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Abstract

To reduce reliance on transplants in cases of disease or trauma caused by accidents, biotechnologies in regenerative 
medicine and tissue engineering have emerged. The primary goal of tissue engineering is to fabricate devices that mimic 
the extracellular matrix of injured tissues, thereby facilitating their repair. The synthetic polymer poly(ε-caprolactone) 
(PCL) is recognized for its favorable mechanical properties, including load-bearing capacity, biocompatibility, and 
controllable biodegradability. Gelatin, derived from collagen, can replicate the natural extracellular matrix and is rich 
in amino acids that promote cell adhesion, proliferation, and differentiation, all of which contribute to tissue repair. 
This study aims to review the fabrication of fibrous scaffolds for tissue engineering, covering process from biomaterial 
conception to production and application. Conceptual challenges are discussed using gelatin as an example of a natural 
polymer and PCL as an example of a synthetic polymer.
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1. Introduction

According to the Ministry of Health, Brazil is currently 
the second largest transplant-performing nation in the world, 
after the United States, and has the largest global public 
organ, tissue and cell transplant program. However, more 
than 60,000 people nationwide are presently on the transplant 
waiting list, which includes 406 for hearts, 2,278 for livers, 
171 for lungs, and 38,258 for kidneys, among others. To 
reduce dependence on transplants, biotechnologies in tissue 
engineering and regenerative medicine have emerged. These 
technologies focus on repairing and maintaining the patient’s 
own tissue rather than replacing it[1].

Two primary clinical procedures are used for the functional 
restoration of damaged tissue: transplants and implants[2]. In 
the first scenario, tissues or organs are provided by donors 
(living persons, cadavers, or even animals). Transplants 
are frequently associated with infections and rejection, 
a fact that requires the use of immunosuppressive drugs 
that, in turn, increase the risk of recurrent infections by 
microorganisms. Ethical and religious concerns present 
additional barriers related to transplants[2,3]. The second 
procedure involves using implants for tissue repair. This 
approach offers significant advantages over transplants[4-7].

To provide lower-risk treatments to the patient, tissue 
engineering emerged with the purpose of solving some of the 
main problems related to tissue and organ transplantation. 
The term was officially introduced in 1988 by the United 
States National Science Foundation using the following 
definition: Application of the principles and methods of 
engineering and the life sciences toward the fundamental 
understanding of structure/function relationships in normal 
and pathological mammalian tissues and the development 
of biological substitutes to restore, maintain, or improve 
tissue functions[8].

As the name implies, tissue engineering is an interdisciplinary 
field that combines life sciences and biotechnology with 
engineering principles, seeking safer and more efficient 
regenerative medicine solutions for the treatment of tissue 
injuries that are beyond the body’s natural repair capacity. 
Various tissue engineering techniques, combined with 
numerous types of biomaterials, are available. Both must 
be selected according to the physicochemical and biological 
characteristics of the tissue to be treated, as these properties 
can vary substantially[5,9,10].
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 When developing scaffolds for tissue engineering, the 
goal is to repair damaged tissue by implanting a device that 
either replaces it or facilitates its regeneration. To achieve 
this, scaffold fabrication typically proposes to mimic the 
extracellular matrix (ECM) of the tissue to be treated. 
Although the ECM varies in composition and morphology, 
its structure contains a complex mesh of fibers that support 
local cells[11]. Fibrous biomaterials are therefore important and 
have gained prominence in tissue engineering because they 
not only morphologically resemble the ECM but can also be 
produced using various available methodologies. Moreover, 
depending on the fabrication method and biomaterial used, 
it is possible to control fiber organization, including fiber 
orientation and distribution patterns, thickness, and scaffold 
pore size[10]. Consequently, this study aims to review fibrous 
scaffolds in tissue engineering, covering the development 
of the biomaterial from its conception through production 
to application. Conceptual challenges are discussed using 
gelatin, derived from collagen, as an example of a natural 
polymer, and poly(ε-caprolactone) (PCL) as an example of 
a synthetic polymer.

2. Tissue Engineering

Tissue engineering relies on the integration of three 
fundamental components: scaffolds, cells, and signaling 
molecules[7]. Additionally, cell culture conditions (whether 
static or dynamic) must also be taken into consideration[12]. 
Thus, porous scaffolds are designed to mimic damaged 
tissue, more specifically the ECM, providing a suitable 
environment for tissue regeneration. The properties of 
the scaffold are critical to the success of the device: these 
matrices must ensure a suitable environment for cell adhesion, 
differentiation (when stem cells are used), and proliferation. 

To achieve this, the material must be biocompatible and 
have appropriate architecture with interconnected pores that 
allow cell incorporation and the flow of fluids for nutrient 
delivery and waste removal[13,14].

Figure 1 provides an overview of the steps involved 
in tissue engineering. The cells used can be autologous or 
allogeneic, differentiated (e.g., fibroblasts, chondrocytes, 
or keratinocytes) or stem cells, and originate from different 
sources[1]. Regardless of the source, cells can be cultured in vitro, 
either as isolated cells or in cultures, and then inoculated 
onto a matrix (scaffold) for subsequent administration to 
the patient or for in vivo implantation at the affected site. 
Cell adhesion to materials can be enhanced by incorporating 
signaling molecules, such as growth and differentiation 
factors. Additionally, bioreactors can be utilized to optimize 
these conditions. Once properly established, the cells begin 
to perform their physiological functions by secreting ECM 
compounds, thereby creating functional tissue. This system 
is then implanted at the site of injury so that it can eventually 
be replaced by the patient’s own regenerated tissue[1,8,15].

