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Robert Tylingo d, Michał Pikuła a 

a Laboratory of Tissue Engineering and Regenerative Medicine, Division of Embryology, Medical University of Gdansk, Poland 
b Department of Clinical Anatomy, Medical University of Gdansk, Poland 
c Department of Biomedical Chemistry, Faculty of Chemistry, University of Gdansk, Poland 
d Department of Chemistry, Technology and Biochemistry of Food, Faculty of Chemistry, Gdansk University of Technology, Poland   

A R T I C L E  I N F O   

Keywords: 
Hydrogels 
Bioprinting 
3D- printing 
Regenerative medicine 
Stem cells 

A B S T R A C T   

Hydrogels are three-dimensional polymer networks with hydrophilic properties. The modifiable properties of 
hydrogels and the structure resembling living tissue allow their versatile application. Therefore, increasing 
attention is focused on the use of hydrogels as bioinks for three-dimensional (3D) printing in tissue engineering. 
Bioprinting involves the fabrication of complex structures from several types of materials, cells, and bioactive 
compounds. Stem cells (SC), such as mesenchymal stromal cells (MSCs) are frequently employed in 3D con
structs. SCs have desirable biological properties such as the ability to differentiate into various types of tissue and 
high proliferative capacity. Encapsulating SCs in 3D hydrogel constructs enhances their reparative abilities and 
improves the likelihood of reaching target tissues. In addition, created constructs can simulate the tissue envi
ronment and mimic biological signals. Importantly, the immunogenicity of scaffolds is minimized through the 
use of patient-specific cells and the biocompatibility and biodegradability of the employed biopolymers. 
Regenerative medicine is taking advantage of the aforementioned capabilities in regenerating various tissues- 
muscle, bones, nerves, heart, skin, and cartilage.   

1. Introduction 

3D bioprinting is a revolutionary technique that involves layering 
different materials. Similar to 2D printing, it requires “ink” which will be 
a biological compound, and paper replaced by biodegradable material 
[1]. Thus, it is well-known that 3D bioprinting focuses on cells or tissues, 
and it is necessary to ensure the biocompatibility of the material, the 
appropriate printing method, and parameters to provide cell viability or 
delivery of growth factors. Optimal process conditions are conducive to 
creating constructs with properties similar to those observed in vivo, 
such as the specific organization of the extracellular matrix (ECM) [2]. 
3D bioprinting methods include inkjet bioprinting, fused deposition 
modeling (FDM), extrusion-based bioprinting, laser-assisted bio
printing, stereolithography, and VAT polymerization. FDM, which in
volves printing thermoplastic polymers is the most commonly used one. 
Stereolithography then utilizes a UV laser to polymerize the polymers. 
Inkjet bioprinting is based on 2D inkjet printers, while extrusion 

bioprinting employs mechanical and pneumatic force. Laser-assisted 
bioprinting deposits cells on a metal film using a laser. VAT polymeri
zation, meanwhile, exploits a laser solidification mechanism [3]. 

An essential element of 3D bioprinting is the bioink used. Bio
materials utilized for printing can be divided into natural and synthe
sized. The advantages of natural biomaterials are biocompatibility, 
biodegradability, ability to self-organize or mimic the structure of ECM. 
Synthetic polymers are still used because they can be designed to mimic 
mechanical properties and degradation specifics of natural tissues and 
organs, enable controlled drug release, offer versatile design options (e. 
g. ability to control mechanical stability or pH and temperature re
sponses), and contribute to research and development efforts. However, 
synthetic polymers have limited applications due to toxic solvents used 
during their preparation, melting points higher than the temperature of 
the human body, and lack of features enabling their biological properties 
e.g. sites for cellular recognition, promotion of cell growth or differen
tiation. It is also more difficult to encapsulate cells in synthetic polymers 
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than in the natural ones. Synthetic compounds most commonly used in 
3D structures include polyethylene glycol (PEG), poly(lactic-co-glycol), 
polycaprolactone (PCL), polyvinylpyrrolidone (PVP), poly(L-lactic acid) 
(PLA). In turn, natural compounds include agarose, alginate, collagen, 
or hyaluronic acid applied individually or as mixtures [4,5]. Currently, 
hydrogels, which have a three-dimensional structure of polymer chains, 
are also increasingly used in 3D bioprinting. Adapting hydrogels to the 
affected area’s shape and size allows tissue mapping and replacement 
while retaining appropriate biological and mechanical properties. A 
limitation in the application of hydrogels is the remaining compounds 
after polymerization such as catalysts, and activators, which can cause 
side effects. Radical polymerization techniques like separating mole
cules are used in the process to reduce the risk of complications. Another 
important element of the bioink is the cells, such as SCs, primary cells 
isolated from tissues or cell lines derived from primary cell cultures. SCs 
are cells with a high capacity for division and differentiation. The first 
and most well-known stem cells were hematopoietic stem cells (HSCs). 
Key types in 3D bioprinting include bone marrow mesenchymal stromal 
cells (BM-MSCs), AD-MSCs, and induced pluripotent stem cells (iPSCs) 
[6]. Proliferation of cells within the 3D constructs is vital to ensure tissue 
viability. In addition, cells should exhibit immunologic neutrality and 
relative resistance to printing conditions. Functionality and vitality of 
cells are widely studied and explored [7,8]. 

3D bioprinting techniques are widely used in medicine. A lot of 
research is focused on repairing skin defects, cartilage, or bone resto
ration using 3D constructs. As well as applications include the liver, 
pancreas, nerves, heart, or vascular system regeneration. 3D scaffolds 
also provide a valuable model for studying metabolic diseases or pro
ducing drugs and their delivery systems [9,10]. 

2. Hydrogels classification 

Hydrogels have physical properties similar to living tissue due to 
their high water content, softness, and plasticity. They can be classified 
in several ways depending on the parameter that will be taken as a 
differentiating factor (Fig. 1). Hydrogels can vary due to the source of 
origin, ionic charge, size, crosslinking methods, chain composition, 
biodegradability, and response to different factors. In the next chapters, 
characterizations of each class of hydrogels are detailed. However, each 
type of hydrogel has different physical, chemical, and biological prop
erties due to which they can be used for a wide variety of applications 
[11–13]. 

2.1. Source 

Due to the source of origin hydrogels are divided into natural and 

Fig. 1. Classification of hydrogels.  
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synthetic polymers. Natural polymers are biomolecules found in nature 
that are made up of repeating subunits. They are formed through bio
logical processes and can be found in many living organisms, such as 
plants, animals, and microorganisms. The group of hydrogels with nat
ural origin mainly includes collagen, gelatin, fibrin, hyaluronic acid, 
Matrigel®, alginate, and others. On the other hand, synthetic polymers 
are man-made polymers that are produced through chemical reactions 
in a laboratory. While both natural and synthetic polymers have their 
unique properties and applications, they share some common charac
teristics, such as high molecular weight, flexibility, and the ability to be 
formed into various shapes and sizes. [11–13]. 

2.1.1. Natural polymers 
The natural hydrogels most used as biomaterials are described 

below. 

2.1.1.1. Collagen. Collagen is one of the most important proteins 
forming the ECM in the body. It is built with a motif of repeating amino 
acid blocks Gly-X-Y, where proline and hydroxyproline are the most 
common at the X and Y positions [14]. As a biomaterial, collagen has 
numerous functions that are vital for maintaining structural integrity 
and providing mechanical strength to tissues such as skin, bone, carti
lage, and others. It binds water in these tissues which helps to regulate 
their hydration, and participates in blood clotting processes, wound 
healing, scar formation, and bone fusion after fractures [15,16]. Addi
tionally, collagen has potential applications in tissue engineering and 
regenerative medicine where it can be used to replace malfunctioning or 
diseased tissues as well as combined with other materials such as syn
thetic polymers to improve its functionality [17]. 

2.1.1.2. Gelatin. Gelatin is made of the same amino acids as collagen. 
Gelatin is derived from collagen through a process of hydrolysis, which 
breaks down the collagen molecules into smaller peptides. It is obtained 
by partial acid hydrolysis (type A gelatin) or by partial alkaline hydro
lysis (type B gelatin) of collagen from the animal bones, skin, and 
muscles. This process involves heating collagen in water, which causes 
the collagen fibers to unravel and release the smaller peptides. These 
peptides can then be further processed to form gelatin. Besides being 
widely used in the food industry, gelatin also has several beneficial 
biological properties that make it ideal for use in engineering and 
regenerative medicine applications. Its biocompatibility, low antige
nicity, biodegradability, and ability to stimulate cell growth and 
attachment make it an invaluable resource for these fields [18–20]. 
Gelatin is widely used as a biomaterial in various medical applications. It 
serves as a tissue engineering scaffold, providing support for cell growth 
and tissue regeneration. Gelatin-based dressings promote wound heal
ing by creating a favorable environment. It is also utilized for controlled 
drug delivery and as a hemostatic agent during surgical procedures [21, 
22]. 

2.1.1.3. Fibrin. Fibrin belongs to the group of fibrillar proteins, formed 
from fibrinogen through the activity of thrombin [23]. Fibrin has natural 
biostatic and bioactive properties. It induces processes such as angio
genesis, synthesis of cytokines and ECM, and enhanced cell migration 
and proliferation. Fibrin plays a very important role in the aspect of 
regeneration, i.e. filling tissue defects. The mechanical strength of fibrin 
gel can be regulated by increasing or decreasing the presence of divalent 
ions such as Ca2+ [24,25]. Fibrin hydrogels have several advantages as a 
biomaterial, including their biocompatibility, biodegradability, and 
ability to support cell growth and differentiation [26]. Fibrin, as a 
biomaterial, has many applications in medicine. It serves as a scaffold 
for tissue engineering, facilitating cell growth and regeneration. 
Fibrin-based hemostatic agents effectively control bleeding during sur
geries. It is utilized as a drug delivery system, enabling controlled release 
of therapeutic agents [25,27–29]. 

2.1.1.4. Hyaluronic acid (HA). Hyaluronic acid (HA) is a poly
saccharide belonging to the group of glycosaminoglycans. Its structure 
consists of alternating mers of D-glucuronic acid and N-acetyl-D- 
glucosamine linked by β(1→4) and β(1→3) glycosidic bonds. HA is well 
known for its strong hydrophilicity due to the numerous carboxyl groups 
that can form hydrogen bonds with water molecules. This property en
ables 1 g of HA to bind up to 6 liters of water, making it an ideal 
component for numerous cosmetic products. Such products are favored 
due to the biocompatibility, biodegradability, low toxicity, viscosity, 
and plasticity of HA [30]. HA is commonly used in tissue engineering as 
a scaffold for promoting cell adhesion, proliferation, and tissue regen
eration. HA-based dermal fillers are used for cosmetic purposes to 
reduce the appearance of wrinkles and restore volume to the skin. It is 
utilized in ophthalmic surgeries as a viscoelastic agent to protect and 
lubricate the eye. Additionally, HA plays a crucial role in drug delivery 
systems, facilitating controlled release of pharmaceuticals [31,32]. 

2.1.1.5. Matrigel. Matrigel® is a commercial, well-known, and widely 
used cell culture matrix composed of natural polymers secreted by 
Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells. This matrix is 
enriched in laminin, collagen type IV, and various other molecules such 
as perlecan, entactin, growth factors, and cytokines which are crucial for 
normal cellular growth and development [33,34]. Matrigel is commonly 
used as a 3D matrix for cell culture and tissue engineering, providing a 
supportive environment for cell growth and differentiation. MatriGel is 
also utilized as a drug delivery system, enabling controlled release of 
therapeutic agents. In regenerative medicine, it serves as a scaffold for 
promoting tissue regeneration and wound healing [35]. 

2.1.1.6. Alginate. Alginate is a well-known polysaccharide extracted 
from marine algae, especially from brown algae (Phaeophyceae). It’s a 
native co-polymer consisting of β -D-mannuronic acid (M-blocks) and α 
-L-guluronic acid (G-blocks) residues linked by glycosidic bonds. The M 
and G blocks can occur in different proportions and different arrange
ments along the polymer chain. Alginate possesses strong sorption 
properties, with low total pore volume and internal surface area. Its high 
water-binding capacity is achieved through hydrogen bonding between 
the -OH groups on alginic acid fibers, as well as to unsubstituted groups 
in the case of divalent metal alginates. The process of alginate hydrogel 
formation is triggered by divalent ions, especially Ca2 + [36,37]. Algi
nate hydrogels are used in drug delivery systems, allowing controlled 
release of pharmaceuticals. Alginate-based dressings are used for wound 
healing, providing a moist environment to promote tissue regeneration 
[38]. 

2.1.2. Synthetic polymers 
The second group of hydrogels consists of synthetic-derived hydro

gels. Synthetic-derived hydrogels are produced through a controlled 
process in which monomers are polymerized to form macromolecules 
with distinct properties. This process can be used to create synthetic 
polymers with specific physical and chemical characteristics that enable 
them to be used for a wide variety of applications. The synthetic poly
mers most used as biomaterials are described below. 

