrogel
when crosslinked with Ca2+ and incubated with increasing concentrations of CaCl2, which
showed an increasing shrinkage rate. Increasing the binding between Ca2+ and alginate
residual carboxylate groups led to an increase in the crosslinking degree, which facilitated
gel shrinkage [30]. In the present study, we show that Ba2+ presents a similar effect to Ca2+

regarding the alginate hydrogel shrinkage extent after overnight incubation. In addition to
the crosslinker effect on the hydrogel, we also showed that the cell culture medium in which
the hydrogel was kept played an important role as hydrogels incubated with complete
DMEM + 10% FBS presented overall better stability over time in comparison to the same
hydrogels incubated with complete RPMI 1640 + 10% FBS, even though both media had
the same physiological pH. In addition, among the hydrogels presenting different pH
values, the hydrogel at pH 8.0 showed the weakest strength under cell culture conditions
in general, which degraded faster than the hydrogels at pH 5.5, 6.5, and 7.0. Anionic
hydrogels such as alginate swell at a high pH and shrank at a lower pH. The deprotonation
of carboxylic groups of the alginate molecules at high pH decreased the strength of the
hydrogel as the negatively charged ions repelled each other, leading to hydrogel swelling
and fast degradation. In the opposite fashion, acidic media can lead to the protonation of
alginate carboxylic groups, decreasing repulsion and causing shrinkage because of water
loss [31–33]. In this study, we showed that we can also tailor the alginate hydrogel swelling
and degradation/dissociation rates by changing the pH of the solvent used to produce the
hydrogel independently of the medium’s pH.

This pH effect was also seen in the printability of the hydrogel, as the spread of the
strand significantly increased with the increase in the hydrogel’s pH during printing in the
air. However, fluid-phase embedding printing using either 100 mM CaCl2 or 100 mM BaCl2
as support baths was shown to be efficient in preventing spread from occurring. The slight
increase in the spreading of the line of hydrogel at pH 8.0 printed in the fluid phase was
not significant, as the immediate crosslink after printing the hydrogel was sufficient to keep
its shape. No significant difference was seen between calcium and barium in relation to the
printability of the hydrogel with different pH values. The barium support bath showed a
lower correlation between the spread of the strand and the increasing pH of the hydrogel in
comparison to calcium. Jui-Jung et al. (2017) described that barium crosslinking baths with
different pH values do not influence the shape of alginate particles; however, crosslinking
with calcium at lower pH values does exert an influence [34].

However, even though the crosslinking with barium provided more stability and
strength to the alginate–gelatin hydrogel, both U2OS and NIH/3T3 cells showed signifi-
cantly higher cell metabolic activity on hydrogels crosslinked with calcium in comparison
to hydrogels crosslinked with barium. It was described that both crosslinkers, Ca2+ and
Ba2+, presented a rate of release of molecules to the medium due to their relatively weak
ionic interaction and competition with other cations present in the medium. Chan and
Mooney (2013) described how alginate crosslinked with calcium releases around 43% of
the Ca2+ incorporated in its meshes within the first 10 h of incubation with a cell culture
medium and keeps releasing Ca2+ molecules at a lower rate thereafter as Ca2+ is slowly
exchanged by sodium cations present in the cell culture medium [17]. Ba2+ also presented
a high release rate from alginate in vitro and in vivo, which might be a safety concern [35].
In addition, it is widely known that Ca2+ is one of the most important intracellular second
messengers participating in an extensive number of cell signaling pathways in relation
to cell adhesion, proliferation, metabolism, apoptosis, etc. [36]. There is the possibility
that Ba2+ ions released from alginate can compete with Ca2+ in important metabolic path-
ways, decreasing the metabolic rate of cells seeded onto the substrate crosslinked with
Ba2+ [37–39]. However, there are few studies on the effect of barium crosslinking on cell
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activity and metabolism, and further investigations should be conducted for better under-
standing. We also observed that Ba2+ crosslinking did not increase cell death in comparison
to Ca2+ crosslinking on U2OS cells, whereas Ba2+ crosslinking increased the NIH/3T3 cell
death rate significantly.
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Figure 4. (A) LDH cytotoxicity assay of U2OS cells on alginate–gelatin hydrogel at pH 5.5, 6.5,
7.0, and 8.0 on days 1 and 7 of cell culture (day 1 n = 4 and day 7 n = 3, Two-way ANOVA, not
significant). (B) U2OS metabolic activity rate quantified by the % of alamarBlueTM reduction on day
7 of cell culture on alginate–gelatin hydrogel at pH 5.5, 6.5, 7.0, and 8.0 (n = 6, Two-way ANOVA,
* p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant). (C) LDH Cytotoxicity assay of NIH/3T3 cells
on alginate–gelatin hydrogel at pH 5.5, 6.5, 7.0, and 8.0 on days 1 and 7 of cell culture (day 1 n = 3
and day 7 n = 3, Two-way ANOVA, not significant). (D) NIH/3T3 metabolic activity rate quantified
by the % of alamarBlueTM reduction on day 7 of cell culture on alginate–gelatin hydrogel at pH 5.5,
6.5, 7.0, and 8.0 (n = 6, Two-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns:
not significant).

To study the influence of substrate pH on cell viability and metabolism, U2OS and
NIH/3T3 cells were seeded onto substrates with different pH values. Bone cells responded
to even slight differences in the environment’s pH with higher osteoclast activity in acidic
pH, while osteoblasts have higher activity in basic pH [40–42]. This is one of the homeostatic
mechanisms to keep the systemic acid-base balance. Matsubara et al. (2013) showed that
U2OS cells modulate their proliferation rate in response to extracellular pH, increasing
proliferation in higher pH values [43]. In this work, we used the same cell type to investigate
if changing the substrate pH could change cell behavior. Our results showed that a different
substrate pH led to a significant difference in cell metabolism and no influence on cell
viability. Corroborating the literature, osteoblasts growing on basic substrates showed
greater cell metabolic activity in comparison to cells growing on acidic substrates. Our
results, however, show that independently of the cell culture medium pH, the substrate’s
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pH played a crucial role in cell behavior. In addition, we observed that the U2OS cells
can modulate the cell arrangement in response to the substrate pH, forming aggregates on
acidic printings and spreading out on basic printings. Cells start to grow in 3D aggregates
when the environment is unfavorable to cell–substrate interactions, leading cells to perform
cell–cell and cell-ECM interactions instead [44].