2.1 Extracellular matrix

Tissue engineering is based on the concept that an 
artificially synthesized matrix can replace and mimic the ECM 
and also perform its primary functions, thereby ensuring the 
integrity and regeneration of the affected tissue[11]. Therefore, 
to develop biomaterials capable of performing this function, it 
is essential to understand ECM and its interactions with cells. 
The ECM is a natural scaffold, filling the intercellular space. 
It is composed of molecules secreted by local cells, mainly 
proteins and polysaccharides, which vary depending on the 
tissue type. The ECM is a significant element of connective 
tissues, where its components are mainly synthesized and 
secreted by fibroblasts[11,16,17].

Figure 1. Overview of the steps of tissue engineering. I. Cells collected from the source. II. Inoculation of cells onto the scaffold together 
with signaling molecules. III. Use of a bioreactor. IV. Implantation into the patient.
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The ECM participates in diverse events such as 
morphogenesis and tissue homeostasis by regulating cell 
physiology, as well as in cell adhesion, growth, differentiation, 
migration, and apoptosis, all of which are mediated by cell 
signaling pathways[11]. Furthermore, as previously mentioned, 
the composition of the ECM varies according to the type of 
tissue, with distinct physical and chemical characteristics 
that result in different functions. For example, the ECM 
provides interconnection, support, and nutrition in loose 
connective tissues; mechanical support, lubrication, and 
elasticity in cartilage; hardness and mechanical strength 
in bone, and transparency and refraction in the cornea[16].

Cellular receptors are essential for the transmission of 
information between cells, tissues, and organs. Among their 
diverse functions, these receptors capture extracellular signals 
and convert them into a cascade of reactions that elicit a 
cellular response. The receptors (generally integrins) recognize 
ECM molecules and enable interactions between this matrix 
and cells. In addition to integrins, other proteins are involved 
in ECM recognition, such as the arginine-glycine-aspartic 
acid (RGD) amino acid sequence, fibrinogen, collagen, 
and fibronectin; these molecules can be incorporated into 
scaffolds designed to replace the ECM[11,16].

2.2 Biomaterials and biocompatibility: history and definitions

In 1987, the European Society for Biomaterials defined 
a biomaterial as a non-biological material used in medical 
devices with the specific purpose of interacting with a 
biological system. However, the concept of biomaterials 
has been updated over the years. Currently, biomaterials are 
defined as materials that actively interact with a biological 
system in order to evaluate, treat, or replace a tissue or the 
function of an organ[18-20]. The evolution of biomaterials is 
closely associated with the functions they have served over 
time. Between the 1960s and 1970s, the concept of biomaterials 
focused on developing inert devices primarily intended to 
provide mechanical support for hard tissues. The second 
generation (1980-1990) introduced a new perspective of 
biomaterials, utilizing chemical interactions between tissues 
and bioactive materials. Later, to solve rejection issues caused 
by bioactive materials, bioresorbable biomaterials were 
developed. These materials can be degraded and eliminated 
by the body’s natural physiological processes, excluding the 
need for surgical removal of implants. Finally, the current 
generation of biomaterials, also referred as “smart” materials 
(which respond to external stimuli such as temperature and pH) 
and “biomimetic” materials (inspired by natural structures 
and capable of simulating tissues like bone and cartilage), 
is designed to mimic natural organization and functionality, 
promoting repair and regeneration of damaged tissue[19].

Biocompatibility is one of the most relevant criteria of the 
acceptance of a biomaterial. The definition of biocompatibility 
has undergone several changes over time, and there is still 
no universal consensus on its precise meaning. The most 
widely accepted definition describes biocompatibility as 
the ability of a material to perform with an appropriate 
host response in a specific application. However, various 
authors have proposed updates to this interpretation, such 
as emphasizing that the material must interact with living 
systems without posing risks to the host’s health[21,22]. 

Chen and Thouas[23] define biocompatibility as a factor 
that can be assessed based on parameters such as cell 
viability, tissue response, tumor formation, genetic integrity, 
immune reaction, and blood clotting potential. According 
to Crawford et al.[20], biocompatibility is the ability of the 
material to locally activate and guide host proteins and cells 
towards tissue reconstruction without the formation of a 
fibrous capsule and to enable vascularization and integration 
of the damaged tissue.

Numerous factors must be considered when evaluating 
a material’s biocompatibility: the physical and chemical 
properties, the duration of exposure to the tissue, the release of 
residues, and the characteristics of the affected tissue itself[8]. 
However, Williams[24] suggests that biocompatibility should 
not be viewed as an inherent property of the material alone 
but rather of the biomaterial-tissue system, since the same 
material can elicit different responses depending on the site 
of application. Generally, all definitions of biocompatibility 
involve beneficial interaction between the tissue and the 
material, varying according to the desired performance or 
function of the biomaterial[18]. Biocompatibility encompasses 
not only chemical compatibility with cells but also factors 
such as design (e.g., architecture, topology, electrical and 
mechanical properties). Also, research indicates that, although 
chemical composition is important, surface roughness plays a 
more significant role in influencing cellular responses[18,24-26].

2.3 Cell Adhesion and cellular response

The human body has a complex defense system against 
foreign substances from the external environment, whether 
living or not-living. Medications such as immunosuppressants 
are often used to prevent the rejection of implants or 
transplants. However, the resulting weakened immune 
system significantly increases the patient’s susceptibility 
to diseases and infections. To control these undesirable 
reactions, tissue engineering seeks to develop scaffolds with 
physical, chemical, and biological properties like those of 
the specific tissue. These scaffolds not only help prevent 
rejection but also promote cell adhesion, differentiation, 
and proliferation, ensuring the maintenance of the original 
function of the affected tissue[6,24].

The primary requirement for cells to survive on a scaffold 
is cell adhesion. This initial stage of interaction between 
the material and the cell critically influences cell viability, 
growth, and differentiation. Cells generally adhere to surfaces 
through specific proteins (e.g., integrins) and those unable 
to adhere generally undergo cell death. Additionally, cell 
adhesion plays an important role in cellular communication, 
regulation, as well as in organ formation, and tissue 
maintenance[17,27]. Therefore, studying mechanisms of cell 
adhesion to the scaffold surface requires an understanding 
of cell adhesion to the ECM during tissue formation[8,28]. 
The adhesion of cells to a scaffold is directly related to the 
physicochemical properties and topology of the material.