2.1.2.1. Polyacrylamide. Polyacrylamide (PA), a water-soluble linear 
polymer, is composed of acrylamide monomers or a combination of 
acrylamide and acrylic acid monomers. This polymer is widely used in 
agriculture, food processing, and other industries. Its hydrogel form 
consists of a covalent polymeric network combined with varying 
amounts of water. The water content in polyacrylamide hydrogel can 
range from 70% to 90%, making it extremely useful for applications 
such as absorption, filtration, sedimentation, and flocculation [39]. PA 
hydrogels have several advantageous properties that make them suitable 
for a range of biomedical applications. Due to their composition and 
extensive crosslinking, these materials are highly biocompatible, 
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enabling safe and non-toxic interactions with living cells. Furthermore, 
the physical and chemical properties of PA hydrogels can be tailored by 
adjusting their composition or adding functional groups or bioactive 
molecules. This allows for tuning the mechanical properties to match 
those of healthy tissues and organs in the human body. Moreover, such 
hydrogel scaffolds are capable of creating 3D structures that closely 
resemble the ECM, further increasing their potential use in TE strategies 
[40]. 

2.1.2.2. Polyethylene glycol. Polyethylene glycol (PEG) is a polyether 
compound derived from petroleum, consisting of long chains of ethylene 
oxide molecules. It exhibits excellent water solubility and has been used 
extensively in biomedical applications due to its biocompatibility and 
ability to be modified covalently with functional groups and bioactive 
molecules, allowing for tuning of mechanical properties of hydrogels to 
match those found in tissues within the body. PEG-based hydrogels are 
popular in medical applications as they possess many advantageous 
characteristics. For example, these hydrogels can be formed into a va
riety of shapes and sizes, enabling them to fit into specific anatomic 
locations. Furthermore, PEG-based hydrogels are capable of controlling 
drug release kinetics by altering the mesh size or incorporating chemical 
moieties that can respond to external stimuli such as temperature or pH 
levels [41,42]. 

2.1.2.3. Peptide hydrogels. Peptide hydrogels are hydrogels composed 
of short peptide chains that self-assemble in water to form a 3D network 
structure. Peptides are short chains of amino acids and can be designed 
to have specific chemical and physical properties. By controlling the 
sequence and concentration of the peptides, it is possible to create 
hydrogels with a wide range of properties, such as stiffness, porosity, 
and biocompatibility. Peptide hydrogels are attractive materials for 
tissue engineering and regenerative medicine applications because they 
can mimic the ECM of natural tissues. The ECM is a complex network of 
proteins and other molecules that provides structural support and 
biochemical signals to cells [43–45]. 

2.1.2.4. Hybrid hydrogels. Hybrid hydrogels are a rapidly expanding 
class of materials that show promise for biomedical applications due to 
their versatility, functionality, and improved performance over pure 
polymer networks. To create hybrid hydrogels, two or more different 
types of polymers must be combined, such as natural polymers (e.g., 
gelatin, chitosan) and synthetic polymers (e.g., polyethylene glycol). 
These combinations of polymers can provide increased mechanical 
strength and biocompatibility compared to purely synthetic hydrogels. 
Furthermore, these hybrid hydrogels can have their properties tailored 
by different concentrations and types of polymers, as well as by con
trolling the degree of crosslinking between them. This ability to tailor 
properties enables hybrid hydrogels to be used in a wide range of ap
plications, including tissue engineering, drug delivery, and diagnostic 
biosensors [46]. 

2.2. Size of particles 

Hydrogels can be classified based on various characteristics, 
including their chemical composition, crosslinking density, and me
chanical properties. Another way to classify hydrogels is based on the 
size of their particles. Based on particle size, three types of hydrogels can 
be identified: nanogels, microgels, and bulk hydrogels. The size of the 
particles in a hydrogel can have a significant impact on its properties and 
potential applications. By selecting the appropriate size and character
istics of the particles, hydrogels can be tailored to meet specific re
quirements for a wide range of biomedical and biotechnological 
applications. Particles smaller than 100 nm form nanogels, subsequently 
microgels are formed by particles reaching micrometric size. Hydrogels 
with molecules larger than 100 µm are called bulk hydrogels [47]. 

Microgels, due to the high presence of solvent in their structure, usually 
form soft structures. According to that, they are prone to exchange 
solvents with the fluid that is in the external environment of the 
hydrogel. Microgels, due to their hydrophilic nature, have a high ability 
to absorb water, and their swelling properties are reversible depending 
on external stimuli, which can be a change in temperature, pH, ionic 
strength, and solvent [48,49]. Nanogels have high water absorption and 
swelling. This is caused by the presence of hydrophilic functional groups 
such as -OH, -CONH-, -CONH2-, -COOH, and -SO3H. Due to the hydro
philic nature of the nanogels, they have a wide range of properties such 
as biocompatibility and high transferability of hydrophilic bio
therapeutics, high stability, and biodegradability [50,51]. 

2.3. Crosslinking 

Crosslinking is a critical step in the formation of hydrogels, as it 
imparts structural stability, mechanical strength, and biocompatibility 
to the material. Chemical, physical, and enzymatic crosslinking can be 
distinguished. Hydrogels need to be cross-linked to maintain their shape 
and integrity, as well as to control their properties and functionality. 
Crosslinking refers to the process of linking polymer chains together to 
form a 3D network structure, which gives hydrogels their unique 
properties, such as high water content, softness, and flexibility. Cross
linking is an essential step in the formation of hydrogels, as it provides 
the structural stability, mechanical properties, and biocompatibility 
needed for a wide range of biomedical and biotechnological applications 
The enzymatic method is one of the most gentle ways of crosslinking. 
Enzymes mostly exhibit a high degree of substrate specificity. This al
lows for the avoidance of potential side reactions during the process and 
makes it possible to control and predict kinetics, and the overall cross
linking rate [52,53]. An example of enzymatic crosslinking of hydrogels 
is the crosslinking of gelatin and chitosan in the presence of trans
glutaminase and tyrosinase. Chemical crosslinking of hydrogels involves 
the use of covalent bonding between polymer chains to produce a stable 
hydrogel. Most commonly, small crosslinking molecules, 
polymer-polymer conjugation, or photosensitizers are used for this 
purpose. Covalent bonds are formed primarily between functional 
groups of polymers (-OH, -COOH, -NH2), which provide solubility to 
water-soluble polymers. Covalent bonds are formed between two groups 
that have complementary reactivity. Among the most commonly used 
reactions are Schiff base formation, Michael addition, peptide bonds 
formation, and “click chemistry’’ reactions [54–57]. Physical cross
linking of hydrogels refers to the formation of a 3D network structure 
through physical interactions between polymer chains, rather than 
through chemical reactions. This process typically involves the use of 
non-covalent interactions, such as hydrogen bonding, hydrophobic in
teractions, or electrostatic interactions, to create a stable network. There 
are several ways to physically crosslink hydrogels, including 
temperature-induced gelation, ionic gelation, and hydrogen bonding. 
Physical crosslinking has several advantages over chemical crosslinking, 
including better biocompatibility, easier fabrication, and the ability to 
reversibly change the properties of the hydrogel. However, physical 
crosslinking can also be weaker than chemical crosslinking, and the 
properties of the hydrogel may be more sensitive to changes in the 
environment, such as temperature or pH [58]. 

2.4. Biodegradability 

The biodegradability of hydrogels is a highly desirable trait for 
numerous biomedical applications, particularly those that require the 
use of these materials as temporary scaffolds for tissue regeneration or 
drug delivery. Depending on the intended purpose, hydrogels can be 
designed to be biodegradable or non-biodegradable, depending on the 
intended use and application. Biodegradable hydrogels can break down 
into smaller molecules over time, which allows for their safe elimination 
from the body or environment. There are several methods for achieving 
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biodegradability in hydrogels, including using natural or synthetic 
polymers that are inherently biodegradable, incorporating cleavable 
chemical bonds into the hydrogel structure, or designing the hydrogel to 
respond to specific environmental cues that trigger degradation [59]. In 
the context of biomedical applications, biodegradable hydrogels are 
particularly attractive for drug delivery, tissue engineering, and wound 
healing. They can be designed to release therapeutic agents over time 
while gradually breaking down and being eliminated from the body. It is 
very important to be able to control the mechanism and rate of degra
dation, for example, too fast degradation of the scaffold may not be 
appropriate for the cells to produce enough ECM, and slow degradation 
may affect cell migration and other processes essential for cell survival 
[60]. Biodegradability can also be harnessed for controlled drug release, 
e.g. peptides specific to enzyme degradation [61]. For example, Zisch 
et al. prepared degradable hydrogel with the use of MMPs degradable 
peptides crosslinked within the PEG matrix functionalized with a vinyl 
sulfone [62]. Non-biodegradable hydrogels, on the other hand, are 
designed to be long-lasting and remain in the body for extended periods. 
They are typically used in applications where a long-term, durable 
support structure is needed, such as in contact lenses, wound dressings, 
or artificial implants. Non-biodegradable hydrogels are not designed to 
degrade, so they can potentially cause long-term harm to the body if 
they are not removed or replaced over time [63]. 

2.5. Ionic charge 

Ionic hydrogels, or polyelectrolytes, are a type of hydrogel composed 
of monomers with specific ionic charges. These can be divided into four 
distinct categories based on the charge: anionic hydrogels, which 
contain negatively charged ions; cationic hydrogels, which contain 
positively charged ions; amphiphilic hydrogels, which contain both 
positively and negatively charged ions; and neutral hydrogels, which 
have no net charge. Anionic hydrogels include alginic acid, pectin, HA, 
carrageenan, dextran sulfate, chondroitin sulfate chondroitin. Anionic 
hydrogels show a definite increase in swelling coefficient as the pH of 
the environment increases. Anionic hydrogel networks are usually 
defined as homopolymers of negatively charged acidic or anionic 
monomers or copolymers of an anionic monomer and a neutral mono
mer [63]. Chitosan and polylysine, which have a positive charge are 
examples of cationic hydrogels. Cationic polymeric networks could also 
be derived through modifications such as partial hydrolysis of the 
existing non-ionic pre-formed polymer networks. Cationic pendant 
groups in a polymer network on the contrary behavior to anionic pen
dants give rise to hydrogels, which remain collapsed in the basic envi
ronment and swollen in the acidic environment due to the electrostatic 
repulsion between the positively charged groups [64]. Polyampholytic 
hydrogel networks are referred to as macromolecules capable of pos
sessing both positively and negatively charged moieties in the polymer 
network. Subsequently, the group of amphiphilic hydrogels can include, 
for example, collagen, gelatin, carboxymethylated chitin, fibrin, and 
starch. The last group of natural hydrogels, which includes such poly
mers as dextran, agarose, and pullulan, is an example of neutral 
hydrogels [65]. 

2.6. Response to stimuli 

Hydrogels can be further categorized according to their reaction to 
external environmental stimuli, such as pH, temperature, or enzyme. 
Responses may range from a physical change in the material’s shape or 
structural integrity to changes in permeability, solubility, or optical 
properties. The first group of hydrogels may include pH-responsive 
hydrogels. They change their volume in response to changes in the pH of 
the surrounding environment. This volume change can be due to 
changes in the ionization state of acidic or basic functional groups in the 
hydrogel polymer. Examples of pH-responsive hydrogels include poly 
(acrylic acid) and poly(methacrylic acid) hydrogels [66,67]. Next, 

temperature-responsive hydrogels, are a type of hydrogel that un
dergoes reversible swelling or shrinking in response to changes in tem
perature. These hydrogels are made up of polymers that have both 
hydrophilic and hydrophobic parts, allowing them to respond to 
changes in temperature. At low temperatures, temperature-responsive 
hydrogels are typically hydrophilic and swollen, while at higher tem
peratures, they become more hydrophobic and shrink [63]. This 
behavior change can be exploited for various applications, such as drug 
delivery, tissue engineering, and biosensors. Enzyme-responsive 
hydrogels can change their physical or chemical properties in response 
to the presence or activity of specific enzymes. They can be made from a 
variety of natural or synthetic materials, including polymers such as 
PEG, chitosan, and HA [68]. Chemical-responsive hydrogels can un
dergo reversible changes in their structure, properties, or behavior in 
response to changes in the chemical environment. The response of these 
hydrogels can be triggered by various chemical stimuli, such as pH, ionic 
strength, solvent polarity, or the presence of specific molecules [69]. 