Gels 2023, 9, x FOR PEER REVIEW 7 of 13 
 

 

(B) U2OS metabolic activity rate quantified by the % of alamarBlueTM reduction on day 7 of cell 
culture on alginate–gelatin hydrogel at pH 5.5, 6.5, 7.0, and 8.0 (n = 6, Two-way ANOVA, * p < 0.05, 
** p < 0.01, *** p < 0.001, ns: not significant). (C) LDH Cytotoxicity assay of NIH/3T3 cells on alginate–
gelatin hydrogel at pH 5.5, 6.5, 7.0, and 8.0 on days 1 and 7 of cell culture (day 1 n = 3 and day 7 n = 
3, Two-way ANOVA, not significant). (D) NIH/3T3 metabolic activity rate quantified by the % of 
alamarBlueTM reduction on day 7 of cell culture on alginate–gelatin hydrogel at pH 5.5, 6.5, 7.0, and 
8.0 (n = 6, Two-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant). 

Finally, we observed that the pH of the substrate also influenced the cell–cell and 
cell–matrix interactions, with cells favoring interactions with each other below pH 7 and 
the matrix at pH 7 and above. Alginate–gelatin substrates at pH 5.5 and 6.5 led to the 
formation of cell aggregates, whereas substrates at pH 7.0 and 8.0 showed cells that grew 
in a more spread-out layout after 7 days of cell culture (Figure 5). 

 
Figure 5. Light microscopy images of U2OS cells cultured on alginate–gelatin hydrogel at pH 5.5, 
6.5, 7.0, and 8.0 on day 7 of cell culture. Magnification of 10×. 

2.2. Discussion 
Alginate hydrogels can be crosslinked with many divalent cations. In the present 

study, we tested the swelling and degradation rates of alginate–gelatin hydrogels with 
different pH values after crosslinking with either 100 mM CaCl2 or 100 mM BaCl2. Both 
cations are widely used in the biofabrication field to crosslink the alginate for different 
purposes, such as drug encapsulation and delivery, wound dressing, tissue formation, etc. 
In addition, the choice of the crosslinker and its concentration can tailor some of the hy-
drogel’s mechanical properties like elasticity, strength, stiffness, swelling, etc. [27]. Haper 
and Barbut (2014) showed that alginate films, when crosslinked with BaCl2, had the high-
est tensile strength and Young’s modulus among Ba2+, Ca2+, Mg2+, Sr2+, and Zn2+ while films 
crosslinked with CaCl2 had the highest puncture strength [18]. Alginate’s affinity for di-
valent cations was shown to decrease in the following order: Pb2+ > Cu2+ > Cd2+ > Ba2+ > Sr2+ 
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Studying the interstitial pH of each tissue is a difficult task. There is no available data
for human bone tissue. However, mice embryos were reported to have no impairment in
their development in pH between 7.17 and 7.37 [45]. In this work, we used NHI/3T3 cells,
which are murine embryonic fibroblasts. It is not reported from which tissue it originated,
but Dastagir et al. (2014) showed that this cell type can differentiate into adipogenic,
chondrogenic, and osteogenic lineages [46]. Our results showed that NHI/3T3 cells had
a higher metabolic activity on substrates prepared with a buffer of pH 7.0 in comparison
to substrates prepared with pH 5.5, 6.5, and 8.0, even though all cells were kept in a cell
culture medium under physiological pH. In addition, the pH of the buffer did not influence
NHI/3T3 cell viability. Future work in this direction should attempt to directly measure
substrate pH as a function of time.

3. Conclusions

The bioengineering field is a very complex area of science because it involves several
steps, which are all very specific to each cell type and circumstance. In this study, we
aimed to understand the importance of carefully studying the pH of 3D prints. In addition,
we also aimed to understand how crosslinking affects not only the mechanical properties
of hydrogels but also influences cell viability, growth, and behavior on the prints. In
essence, our findings show that the pH of the microenvironment in which the cells are in
direct contact to grow influences cell behavior independently of the pH of the cell culture
medium in the range studied. Moreover, barium crosslinking provided better stability
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for alginate–gelatin hydrogels independently of the substrate pH. However, U2OS and
NIH/3T3 cells showed significantly lower metabolic activity when grown on substrates
crosslinked with Ba2+ in comparison to Ca2+ crosslinking. In addition, Ba2+ crosslinking
increased NIH/3T3 cell death. Therefore, Ca2+ has been shown to be better at crosslinking
for the growth of both U2OS and NIH/3T3 cells on alginate–gelatin hydrogels. This
illustrates that each cell type can respond differently to different substrate pH values and
crosslinking protocols, indicating the importance of adjusting the conditions in 3D printing
to achieve desired results.

4. Materials and Methods
4.1. Materials

Alginic acid sodium salt type 1, sodium chloride, calcium chloride, and EDC (1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride) were purchased from Thermo
Fisher Scientific, Dublin, Ireland; for gelatin type B, bovine skin and Triton X 100 were pur-
chased from Sigma-Aldrich Ireland Limited, Arklow, Co. Wicklow, Ireland; the MES
buffer at pH 5.5, 6.5, 7.0, and 8.0, Polyetherimide (PEI), Barium Chloride, and NHS
(N-hydroxysuccinimide) were purchased from Alfa Aesar, Ward Hill, MA, USA; MVG
GRGDSP (RGD) was purchased from Novatech, Hattiesburg, MS, USA; RPMI 1640, DMEM,
fetal bovine serum (FBS), and trypsin/EDTA were purchased from Gibco Life Technologies
at Thermo Fisher Scientific, Dublin, Ireland. The U2OS human osteosarcoma cell line
(ATCC® HTB-96TM) and NIH/3T3 murine fibroblast cell line (ATCC® CRL-1658TM) were
used as cell models and purchased from ATCC, Manassas, VA, USA.

4.2. Methods
4.2.1. Cell Culture

U2OS cells and NIH/3T3 cells were cultured in 75 cm2 flasks in complete RPMI 1640
and DMEM, respectively, both supplemented with 10% FBS under a saturated humidified
atmosphere at 37 ◦C and 5% CO2. Subconfluent cultures were passaged at a ratio of 1:5
(U2OS cells) or 1:3 (NIH/3T3 cells) using a 0.05% trypsin/EDTA solution. High-density
cells, 0.5 × 106/cm2, were seeded onto alginate–gelatin printings coated with 120 µM/mL
of RGD + 5% EDC + 2.5% NHS was diluted in 100 mM CaCl2 for 1 h [47,48].