2.4 Effect of scaffold topology and architecture on cell adhesion

As previously mentioned, each tissue possesses unique 
characteristics. Scaffold morphology, for example, can 
influence cell behavior; at the microscale, it affects cell 
morphology, while at the nanoscale, regulates subcellular 
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recognition mechanisms. Furthermore, the material’s surface 
plays an important role by influencing the initial sequence 
of adsorbed proteins, as well as interaction with blood, 
inflammatory responses, and other vital cellular activities[27]. 
Among the topological properties, surface roughness and 
porosity should be highlighted[17,18].

Roughness is a key factor in the success of cell adhesion, 
with studies indicating that it is even more influential than the 
cell type or the biomaterial of the scaffold. Surface roughness 
can be categorized into different scales: macroscopic, 
microscopic, submicron, and nanometer roughness. Macroscopic 
roughness (>100 μm) does not significantly affect cell 
adhesion, as there is sufficient space for cells to spread in 
the free spaces; however, it can affect the arrangement of 
cells within a colony (a set of cells that form the tissue). The 
micro and submicron scales (0.1-100 μm) can affect individual 
cells and play a more significant role in cell adhesion and 
growth. Nevertheless, these characteristics are even more 
susceptible to nanoroughness (1-100 nm) because this scale 
closely matches that of cell receptors, directly impacting 
protein adsorption, cell proliferation, and differentiation[17,27].

The architecture of the device also plays a relevant role 
in biocompatibility. Scaffold morphology can range from 
spongy to fibrous, as long as it contains interconnected pores 
that create an adequate environment for cell infiltration, 
proliferation, and differentiation. These pores should also 
enable the flow of nutrients, gases, and cellular waste. 
For temporary and bioresorbable implants, the pores must 
allow cells to produce ECM replacement as it degrades. 
Additionally, the pore size and distribution affect macrophage 
infiltration, neovascularization, ECM remodeling, and the 
overall healing process[27,29,30].

In principle, a more porous matrix with larger pores may 
be advantageous for cell migration, distribution, nutrient flow, 
and neovascularization. However, smaller pores provide a 
greater specific surface area formed by the internal walls 
of the scaffold, which also promotes cell adhesion[6,27,29]. 
Therefore, a balance between these properties is necessary, 
as each tissue or cell type requires specific pore sizes. It is 
important to note that all the aforementioned prerequisites 
depend directly on the material used and the fabrication 
process, which will be discussed below.

2.5 Effect of physical properties of the scaffold on cell adhesion

To produce an effective scaffold, it is essential to 
consider its mechanical properties, as the structure must 

provide characteristics like those of the original tissue, 
even if only temporarily. The ECM of most soft tissues 
exhibits nonlinear elasticity, i.e., it stiffens in response to 
increased tension. This mechanism helps prevent the loss of 
tissue structural integrity and permanent deformations[31,32]. 
Nevertheless, developing a scaffold with mechanical 
properties corresponding to those of the affected tissue is 
challenging because different tissue types have specific 
properties, in addition to being subjected to different 
mechanical stresses. For example, cardiac tissue requires a 
material with high resilience, resistance, and durability, as 
well as electrical conductivity to facilitate the propagation 
of electrical impulses. In contrast, bone tissue demands a 
material with high rigidity and resistance, particularly to 
withstand compression, traction, and flexural forces[29,33].

The stiffness of the ECM can vary widely, ranging 
from approximately 0.1 kPa (brain) to 100 GPa (bone) and 
is primarily determined by its composition of collagen and 
elastin. Matrix stiffness is not only structurally important but 
also directly influences cellular activities such as adhesion, 
differentiation, cytoskeletal remodeling, and intercellular 
interactions. Generally, the looser the bonds and the 
lower the ECM stiffness, the less mechanical feedback is 
required to recruit integrin complexes for cell signaling and 
adhesion; conversely, this process tends to increase with 
greater matrix stiffness[17,34]. Additionally, scaffolds must 
possess sufficient pores and interconnectivity to facilitate 
cell migration, adhesion, proliferation, and flow of nutrients 
and waste. Therefore, an optimal pore number, distribution, 
and size are essential without compromising the scaffold’s 
mechanical integrity. Finally, the mechanical properties of 
the scaffold should generally last until tissue regeneration 
period, which varies depending on the tissue type, as well 
as the patient’s age and other conditions[6,29].

The first parameter to consider when analyzing cell 
adhesion to a scaffold is the wettability of the material, 
which determines its hydrophilicity (Figure 2). Although 
hydrophilic materials generally promote cell adhesion, 
proteins tend to adsorb more readily onto hydrophobic 
surfaces; therefore, a balance between these properties 
is essential. Like superhydrophobic materials (θ > 150°), 
superhydrophilic materials (θ < 5°) are also unable to 
support cell adhesion and growth[11,17]. Physical adsorption 
is mediated by weak intermolecular forces, such as Van der 
Waals and electrostatic interactions, and occurs more rapidly 
when there is charge difference between cell membrane 
molecules and the material surface[8,11].

Figure 2. Schematic representation of wettability. The higher the wettability index, the smaller the water contact angle and the more 
hydrophilic the material.
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The water layer formed on the surface of the biomaterial 
mediates its hydroxylation (the formation of −OH groups) 
through the dissociation of water molecules upon contact with 
a hydrophilic surface. This process enables the biomaterial 
to interact with proteins present in body fluids. First, small 
proteins (e.g., albumin) reach and adsorb onto the biomaterial. 
Subsequently, larger proteins with a higher affinity for the 
molecular groups on the scaffold surface force desorption 
of smaller proteins (Vroman effect) and can influence cell 
adhesion. This competition among proteins for surface sites 
is dynamic and complex, depending on various factors such 
as protein concentration in the fluid[11]. Additional important 
factors influence protein adsorption, including temperature, 
pH, ionic strength, and electrostatic interactions[27].