2.7. Chain composition 

Another criterion used to classify hydrogels is the composition of the 
polymer chain. Homopolymeric hydrogels are composed of a single type 
of polymer chain. These chains can be either natural or synthetic in 
origin. These hydrogels can be designed to have a range of properties, 
such as different degrees of swelling, mechanical strength, and biode
gradability, depending on the choice of monomer and the method of 
synthesis. Homopolymer hydrogels have been used in a variety of ap
plications, such as drug delivery, tissue engineering, and wound healing. 
Examples of homopolymeric hydrogels include poly(acrylic acid) and 
PEG hydrogels [70]. Copolymeric hydrogels, e.g. poly 
(N-isopropylacrylamide-co-acrylic acid) and poly(ethylene 
glycol)-co-poly(lactic-co-glycolic acid) hydrogels, are composed of two 
or more different types of polymer chains. These chains can be arranged 
randomly or in a specific pattern. By varying the composition of the 
polymer chains, copolymer hydrogels can be designed to have unique 
properties, such as improved mechanical strength, enhanced biocom
patibility, and improved drug release kinetics. Copolymer hydrogels 
have been used in applications such as drug delivery, tissue engineering, 
and biosensors. [71]. Hybrid hydrogels are composed of two or more 
different types of polymer chains in combination with other materials, 
such as inorganic nanoparticles or proteins. They can have improved 
mechanical strength, enhanced biocompatibility, and improved drug 
release kinetics compared to single-network hydrogels. Hybrid hydro
gels, i.e. PEG hydrogels with incorporated gold nanoparticles and 
gelatin-methacrylate hydrogels have been used in applications such as 
drug delivery, tissue engineering, and biosensors [72]. Composite 
hydrogels are composed of two or more different types of polymer 
chains, each forming a distinct phase within the hydrogel. These 
different phases can have diverse mechanical, swelling, and degradation 
properties. By combining different materials, composite hydrogels can 
be designed to have unique properties and functionalities, making them 
a versatile class of biomaterials. Composite hydrogels, e.g. inter
penetrating network (IPN) hydrogels and semi-IPN hydrogels. have a 
wide range of potential applications in fields such as tissue engineering, 
drug delivery, biosensors, and wound healing [73]. Crosslinked hydro
gels are composed of polymer chains that have been crosslinked to form 
a 3D network structure. Crosslinking can be achieved through a variety 
of methods, including chemical, physical, and enzymatic crosslinking. 
Examples of crosslinked hydrogels include PA hydrogels and 
chitosan-alginate hydrogels [74]. 

3. Biology of stem cells and characteristics of MSCs 

Stem cells are characterized by a high capacity to divide and 
differentiate into specific cell types. The basic division includes em
bryonic stem cells (ESCs) with pluripotent properties and adult stem 
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cells (ASCs), which distinguish cells with multipotent and unipotent 
characteristics [75]. ESCs arise from the inner cell mass (ICM), which is 
a component of the blastocyst, and take part in embryogenesis capable 
of producing any cell of the body. ASCs are undifferentiated and 
participate in tissue repair by forming specialized cells under certain 
conditions. Various signals mediate this process such as cell-to-cell 
contact, factors secreted by tissues, but also compounds that affect ge
netic modifications [76]. ASCs exist in niches as either resting or active 
(during division). Stem cell (SCs) divisions occur at different rates 
depending on the tissue renewed. Tissues with high rates of division 
include the epidermis, intestinal epithelium, and blood cells. A low rate 
of division is shown by cells of the liver, pancreas, or muscle [77]. The 
pro-regenerative effect of SCs and their differentiation abilities are 
related to their autocrine and paracrine properties. SCs secrete growth, 
angiogenic, anti-inflammatory, anti-apoptotic, and pro-proliferative 
factors, immunomodulators, and compounds responsible for extracel
lular matrix homeostasis (metalloproteinases, collagens). These mole
cules can be encapsulated in extracellular vesicles. As mentioned above, 
SCs are found in almost all organs of the body [78,79]. A description of 
the key types of SCs for regenerative medicine is presented below. In 
addition, the advantages and disadvantages of stem cells are shown in  
Fig. 2. 

Mesenchymal stromal cells (MSCs) are a widely studied group of SCs. 
MSCs belong to the ASCs and can differentiate into multiple lineages. 
Based on the source of acquisition, they are divided into bone marrow 
mesenchymal stromal cells (BM-MSCs) and adipose-derived mesen
chymal stromal cells (AD-MSCs). The sources specified are readily 
renewable/treated as waste during medical procedures. In addition, 
cells can be taken directly from the patient, reducing the risk of trans
plant rejection by the patient’s body [80]. Classification of MSCs ac
cording to the International Society for Cellular Therapy includes cell 
adherence to the culture flask and differentiation into osteocytes, adi
pocytes, and chondrocytes. Additionally, MSCs should show the pres
ence of the positive surface markers CD73, CD90, and CD105, but not 
the negative surface markers CD14, CD34, and CD45 [81]. MSCs are 
normally cultured in vitro in Dulbecco’s modified Eagle’s medium 
(DMEM) enriched with fetal bovine serum (FBS) [82]. 

BM-MSCs account for 0.001–0.01% of bone marrow cells. Isolation is 
performed using either gradient cell separation or fluorescence/mag
netic cell sorting flow cytometry. The methods for obtaining BM-MSCs 
are simple but quite painful for the patient. Cells show the typical 
phenotype of surface markers. In addition, early passages, exhibit 
expression of the stromal antigen 1 (STRO-1) [83]. BM-MSCs present 

high functional heterogeneity. They participate in physiological tissue 
regeneration as well as disease states such as osteoporosis, obesity, 
fractures, and acute myeloid leukemia [84]. Moreover, these cells’ 
major histocompatibility complex class I is expressed at moderate levels, 
reducing the risk of graft-versus-host disease. BM-MSCs have immuno
modulatory effects by interacting with B and T lymphocytes, dendritic 
cells, or macrophages [85]. Studies have shown that BM-MSCs have the 
greatest immunosuppressive properties in both paracrine and direct 
cell-to-cell contact. Further, they secrete large amounts of 
angiogenesis-stimulating interleukin-8 and vascular endothelial growth 
factor [86]. 

AD-MSCs are isolated from adipose tissue as a stromal vascular 
fraction (SVF), which is enzymatically digested to obtain the target cells. 
The procedure during which SVF is extracted is performed, in part, to 
remove excess adipose tissue (liposuction). Obtaining AD-MSCs is 
therefore possible from unused tissue after the procedure. The charac
teristics of AD-MSCs are generally common with those described for 
MSCs. Compared to BM-MSCs, they have an expression of the CD36 
marker and lack expression of CD106 [87]. The tissue microenviron
ment can modulate factors secreted by AD-MSCs. Studies indicate that 
AD-MSCs are involved in creating an anti-inflammatory and angiogenic 
phenotype [88]. AD-MSCs secrete factors such as hepatocyte growth 
factor, transforming growth factor β1, prostaglandin 2, tumor necrosis 
factor-α, and vascular endothelial growth factor [89]. AD-MSCs present 
a phenotype similar to BM-MSCs that elicits little immune response due 
to low levels of MHC class I and lack of MHC class II molecules. The cells 
also exhibit strong immunomodulatory properties by inhibiting den
dritic cell differentiation, NK cells, and lymphocyte proliferation. 
AD-MSC therapies are used for neurodegenerative and autoimmune 
disorders and diseases of the skeletal and cartilage systems [90]. 

Induced pluripotent stem cells (iPSCs) are pluripotent cells that arise 
as somatic, postmitotic cells (e.g. fibroblasts) reprogrammed by various 
agents in varial/ nonviral vectors. Transcription factors involved in this 
process include octamer binding transcription factor 3/4 (OCT3/4), 
cellular-Myelocytomatosis (c-Myc), (sex determining region Y)-box 2 
(SOX2), and Krüppel-like factor 4 (KLF4). Reprogramming cells further 
leaves many confessions in terms of efficiency, incomplete reprogram
ming, or genome integration [91,92]. The ability to self-renew and 
differentiate into all cells of the body makes iPSCs widely used in 
regenerative medicine. In addition, they can be "personalized" to the 
patient as well as to the disease. Of concern are undifferentiated iPSCs, 
which can undergo tumorigenesis. Various elimination strategies are 
used to avoid this, such as a medium containing a lot of L-alanine, to 
which non-differentiated human iPSCs are sensitive [93]. iPSCs can be 
used in diseases associated with genetic mutations, as clustered regu
larly interspaced short palindromic repeats/ caspase 9 (CRISPR/CAS9) 
genome editing methods used to "repair" the altered gene in the patient’s 
cells. At the same time, organoids produced from iPSCs can serve as 
models for studying disease mechanisms and testing new drugs [94]. 

The use of MSCs for 3D bioprinting is really popular nowadays due to 
their high pro-regenerative potential, well-known biology, optimized 
methods of isolation and cell culture, and the lack of ethical concerns or 
less complex methods of obtaining than for example iPSCs. MSCs were 
used in the 3D printing of many tissues including bone, cartilage, mus
cles, cardiovascular tissues, and neural tissues [95]. 

4. Technical aspects of hydrogels in bioprinting 

Bioprinting has become an integral part of tissue engineering, 
overcoming previous limitations of this technology related to poor 
control over hierarchical structures and their assembly. In addition, 
among several methods of controlling biomaterial structure, such as cell- 
sheet technology, embedding or molding, centrifuge casting, dielec
trophoresis, magnetic-force driven cell-motion, micro-fluidics, bio
spraying, bioprinting is considered the most valuable tissue engineering 
technique [96]. The significant development of bioprinting research is 

Fig. 2. Potentials and limitations for the main types of stem cells. Created with 
BioRender.com. 

M. Deptuła et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Biomedicine & Pharmacotherapy 167 (2023) 115416

7

mainly due to the limited availability of donors thanks to which lost or 
damaged organs and tissues could be replaced, e.g. skin, cartilage, bone, 
heart tissue, or vessels. In addition, 3D-printed objects are increasingly 
used in clinical practice as models for surgical planning and medical 
education [97]. In contrast to 2D monolayer cultures, 3D-cell cultures 
give the in vitro model both a higher level of clinical relevance and 
biological significance by mimicking the spatial environment [98]. The 
general scheme of the bioprinting process includes three stages such as 
pre-bioprinting, bioprinting, and post-bioprinting. Stage one involves 
obtaining the anatomical structure of the target tissue using an appro
priate imaging technique such as CT (computed tomography) and MRI 
(magnetic resonance imaging), followed by the development of a 
computer-aided CAD design that includes information about the indi
vidual layers in cross-section, which will be further printed in a 
layer-by-layer process using printing techniques such as 
extrusion-based, inkjet-based, laser-assisted, and stereolithography 
bioprinting. The second stage is a computer-assisted robotic bioprinting 
process. In the final stage, on the other hand, in vivo environments are 
reproduced to maintain cell viability and proper differentiation [99, 
100]. All printing methods have their advantages and disadvantages; 
however, due to their low cost, compatibility with various bioinks, and 
scalability, extrusion bioprinting is the most widely used technique 
[101], especially for biomaterials with high viscosity and high cell 
density [102]. An example of materials that are widely used in tissue 
engineering and thus in bioprinting are hydrogels. Their high water 
content means they can mimic natural tissue and an environment suit
able for normal cell proliferation [103]. Of the many biomaterials, 
polymer hydrogels represent a material with potential application for 
scaffold fabrication by extrusion. However, for this method, the polymer 
bioink must have certain properties such as minimum viscosity and 
crosslinking ability to maintain a certain structure after printing [104]. 

Bioprinting technology makes it possible to produce personalized, 
physiologically appropriate tissue reconstructions. However, one of the 
biggest challenges is the development and fabrication of a bioink [105], 
which has two main tasks, i.e. biological and structural. One of the main 
roles of bioink is to provide an appropriate microenvironment for 
regulating the activity and encapsulation of living cells and remodeling 
the ECM. Accordingly, appropriate physical, as well as biological 
properties of the bioink, are crucial. Among the physical properties that 
the bioink must fulfill are controllable viscosity, printability, 
shear-thinning rheological behavior, mild gelation conditions, and 
appropriate mechanical properties. In turn, among the biological prop
erties, it is biodegradability, non-immunogenicity, or bioinstructive 
properties [106]. Another key property of bioink is the low concentra
tion of endotoxins in it. Banach-Kopeć et al.proposed a novel method to 
remove endotoxins from chitosan hydrogel, as a potential component of 
bioink. It was shown that the developed method involving precipitation 
of chitosan in an alkaline environment at pH 9, washing the precipitate 
with chloroform and its subsequent sterilization at 121ºC, and then 
carbon dioxide saturation to dissolve the polymer in water allows the 
removal of significant amounts of endotoxins by up to 97.6% relative to 
their initial concentration in chitosan. In addition, the purification 
method does not change this polymer’s dynamic viscosity or molecular 
weight [107]. Moreover, the bioink from a technical point of view must 
exhibit the ability to deposit in a controlled manner to ensure printing 
fidelity, known as printability. Physical properties such as viscosity/s
tiffness, rheological behavior, and printing parameters play a key role 
here. However, as bioink printability improves, cell viability and 
bioactivity decrease due to conditions different from those in natural 
ECM. Therefore, one of the current problems and challenges of many 
researchers is to overcome the biofabrication window paradigm, i.e. to 
obtain a material with ideal printability and the highest possible cell 
viability (Fig. 3) [108]. 