Cells growing on alginate–gelatin hydrogel printings were monitored under an in-
verted phase contrast microscope (Olympus CKX53, Olympus Corporation, Tokyo, Japan),
and photomicrographs were taken by phase contrast using the 10× objective. Images
were analyzed by the software ImageJ/FIJI 2.9.0 (https://imagej.net/software/fiji/ [26],
accessed on 12 September 2023).

4.2.2. Alginate–Gelatin Hydrogel Preparation and Crosslinking

Adapted from [49], 2% gelatin (w/v) was added to a sterile 0.1 M MES buffer at pH 5.5,
6.5, 7.0 or 8.0 + 0.3 M NaCl at 50 ◦C and stirred for 10 min. Sodium alginate was then added
at a final concentration of 6% (w/v) and stirred thoroughly at 50 ◦C until the hydrogel was
homogeneous. Different hydrogel pH values were obtained with the use of an MES buffer
with different pH values as a solvent. The hydrogel pH was not measured throughout the
experiments. Hydrogels were either molded or printed in the air or fluid phase. Hydrogels
were then crosslinked overnight with either 5 mL of 100 mM calcium chloride or 5 mL of
100 mM barium chloride, both dissolved in deionized water.

4.2.3. Swelling and Degradation Measurement

In total, 6% alginate + 2% gelatin pH 5.5, 6.5, 7.0, or 8.0 were molded into 10 mm
diameter discs and crosslinked with 5 mL of either 100 mM calcium chloride or 100 mM
barium chloride. Hydrogels were weighed before crosslinking (W0) as a control. To measure
the swelling and degradation rates, hydrogels were also weighed after crosslinking (WACl),
and on day 1 (WD1), day 5 (WD5), day 10 (WD10), day 15 (WD15), day 20 (WD20) and day 25
(WD25) under cell culture conditions, they were incubated with either complete RPMI 1640
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or complete DMEM both supplemented with 10% FBS at 37 ◦C with saturating humidity.
Hydrogels were air-dried for 30 min before having their weight measured. Calculations
were made for the percentage of W0, and experiments were finished when 2/3 of the
samples disintegrated.

4.2.4. 3D Printing and Printing Resolution

The extrusion-based NAIAD 3D bioprinter, developed by the 3D Bioprinting Group
from the Conway Institute at the University College Dublin, was used to print the alginate–
gelatin hydrogel in the air and fluid phase. Briefly, hydrogels were warmed at 37 ◦C for 30
min in the bioprinter before the printing process. Alginate–gelatin printings were obtained
using a 0.43 mm ID nozzle gauge 23 under 3 bars of pressure and 1mm/s of speed in the air
or fluid phase containing either 100 mM CaCl2 or 100 mM BaCl2. Prior to the fluid-phase
printing, six-well plates were treated with 0.1% PEI overnight for hydrogel attachment
purposes and were washed 3 times with PBS to remove excess PEI. The width of the strands
was measured immediately after printing and was analyzed via the software ImageJ/FIJI
2.9.0 (https://imagej.net/software/fiji/ [26], accessed on 12 September 2023).

4.2.5. Cell Viability Assay

An LDH Cytotoxicity Detection Kit plus (Roche Diagnostics, Basel, Switzerland) was
used to quantify U2OS and NIH/3T3 cell death on day 1 and day 7 of cell culture. Briefly,
cells were incubated for 24 h with either RPMI 1640 or DMEM, each supplemented with
1% FBS, centrifuged, and the amount of LDH on the cell medium was measured at 490 nm
by spectrophotometer (SpectraMax M3). Positive and negative controls were conducted
on conventional 2D cell culture on plastic plates. The positive control was treated with 2%
Triton X-100. Calculations were given as a percentage of the control.

4.2.6. Adapted alamarBlueTM Assay

To quantify the metabolic activity of U2OS and NIH/3T3 cells, 10% of the alamarBlueTM

cell viability reagent (Invitrogen) was added to the DMEM + 10% FBS (NHI/3T3) or RPMI
1640 + 10% FBS (U2OS) media on day 7 of cell culture and incubated for 4 hours. Next, the
cell media containing reduced alamarBlueTM were centrifuged, and 100 µL was transferred
to a 96-well plate. The absorbance of the reduced alamarBlueTM was measured at 570 nm
and 600 nm. Calculations were performed according to the manufacturer’s instructions
and given as a percentage of the control. For calculation purposes, the metabolic activity of
cells growing alginate–gelatin hydrogel at pH 7.0 crosslinked with 100 mM of CaCl2 was
considered a control (100%).

4.2.7. Statistical Analysis

All statistical data processing was performed using multiple comparison tests on
either One-way ANOVA or Two-way ANOVA on GraphPad Prism 9 software. Differences
between the groups were considered reliable if p < 0.05 and values were expressed as the
mean ± SD of at least 3 independent experiments.
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Abstract: Background: Gelatin–xanthan gum (Gel–Xnt) hydrogel has been previously modified
to improve its printability; now, to increase its ability for use as cell-laden 3D scaffolds (bioink),
polydopamine (PDA), a biocompatible, antibacterial, adhesive, and antioxidant mussel-inspired
biopolymer, has been added (1–3% v/v) to hydrogel. Methods: Control (CT) and PDA-blended
hydrogels were used to print 1 cm2 grids. The hydrogels’ printability, moisture, swelling, hydroly-
sis, and porosity were tested after glutaraldehyde (GTA) crosslinking, while biocompatibility was
tested using primary human-derived skin fibroblasts and spontaneously immortalized human ker-
atinocytes (HaCaT). Keratinocyte or fibroblast suspension (100 µL, 2.5 × 105 cells) was combined with
an uncrosslinked CT and PDA blended hydrogel to fabricate cylinders (0.5 cm high, 1 cm wide).
These cylinders were then cross-linked and incubated for 1, 3, 7, 14, and 21 days. The presence of
cells within various hydrogels was assessed using optical microscopy. Results and discussion: PDA
blending did not modify the hydrogel printability or physiochemical characteristics, suggesting that
PDA did not interfere with GTA crosslinking. On the other hand, PDA presence strongly accelerated
and increased both fibroblast and keratinocyte growth inside. This effect seemed to be linked to the
adhesive abilities of PDA, which improve cell adhesion and, in turn, proliferation. Conclusions: The
simple PDA blending method described could help in obtaining a new bioink for the development of
innovative 3D-printed wound dressings.