2.6 Effect of chemical properties of the scaffold on cell adhesion

The chemical properties of a biomaterial play a fundamental 
role in cell adhesion. One of the most important properties 
is surface energy (also called interfacial free energy or 
surface free energy), which relates to the number of ruptured 
intermolecular bonds present on the surface of a solid. The 
higher the surface free energy, the more easily cells adhere 
and spread; in other words, the greater the wettability of the 
biomaterial. However, it should be noted that certain proteins 
preferentially adsorb onto surfaces with lower free energy[17]. 
In addition to surface energy, we highlight the importance of 
the surface charge (determined mainly by functional chemical 
groups), as it can also affect cell adhesion. Generally, cells 
adhere more readily to positively charged surfaces[35]. However, 
research suggests that negative charges can enhance protein 
adsorption, thereby promoting cell adhesion. It is important to 
note that, as with other properties, the type of cell influences 
adhesion success in relation to chemical properties, and no 
universal model applies to all cell types[17].

2.7 Types of biomaterials for tissue engineering

Biomaterials can be classified into three groups: bioinert, 
bioactive, and bioresorbable. The primary characteristic of 
bioinert materials is the minimal interaction at the interface 
between the material and biological tissue. Generally, the 
tissues exhibit a minimal response, which often form a 
fibrous capsule around the interface. Bioactive materials 
can significantly interact with tissue through chemical 
bonding. Finally, bioresorbable materials do not require 
surgical removal because since they degrade over time, 
their residues are naturally absorbed and eliminated by the 
body. Generally, bioinert materials are metals or ceramics, 
while bioresorbable materials are commonly polymers[13,36,37].

The most widely used classes of biomaterials in tissue 
engineering are ceramics and polymers. Ceramics are 
commonly employed in applications involving hard tissues 
due to their equivalent mechanical properties. Hydroxyapatite 
and tricalcium phosphate are examples of ceramics used for 
bone tissue repair; they exhibit bioactivity that stimulates 
the differentiation and proliferation of osteoblasts[6,38]. 
Polymeric materials, on the other hand, are more versatile 
and have broader applications.

Polymeric materials can be classified into two categories: 
synthetic and natural. Synthetic polymers are laboratory-synthesized 
materials typically derived from non-renewable sources. 

Their primary advantages include ease fabrication and 
greater versatility, as they can be custom-made and produced 
on a large scale. Additionally, their production costs are 
generally lower. These materials exhibit more standardized 
characteristics, and their manufacturing processes can be more 
easily manipulated to improve their properties. However, 
synthetic polymers may exhibit cytotoxicity-related problems, 
increasing the risk of rejection[39,40].

Natural polymers, in contrast, often exhibit greater 
similarity to the ECM because they are derived from 
biological sources, such as proteins or polysaccharides. 
Consequently, their biocompatibility is generally higher 
than that of synthetic polymers. However, natural polymers 
can be more difficult to manipulate and less homogeneous, 
i.e., their properties and composition vary depending on the 
source material. Natural polymers typically have inferior 
mechanical properties compared to synthetic polymers[39,41,42].

Despite their disadvantages, natural polymers such as 
collagen and gelatin present promising solutions for tissue 
engineering. Collagen is a high-molecular-weight protein and 
the most abundant biopolymer in mammals, particularly types 
I and II. This protein is found in the ECM of both hard and soft 
connective tissues, where it provides structural stability[6,39,41]. 
Collagen is converted into gelatin through partial hydrolysis, 
which results in the loss of its tertiary and quaternary structures. 
Since gelatin is derived from collagen, it shares many similar 
properties[29,43,44]. For these reasons, collagen and gelatin hold 
significant potential as biomaterials and could be widely 
utilized in biomedical and pharmaceutical applications. These 
biopolymers can be obtained from a variety of animal tissues, 
including those of cattle, pigs, and birds. However, from a 
commercial perspective, collagen is primarily obtained from 
the skin and tendons of cattle and pigs[45,46].

3. Collagen

Collagen is produced by various cell types, including 
chondroblasts, osteoblasts, epithelial cells and, mainly, 
fibroblasts. It is an abundant protein present in the ECM that 
directly promotes cell anchorage and new tissue formation 
or indirectly influences these processes through collagen 
receptors such as fibronectin and laminin found on cells[47]. 
Like all proteins, collagen is composed of amino acids 
linked by covalent (peptide) bonds, which organize into 
a helical α-helix structure consisting of three molecular 
chains (tropocollagen) stabilized by secondary (weaker) 
bonds. These α-chains aggregate to form collagen fibers[39,48].

The primary structure of collagen consists of approximately 
1,000 amino acids that form either identical or non-identical 
polypeptide chains. The most common repeating sequence 
in the collagen molecule is glycine-X-Y, where X and Y are 
predominantly proline and hydroxyproline[43,49]. Glycine is 
a small amino acid, typically located in the inner part of 
the helix. The composition and distribution of glycine are 
therefore responsible for the protein’s native state. Proline 
and hydroxyproline have rigid side rings, which result in 
steric hindrances that help maintain structural stability. 
Intramolecular hydrogen bonds also contribute to the stability 
of the secondary structure, while crosslinks are essential for 
preserving the fibrous structure[39,48,50].
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The helical conformation of collagen fibers, determined 
by the physicochemical properties of their constituent amino 
acids, ensures the tissue’s strength. Collagen molecules within 
the fibers are stabilized by various inter- and intramolecular 
forces, such as hydrogen bonds between NH and C=O groups 
oriented perpendicular to the fiber axis. These bonds promote 
strong interactions between neighboring molecules; thus, 
when a force is applied, it is distributed across the fiber to 
adjacent collagen molecules. Furthermore, the fibers present 
in tissues can naturally form crosslinks, ensuring high stability 
and tensile strength. There is a wide variety of collagen 
types, including type I (the most common), abundant in skin, 
tendons, and bones; type II, found in cartilage; and type III, 
present in skin and blood vessels[39,48,50].