4.1. Rheological factors 

During the characterization of hydrogels with their potential use as 
bioink, their rheology is of great importance [104]. However, the type of 
polymer used will directly affect the rheological parameters of the bio
ink. Since most materials do not have the appropriate rheological pa
rameters crucial in bioprinting, it is a good solution to carry out their 
physical or chemical modifications and create composite materials. An 
example of such a solution is the chitosan-agarose composite mixture 
described in patent application no. P.443403. The chitosan hydrogel, 
which has poor mechanical properties, and agarose, which is charac
terized by a lack of biological activity, cannot be used in bioink as a 
single component of bioink. However, their compositions are charac
terized by good mechanical properties, biological activity, and sol-gel 
phase transition at 26–36ºC without transforming back to sol at 37ºC 
[109]. Rheology characteristics are a powerful platform for analyzing 
material flow properties of bioinks in particular. Considering that the 
most important characteristic of biomaterials is their ability to be 
continuously extruded during needle printing, several basic parameters 
such as viscosity, shear-thinning rheological behavior, yield stress, 
gelation rate, and critical concentration must be determined to predict 
its extrusion performance. Whether a material will be extrudable is 
determined by its shear-thinning rheological behavior in a dynamic 
environment. Shear-thinning properties are a key parameter when 
selecting hydrogels as bioink components behave like non-Newtonian 
fluids and have stress-relaxation properties. In addition, if the 
high-viscosity material has adequate shear-thinning properties then 
through better polymer-polymer interactions it is possible to obtain a 
print with a good shape retention factor [110]. For the bioink to flow, it 
is necessary to apply a critical stress which is defined by a parameter 
called yield stress. The higher this parameter is, the pressure required to 
exceed the forces of attraction due to intermolecular bonds in the 
physically cross-linked network is greater which negatively affects cell 
viability. Additionally, to ensure the best printability, the hydrogel 
gelation time is important, which should be as short as possible [104, 
110]. To meet the first criterion, the study of Liu et al. proposed a direct 
printing strategy for cell-loaded constructs using a physical bioink based 
on 3% gelatin methacrylate (GelMA), which under cooling at 21ºC 
shows very good shear-thinning and self-healing properties. The print 
was further stabilized by its subsequent UV crosslinking [101]. On the 

Fig. 3. The main challenge in the bioprinting process is to obtain a material 
with the highest printability providing good cell viability. Both parameters may 
be influenced by many factors. Created with BioRender.com. 

M. Deptuła et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Biomedicine & Pharmacotherapy 167 (2023) 115416

8

other hand, Wu et al. to improve slight shear-thickening behavior at low 
shear rates GelMA developed a mixture of 1% alginate, 3% cellulose 
nanocrystals, and 5% GelMa to change the intermolecular interactions 
and thus obtained a formulation with strong shear-thinning properties 
as well as high viscosity [111]. 

4.1.1. Viscosity 
Another physicochemical parameter that determines the potential 

use of hydrogels in bioprinting is their viscosity, which increases with 
the concentration as well as the molecular weight of the polymer. 
Although higher viscosity provides, from a technical point of view, 
better extrusion of layers that do not collapse, on the other hand, it can 
lead to head clogging and interruption of the bioprinting. This is why 
shear thinning, which plays a primary role in bioprinting, is so crucial 
during extrusion [104]. The effect of viscosity on cell viability has been 
studied for a GelMA-based bioink. It was shown that during bioprinting, 
it was crucial to provide lower concentrations of up to 3% GelMA to 
obtain highly porous and soft constructs. This approach ensured high 
cell viability and did not limit cell spreading and migration due to an 
overly cross-linked hydrogel network, which is the case when higher 
concentrations of this polymer are used [101]. Rheological optimization 
of the hydrogel affects better printability, shape retention, and cell 
viability. Mondal et al. in their study developed an alginate and 
gelatin-based bioink and investigated the effect of rheological parame
ters on the survival of non-small cell lung cancer (NSCLC) 
patient-derived xenograft (PDX) cells and lung CAFs co-cultures. Since 
< 4% sodium alginate solutions have low viscosity, it is necessary to add 
another biomaterial such as gelatin to improve rheological properties. 
Gelatin improves the elastic properties of the hydrogel and also cell 
adhesion. To achieve good printability, it was necessary to use an algi
nate solution with concentrations of 3.25 or 3.5% and 4% gelatin, 
respectively, while achieving high cell viability immediately after 
extrusion as well as 15 days after printing [112]. To improve the 
properties of alginate, Temirel et al. also proposed a formulation based 
on 4% alginate and gelatin. Based on viscosity measurements, they 
found that the optimal concentration of gelatin in the bioink is 3%, as it 
improves both the viscosity of the formulation and allows it to be 
extruded while maintaining its shape. On the other hand, with 4% 
gelatin in the bioink, too much viscosity made it impossible to use such a 
formulation in bioprinting. The viscosity of the bioink also affects the 
porosity of the printed scaffolds. As the concentration of gelatin 
increased, the percentage of normalized pores increased from 50% to 
98% (1–3% gelatin). In addition, the survival rate of embryonic NIH 3T3 
mouse fibroblast cells after extrusion was 15% higher in the presence of 
gelatin in the bioink [113]. 

4.1.2. Storage and loss modulus 
One of the basic mistakes when characterizing hydrogels is to define 

viscosity as a single parameter. Although the viscosity of the material 
determines the fidelity of the printed shape, its high value does not al
ways mean that the resulting structure will have high mechanical 
strength or good printability. Therefore, it is necessary to determine the 
dynamic modulus divided into a conservative modulus G’ and a loss 
modulus G". It is the ratio of G’ to G", or the loss tangent (tanδ) that 
determines whether a material behaves as a solid or liquid. If the ratio 
tan δ = G’/G" is too high, the ink behaves like a liquid and collapses 
when printed. On the other hand, if it is too low, the extruded fiber is 
inhomogeneous. Therefore, the hydrogels included in the bioink must 
have both high viscosity and an appropriate G’ to G" ratio to obtain a 
construct with good resolution and mechanical strength [114,115]. In 
their study, Gao et al. investigated the effects of G" and G’ modulus and 
tanδ on the printability of a gelatin-alginate composite. They showed 
that as the proportion of gelatin in the mixture increased, there was an 
interruption during extrusion due to increased viscosity, i.e. nozzle 
plugging. The reason for this phenomenon was the disproportionately 
high behavioral modulus. On the other hand, when the ratio of alginate 

was too high they observed the spreading of fractions after deposition 
which in turn was caused by a disproportionately high loss modulus. In 
summary, lower tanδ was correlated with higher structural integrity, 
while higher tanδ was correlated with higher extrusion uniformity. 
Therefore, during bioink printing, it was important to maintain a 
trade-off between structural integrity and extrusion homogeneity, which 
was possible with tanδ in the range of 0.25–0.45. However, as the 
printability of bioink is affected by several rheological properties, 
among others, yield stress and the frequency and rate of deformation 
during extrusion, which need to be taken into account, this parameter 
can be different depending on the composition of the bioink [114]. The 
effect of loss modulus and storage on the extrudability of bioink was also 
explained in the study by Wu et al. For example, a 4% solution of GelMA 
had a viscosity modulus of G" higher than the elastic modulus of G’ at 
low frequencies of its extrusion while at 8 Hz G’ was greater than G". 
This indicates that GelMA is smoother at low frequencies and cannot be 
used in bioprinting. The property of slight shear thickening at low shear 
rates may be due to intermolecular interactions of GelMa when the 
physical binding energy and thermal energy are similar in their values. 
In addition, at relatively low shear rates and low viscosity of transient 
GelMa, coil disentanglement and orientation in the flow direction may 
occur as the shear rate increases. Only after a certain critical shear rate is 
exceeded is shear behavior observed. Accordingly, the addition of algi
nate and cellulose nanocrystals to the formulation, which caused sig
nificant changes in intermolecular interactions, contributed to the 
formulation becoming more like a solid which resulted from the fact that 
G’ was larger than G" over the entire frequency range. The strong shear 
properties in the shear rate range of 01–1000 s-1 enabled this composite 
to be used in bioprinting [111]. Another solution is to increase the 
concentration of GelMA to speed up the gelation process, which occurs 
very slowly at low polymer concentrations. However, to achieve the 
highest possible cell viability rate, the use of polymers with high con
centrations is not recommended. 

4.2. Printability 

During the evaluation of the potential use of bioink in bioprinting, its 
printability is also determined. Obtaining an object identical to the 
designed one is not always possible due to the refraction or instability of 
the extruded fibers. As the cell scaffold should precisely mimic the ar
chitecture and shape of the organ, it is necessary to achieve the highest 
possible resolution and shape fidelity [116]. The printability and cell 
survival are both heavily influenced by equivalent parameters such as 
printing temperature, polymer concentration, and holding time. For 
example, a study by Ouyang et al. showed that a higher concentration of 
gelatin and a lower printing temperature contributed to better print
ability. In contrast, the highest cell viability was obtained with a lower 
concentration of this polymer and a higher printing temperature [117]. 
For example, Butler et al. due to the "biofabrication window" paradigm 
and the claim that it is necessary to find a compromise between print
ability and the ability to encapsulate cells while maintaining their 
viability decided to determine such a relationship for N, 
O-carboxymethyl chitosan and agarose from neuro2A cells to deter
mine the optimal composition of the bioink [118]. However, the main 
factor that should determine the trade-off between printability and cell 
viability should be the use of such a scaffold. In the case of soft tissues, 
for example, printability will play a lesser role than in the bioprinting of 
complex organs such as the heart. To characterize the resulting print, 
and thus the printability of a given bioink, it is necessary to define the 
following indicators: extrudability, strand printability, integrity factor, 
irregularity, and pore printability [119]. The printability of 
gelatin-based and alginate-based bioink has been characterized by Gao 
et al. Extrusion susceptibility, i.e., the minimum pneumatic pressure 
required to extrude the material at a fixed flow rate, is co-determined by 
G’ and G". The general trend is that as the compound viscosity increases, 
the required extrusion pressure increases, and it increases faster when G’ 
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increases. For the gelatin-alginate formulation, higher tanδ was corre
lated with greater extrusion uniformity obtaining perfect smooth lines at 
tanδ 0.43. In contrast, it was negatively correlated with structural 
integrity. As tanδ increased, the collapse of the print was observed. In 
summary, the tanδ gives the bioink a smoother character and negatively 
affects shape fidelity [114]. The alginate-gelatin hydrogel bioink was 
evaluated for printability by assessing the shape of the printed square 
(Pr). The closer the Pr was to 1, the closer the printed shape was to a 
square. When the bioink was under-gelation it was Pr< 1, and when 
over-gelation Pr> 1. With Pr between 0.9 and 1.1, the printed constructs 
had good mechanical stability [98]. The hydrogel formulation 
alginate-carboxymethylcellulose was proposed as the basic component 
of the bioink. The diffusion rate (Drf) and Pr material were evaluated. A 
filament collapse test was carried out by evaluating the filament collapse 
at the mid-span of the suspended filament at a distance of 1–6 mm. In 
addition, the area of fiber collapse (Cf) was evaluated, that is, the per
centage of the actual area after the deflection of the suspended fiber with 
the theoretical area. It was shown that the range of printability for 4% 
alginate and 4% carboxymethyl cellulose is 0.78–0.92 with a pore size of 
2–5 mm. Such a Pr value indicates a nearly square pore geometry and 
thus good printability. In addition, the same formulation shows a 
collapse area ratio even when increasing the distance value at a mini
mum level as well as an almost zero Cf. Quantitative analysis of Dfr 
showed that the composite exhibited minimal spreading of material 
[120]. 

4.3. Properties after gelation 

4.3.1. Degradation degree 
In addition to printability, bioink must be mechanically robust and 

have an appropriate degradation profile. The degradation rate of 
cellular scaffolds is mainly determined by the composition of the bioink 
and must be tailored to the specific application. In the case of cellular 
scaffolds used for efficacy testing of drugs, the degree of degradation will 
not play such an important role. However, in tissue engineering, an 
optimized 3D scaffold should feature adequate mechanical support 
during the tissue regeneration period and, on the other hand, degrade in 
vivo to allow tissue remodeling. In this regard, the ideal degradation rate 
is considered to be such a rate of tissue regeneration that there is a 
gradual replacement by new ECM components. The scaffold based on 
alginate, carboxymethyl cellulose, and nano fibrillated cellulose cross- 
linked additionally with calcium chloride solution and loaded with 
hSF human fibroblast cells showed a remaining % weight of about 75% 
after 14 days of printing, which was not significant for disruption of 
scaffold integrity. For a given degree of degradation, the bioink has been 
shown to have the potential for long-term use [121]. The role of scaf
folds is to provide both a soft and stable environment throughout the 
regeneration period. In their study, Wu et al. showed that a balanced 
process between the enzymatic degradation of GelMA and the genera
tion of ECM influences stable mechanical properties over time [111]. 
Another scaffold with a modified degradation rate was printed by 
extrusion through the use of oxidized alginate. With an increase in the 
proportion of oxidized alginate in the alginate-gelatin formulation, it 
was possible to obtain softer scaffolds that degraded much faster 
resulting in higher levels of cellular clustering. The presence of gelatin 
resulted in scaffolds that supported the chondrogenic differentiation of 
MSCs for 28 days [122]. 