Keywords: polydopamine; bioprinting; hydrogel; fibroblast; keratinocyte; cell proliferation; skin
wound healing

1. Introduction

Polydopamine (PDA) stands out as a remarkable bioinspired biopolymer, drawing
inspiration from mussel adhesive proteins and exhibiting a multifaceted array of attributes
that render it highly applicable across diverse biomedical domains [1]. Its remarkable
biocompatibility, coupled with potent antioxidant, antibacterial, and adhesive properties,
positions PDA as a material of choice in diverse applications in the biomedical field [1]. The
versatility of PDA is exemplified by its ability to form layers on nearly all types of organic
and inorganic substrates, facilitated by the self-polymerization of dopamine (DA) under al-
kaline conditions [2]. This characteristic enables PDA to serve diverse functions, including
tissue adhesion, sealing, surface coating, and biomolecule immobilization, amplifying its
utility in biomedical contexts [2]. However, the efficacy of the oxidative polymerization pro-
cess of DA hinges upon the meticulous control of parameters such as temperature, the pH
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of Tris-HCl, and the initial dopamine concentration [3]. Dopamine (DA), as the precursor to
PDA, emerges as a pivotal material due to its versatility and cost-effectiveness, laying the
foundation for the exploration of advanced applications of PDA in biomedical fields [4]. In
recent years, PDA-enriched mussel-inspired hydrogels have garnered significant attention
for their superior properties compared to conventional hydrogels [5]. These hydrogels, en-
riched with dynamic catechol-based bonds, exhibit exceptional toughness, extensibility, and
a rapid self-healing capacity, marking significant strides in biomaterials engineering [5,6].
Furthermore, PDA modifications in hydrogels allow for increased applications not only in
regenerative medicine (increasing cell and tissue adhesion capacity), but also in drug deliv-
ery systems [6–11]. Notably, PDA-modified hydrogels hold promise as wound dressings,
accelerating the healing of chronic wounds [12–14]. Bioprinting emerges as a transforma-
tive technology in tissue engineering, facilitating the fabrication of intricate, cell-laden 3D
scaffolds that mimic native tissue architecture [15,16]. Hydrogel-based bioinks, particularly
those incorporating PDA, have emerged as a cornerstone in 3D bioprinting, enabling the
precise deposition of cells and biomaterials to generate complex tissue constructs [17–20].
While the application of 3D bioprinted PDA-modified hydrogels has primarily focused
on bone tissue engineering, their versatility suggests potential applications across various
tissue types [17,21,22]. In our prior work, we introduced a novel 3D-printable bioink com-
prising gelatin and xanthan gum, which was successfully employed for printing structures
laden with human skin cells [23]. Herein, our investigation revolves around evaluating
the impact of incorporating polydopamine (PDA) into the gelatin–xanthan gum hydrogel
blend. We aim to ascertain whether this modification enhances the hydrogel’s capacity
to facilitate skin cell proliferation while preserving its original physicochemical proper-
ties. The ultimate goal is to harness this innovative mussel-inspired hydrogel for dual
purposes: serving as a potential wound dressing and as a scaffold for constructing intricate
3D skin-like models.

2. Results and Discussion
2.1. PDA Does Not Alter Hydrogel Printability and Moisture

The incorporation of Polydopamine (PDA) into Gel–Xnt hydrogel resulted in a dose-
dependent darkening of the hydrogel, as depicted in Figure 1A, consistent with expec-
tations [24]. Despite this darkening effect, all PDA-blended hydrogels retained their
printability, as evidenced by Figure 1A, indicating that the presence of PDA did not signif-
icantly impact the viscosity of the hydrogel. In previous studies, it has been shown that
soaking substrates in a dilute aqueous solution of dopamine, buffered to a pH of 8.5, results
in the spontaneous deposition of a thin adherent polymer film [25]. This polymer film
typically attains a thickness ranging from 10 to 50 nm after 24 h, with its formation ap-
pearing independent of the substrate used [25]. In our experimental setup, we introduced
a PDA solution into the Gel–Xnt mixture before crosslinking with GTA. Remarkably, this
introduction of PDA did not appear to affect the viscosity or crosslinking behavior of the
hydrogel, indicating the compatibility of PDA with both Gel and Xnt components.

The main goal of our research on Gel–Xnt printable hydrogels was to use 3D printing
technology to fabricate cell-seeded hydrogels for therapeutic purposes (e.g., skin grafts [26],
restoring tissue layers [27] or to promote wound healing). Specifically, hydrogels that are
employed in wound healing ought to contain a significant water content. This attribute is
essential as it enhances cellular interaction and facilitates the diffusion of molecules [28],
all while preventing tissue dehydration.

In CT hydrogels (3% Gel–1.2% Xnt) the percentage of water measured, using the
method described by Shawan et al. [28], was 91 ± 0.2% and the blending with different
% of PDA did not modify hydrogel water content (Figure 2). In fact, the water percent
measured for PDA 1%, 2%, and 3% hydrogels was, respectively, 90.9 ± 0.2%, 91.1 ± 0.3%,
and 90.6 ± 1.1% (Figure 2). PDA is an excellent adhesive material with superhydrophilic
properties [29], but, in this case, the hydrophilicity of the starting hydrogel was so high that
the PDA blending was not able to further increase it.
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and drying process at 37 ◦C for 2 days.