Although collagen is a stable molecule that is generally 
insoluble in water, like other proteins, it can undergo 
denaturation and may revert to its primary structure under 
certain conditions. Temperature-induced denaturation also 
depends on factors such as water content, pH of the medium, 
and the density of crosslinks. However, once the denaturation 
temperature is reached, only the weak intramolecular bonds 
are broken, while the covalent intermolecular bonds remain 
intact. Consequently, the three chains that form the α-helix 
separate and disperse into the aqueous medium, resulting in 
a colloidal system. When the temperature is lowered again, 
the collagen chains rearrange, and hydrogen bonds form 
between water molecules and the collagen, leading to the 
formation of gelatin[45,48,50].

4. Gelatin

Gelatin is a biopolymer produced by the partial hydrolysis 
of collagen, primarily involving the loss of its tertiary and 
quaternary structure, generating a colloidal system (Figure 3). 
Gelatin is derived from type I collagen-rich tissues of animals 
such as cattle, pigs, birds, and fish. Its extraction properties 
vary not only according to the animal species but also with 
age, tissue of origin, and collagen type. Furthermore, the 
amino acid distribution differs depending on the animal 
source; for example, gelatins derived from pigs and cattle 
lack cysteine residues, while those obtained from fish contain 
less glycine compared to mammalian gelatins. Gelatin is 
produced by pretreating collagen in acidic, alkaline, or 
enzymatic medium; the first two being the most common. 
When an acidic medium is used, type A gelatin is formed, 
which has an isoelectric point between 8 and 9, whereas gelatin 
B with an isoelectric point between 4 and 5, is produced in 
an alkaline medium. The pretreatment of collagen breaks 
non-covalent bonds such as hydrogen bonds, hydrophobic 
interactions, and crosslinks, leading to the disruption of the 
triple-helix structure. This loosens the chains, facilitating 
their swelling and the solubilization of collagen, which is 
necessary for the gelatin extraction. The pretreated collagen 
is then immersed in a saline or acid solution, followed by 
filtration of the biopolymer, evaporation, drying, grinding, 
and sieving until the gelatin becomes powder[29,43,44,48,51].

Regarding its biological properties, gelatin, being derived 
from collagen, retains several notable characteristics relevant 
to cell-biomaterial interactions, such as biocompatibility, 
bioresorption, and the ability to mimic the ECM. Consequently, 
it is a promising material for scaffold fabrication[44,51,52]. 

Gelatin contains integrin-binding sites that facilitate cell 
adhesion. Additionally, gelatin exhibits lower antigenicity 
and immunogenicity compared to collagen. Its production 
costs are also lower, making gelatin a preferred choice 
over collagen scaffold manufacturing. Other advantageous 
properties include its natural abundance, biodegradability, 
and the aforementioned biocompatibility[53-59].

Unlike collagen, gelatin dissolves spontaneously in 
aqueous solutions and can undergo a sol-gel transition 
depending on its type, concentration, and temperature. This 
process is reversible and involves the transition between 
a random colloidal system and the partial restoration of 
collagen triple helices. However, this sol-gel transition can 
pose challenges for certain biological applications because 
gelatin in the gel phase loses its structure at body temperature, 
reverting to the fluid state (sol phase). To maintain gelatin 
in the gel phase, crosslinking (the formation of crosslinks) 
is necessary. Crosslinks enhance the material’s mechanical 
properties, making it insoluble in water and stable under 
biological conditions. Crosslinking can be achieved through 
three main methods: chemical, physical, and enzymatic[44,51,52].

Physical crosslinking is a technique that employs 
irradiation, plasma, or dehydrothermal treatment. A specific 
physical stimulus induces the separation of polymer chains, 
generating free radicals that bind to each other, resulting 
in crosslinks. The primary advantage of this method is its 
lower cytotoxicity, as it does not produce potentially toxic 
compounds within the chains and eliminates the need for 
solvents. Additionally, irradiation can simultaneously sterilize 
the material while promoting crosslinking. However, these 
physical methods are less efficient at forming crosslinks 
and yield polymers with inferior mechanical properties 
compared to those produced by chemical methods. Enzymatic 
crosslinking utilizes transglutaminase; an enzyme found in 
certain plants and animals. This enzyme facilitates crosslinking 
through an acyltransferase reaction between the glutamine 
residue of one chain and the amine group of another[44,51,52].

Figure 3. Schematic illustration of the partial hydrolysis (denaturation) 
of collagen into gelatin (colloidal system in aqueous medium).
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Chemical crosslinking, currently the most widely 
used method, offers a broader range of options compared 
to other techniques. This process involves forming 
covalent bonds between polymer chains, resulting in more 
stable structures with better-controlled physicochemical 
properties than those achieved by physical crosslinking. 
Chemical crosslinking agents are classified into two 
categories: zero-length and non-zero-length crosslinkers. 
Zero-length crosslinking creates direct bonds between 
peptide chains, with the reagent being completely removed 
after the reaction; thus, the crosslinker acts as a catalyst 
and is not incorporated into the final gelatin structure. 
The advantage of this approach is the preservation of 
the gelatin structure, ensuring good biocompatibility and 
high conversion efficiency. In contrast, non-zero-length 
method forms crosslinks by incorporating the crosslinker 
molecules into the final gelatin structure[51]. This technique 
generally provides good crosslinking efficiency, which 
correlates with enhanced hydrogel stability, but it may 
also cause cytotoxicity-related issues. Notable examples of 
method include the use of glutaraldehyde (GA), as well as 
the combination of N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide with N-hydroxysuccinimide (EDC/NHS)[44,52].