4.3.2. Mechanical properties 
For a cellular scaffold, to mimic the microenvironment of natural 

tissue, it must have adequate mechanical properties. For bioinks based 
on natural hydrogels such as alginate, gelatin, fibrin, hyaluronic acid, 
collagen, or chitosan, providing a microenvironment with adequate 
mechanical properties is impossible. Therefore, it is necessary to develop 
a bioink formulation to improve the low mechanical properties of the 
other components. To improve the mechanical properties of chitosan, 

Maturavongsadit et al. added nano cellulose to the bioink, which had a 
significant effect on improving these properties. With this formulation, it 
was possible to mimic the bone microenvironment and promote the 
proliferation and differentiation of osteogenic cells [123]. A study by 
Solon et al. examined the effect of environmental stiffness on the 
morphological and physical properties of fibroblasts. It was confirmed 
that in the range of stiffness of the substrate to which they adhere 
1–5kPa, fibroblasts can adjust their average stiffness without forming 
stress fibers. On the other hand, when the stiffness of the substrate 
exceeded 5kPa, the cells were softer than the substrate as a result of 
reaching a limit in the mechanism of strengthening the cytoskeleton of 
the cells. It is supposed that cells do not have a predetermined intrinsic 
stiffness and can adjust it to the substrate. The situation is different for 
MSCs, which show differentiated differentiation into specific cell types 
depending on the stiffness of the matrix which mimics the stiffness of 
native tissue [119]. 

4.4. Challenges 

The primary challenge for many researchers is to develop a hydrogel- 
based bioink formulation that exhibits both high printability and cell 
viability. To date, research by many authors has mainly focused on the 
use of alginate (Table 1) as the main component of the bioink, due to its 
rapid gelation under the influence of Ca2 + ions. Another common 
approach is the chemical modification of gelatin to GelMA, which cross- 
links under UV exposure, thereby increasing the mechanical properties 
of such a scaffold. However, the crosslinking methods described above 
are often used only in the final stage of bioprinting. Undoubtedly, the 
rate of curing of the bioink during its extrusion is an important element 
determining the success of its application in bioprinting. Therefore, it is 
necessary to use such crosslinking methods, e.g. chemical or under 
temperature, which will allow immediate gelation of the system during 
its extrusion and thus make the curing rate independent only of the G’ 
and G" parameters. An example of such a solution is described in patent 
application no. P.443403, in which both the mass proportion of chitosan 
and agarose determine the gelation rate and the temperature of the sol- 
gel transition [109]. 

The application of bioprinting offers tremendous opportunities, 
previously unattainable through previous tissue engineering methods. 
Despite the enormous potential, there are still many challenges for 
researchers. 

Obviously, the main problem concerns the difficulty of achieving 
high cell survival rates while keeping the scaffold as printable as possible 
"biofabrication window". Nevertheless, this challenge is compounded by 
a number of difficulties that affect almost every stage of biofabrication, 
that is, from the development of the bioink, meaning a composition with 
the right composition and thus with specific rheological parameters, to 
the adaptation of crosslinking methods as well as the bioprinting process 
itself, concerning the parameters of the bioprinter and the printing 
process. In view of the above, it is significant that in order to achieve the 
set goal and thus a specific application use, it is necessary to take into 
account these three variables [124]. 

Moreover, using bioink methods, in addition to producing bioinks 
that will be characterized by adequate printability and high survival rate 
of the cells contained therein, it is further expected that these scaffolds 
will provide a suitable environment for the cells, which will undergo a 
number of post-bioprinting maturation processes within it. This is 
another challenge that researchers are targeting, that is, the study of cell 
viability, cell proliferation, the biodegradation of scaffolds and thus 
their durability over time, as well as the integration of a hierarchical 
vascular network, which is an interesting approach to the possibility of 
upscaling the bioprinting of functional tissue and organ constructs for 
transplantation [125]. Moreover, for a given construct to have an 
applied use, the solution in question must be simple and reproducible. 
However, still, in most studies, cell viability is qualitatively assessed for 
constructs built with only a few layers and mostly covers a short period 
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of time i.e. up to 7 days after printing [101,123,126,127], rarely 
exceeding 14 days [112]. 

From an application point of view, e.g. the use of a scaffold in wound 
healing, the determination of whether a given system has a potential 
application should concern much larger constructs, with a hierarchical 
structure, as well as their longer incubation period. Additionally, 
determining the biodegradability of scaffolds in the context of cell 
growth and proliferation is still an often ignored issue. This is another 
huge challenge regarding the post-biodegradation stage, in which a 
given scaffold should be designed in such a way that these two processes 
are interconnected, as only their proper alignment will result in fully 
functional constructs. 

5. Biomedical application of 3D bio-printed hydrogels 

3D bioprinting is a rapidly developing method in regenerative 
medicine. Due to the high precision, the technology allows for the exact 
reconstruction of the tissue. It is also characterized by reproducibility, 
which allows for automation and production on a larger scale. In addi
tion, the 3D construct is known to reproduce tissues of similar physio
logical size and geometry [128]. The most commonly printed tissues 
include skin, cartilage, and bone described below (Fig. 4). 

Table 1 
Examples of bioinks used in conjunction with the bioprinter that have been studied.  

Bioink composition Bioprinter and printing parameters Physicochemical properties Cell survival 

GelMA Modified printer Lulzbot TAZ 4, Aleph Objects 
Nozzle temperature: 21 ◦C 
Speed: 400 mm/min 

Pore diameter: 35.7–66.7 µm 
Young’s modulus: 1.8–6.9 kPa 
Resolution: 500 µm 
Gelation time: 58.0–22.8 min 

HUVEC 
Cell density 4 × 106 mL-1 

Survival rate: 
After 1 day: 88.7–85.1% 
After 7 days: 91.0–89.3% [101] 

Chitosan 
Glycerophosphate 
Hydroxyethylcellulose 
Nanocrystals of cellulose 

Chitosan Glycerophosphate Hydroxyethylcellulose 
Nanocrystals of cellulose BioX, Cellink, Göteborg 
Nozzle temperature: 25 ◦C 
Extrusion pressure: 12–20 kPa 
Speed: 2 mm/s 

Cell-free bioink viscosity: 
106.09–136.29 Pa⋅s 
Cell bioink viscosity: 
251.88–258.90 Pa⋅s 
Compound viscosity at 1 Hz of cell-free 
bioink: 14, 18 and 16 Pa⋅s 
Compound viscosity at 1 Hz of cell 
bioink: 23, 32 and 42 Pa⋅s 
Yield stress: 
401.93–536.68 Pa of cell-free bioink 
413.18–585.21 ± 61.77 Pa of cellular 
bioink 

MC3T3-E1 
Cell density of 5 × 106 mL-1 

Retention of high viability after printing and 
no significant proliferation after 7 days [123] 

Sodium alginate 
Gelatin 

INKREDIBLE Cellink 
Extrusion pressure: 45 kPa 

tan δ < 1 
Viscosity at shear rate 1 s-1: 12.10 Pa⋅s 
Filament width: 372.59 mm 
Scaffold stiffness: 1–8 kPa in 12 days 

NSCLC PDX (EGFR T790M) 
Cell density 10 × 106 mL-1 

Survival 
After printing: 97,51% 
After 15 days: 94,23% [112] 

Gelatin 
Sodium alginate 

Specially designed printer 
Flow rate: 0.04 and 0.01 mL/m (inner diameter/outer 
diameter) 
Feed rate: 6 mm/s 
Pressure: 15 psi 

Young’s modulus: 0.5–1.8 kPa 
Normalized pore count: 50–98% 

3T3 NIH mouse fibroblast cells 
Cell density 2 × 106 mL-1 

Survival rate: 
After printing: 
Pure alginate: 70%. 
Alginate-gelatin: 85%113 

ADA-Gel 
oxidized alginate 
gelatin 

Bioplotter RP V2.9, EnvisionTEC GmbH 
Flow rates: 1 mg/s 
Printing speeds: approximately 25 mm/s 
Material temperature: 26 ◦C 
Extrusion pressure: 0.12–2.15 bar 

tan δ: 0.1 – 0.57 RSC96 and HUVEC 
Survival rate: 
After 1 day: more than 90% 
After 7 days: decrease < 80% (HUVEC) and 
about 90% (RSC96) [119] 

Gelatin 
Methylcellulose 
Cross-linked with 
transglutaminase 

RegenHU 3D Discovery, Fribourg 
Printhead/bioink temperature: 27 ◦C 
Flow speed: 12 mm/s 
Extrusion pressure: 25 kPa 

Homogeneity of the filament U= 1.012 
Pore ratio: Pr= 0.86 
Fidelity of shape: I= 0.93 
Stiffness: 5–50 kPa 

NIH 3T3 Fibroblasts 
Survival rate: 
After 1 day: 86% 
After 3 days: 68% 
After 5 days: 
At crossover points: 33% 
At others: 61% 
For monolayer constructs: 82% [127] 

Sodium alginate 
Gelatin 

BioBots, BioBots 
Printing temperature: 25 ◦C 
Printing speeds: 5 mm/s 
Extrusion pressure: 193 kPa 

Strand width: 0.31 mm 
Printing accuracy: 97% 
Compressive modulus: 48 kPa 
Parameter optimization index: 
POI= 88.82 

Mesenchymal stem cells (MSCs) from adult 
sheep adipose tissue 
Survival rate: 92.3% [126]  

Fig. 4. 3D bioprinting can be utilized in tissue engineering and regenerative 
medicine in the treatment of various disorders including wound healing, spinal 
cord injury, and bone or cartilage defects. Created with BioRender.com. 
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5.1. Wound healing 

In the context of wound healing, it is important to create a skin 
construct, recreating its normal anatomical structures and functions 
through the presence of blood vessels or skin appendages-hair, seba
ceous, and sweat glands. The cells used in skin renewal through 3D 
printing mainly include keratinocytes, fibroblasts and epidermal stem 
cells, AD-MSCs, BM-MSCs, or iPSCs [129]. 3D bioprinting technology 
allows the reproduction of a piece of skin of any size and shape, im
proves the precision of the dressing used, and reduces the need for 
complex surgical procedures [130]. 

Jorgensen et al. conducted a study confirming epidermal barrier 
formation and collagen remodeling by skin constructs in full-thickness 
wounds. Fibrinogen hydrogel mixed with cells from the epidermis, 
dermal dermis layer, and subcutaneous tissue was used as a bioink. The 
cells were imprinted as the different layers of the skin, respectively. The 
constructs produced in this way were applied to wounds excised from 
mice. Application of the bioprinted skin resulted in wound closure by 
day 21 and regeneration throughout the thickness. Histologically, the 
construct was similar to physiological skin, and the presence of host cells 
within it was demonstrated [131]. 

In contrast, Baltazar et al. developed a skin construct containing 
human fibroblasts, keratinocytes, endothelial cells from umbilical cord 
blood, endothelial colony-forming cells, and pericytes. The cellular 
components were suspended in type I collagen. Their transplantation 
into the damaged dorsal skin of immunodeficient mice resulted in 
improved vascularization and the maintenance of a blood vessel 
network 2–4 weeks and epidermal renewal 4 weeks after trans
plantation. Epidermis renewal occurred through the maturation of 
keratinocytes in the presence of pericytes [132]. 

As mentioned above, SCs are also used for 3D bioprinting. Roshangar 
et al. seeded AD-MSC cells onto printed hydrogel scaffolds formed by a 
mixture of alginate and collagen. Then applied these scaffolds to 
damaged rat dorsal skin. Using the scaffolds alone resulted in faster 
wound healing. On the other hand, using AD-MSCs in the scaffold 
induced faster epithelialization of the searched area and the formation 
of a multilayered epidermis [133]. 

Using MSCs derived from human umbilical cords in a diabetic wound 
model in mice also improved healing outcomes. The stem cells were 3D 
printed along with alginate gel. Such constructs reduced inflammation, 
improved normal tissue regeneration, and induced showed expression of 
growth factors associated with wound healing (including transforming 
growth factor beta (TGF- B)) [134]. Furthermore, Abaci et al. reprog
rammed endothelial cells into iPSCs, and with 3D bioprinting, produced 
constructs that formed vascular networks with a fixed micropattern. 
Administration of the substitutes to wounds in immunodeficient mice 
promoted the formation of new blood vessels and increased the prolif
eration of basal keratinocytes [135]. Moreover, application of the algi
nate hydrogel matrix and human umbilical cord MSCs at the wound site 
in diabetic mice accelerated regeneration. Increased expression of TGF 
B, IL33, collagen production, and mast cells were observed [136]. 