2.2. PDA Blending Effect on Hydrogel Swelling

Evaluating swelling is pivotal in the assessment of hydrogel properties due to its
direct correlation with the water absorption capacity, resulting in increased weight and
volume [30]. Hydrogels prone to higher degrees of swelling may undergo shape changes
and fractures, particularly in moist environments. The swelling behavior of hydrogels can
vary based on factors such as gelatin concentration and the presence of glutaraldehyde
in their formulation. Glutaraldehyde facilitates the crosslinking of gelatin by reacting
with non-protonated ε-amino groups (-NH2) in lysine or hydroxylysine within the gelatin
structure, leading to the formation of amide linkages [31]. These crosslinking interactions
significantly influence the hydrogel’s water retention capacity [30]. In our CT bioink, gel
functional groups effectively bind with all aldehyde groups of the crosslinker, limiting their
interaction with water molecules and thereby positively impacting the swelling rate [24].
Figure 3 illustrates that PDA 2% and 3% hydrogels exhibited increased swelling after
1 h (65.5 ± 11.4% and 60.9 ± 7%, respectively) compared to the CT samples (41.4 ± 4.3%,

214



Gels 2024, 10, 145

p < 0.05), which was attributed to the presence of hydrophilic PDA enhancing the water
binding ability.
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Figure 3. Swelling ratio of rehydrated CT and PDA-blended hydrogels. Dried hydrogels were (1)
weighed, (2) rehydrated by immersion in deionized water, and (3) weighed, after the residual water
was removed by capillary action of filter paper, at different time points (time 1, 3, 6 hs). ** p < 0.05
compared to CT samples.

However, this increased water binding ability demonstrated by PDA-blended hydro-
gels diminished after 3 h, as the CT samples showed a swelling ratio of 83.1 ± 6.8%, while
PDA 3% exhibited a ratio of 69.0 ± 7%. Similar trends were observed after 6 h (Figure 3).
Notably, PDA did not appear to interfere with GTA crosslinking abilities in forming bonds
between Gel and Xnt. This suggests a complex interplay between hydrogel components
influencing swelling behavior over time. Further investigations are warranted to elucidate
the long-term effects and optimize hydrogel formulations for specific applications.

2.3. PDA Effect on Hydrogel Hydrolysis

Hydrolysis values were determined following 7 and 14 days of submersion at 37 ◦C
for both CT and PDA-blended printed hydrogels. Despite being predominantly composed
of water, hydrogels are susceptible to degradation via hydrolysis, a process where wa-
ter molecules interact with the hydrogel structure over time, especially under elevated
temperatures. The CT hydrogel exhibited a significant percentage of hydrolysis after
7 days (86.1 ± 1.1%), which decreased notably after 14 days (61.4 ± 3.8%) (refer to Figure 4).
Interestingly, the incorporation of PDA did not appear to influence the hydrolysis rate of the
hydrogel, indicating that PDA does not interfere with the crosslinking process, mediated by
GTA, between Gel and Xnt. This observation aligns with our previous findings [23], where
we suggested that the sensitivity of CT hydrogel to hydrolysis might stem from the robust
crosslinking induced by GTA, resulting in numerous aldehyde groups linked to gelatin via
an amide bond, rendering it less stable and more prone to hydrolytic degradation.
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2.4. PDA Effect on Hydrogel Porosity

Since the ability of cells to proliferate in a 3D structure depends on the pore size
and the biodegradability of the structure, it is important to consider the size and number
of pores, as well as their geometry and connectivity [32]. Pore sizes should be less than
500 µm to allow for vascularization and tissue formation, as larger pore sizes could decrease
cell–cell interactions and, thus, their proliferation [32,33]. In a previously published paper
from our lab [23], the porosity of CT hydrogel (3% Gel–1.2% Xnt) was measured using
both morphological analysis and a liquid displacement method. The average number of
pores measured in an area of 25 µm2 was 12,100 ± 561, while their average diameter was
0.723 ± 0.38 µm [23]. The porosity of the CT gel was, therefore, in a range that allows cell
survival and communication. Moreover, the percentage of porosity measured using the
liquid displacement method for the CT hydrogel was 30.82 ± 4.93% [23], comparable with
that measured in the current work (44.1 ± 11.2%,); even the real porosity (average number
and size of pores) is reasonable and comparable with that observed in that paper. As shown
in Figure 5, PDA blending did not alter the percentage of porosity values which were
43.1 ± 8.2%, 45.3 ± 10.2%, and 46.2 ± 9.4%, respectively, for PDA 1%, 2%, and 3%.
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2.5. PDA Effect on Cell Proliferation in Cell-Laden Hydrogel

The important indicators of the cytocompatibility of a biomaterial are cell adhesion
and proliferation. We already demonstrated that Gel–Xnt hydrogels were nontoxic and
cytocompatible; however, to evaluate the effects of hydrogel functionalization with various
concentrations of PDA, human keratinocytes and fibroblasts were mixed with CT and
PDA-blended. Cell-laden hydrogels were used to print small cylinders crosslinked using
TGA, as described in the Materials and Methods section. Cell-laden cylinders were then
washed using PBS and, finally, were cultured for 21 days. Cell growth was monitored b
counting the cells present in the hydrogel at different time points. As shown in Figure 6A,B,
both keratinocytes and fibroblasts grew slowly until day 7, when, for both cell populations,
a significant acceleration in growth in the PDA-blended hydrogel was seen. In fact, on day
7, keratinocyte growth in the CT samples was 120.1 ± 6.9% of T0 (0d), similar to the value
scored in PDA 1% samples (123.1 ± 5.7%), while, in PDA 2% and 3%, keratinocyte growth
significantly increased, respectively, to 138.2 ± 6.1% and 142.4 ± 3.9% that of CT (p < 0.05)
(Figure 6A). Keratinocyte growth further increased at day 14, reaching a plateau at day 21
with an ever significant positive difference in PDA-blended hydrogels. In fact, at day 21,
keratinocyte growth in the CT samples was 131.8 ± 2.5% of T0 (0 d), while, in PDA 1%,
2%, and 3%, it was, respectively, 141.0 ± 2.1%, 149.2 ± 2.5%, and 156.4 ± 4.7% that of CT
(p < 0.05) (Figure 6A,B).
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after 21 days. Bar = 100 µ. ** p < 0.05 as compared to CT samples.

A similar cellular growth pattern was observed for human fibroblasts (Figure 7A,B),
which, however, grew faster than keratinocytes and reached their maximum growth at day
7. In fact, at day 7, fibroblast growth in the CT samples was 139.5 ± 7.2% of T0 (0 d), while,
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in PDA 1%, 2%, and 3%, hydrogels fibroblast growth significantly increased, respectively, to
159.7 ± 9.1%, 176.4 ± 9.9%, and 196.1 ± 12.1% that of CT (p < 0.05) (Figure 7A). These growth
values remained substantially unchanged at day 14 and 21, indicating that fibroblasts
reached their maximum space of proliferation (Figure 7A,B)
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The faster and higher growth observed for both keratinocytes and fibroblasts in PDA-
blended hydrogels compared to the CT samples, even with some important differences due
to cell characteristics (epithelial cells vs. connective tissue cells), is believed to be due to the
strong adhesion of the cells to the surface of the PDA-mixed hydrogels and the resulting
cell survival and proliferation [8]. Of course, a more detailed cell morphological and
proteomic analysis is necessary to fully understand the PDA positive effect on cell growth
observed in this kind of printable hydrogel. In addition, it may be interesting to evaluate
whether a different percentage of PDA or a different quantity of PDA nanoparticles present
in a hydrogel [34] could modulate the growth of the different cell population, such as
endothelial cells or osteoblasts, to be able, for example, to create a PDA gradient that can
act as an “organizer” of small models of complex organs.