Although GA is an effective crosslinking agent for fibrous 
scaffolds derived from natural proteins, its use presents 
significant challenges due to its inherent cytotoxicity. If 
GA residues are not completely neutralized or removed, 
they can compromise cell viability in vitro and induce 
harmful inflammatory responses in vivo. Consequently, 
tissue engineering research has increasingly focused on 
less toxic alternatives, which can be broadly categorized as 
chemical or physical methods. Chemical alternatives include 
the EDC/NHS system (a zero-length crosslinker that does 
not incorporate into the final bond), PEGDE (Poly(ethylene 
glycol) diglycidyl ether, known for its high biocompatibility), 
and genipin (a naturally derived crosslinker). Physical 
methods include Dehydrothermal Treatment (DHT) and 
controlled application of UV/Gamma radiation, thereby 
ensuring the necessary safety and biocompatibility for the 
clinical application of these scaffolds[51,52].

5. Poly(ɛ-caprolactone)

Poly(ɛ-caprolactone) (PCL) is an aliphatic, bioresorbable, 
linear synthetic polyester distinguished by its ability to 
be molded into various shapes, setting it apart from other 
biomaterials used in scaffold development. It exhibits 
excellent thermal stability, and it is susceptible to surface 
modifications. Its physicochemical, mechanical, and 
biocompatibility properties can be significantly altered, 
while its hydrophobicity and degradation behavior are 
influenced by surface and structural modifications of 
the scaffolds[60]. PCL has a glass transition temperature 
of -60 °C, a melting point ranging from 59 to 64 °C, and 
a hydrophobic, and semicrystalline nature that tends to 
decrease with increasing molecular weight[61]. This polymer 
can be synthesized via ring-opening polymerization of the 
lactone or by condensation of 6-hydroxyhexanoic acid 
through catalyzed reactions under appropriate conditions[62].

PCL is easy to process and characterize, also being 
soluble in various organic solvents. Additionally, it exhibits 

properties such as high toughness, biocompatibility, and 
bioresorbability. The versatility and safety of this polymer 
enable its use in controlled drug release applications, blend 
scaffold fabrication, bone regeneration, and vascular grafting. 
Consequently, PCL has been approved by the United States 
Food and Drug Administration (FDA) for clinical and 
therapeutic use[61]. When in contact with body fluids, PCL 
degrades on its surface through non-enzymatic hydrolytic 
cleavage of the ester groups in its structure. This reaction 
produces lower molecular weight fragments by diffusion of 
oligomers from the polymer matrix (which does not imply 
a loss of molecular mass), generating soluble and non-toxic 
oligomers. Upon exposure to the body’s metabolism, the 
carboxylic acids released during hydrolysis are further 
degraded and converted into CO2 and H2O, which are 
eliminated through the body’s natural mechanisms. As a 
result of these reactions, the polymer’s molecular weight 
and crystallinity decrease[62,63].

The kinetics of the polymer-organism interaction during 
bioresorption promote cell proliferation and the secretion of 
the ECM, which occupies the space previously filled by the 
polymer. Thus, tissue repair occurs gradually as the material 
degrades, which is the desired outcome in clinical practice. 
However, the ability of PCL to stimulate cell adhesion and 
proliferation is limited, making its combination with other 
polymers particularly relevant[61].

6. Fiber Fabrication Techniques

Given the need for a biocompatible environment that 
supports the establishment of cells and tissues, polymers 
are particularly attractive for scaffold design due to their 
versatility and broad applicability in soft tissues, along 
with a variety of fabrication techniques. These techniques 
enable the development of structures that closely mimic 
the original tissue; for example, fibrous polymeric 
structures exhibit a high morphological similarity to the 
ECM[10,64,65]. In this context, both the choice of polymer and 
the fabrication method can be optimized by considering 
the relationship between the specific physicochemical 
properties of each material and the characteristics of the 
processing techniques used.

Since PCL is a polymer with a semicrystalline structure, 
high viscosity, and heat resistance, it can be easily manipulated 
and spun into continuous, uniform fibers using rotary 
jet spinning. This technique is particularly effective for 
producing micrometer-scale fibers with superior mechanical 
properties, making them suitable for applications requiring 
strong structures such as bone regeneration. On the other 
hand, gelatin is a natural protein with low thermal stability 
that tends to form low-viscosity solutions, characteristics 
that make it more suitable for electrospinning. This process 
employs a strong electric field to stretch a polymer solution 
into ultrafine fibers. Due to its ability to create nanoscale 
fiber networks, electrospinning is ideal for materials such 
as gelatin, which benefit from highly porous structures 
with a large surface area. These structures are especially 
advantageous in tissue engineering applications, where 
promoting cell adhesion and proliferation, along with 
nutrient diffusion, is critical[66].
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As previously mentioned, since gelatin is derived from 
collagen, it possesses biologically advantageous properties 
as a biomaterial. Gelatin is used in bulk form, as fibers, 
and as a carrier for drugs and cells, in addition to several 
other applications across various tissues such as bone, 
skeletal muscle, and neural tissues[67-69]. Furthermore, 
different scaffold fabrication techniques have been well 
described in the literature, including electrospinning, 
rotary jet spinning, and solution blow spinning.