An increasing number of studies are using 3D printing technology to 
prepare dressings for patients. Armstrong et al. used autologous mini
mally manipulated homologous adipose tissue in 10 patients with 
chronic diabetic foot ulcers. 60% of wounds with the printed, fitted 
dressing were completely covered with epithelium 12 weeks after 
treatment. No wound site infection or rejection of the constructs was 
observed [137]. Additionally, the application of the autologous mini
mally manipulated homologous adipose tissue and fibrin glue was 
tested. 3D bio-printed scaffolds were used in 10 patients with diabetic 
foot ulcers at the site of the lesion. In 7/10 patients, the wound was 
healed after 12 weeks. Also, no scar formation and changes in the 
structure of adjacent tissues were observed [138] Another type was 
dressing composed of minimally manipulated extracellular matrix 
derived from autologous adipose tissue. In 17 patients with the scaffold 
applied closure of the diabetes wound was observed after about 4 weeks. 

In the control group of 16 patients, the regeneration process was delayed 
[139]. 

5.2. Cartilage and bone defects 

Cartilage is built of connective tissue. Cartilage tissue has a very 
limited regenerative capacity, making various lesions such as osteoar
thritis require innovative solutions. Markel Lafuente-Merchan et al. 
tested nanocellulose alginate-based bioinks to which chondroitin sulfate 
(CS) and dermatan sulfate (DS) were added and then mixed with mouse 
MSCs. The supplementation of DS improved the cells’ metabolic activity 
and functionality. Meanwhile, both components improved the expres
sion of genes (SRY-box transcription factor 9 (SOX9), aggrecan (ACAN), 
collagen type 2 (COL2), collagen type 1 (COL1)) related to MSCs dif
ferentiation into cartilage [140]. In contrast, Beketov et al. used a bioink 
composed of 4% collagen and chondrocytes isolated from the cartilage 
of conceived rats. The produced scaffolds formed a homogeneous tissue 
after subcutaneous implantation; collagen was replaced by an extra
cellular matrix. The cartilage tissue had high levels of glycosaminogly
cans (GAG) and COL2 [141]. Sun et al. produced a construct from poly 
(lactic-co-glycolic acid) and rabbit BM- MSCs with the addition of bone 
morphogenetic protein 4 and transforming growth factor β3. It was used 
to evaluate the repair of full-thickness cartilage damage in the knee 
joint. After application of the scaffold, vitreous cartilage similar in 
appearance to normal cartilage was formed, rich in GAGs and exhibiting 
a chondrocyte phenotype (presence of proteoglycan 4 (PRG4) and col
lagens II, X) [142]. At the same time, 3D constructs are being used in 
nasal cartilage transplants. Lan et al. utilized a scaffold made from type I 
collagen and human nasal chondrocytes. It was cultured in vitro and 
supplemented with TGFβ3 for another 9 weeks and then implanted 
subcutaneously into nude mice. The printed cartilage retained its orig
inal size and shape, had more collagen than control Chydro-Gide, higher 
GAG content, and increased expression of COL2. However, a decrease in 
cell viability was observed for the 3D construct [143]. Application of the 
scaffolds also improves intervertebral disc regeneration. The bioink was 
a polylactide along with a hydrogel, which was loaded with rat 
BM-MSCs. The 3D constructs were tested in vitro and in vivo. Cell 
viability was preserved, the extracellular matrix was maintained, and 
the scaffolds ensured the deposition of proteoglycans and collagen 
within the disk space [144]. 

Bone repair is particularly important in large defects when bone 
growth and regeneration conditions are not preserved. A key element for 
bone regeneration is the creation of a microenvironment that promotes 
osteogenesis [145]. In 2018, a study about a scaffold of gelatin and 
hydroxyapatite with ascorbic acid and β-glycerophosphate disodium salt 
hydrate was created. It was electrospinning and then rat BM-MSCs cells 
were seeded onto it. The prepared constructs were administered to rats 
with cranial defects. It stimulated the reconstruction of the parietal 
bone, which after 6 weeks was almost regenerated, without the presence 
of inflammatory cells. The formed tissue after 12 weeks showed simi
larity to physiological tissue and had a lamellar structure. In contrast, in 
the control group, fibrous connective tissue was observed in the areas of 
bone reconstruction [146]. Tao et al. also used gelatin methacrylate 
/dextran emulsion printing via digital light processing with BM-MSCs in 
cranial defects. The constructs provided bone regeneration with a much 
larger area than controls. Histological staining showed islands of osteoid 
indicative of bone maturation. Markers of osteogenesis-collagen 1 and 
osteocalcin were present [147]. An important element in bone regen
eration is the porosity of the tissue constructs. Calcium 
phosphorus-based ceramic scaffolds, such as 3D printed tricalcium 
phosphate powder with iron ions (FE 3 +) and silicon ions (Si 2 +), can 
provide this. When administered in the rat distal femur model, it ac
celerates the formation of new blood vessels and increases the produc
tion of type I collagen [148]. Another novel approach is printing cells in 
situ using Laser-Assisted Bioprinting (LAB). Mesenchymal stromal cells 
along with hyaluronic acid and collagen have been used in the 3D 
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printing of a mouse skull vault defect. The disc-shaped printed con
structs resulted in even faster bone reconstruction until the mature bone 
was produced. In the case of the printed rings, bone regenerated 
exclusively at the periphery of the defect [149]. In situ bioprinting in the 
calvarial defect model was also carried out with endothelial cells com
bined with thermosensitive hydrogel to stimulate angiogenesis. At the 
same time, a light-crosslinked hydrogel combined with BM-MSCs was 
used as a matrix for bone reconstruction. The constructs formed signif
icantly stimulated angiogenesis and osteogenesis [150]. 

5.3. Spinal cord injury 

Spinal cord injury can be caused by a primary damage (dislocation, 
extrusion) or arise as a complication of previous injuries (inflammation, 
swelling, ischemia). It is characterized by permanent damage to nerve 
cells resulting in inability to renew their function [151]. 

For successful spinal cord repair, it is necessary to map the structure 
of the spinal cord with the spatial distribution of neural stem cells (NSC). 
Liu et al. used a bioink composed of chitosan, hyaluronic acid de
rivatives, and matrigel mixed with NSCs. The prepared scaffolds are 
utilized in rats with spinal cord injury. It provided high cell viability, 
renewed axons, and restored locomotor abilities [152]. In contrast, Zhou 
et al. used 2 types of cells- BM-MSCs and NSCs. The cells were 3D printed 
with methacryloyl gelatin hydrogel and then placed at the site of spinal 
cord hemisection in the rat. Construct reduced inflammation, and scar 
formation. In addition, it promoted the differentiation of nerve cells and 
improved the animal’s motor abilities [153]. Another study used sodium 
alginate/gelatin combined with NSCs and oligodendrocytes. Constructs 
were 3D printed and then implanted in place of complete spinal cord 
transection in a rat. Scaffolds improved nerve regeneration and 
enhanced the animals’ motor skills. In addition, organized structure of 
the scaffold ensured regeneration of axons and formation of new neu
rons [154]. 

In contrast, Gao et al. developed hydrogels from gelatin methacry
late, hyaluronic acid methacrylate and poly(3,4- 
ethylenedioxythiophene) Sulfonated Lignin (PEDOT:LS). The afore
mentioned hydrogels were then 3D printed with NSCs and applied to a 
rat model of complete spinal cord transection. The scaffolds used pro
moted the restoration of motor function in rats. The addition of PEDOT: 
LS increased the conductivity of the hydrogels and enhanced the dif
ferentiation ability of NSCs toward neurons [155]. Koffler et al. pro
posed using continuous microscale projection printing (μCPP) to 
reproduce the complex structure of the central nervous system. The 3D 
constructs were created from polyethylene glycol, gelatin methacrylate 
and neural progenitor cells. They were implanted at the site of a com
plete transection of the spinal cord in rats. The scaffolds ensured the 
regeneration of damaged axons and the elongation of those already 
present below the site of injury, which could lead to the formation of 
synaptic connections. Six months after transplantation, neural progen
itor cells filled the injury site. Immunohistochemical staining did not 
reveal the presence of the stem state marker nestin and the cell 
division-associated marker Ki67 which may indicate maturation of the 
cells [156]. 

5.4. Other applications 

3D bioprinting capabilities are also being applied in other cases, 
particularly in unavailable, extensive injury or lost biological function 
renewal. Disease entities studied include cardiac disfunction, spinal cord 
injury, diabetes or liver failure (Table 2). 

6. Clinical need for 3D bio-printed hydrogel constructs – current 
status and future directions 

The field of 3D bioprinting can provide an alternative to missing 
therapies. It is a rapidly developing method in regenerative medicine 

because it is based on already-known assumptions and well-known 
standard 3D printing. Due to the high precision, the technology allows 
for the exact reconstruction of the tissue. It is also characterized by 
reproducibility, which allows for automation and production on a larger 
scale [128]. Personalized medicine is essential for treating many disor
ders such as large skin defects, atypical fractures, and chronic wounds. 
The treatment of these dysfunctions poses a massive burden on the 
economy and a challenge for medical personnel [162,163]. 

According to Precedence Research, the market for 3D bioprinting has 
been valued at $2.13 billion in 2022. It is estimated that its value will 
increase to 8.3 billion dollars in 2023 [164]. In addition to technological 
development, 3D bioprinting is an important element in the advance
ment of medicine. It can provide innovative solutions for severe clinical 
cases such as deep chronic wounds, cartilage defects, or large bone 
damage. However, further studies involving animals and, the subse
quent progression of patients, are needed to confirm the effectiveness of 
the 3D constructs on a larger scale.Based on the time of complete wound 
healing, wounds can be classified as acute and chronic. Acute wounds 
heal in an organized process, divided into three overlapping stages 
which include inflammatory, proliferative, and remodeling phases 
[165]. However, the process of wound healing can be affected by 
different factors, like patients’ age, overall health, nutrition, lifestyle (e. 
g. alcohol intake or smoking), and diseases (e.g. diabetes, vascular 
problems). Also, the medications (e.g. non-steroidal anti-inflammatory 
drugs, steroids, chemotherapy) and other treatments that the patient 
receives, e.g. radiotherapy can have a negative effect on wound healing. 
All these factors can lead to the formation of chronic wounds, which do 
not heal in a proper manner and time [166]. 

Table 2 
3D bioprinting as a treatment model in various disease entities.  

Disease Bioink Results and references 

Congenital 
heart 
defects 

Neonatal human c-kit 
+ progenitor cells laden- 
cardiac extracellular matrix- 
gelatin methacrylate 

In a rat model of right ventricle 
failure, the use of the 3D 
construct resulted in the 
increased vascular formation, 
reduced cardiac fibrosis, and 
limited cardiomyocyte 
hypertrophy[157] 

Cardiac 
diseases 

Extracellular matrix hydrogel 
with iPSCs differentiated into 
cardiomyocytes and patient- 
specific endothelial cells 

Embedding the printed 
construct between two layers of 
the rat’s omentum for 7 days 
produced elongated cells that 
could contract[158] 

Diabetes Pancreatic extracellular matrix 
with hyaluronic acid 
methacrylate encapsulated 
with pancreatic islets 

The 3D construct was 
implanted into the 
subcutaneous connective tissue 
of diabetic mice, which 
improved blood glucose levels 
and increased insulin levels. In 
addition, it contributed to the 
formation of new vessels and 
the expansion of existing 
networks[30] 

Liver failure Methacrylate gelatin with 
primary human hepatocytes 

When implanted in mice, the 
constructs stimulated 
vascularization and maintained 
normal liver cell function[159] 

Liver failure A mixture of gelatin and 
alginate along with HepaRG 
cells 

Abdominal administration in 
mice with liver damage 
resulted in improved survival 
in the animals. The cells had 
functions similar to those 
exhibited by normal liver cells 
such as drug metabolism. In 
addition, vascularization 
improved[160] 

Liver failure 3% alginate hydrogel with 
induced hepatocyte-like cells 
derived from mouse embryonic 
fibroblasts 

Scaffolding in a mouse model 
of liver injury resulted in 
accelerated cell proliferation 
and increased albumin 
expression[161]  
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Chronic wounds constitute not only medical but also economic 
burdens, as they consume a big part of medical budgets. For example, 
Medicare data from 2014 shows that in the U.S. almost 15% of their 
beneficiaries (8.2 million people) had at least one type of wound (e.g. 
arterial ulcers, chronic ulcers, diabetic foot ulcers, pressure ulcers, skin 
disorders, surgical wounds, traumatic wounds or venous ulcers) or 
associated infections (e.g. diabetic infections, skin infections, surgical 
infections or venous infections). It was estimated that Medicare had to 
spend $28.1 - $96.8 billion for wound care [167]. In Europe, 1,5–2 
million people is estimated to suffer from acute or chronic wound, and 
the cost of care for only one type of chronic wound – diabetic ulcers 
(DFU) predicted to be €6–8 billion per year [168]. Additionally, Canada 
is spending $509 million on DFU treatment [169]. 