Two potential mechanisms of action for PDA in promoting cell proliferation can be
postulated. The first, an indirect mechanism, may be linked to the pronounced hydrophilic-
ity imparted by the PDA coating, attributed to its catechol/quinone polar units, amines,
and imines [11]. This increased hydrophilicity could play a crucial role in modulating the
adsorption of serum proteins on the hydrogel substrate, thereby indirectly influencing cell
adhesion and cytoskeletal reorganization, as observed in other scaffold types [35]. Notably,
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studies have indicated that PDA facilitates the adsorption of proteins while preserving
their native configuration, which is pivotal for effective cell adhesion and spreading [36].

However, despite the anticipated increase in hydrogel swelling properties due to
the enhanced hydrophilicity induced by PDA, our study revealed no significant rise in
hydrogel swelling upon PDA addition. This result could be due to the high hydrogel
wettability; consequently, the hydrophilic impact of PDA in our experimental setup may
not be paramount. Hence, an alternative direct mechanism of action for PDA in augmenting
cell adhesion and proliferation can be proposed. Specifically, this involves the capacity of
the PDA coat to elevate the expression of paxillin, a key protein within the focal adhesion
complex facilitating cell–substrate anchoring [37,38], as well as inducing the overexpression
of the marker MYO, which is responsible for encoding myosin expression in the cytoskele-
ton. The upregulation of MYO induced by PDA could facilitate the rearrangement of the
actin–myosin filaments crucial for establishing robust cell–matrix interactions [38].

3. Conclusions

Three-dimensional (3D) bioprinting has emerged as a transformative technology in
modern medicine, particularly heralded for its applications in tissue engineering and the
treatment of challenging wound conditions. This innovative approach enables the fabri-
cation of complex 3D biological structures that closely mimic the microenvironment of
native tissues, fostering crucial interactions between cells and their extracellular matrix. In
previous studies, we successfully adapted a Gel–Xnt hydrogel, demonstrating its efficacy
as a wound dressing material through rat skin burn experiments [28], and subsequently de-
veloped it into a printable bioink [23]. In our latest endeavor, we sought to further enhance
the biocompatibility and bioactivity of this hydrogel by incorporating Polydopamine (PDA)
during the crosslinking process. PDA, renowned for its natural bioadhesive properties and
versatility as a polymer, holds immense promise across various biomedical applications
owing to its exceptional chemical adaptability and inherent antioxidant and antibacterial
characteristics. Moreover, PDA exhibits the remarkable ability to modulate cell adhesion
dynamics and promote cell proliferation at the interface of biomaterials. These attributes
position PDA as a compelling biomaterial for facilitating wound healing and skin regen-
eration. Importantly, our incorporation of PDA into the original Gel–Xnt bioink did not
compromise its printability or alter its physicochemical properties, including its moisture
content, swelling behavior, hydrolysis rate, and porosity. However, the addition of PDA
significantly augmented the growth of human keratinocytes and fibroblasts, suggesting
a pronounced enhancement in bioactivity. This positive effect can primarily be attributed
to the unique adhesive properties of PDA, which facilitate superior cell adhesion and
proliferation within the hydrogel matrix.

Thus, the straightforward method of blending PDA described herein holds promise for
the development of a novel bioink with enhanced antibacterial and antioxidant properties,
courtesy of PDA’s presence. Such advancements could prove invaluable in the fabrication
of next-generation printed wound dressings, offering innovative solutions for improved
wound care and tissue regeneration.

4. Materials and Methods
4.1. Preparation of Polydopamine

Dopamine hydrochloride (2 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) was
polymerized to polydopamine (PDA) in Tris-HCl buffer (pH 8.5) [25]. The prepared dark
PDA solution was stored at 4 ◦C for a maximum period of a month [12].

4.2. Preparation of Hydrogel

Shawan et al. [12] laid the groundwork for the preparation of hydrogels targeting
wound healing, employing various formulations of gelatin (Gel) and xanthan gum (Xnt).
Building upon this research, we developed two novel printable Gel–Xnt hybrid composite
hydrogels [23]. For the hydrogel discussed in this paper, we utilized a formulation consist-
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ing of 3% Gel and 1.2% Xnt. The synthesis process involved gradually adding bovine Gel
(0.6 g) (Sigma-Aldrich, St. Louis, MO, USA) to 20 mL of deionized sterilized water at 70 ◦C
under magnetic stirring to prevent clumping. Subsequently, Xnt (0.12 g) (Sigma-Aldrich, St.
Louis, MO, USA) was introduced into the gelatin solution, with a temperature range of
60–70 ◦C, until water evaporation occurred. The resulting hydrogel (3% Gel-1.2% Xnt) was
then stored at 4 ◦C until use, typically within a week. To incorporate polydopamine (PDA)
into the hydrogels, a PDA solution was added drop by drop during mixing to achieve
concentrations of 1%, 2%, or 3% (v/v). Following preparation, the hydrogels were refriger-
ated for 3 to 10 days and brought to room temperature prior to printing. This meticulous
synthesis procedure ensures the stability and consistency of the hydrogel formulations for
subsequent applications.

4.3. Hydrogel Bioprinting and Crosslinking

CellInk Inkredible 3D printer (CellInk, Gothenburg, Sweden) was used for hydrogels
printing. Bio-ink syringes (3 mL) were filled with the different hydrogels and then loaded
into the 3D printers (3 mL). Hydrogels were printed with a pressure of 8 kPa to obtain
1 cm2 samples. Hydrogels crosslinking was then performed by using 0.3% glutaraldehyde
(GTA) (v/v%), prepared from a 25 v/v% stock solution. Samples were submerged in GTA
solution for 20 min then washed twice with phosphate buffer (PBS) pH 7.4.