Electrospinning is one of the most widely used 
techniques, employing a high-voltage power supply to 
generate an electric field that facilitates the extrusion of 
material through a Taylor cone[70,71]. The process involves 
charging the polymer using a potential difference and 
consists of three main components: a high-voltage power 
supply, a syringe with a capillary, and a grounded collector 
(typically a metal plate or a rotating mandrel). This setup 
allows the material to be accelerated toward the oppositely 
charged collector, with the final fiber thickness controlled 
by the deposition time. Electrospinning enables the 
production of fibers with various interconnected porous 
structures, facilitating drug incorporation, enhanced 
mechanical properties, and improved chemical stability[71]. 
Although the technique is highly versatile and widely 
used, it depends on the solution’s conductivity and the 
application of a high-voltage electric field, and its use is 
limited by low yield[10,71,72]. Electrospinning has been used 
to fabricate PCL-gelatin nanofibers combined with bone 
marrow-derived mesenchymal stem cells (BMSCs). Studies 
show that this scaffold, when applied to skin wounds, 
enhances cell adhesion and proliferation in vitro. In vivo, 
the material promotes improved wound contraction and 
accelerates re-epithelialization[73]. Furthermore, when 
applied to bone regeneration, the PCL-gelatin mesh serves 
as a robust three-dimensional niche capable of modulating 
and optimizing the therapeutic performance of BMSCs, 
thereby promoting osteogenesis[74].

Rotary jet spinning enables the production of 
anisotropic fiber matrices by extruding material through 
centrifugal forces via capillaries on the lateral surface 
of a rotating reservoir. This technique is efficient, low-
cost, and insensitive to the dielectric constant of the 
materials. It does not require high-voltage electric fields 
and demonstrates high reproducibility[70,71]. The rotary 
jet spinning system consists of a reservoir that retains 
the solution flow, projecting it against the collector wall 
along a curvilinear trajectory (due to rotational inertia). 
The final characteristics of the fibers are closely linked 
to the fabrication process. Factors such as the choice of 
solvent, solution concentration, surface tension, orifice 
diameter and geometry, and rotation speed (which varies 
depending on the material) can control the porosity and 
diameter of the polymeric fiber. Additionally, the location 
where the fibers are collected within the device is an 
important factor[10,70,71,75,76].

Solution blow spinning is an alternative technique 
that combines electrospinning and melt blowing. It 
involves the controlled spraying of a polymer jet, which 

is accelerated by a flow of compressed gas. The resulting 
fibers are then deposited onto a collector. This method 
has been adapted for applications such as drug delivery; 
however, the reproducibility of the formed fibers still 
requires further evaluation[10,77]. The airbrush is commonly 
used in solution blow spinning; it features a concentric 
nozzle that extrudes the polymer jet with the assistance 
of compressed gas. The injection rate can be regulated 
using an injection pump, while the pressure is controlled 
via an air compressor pressure regulator[78,79]. Although 
blow spinning is a good alternative to techniques such as 
electrospinning, it requires more sophisticated equipment, 
such as an injection pump. This technique employs a pistol 
fed with a polymer solution, which is extruded through 
a concentric nozzle using a stream of compressed gas 
(Figure 4). When the pistol is triggered, the system opens 
to supply both the polymer solution and compressed gas, 
forming a jet of polymer solution. The high-velocity gas 
flow generates shear forces at the gas/solution interface, 
deforming the polymer solution from a droplet into a conical 
shape[80,81]. The solvent in the solution evaporates along 
the jet path from the nozzle to the collector, resulting in 
fiber formation depending on the material and its viscosity. 
This technique can produce micro-, and nanofiber meshes 
with diverse characteristics, including variations in fiber 
diameter, morphology, alignment, and porosity[10,82]. It is 
also worth noting that the process uses compressed air at 
room temperature, preventing thermal degradation of the 
polymer[81]. Several parameters must be considered when 
airbrushing is employed: (a) solution properties: viscosity, 
concentration, surface tension, solvent nature; (b) processing 
conditions: pressure of the compressed gas and distance 
from the pistol nozzle to the collector (screen); (d) system 
characteristics: nozzle diameter and type of collector; and (d) 
environment factors: temperature, pressure, and humidity.

A comparison of the mentioned fiber formation methods, 
covering fiber diameter ranges, yield (g/relative smallest), 
solvents, polymer examples, advantages, limitations, and 
target applications, can be seen in Table 1.

Among the parameters listed above, the concentration of 
the solution is one of the key features for fiber production, 
as it directly influences the material’s viscosity. The 
distance from the nozzle to the collector screen is also 
crucial for fiber formation. Generally, polymers with low 
intermolecular chain interactions lack sufficient fiber-
forming capacity; they tend to appear more diluted, often 
forming droplets that deposit as a film on the collector 
and may promote bead formation on the fibers. However, 
this can also arise if the solvent fails to evaporate upon 
extrusion, causing the material to reach the collector 
screen in a fluid state. Successful fiber production requires 
higher material concentration (and consequently greater 
viscosity) to ensure polymer chain cohesion without 
interruption[82]. Conversely, excessively viscous materials 
can hinder processing by clogging the nozzle. Therefore, 
it is essential to determine the optimal concentration and 
viscosity of the material when using airbrushing.
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Figure 4. Schematic illustration of spinning techniques. (A) electrospinning; (B) rotary jet spinning; (C) airbrushing.

Table 1. Comparison of fiber spinning methods for tissue engineering.
Feature Electrospinning (ES) Rotary Jet Spinning (RJS) Solution Blow Spinning (SBS)

Driving Force High-voltage electrostatic force. High-speed centrifugal/mechanical 
force.

High-velocity compressed gas flow.

Fiber Diameter Range 20 nm up to 10 μm 
(Highest uniformity)

50 nm up to several μm. 100 nm up to several μm.

Production Yield (Lab Scale) Low to Moderate (E.g., 0.1−1 mL/h 
per needle; up to 0.1 g/h in single jets).

High (E.g., up to 60 g/h per orifice; 
up to 12,000 g/h at industrial scale).

High (Typically 10x or more faster 
than ES; high polymer injection rate).

Solvents Used Wide range. Preference for polar 
solvents (E.g., DMF, THF, Chloroform, 

HFIP) due to conductivity.

Wide range. Higher tolerance for 
volatile solvents and can also use 
polymer melts (melt spinning).