Taking into account the number of patients and the impact on their 
lives, the wound healing problems have been named a “silent epidemic’ 
as the effect on patient’s quality of life, their families, and health care 
systems is often not fully recognized [168]. The COVID-19 pandemic 
also affected wound care. A 40% decrease in the visits to wound care 
centers in 2020 compared to 2019 has been reported. It can lead to 
increased hospitalization rates, 30-day readmission, and the necessity to 
use more acute care services [170]. 

For extensive burn wounds (Fig. 2) or chronic wounds, basic care 
methods are insufficient to restore the tissue. In addition, the prolonged 
healing process is associated with discomfort in the patient’s func
tioning. The use of a 3D bioprinted dressing using hydrogels and stem 
cells not only provides an environment for tissue regeneration and cell 
proliferation but also customizes the shape and size of the construct 
needed [171]. 

Also, irregular, large bone defects are not amenable to standard 
treatment. Due to the small number of sites in the body where a bone 
fragment can be taken without loss of function, hypersensitivity, or 
disease at the donor site, their therapy is limited. The use of a 3D bio
construct can restore the connection between the two parts of the bone, 
provide the proper shape and, without an immune response, stimulate 
the environment to restore the defect [172,173]. 

The natural ability to renew tissues and organs is possible in various 
disease states. However, severe multi-organ damage can only be treated 
with transplants. Huge shortages in the availability of organs for trans
plantation often involve the death of the patient [174]. According to the 
Health Resources & Services Administration, 105,800 people are 
currently waiting for a transplant, and 17 people die each day due to 
organ unavailability in the USA [175]. Allografts at times may also lead 
to immune rejection. 3D bioprinting may find application in 
whole-organ restoration. Over the years, it has been possible to produce 
by this method various tissues that provide conditions close to physio
logical ones in the body. However, the process requires the production of 
a multicellular construct, enriched with vascular and neural networks. 
Therefore, a great deal of research is required to ultimately create a 
functional organ [176]. 

3D bioprinting may also be helpful in developing complicated in 
vitro models for drug testing. Currently, there is a big need for precise in 
vitro models in drug screening. Traditionally 2D cultures do not 
perfectly reflect conditions in the human body and may lead to 
misleading results [177]. Interestingly, 3D bioprinting also offers solu
tions that can be helpful in not only testing but also manufacturing of 
advanced drugs e.g. vaccines, therapeutics, and delivery systems [10]. 
What is more, the use of 3D bioprinting enables the creation of tissue 
constructs to study e.g. pharmacokinetics. Bioprinted organs and tissues 
can also serve as an alternative for the use of animals in drug testing 
[178]. It can be especially helpful in the cosmetics industry, where an
imal testing is forbidden in many countries, e.g. European Union. 

The use of 3D bioprinting still has a lot of challenges to overcome, 
however, its advantages and the huge application potential in medicine 
cause it to be constantly developed (Fig. 6). 3D bioprinting may be a 
solution not only to the organ shortage or the need for complicated in 
vitro models for drug or cosmetics testing but it can also be applied in 

regenerative medicine and drug delivery or studying the mechanisms of 
diseases. The advantages of extrusion-based bioprinting, which is 
currently the most widely used method, include high accessibility, low 
costs, and high printing precision [179]. The use of 3D bioprinting has 
also advantages over other biofabrication methods. It enables the pro
duction of more complex and precise constructs, which better reflect the 
anatomic structures. It also allows to automize of the process of high 
precision mass production of these structures. What is more, the use of 
computer-aided design allows to produce constructs that are tailored to 
the individual needs of the patient. It also allows to use medical images 
in the process of biofabrication. Also, the process of layer-to-layer bio
fabrication makes it easier to control the spatial distribution of cells and 
scaffolds in the printed tissue [180,181]. However, many challenges 
need to be overcome. For example, apart from the technical aspects, 
there is still a problem with the proper vascularization of bioprinted 
tissues, and the mechanism of the immune response after the implan
tation of biofabricated constructs needs to be fully evaluated [182]. 

In conclusion, 3D bioprinting and its modifications hold great 
promise in tissue engineering, regenerative medicine, and personalized 
therapy tailored to the individual patient. However, some issues limit 
the use of these therapies in everyday clinical practice. First, because the 
application of 3D bioprinting in clinics is still quite new, currently there 

Fig. 5. Patient with a deep burn. Destroy whole skin, waxy tissue is necrosis 
in the process of liquefaction, red tissue is granulation tissue forming. 

Fig. 6. Advantages of 3D bioprinting and challenges that need to be overcome. 
Created with BioRender.com. 
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are no legal regulations and validated, optimized protocols that allow its 
use without safety concerns. Additionally, as cell-based products, 3D 
bioprinted constructs for the preparation may require sterile conditions 
and GMP facilities equipped with cell culture hoods and qualified 
personnel. This, in turn, may translate into a high single cost of such 
therapy and complicated procedures of their application in the market. 
However, this issue should not eliminate such therapies from the 
treatment of patients, because even if a given therapy is expensive, but it 
will help the patient more effectively and significantly shorten the 
treatment time, the final cost of treatment for a single patient may be 
much lower than the long-term use of less effective therapy. An inno
vative method that may significantly expand the possibilities of the 
medical sector is the four-dimensional (4D) printing technique, which 
allows for the reconstruction and maturation of 3D bioprinted tissues. 
Due to its low affordability and difficult manufacturing technique, it 
requires further analysis and detailed research. 

3D bioprinting may be a solution for many diseases like chronic 
wounds, and cartilage or bone defects. Looking ahead, bioprinted organs 
may revolutionize the field of transplantation and help to solve the 
problem of organ shortage. It may not only shorten time to help waiting 
time for the organ but also help patients who, due to legal regulations, 
have little chance of receiving an organ and those who reject this form of 
treatment for religious or ethical reasons. 
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sition. Adrianna Banach- Kopeć: Writing – original draft and prepa
ration. Robert Tylingo: Writing – review and editing. Michał Pikuła: 
Writing – review and editing, Funding acquisition, Supervision. Milena 
Deptuła and Małgorzata Zawrzykraj: Contributed equally to this 
work. All authors have read and agreed to the published version of the 
manuscript. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments 

We would like to thank Karolina Kondej MD, PhD from the Division 
of Plastic Surgery at Medical University of Gdansk, Poland for providing 
photograph for the Fig. 5. 

References 

[1] P. Bartolo, A. Malshe, E. Ferraris, B. Koc, 3D bioprinting: materials, processes, 
and applications, CIRP Ann. 71 (2022) 577–597. 

[2] S. Agarwal, et al., Current developments in 3D bioprinting for tissue and organ 
regeneration–a review, Front. Mech. Eng. 6 (2020). 

[3] S. Vanaei, M.S. Parizi, S. Vanaei, F. Salemizadehparizi, H.R. Vanaei, An overview 
on materials and techniques in 3D bioprinting toward biomedical application, 
Eng. Regen. 2 (2021) 1–18. 

[4] J. Gopinathan, I. Noh, Recent trends in bioinks for 3D printing, Biomater. Res. 22 
(2018) 11. 

[5] R. Khoeini, et al., Natural and synthetic bioinks for 3D bioprinting, Adv. 
NanoBiomed Res. 1 (2021), 2000097. 

[6] H.-Q. Xu, J.-C. Liu, Z.-Y. Zhang, C.-X. Xu, A review on cell damage, viability, and 
functionality during 3D bioprinting, Mil. Med. Res. 9 (2022) 70. 

[7] A. Persaud, A. Maus, L. Strait, D. Zhu, 3D Bioprinting with Live Cells, Eng. Regen. 
3 (2022) 292–309. 

[8] J.Y. Lee, S.-H. Hong, Hematopoietic stem cells and their roles in tissue 
regeneration, Int. J. Stem Cells 13 (2019) 1–12. 

[9] Y. Xiang, et al., 3D bioprinting of complex tissues in vitro: state-of-the-art and 
future perspectives, Arch. Toxicol. 96 (2022) 691–710. 

[10] H.-G. Yi, et al., Application of 3D bioprinting in the prevention and the therapy 
for human diseases, Signal Transduct. Target. Ther. 6 (2021) 1–17. 

[11] A.S. Hoffman, Hydrogels for biomedical applications, Adv. Drug Deliv. Rev. 64 
(2012) 18–23. 

[12] M.W. Tibbitt, K.S. Anseth, Hydrogels as extracellular matrix mimics for 3D cell 
culture, Biotechnol. Bioeng. 103 (2009) 655–663. 

[13] D.A. Gyles, L.D. Castro, J.O.C. Silva, R.M. Ribeiro-Costa, A review of the designs 
and prominent biomedical advances of natural and synthetic hydrogel 
formulations, Eur. Polym. J. 88 (2017) 373–392. 

[14] I. Goldberga, R. Li, M.J. Duer, Collagen structure–function relationships from 
solid-state NMR spectroscopy, Acc. Chem. Res. 51 (2018) 1621–1629. 

[15] C. Tang, et al., Collagen and its derivatives: from structure and properties to their 
applications in food industry, Food Hydrocoll. 131 (2022), 107748. 

[16] Y. Xiaoyue, H. Zhang, Y. Miao, S. Xiong, Y. Hu, Recent strategies of collagen- 
based biomaterials for cartilage repair: from structure cognition to function 
endowment, J. Leather Sci. Eng. 4 (2022). 

[17] C. Dong, Y. Lv, Application of collagen Scaffold in tissue engineering: recent 
advances and new perspectives, Polymers 8 (2016) 42. 

[18] A.A. Karim, R. Bhat, Gelatin alternatives for the food industry: recent 
developments, challenges and prospects, Trends Food Sci. Technol. 19 (2008) 
644–656. 

[19] A.I. Van Den Bulcke, et al., Structural and rheological properties of 
methacrylamide modified gelatin hydrogels, Biomacromolecules 1 (2000) 31–38. 

[20] B. Salahuddin, S. Wang, D. Sangian, S. Aziz, Q. Gu, Hybrid gelatin hydrogels in 
nanomedicine applications, ACS Appl. Bio Mater. 4 (2021) 2886–2906. 

[21] I. Lukin, et al., Progress in gelatin as biomaterial for tissue engineering, 
Pharmaceutics 14 (2022) 1177. 

[22] M.C. Echave, L. Saenz del Burgo, J.L. Pedraz, G. Orive, Gelatin as biomaterial for 
tissue engineering, Curr. Pharm. Des. 23 (2017) 3567–3584. 

[23] E.W. Davie, J.D. Kulman, An overview of the structure and function of thrombin, 
Semin. Thromb. Hemost. 32 (Suppl 1) (2006) 3–15. 

[24] D. Eyrich, et al., Long-term stable fibrin gels for cartilage engineering, 
Biomaterials 28 (2007) 55–65. 

[25] P. Langa, et al., Transcriptional profile of in vitro expanded human epidermal 
progenitor cells for the treatment of non-healing wounds, J. Dermatol. Sci. 89 
(2018) 272–281. 

[26] A.C. Brown, T.H. Barker, Fibrin-based biomaterials: modulation of macroscopic 
properties through rational design at the molecular level, Acta Biomater. 10 
(2014) 1502–1514. 

[27] C. Perka, U. Arnold, R.S. Spitzer, K. Lindenhayn, The use of fibrin beads for tissue 
engineering and subsequential transplantation, Tissue Eng. 7 (2001) 359–361. 

[28] A. Noori, S.J. Ashrafi, R. Vaez-Ghaemi, A. Hatamian-Zaremi, T.J. Webster, 
A review of fibrin and fibrin composites for bone tissue engineering, Int. J. 
Nanomed. 12 (2017) 4937–4961. 

[29] L. Kma, T.J. Baruah, The interplay of ROS and the PI3K/Akt pathway in 
autophagy regulation, Biotechnol. Appl. Biochem. 69 (2022) 248–264. 

[30] D. Wang, et al., Hyaluronic acid methacrylate/pancreatic extracellular matrix as a 
potential 3D printing bioink for constructing islet organoids, Acta Biomater. 
(2022), https://doi.org/10.1016/j.actbio.2022.06.036. 

[31] K. Saravanakumar, et al., Application of hyaluronic acid in tissue engineering, 
regenerative medicine, and nanomedicine: a review, Int. J. Biol. Macromol. 222 
(2022) 2744–2760. 

[32] A. Yasin, et al., Advances in hyaluronic acid for biomedical applications, Front. 
Bioeng. Biotechnol. 10 (2022). 

[33] J. Thiele, Y. Ma, S.M.C. Bruekers, S. Ma, W.T.S. Huck, 25th anniversary article: 
designer hydrogels for cell cultures: a materials selection guide, Adv. Mater. 26 
(2014) 125–148. 

[34] K.I.W. Kane, et al., Determination of the rheological properties of Matrigel for 
optimum seeding conditions in microfluidic cell cultures, AIP Adv. 8 (2018), 
125332. 