4.4. Characterization of 3D-Printed Hydrogel
4.4.1. Moisture

The moisture percentage was calculated according to Shawan’s method [13]. On the
third day of stabilization, the hydrated prints were weighed (WH), stored at 37 ◦C for 2 days
to allow the drying process to complete, and then weighed again (WD). The percentage of
moisture (water) in a printed hydrogel was calculated by using the following equation:

Moisture (%) = [(WH − WD)/WH] × 100

where WH is the original weight of the sample before drying and WD is the weight of the
sample after drying.

All the experiments were replicated three times, with at least three samples for each
condition.

4.4.2. Swelling

Swelling test was performed using crosslinked printed hydrogel dried at 37 ◦C for
48 h. Dried hydrogels were weighed, rehydrated by soaking in deionized water, and
weighed again after the residual water was removed by the capillary action of filter paper,
at different time points (1, 3, and 6 hs). The swelling ratio (S) was calculated according to
Zheng [13].

All the experiments were replicated three times, with at least three samples for
each condition.

4.4.3. Hydrolysis

To assess hydrolysis, the cross-linked printed hydrogels were weighed (time 0) and
immersed in deionized water at 37 ◦C. After a period of 4–14 days, the weight was calcu-
lated by removing the deionized water and lightly blotting the cross-linked prints with
filter paper. The percentage of hydrolysis was obtained with the following equation:

Hydrolysis (%) = [(WI − WF)/WI] × 100

where WI is the weight before soaking and WF is the weight remaining after soaking and
removal of deionized water. All experiments were replicated three times, with at least
three samples for each condition.
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4.4.4. Porosity

The porosity of the printed hydrogels was assessed by the liquid displacement method.
Absolute ethanol, which causes neither swelling nor shrinking of gelatin [14], was used to
immerse the prints. After 5 min of submersion in a known amount of absolute ethanol, the
samples were weighed. The porosity of the hydrogel was calculated as follows:

Porosity (%) = [(W1 − W3)/ (W2 − W3)] × 100

where W1 is the initial weight of pure ethanol, W2 is the total weight combining the
weight of the hydrogel with that of the ethanol, and W3 is the final weight of ethanol
without hydrogel.

4.5. Cell Culture

Primary human-derived skin fibroblasts (human fibroblasts were kindly donated by
Prof. Marco De Andrea (University of Turin, Italy) and spontaneously immortalized human
keratinocytes (HaCaT) (HaCaT were purchased from Cell Lines Service GmbH (Eppelheim,
Germany)) were used to test the biocompatibility of the printable hydrogels [23]; Fibroblasts
were grown in Petri dishes in RPMI 1640 and keratinocytes in culture flasks in DMEM,
both supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% Penicillin–
Streptomycin and L-Glutamine (Immunological Science, Milan, Italy) in a cell incubator
with a humidified atmosphere containing 5% CO2 at 37 ◦C. Small volumes of 100 µL cell
suspension containing 2.5 × 105 cells (fibroblast or keratinocytes) were gently mixed, with
two syringes connected under a sterile hood. Cylinders, 0.5 cm high and 1 cm wide, were
printed in 12-well plates using 12-well model tissue G-code. The cylinders were then
crosslinked using GTA. The cell-laden cylinders were washed three times with sterile
PBS and incubated for 1, 3, 7, 14, and 21 days in DMEM 10% FBS at 37 ◦C in a 5% CO2
atmosphere. Then, the culture medium was removed and the hydrogels containing the
cells were washed 3 times with PBS. Hydrogel images (3 different fields for samples) were
digitally acquired using a Zeiss Axiovert 40 cfl (Carl Zeiss Microscopy, LLC, New York,
NY, USA) at an original magnification of 20×. The images were analyzed by two different
operators blind about the nature of images and the cell number was scored using Image J
1.53m software. Cell number was expressed as % cells present in CT samples at time 0.

4.6. Statistical Analysis

Data were presented as mean ± standard deviation (SD). Statistical analyses were
performed with GraphPad PRISM software. The Kolgomorov–Smirnoff test was applied
in order to understand the normal distribution of data. One-way ANOVA was used for
multiple comparisons, while the t-Test was performed to compare between the two groups.
p-values < 0.05 were considered statistically significant.

Author Contributions: Conceptualization, F.R. and P.Y.; methodology, F.R. and P.Y.; software, F.R.;
validation, M.M. and S.G.; formal analysis, S.G. and M.B.; investigation, F.R. and P.Y.; resources,
F.R. and M.M.; data curation, P.Y. and M.S.; writing—original draft preparation, F.R., P.Y. and M.S.;
writing—review and editing, F.R., M.I., S.G. and M.I.; visualization, M.B.; supervision, F.R. and M.I.;
project administration, F.R., M.B. and M.I.; funding acquisition, M.I. and M.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Health Sciences Department research fund, Università
del Piemonte Orientale, grant number: RIVinvernizzimRL16_BCRLrehab17_19, and by the Depart-
ment of Science and Technology Innovation, Università del Piemonte Orientale, grant number:
RIVsabbatinimFAR17_astrociti_19-21.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

221



Gels 2024, 10, 145

Data Availability Statement: The datasets presented in this article are not readily available be-
cause the data are part of an ongoing study. Requests to access the datasets should be directed to
filippo.reno@unimi.it.

Acknowledgments: The authors thank Marco De Andrea from the University of Turin for the kind
gift of the human fibroblasts.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, H.; Yin, D.; Li, W.; Tang, Q.; Zou, L.; Peng, Q. Polydopamine-based nanomaterials and their potentials in advanced drug

delivery and therapy. Colloids Surf. B Biointerfaces 2021, 199, 111502. [CrossRef] [PubMed]
2. Lu, M.; Yu, J. Mussel-Inspired Biomaterials for Cell and Tissue Engineering. Adv. Exp. Med. Biol. 2018, 1077, 451–474. [PubMed]
3. Sarkari, S.; Khajehmohammadi, M.; Davari, N.; Li, D.; Yu, B. The effects of process parameters on polydopamine coatings

employed in tissue engineering applications. Front. Bioeng. Biotechnol. 2022, 10, 1005413. [CrossRef] [PubMed]
4. Beckwith, K.M.; Sikorski, P. Patterned cell arrays and patterned co-cultures on polydopamine-modified poly(vinyl alcohol)

hydrogels. Biofabrication 2013, 5, 045009. [CrossRef] [PubMed]
5. Zhang, C.; Wu, B.; Zhou, Y.; Zhou, F.; Liu, W.; Wang, Z. Mussel-inspired hydrogels: From design principles to promising

applications. Chem. Soc. Rev. 2020, 49, 3605–3637. [CrossRef]
6. Hu, Y.; Dan, W.; Xiong, S.; Kang, Y.; Dhinakar, A.; Wu, J.; Gu, Z. Development of collagen/polydopamine complexed matrix

as mechanically enhanced and highly biocompatible semi-natural tissue engineering scaffold. Acta Biomater. 2017, 47, 135–148.
[CrossRef]