Preference for highly volatile 
solvents (E.g., Acetone, Chloroform/

Acetone) for rapid evaporation.
Common Polymer Examples Natural: Collagen, Gelatin, Silk, 

Chitosan, Hyaluronic Acid. Synthetic: 
PCL, PLA, PGA, PLLA, PU.

PCL, PLA, PU, Polyamides (PA6). 
Broad range, including high-
viscosity or melt polymers.

PCL, PLLA, PVA, PE/PP. Suitable 
for a wide range, but favors lower 

viscosity solutions.
Advantages - Diameter Control: Produces the 

finest and most uniform fibers 
(nanofibers). - Alignment: Easily 

produces aligned fibers (using 
rotating collectors). - Versatility: 

Wide range of polymers and 
controllable fiber morphologies.

- High Throughput: Excellent 
scalability for mass production. - 

Cost/Safety: Does not require high 
voltage, simpler, safer process. 
- Viscosity: Can process more 

concentrated solutions and melts.

- High Throughput: Very fast and 
continuous production. - Portability: 

Simple, low-cost equipment, 
potential for in situ production. - 
Solution Requirements: Does not 

require solution conductivity.

Limitations - Low Yield: Slow at the laboratory 
scale. - Scalability: Challenging 

due to jet instabilities and need for 
multi-jet systems. - Environment: 
Sensitive to humidity/temperature. 
Requires high voltage (safety risk).

- Uniformity: Broader distribution 
in fiber diameter and morphology 

(higher D.P.). - Control: Less 
precise control over 2D deposition/

alignment structure.

- Uniformity: Larger diameter and 
variation compared to ES. - Defects: 
May have more defects or “beads” 
due to high injection/evaporation 

rate.

Target Applications High-precision scaffolds, specialized 
filtration membranes, controlled 

drug delivery systems.

Large-scale wound dressings, 
technical textiles, large scaffolds for 

soft tissues (muscle, skin).

Low-cost wound dressings, coatings, and 
membranes for bioengineering where 
nanometric uniformity is not critical.
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7. Barriers to the Clinical Translation of Tissue-Engineered 
Constructs

The successful translation of tissue-engineered constructs 
into clinical practice represents a significant challenge 
in regenerative medicine. As emphasized in analyses of 
personalized scaffolds and perspectives on clinical translation, 
and consistent with the identified barriers to translation and 
commercialization, transitioning from a laboratory concept 
to a commercial product requires overcoming critical, 
interconnected regulatory and technical obstacles.

The regulatory complexity and challenges of clinical 
translation present significant issues, with the regulatory 
system serving as the primary and most crucial barrier. In 
the United States, the Food and Drug Administration (FDA) 
classifies tissue-engineered medical products (TEMPs) as 
devices, biologics, drugs, or combination products. This 
classification determines the approval pathway, requiring 
comprehensive preclinical testing to demonstrate both safety 
and efficacy, along with stringent ethical considerations 
regarding cell sources, donor consent, and the conduct of 
clinical trials[83,84].

Scalability, reproducibility, and adherence to manufacturing 
standards are essential. Transitioning to large-scale production 
requires implementing a rigorous quality management 
system, primarily governed by Good Manufacturing Practices 
(GMP), which is a complex challenge for products developed 
from laboratory-scale processes. Similarly, maintaining 
manufacturing reproducibility is crucial, as consistent 
replication and assurance of batch quality are vital. In the 
context of personalized bioengineered implants, which 
utilize techniques such as 3D biofabrication, the challenge 
lies in balancing anatomical and functional customization 
(essential for clinical success in applications like craniofacial 
reconstruction) with process standardization. Any variability 
in scaffold composition, mechanical properties, or fibrous 
architecture can affect host integration and long-term 
performance[83,85].

Furthermore, scalability in industrial production 
requires the development of standardized workflows for 
all stages, from the rational selection of biomaterials to 
final fabrication. This approach eliminates the artisanal 
nature of bench research, enabling the volume and cost-
effectiveness necessary for commercial viability. Additionally, 
critical technical challenges must be addressed, including 
sterilization and biocompatibility (two essential factors for 
clinical acceptance of the product). Many biomaterials, 
particularly polymers sensitive to temperature or radiation 
and constructs incorporating growth factors or cells are 
vulnerable to conventional sterilization methods. The 
challenge lies in developing and validating sterilization 
protocols that effectively eliminate microorganisms without 
compromising the material’s structural integrity, mechanical 
properties, or bioactivity. Moreover, demonstrating biological 
safety is mandatory and must comply with international 
standards, such as the ISO 10993 series. Testing must 
confirm the absence of cytotoxicity and genotoxicity, 
ensure an appropriate inflammatory response, and verify 
predictable scaffold degradation within the physiological 
environment[83,86].

In summary, clinical translation requires bridging 
biological innovation with engineering precision. Success 
depends on the ability to integrate an optimal scaffold design 
with reproducible, sterilizable, and scalable manufacturing 
processes, all within a stringent regulatory framework that 
ensures long-term safety and efficacy.

8. Conclusions

A series of technical and scientific challenges must be 
addressed to ensure the viability of scaffold production 
and its application in tissue engineering. Controlling and 
standardizing operational parameters are essential for 
producing fibrous scaffolds from polymeric materials with 
properties suitable for biotechnological applications. The 
optimal scaffold design also depends on the characteristics 
of the target tissue, including whether the fibers are thin 
or thick, and whether their orientation is aligned (as in 
tendons) or random (as in skin). The polymer’s bioactivity 
and resorption time are critical factors, as is the consideration 
of tissue characteristics during repair. Additionally, given 
the high demand, the scalability of scaffold method used 
for the production methods must be carefully evaluated. 
There are many challenges to overcome; however, by 
mimicking the tissue environment, fibrous materials 
play a key role in biotechnological procedures used in 
tissue engineering.
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