[35] T.K. Merceron, S.V. Murphy, Chapter 14 - Hydrogels for 3D Bioprinting 
Applications, in: A. Atala, J.J. Yoo (Eds.), Essentials of 3D Biofabrication and 
Translation, Academic Press, 2015, pp. 249–270, https://doi.org/10.1016/B978- 
0-12-800972-7.00014-1. 

M. Deptuła et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref1
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref1
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref2
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref2
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref3
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref3
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref3
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref4
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref4
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref5
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref5
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref6
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref6
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref7
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref7
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref8
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref8
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref9
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref9
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref10
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref10
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref11
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref11
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref12
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref12
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref13
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref13
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref13
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref14
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref14
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref15
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref15
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref16
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref16
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref16
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref17
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref17
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref18
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref18
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref18
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref19
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref19
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref20
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref20
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref21
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref21
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref22
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref22
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref23
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref23
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref24
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref24
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref25
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref25
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref25
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref26
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref26
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref26
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref27
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref27
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref28
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref28
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref28
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref29
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref29
https://doi.org/10.1016/j.actbio.2022.06.036
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref31
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref31
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref31
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref32
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref32
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref33
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref33
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref33
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref34
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref34
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref34
https://doi.org/10.1016/B978-0-12-800972-7.00014-1
https://doi.org/10.1016/B978-0-12-800972-7.00014-1
http://mostwiedzy.pl


Biomedicine & Pharmacotherapy 167 (2023) 115416

15

[36] W. Liu, H. Madry, M. Cucchiarini, Application of alginate hydrogels for next- 
generation articular cartilage regeneration, Int. J. Mol. Sci. 23 (2022) 1147. 

[37] D.M. Roquero, E. Katz, “Smart” alginate hydrogels in biosensing, bioactuation 
and biocomputing: state-of-the-art and perspectives, Sens. Actuators Rep. 4 
(2022), 100095. 

[38] D.R. Sahoo, T. Biswal, Alginate and its application to tissue engineering, SN Appl. 
Sci. 3 (2021) 30. 

[39] C. Yang, T. Yin, Z. Suo, Polyacrylamide hydrogels. I. Network imperfection, 
J. Mech. Phys. Solids 131 (2019) 43–55. 

[40] Y. Wang, D. Li, Creating complex polyacrylamide hydrogel structures using 3D 
printing with applications to mechanobiology, Macromol. Biosci. 20 (2020), 
2000082. 

[41] C.-C. Lin, K.S. Anseth, PEG hydrogels for the controlled release of biomolecules in 
regenerative medicine, Pharm. Res. 26 (2009) 631–643. 

[42] S. Lee, X. Tong, F. Yang, Effects of the poly(ethylene glycol) hydrogel crosslinking 
mechanism on protein release, Biomater. Sci. 4 (2016) 405–411. 

[43] F. Gelain, Z. Luo, S. Zhang, Self-assembling peptide EAK16 and RADA16 
nanofiber Scaffold hydrogel, Chem. Rev. 120 (2020) 13434–13460. 

[44] R. Wang, Z. Wang, Y. Guo, H. Li, Z. Chen, Design of a RADA16-based self- 
assembling peptide nanofiber scaffold for biomedical applications, J. Biomater. 
Sci. Polym. Ed. 30 (2019) 713–736. 
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[76] W. Zakrzewski, M. Dobrzyński, M. Szymonowicz, Z. Rybak, Stem cells: past, 
present, and future, Stem Cell Res. Ther. 10 (2019) 68. 

[77] S. Suman, A. Domingues, J. Ratajczak, M.Z. Ratajczak, Potential Clinical 
Applications of Stem Cells in Regenerative Medicine, in: M.Z. Ratajczak (Ed.), 
Stem Cells: Therapeutic Applications, Springer International Publishing, 2019, 
pp. 1–22, https://doi.org/10.1007/978-3-030-31206-0_1. 

[78] B. Pr, M. Tc, Stem cell paracrine actions and tissue regeneration, Regen. Med. 5 
(2010). 

[79] L. Bacakova, et al., Stem cells: their source, potency and use in regenerative 
therapies with focus on adipose-derived stem cells – a review, Biotechnol. Adv. 36 
(2018) 1111–1126. 

[80] M.F. Pittenger, et al., Mesenchymal stem cell perspective: cell biology to clinical 
progress, Npj Regen. Med. 4 (2019) 1–15. 

[81] M. Dominici, et al., Minimal criteria for defining multipotent mesenchymal 
stromal cells. The international society for cellular therapy position statement, 
Cytotherapy 8 (2006) 315–317. 

[82] S. Bhat, P. Viswanathan, S. Chandanala, S.J. Prasanna, R.N. Seetharam, 
Expansion and characterization of bone marrow derived human mesenchymal 
stromal cells in serum-free conditions, Sci. Rep. 11 (2021) 3403. 

[83] V.J. Costela-Ruiz, et al., Different sources of mesenchymal stem cells for tissue 
regeneration: a guide to identifying the most favorable one in orthopedics and 
dentistry applications, Int. J. Mol. Sci. 23 (2022) 6356. 

[84] K. Ning, et al., Functional heterogeneity of bone marrow mesenchymal stem cell 
subpopulations in physiology and pathology, Int. J. Mol. Sci. 23 (2022) 11928. 

[85] A. Mohanty, N. Polisetti, G.K. Vemuganti, Immunomodulatory properties of bone 
marrow mesenchymal stem cells, J. Biosci. 45 (2020) 98. 

[86] L. Müller, et al., Immunomodulatory properties of mesenchymal stromal cells: an 
update, Front. Cell Dev. Biol. 9 (2021). 

[87] S. Al-Ghadban, B.A. Bunnell, Adipose tissue-derived stem cells: 
immunomodulatory effects and therapeutic potential, Physiology 35 (2020) 
125–133. 

[88] L. Mazini, L. Rochette, B. Admou, S. Amal, G. Malka, Hopes and limits of adipose- 
derived stem cells (ADSCs) and mesenchymal stem cells (MSCs) in wound 
healing, Int. J. Mol. Sci. 21 (2020) 1306. 

[89] M. Torres-Torrillas, et al., Adipose-derived mesenchymal stem cells: a promising 
tool in the treatment of musculoskeletal diseases, Int. J. Mol. Sci. 20 (2019) 3105. 

[90] S. Ceccarelli, P. Pontecorvi, E. Anastasiadou, C. Napoli, C. Marchese, 
Immunomodulatory effect of adipose-derived stem cells: the cutting edge of 
clinical application, Front. Cell Dev. Biol. 8 (2020). 

[91] Y. Qi, J. Ma, S. Li, W. Liu, Applicability of adipose-derived mesenchymal stem 
cells in treatment of patients with type 2 diabetes, Stem Cell Res. Ther. 10 (2019) 
274. 

[92] S. Bindhya, et al., Induced pluripotent stem cells: a new strategy to model human 
cancer, Int. J. Biochem. Cell Biol. 107 (2019) 62–68. 

[93] M.A.M. Aboul-Soud, A.J. Alzahrani, A. Mahmoud, Induced pluripotent stem cells 
(iPSCs)-roles in regenerative therapies, disease modelling and drug screening, 
Cells 10 (2021) 2319. 

[94] B. Talug, Z. Tokcaer-Keskin, Induced Pluripotent Stem Cells in Disease Modelling 
and Regeneration, in: K. Turksen (Ed.), Cell Biology and Translational Medicine, 
Volume 5: Stem Cells: Translational Science to Therapy, Springer International 
Publishing, 2019, pp. 91–99, https://doi.org/10.1007/5584_2018_290. 

[95] L. Belk, et al., Safety considerations in 3D bioprinting using mesenchymal stromal 
cells, Front. Bioeng. Biotechnol. 8 (2020) 924. 

[96] E. DeSimone, K. Schacht, T. Jungst, J. Groll, T. Scheibel, Biofabrication of 3D 
constructs: fabrication technologies and spider silk proteins as bioinks, Pure Appl. 
Chem. 87 (2015) 737–749. 

[97] T.G. Papaioannou, et al., 3D bioprinting methods and techniques: applications on 
artificial blood vessel fabrication, Acta Cardiol. Sin. 35 (2019) 284–289. 

[98] L. Ouyang, et al., Three-dimensional bioprinting of embryonic stem cells directs 
highly uniform embryoid body formation, Biofabrication 7 (2015), 044101. 

[99] Q. Ramadan, M. Zourob, 3D bioprinting at the frontier of regenerative medicine, 
pharmaceutical, and food industries, Front. Med. Technol. 2 (2021). 

[100] F. Ulucan-Karnak, 3D bioprinting in medicine, Glob. J. Biotechnol. Biomater. Sci. 
7 (2021) 001–005. 

[101] W. Liu, et al., Extrusion bioprinting of shear-thinning gelatin methacryloyl 
bioinks, Adv. Healthc. Mater. 6 (2017). 

[102] R. Chand, B.S. Muhire, S. Vijayavenkataraman, Computational fluid dynamics 
assessment of the effect of bioprinting parameters in extrusion bioprinting, Int. J. 
Bioprinting 8 (2022) 545. 

[103] P. Manita, I. García Orue, E. Santos Vizcaíno, R. Hernandez, M. Igartua, 3D 
bioprinting of functional skin substitutes: from current achievements to future 
goals, Pharmaceuticals 14 (2021) 362. 

M. Deptuła et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref36
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref36
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref37
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref37
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref37
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref38
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref38
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref39
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref39
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref40
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref40
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref40
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref41
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref41
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref42
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref42
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref43
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref43
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref44
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref44
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref44
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref45
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref45
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref45
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref46
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref46
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref47
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref47
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref47
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref48
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref48
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref49
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref49
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref50
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref50
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref51
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref51
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref51
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref52
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref52
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref52
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref53
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref53
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref54
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref54
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref54
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref55
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref55
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref55
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref56
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref56
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref56
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref57
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref57
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref58
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref58
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref59
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref59
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref59
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref60
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref60
https://doi.org/10.1016/B978-1-78242-105-4.00007-9
https://doi.org/10.1016/B978-1-78242-105-4.00007-9
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref62
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref62
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref62
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref63
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref63
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref64
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref64
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref65
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref65
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref66
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref66
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref67
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref67
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref68
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref68
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref69
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref69
https://doi.org/10.1016/B978-0-12-819838-4.00012-2
https://doi.org/10.1016/B978-0-12-819838-4.00012-2
https://doi.org/10.1016/B978-0-08-102179-8.00001-6
https://doi.org/10.1016/B978-0-08-102179-8.00001-6
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref72
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref72
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref72
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref73
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref73
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref73
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref74
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref74
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref75
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref75
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref76
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref76
https://doi.org/10.1007/978-3-030-31206-0_1
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref78
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref78
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref79
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref79
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref79
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref80
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref80
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref81
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref81
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref81
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref82
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref82
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref82
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref83
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref83
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref83
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref84
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref84
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref85
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref85
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref86
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref86
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref87
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref87
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref87
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref88
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref88
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref88
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref89
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref89
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref90
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref90
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref90
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref91
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref91
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref91
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref92
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref92
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref93
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref93
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref93
https://doi.org/10.1007/5584_2018_290
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref95
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref95
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref96
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref96
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref96
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref97
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref97
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref98
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref98
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref99
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref99
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref100
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref100
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref101
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref101
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref102
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref102
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref102
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref103
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref103
http://refhub.elsevier.com/S0753-3322(23)01214-3/sbref103
http://mostwiedzy.pl


Biomedicine & Pharmacotherapy 167 (2023) 115416

16

[104] A. Hernández-Sosa, et al., Optimization of the rheological properties of self- 
assembled tripeptide/alginate/cellulose hydrogels for 3D printing, Polymers 14 
(2022) 2229. 

[105] M.P. Mani, et al., A review on 3D printing in tissue engineering applications, 
J. Polym. Eng. 42 (2022) 243–265. 

[106] Q. Gao, B.-S. Kim, G. Gao, Advanced strategies for 3D bioprinting of tissue and 
organ analogs using alginate hydrogel bioinks, Mar. Drugs 19 (2021) 708. 

[107] A. Banach-Kopeć, et al., A novel method of endotoxins removal from chitosan 
hydrogel as a potential bioink component obtained by CO2 saturation, Int. J. Mol. 
Sci. 23 (2022) 5505. 

[108] G. Decante, et al., Engineering bioinks for 3D bioprinting, Biofabrication 13 
(2021). 
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