7. Yazdi, M.K.; Zare, M.; Khodadadi, A.; Seidi, F.; Sajadi, S.M.; Zarrintaj, P.; Arefi, A.; Saeb, M.R.; Mozafari, M. Polydopamine
Biomaterials for Skin Regeneration. ACS Biomater. Sci. Eng. 2022, 13, 2196–2219. [CrossRef]

8. Pacelli, S.; Paolicelli, P.; Petralito, S.; Subham, S.; Gilmore, D.; Varani, G.; Yang, G.; Lin, D.; Casadei, M.A.; Paul, A. Investigating
the role of polydopamine to modulate stem cell adhesion and proliferation on gellan gum-based hydrogels. ACS Appl. Bio Mater.
2020, 3, 945–951. [CrossRef]

9. Singh, N.; Sallem, F.; Mirjolet, C.; Nury, T.; Sahoo, S.K.; Millot, N.; Kumar, R. Polydopamine modified Superparamagnetic Iron
oxide nanoparticles as multifunctional nanocarrier for targeted prostate cancer treatment. Nanomaterials 2019, 9, 138. [CrossRef]
[PubMed]

10. Zhang, M.; Zou, Y.; Zuo, C.; Ao, H.; Guo, Y.; Wang, X.; Han, M. Targeted antitumor comparison study between dopamine
self-polymerization and traditional synthesis for nanoparticle surface modification in drug delivery. Nanotechnology 2021, 32, 30.
[CrossRef] [PubMed]

11. Jia, L.; Han, F.; Wang, H.; Zhu, C.; Guo, Q.; Li, J.; Zhao, Z.; Zhang, Q.; Zhu, X.; Li, B. Polydopamine-assisted surface modification
for orthopaedic implants. J. Orthop. Transl. 2019, 17, 82–95. [CrossRef] [PubMed]

12. Fan, F.; Saha, S.; Hanjaya-Putra, D. Biomimetic hydrogels to promote wound healing. Front. Bioeng. Biotechnol. 2021, 9, 718377.
[CrossRef]

13. Zheng, D.; Huang, C.; Zhu, X.; Huang, H.; Xu, C. Performance of polydopamine complex and mechanisms in wound healing. Int.
J. Mol. Sci. 2021, 22, 10563. [CrossRef]

14. Zhang, S.; Ge, G.; Qin, Y.; Li, W.; Dong, J.; Mei, J.; Ma, R.; Zhang, X.; Bai, J.; Zhu, C.; et al. Recent advances in responsive hydrogels
for diabetic wound healing. Mater. Today Bio 2022, 18, 100508. [CrossRef]

15. Chi, M.; Li, N.; Cui, J.; Karlin, S.; Rohr, N.; Sharma, N.; Thieringer, F.M. Biomimetic, mussel-inspired surface modification
of 3D-printed biodegradable polylactic acid scaffolds with nano-hydroxyapatite for bone tissue engineering. Front. Bioeng.
Biotechnol. 2022, 10, 989729. [CrossRef]

16. Ghorai, S.K.; Dutta, A.; Roy, T.; Guha Ray, P.; Ganguly, D.; Ashokkumar, M.; Dhara, S.; Chattopadhyay, S. Metal ion augmented
mussel inspired polydopamine immobilized 3D printed osteoconductive scaffolds for accelerated bone tissue regeneration. ACS
Appl. Mater. Interfaces 2022, 14, 28455–28475. [CrossRef] [PubMed]

17. Yang, Z.; Yi, P.; Liu, Z.; Zhang, W.; Mei, L.; Feng, C.; Tu, C.; Li, Z. Stem cell-laden hydrogel-based 3D bioprinting for bone and
cartilage tissue engineering. Front. Bioeng. Biotechnol. 2022, 10, 865770. [CrossRef] [PubMed]

18. Teixeir, M.C.; Lameirinhas, N.S.; Carvalho, J.P.F.; Silvestre, A.J.D.; Vilela, C.; Freire, C.S.R. A guide to polysaccharide-based
hydrogel bioinks for 3D bioprinting applications. Int. J. Mol. Sci. 2022, 23, 6564. [CrossRef]

19. Gao, Q.; Kim, B.S.; Gao, G. Advanced strategies for 3D bioprinting of tissue and organ analogs using alginate hydrogel bioinks.
Mar. Drugs 2021, 19, 708. [CrossRef]

20. O’Connor, N.A.; Syed, A.; Wong, M.; Hicks, J.; Nunez, G.; Jitianu, A.; Siler, Z.; Peterson, M. Polydopamine antioxidant hydrogels
for wound healing applications. Gels 2020, 6, 39. [CrossRef]

21. Im, S.; Choe, G.; Seok, J.M.; Yeo, S.J.; Lee, J.H.; Kim, W.D.; Lee, J.Y.; Park, S.A. An osteogenic bioink composed of alginate, cellulose
nanofibrils, and polydopamine nanoparticles for 3D bioprinting and bone tissue engineering. Int. J. Biol. Macromol. 2022, 205,
520–529. [CrossRef]

22. Chen, Y.W.; Fang, H.Y.; Shie, M.Y.; Shen, Y.F. The mussel-inspired assisted apatite mineralized on PolyJet material for artificial
bone scaffold. Int. J. Bioprint 2019, 5, 197. [CrossRef]

222



Gels 2024, 10, 145

23. Piola, B.; Sabbatini, M.; Gino, S.; Invernizzi, M.; Renò, F. 3D Bioprinting of gelatin-xanthan gum composite hydrogels for growth
of human skin cells. Int. J. Mol. Sci. 2022, 23, 539. [CrossRef] [PubMed]
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