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Abstract

Fibrin is a promising natural polymer that is widely used for diverse applications, such as hemostatic glue, carrier
for drug and cell delivery, and matrix for tissue engineering. Despite the significant advances in the use of fibrin for
bioengineering and biomedical applications, some of its characteristics must be improved for suitability for general use.
For example, fibrin hydrogels tend to shrink and degrade quickly after polymerization, particularly when they contain
embedded cells. In addition, their poor mechanical properties and batch-to-batch variability affect their handling, long-
term stability, standardization, and reliability. One of the most widely used approaches to improve their properties has
been modification of the structure and composition of fibrin hydrogels. In this review, recent advances in composite
fibrin scaffolds, chemically modified fibrin hydrogels, interpenetrated polymer network (IPN) hydrogels composed of

fibrin and other synthetic or natural polymers are critically reviewed, focusing on their use for tissue engineering.
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Introduction

Significant advances in molecular and cellular biology
over the past two decades have greatly increased our
understanding of the role of fibrin in wound healing, blood
clotting, fibrinolysis, cellular-matrix interactions, inflam-
matory response, infection and neoplasia.! Fibrin is com-
posed of fibrinogen, which is a soluble protein derived
from the liver. Following tissue damage, fibrinogen is con-
verted to fibrin by thrombin, a clotting enzyme, at the site
of bleeding. In 1943, Bailey et al. classified fibrinogen as
a fibrous protein with keratin, myosin, and epidermin,
based on an X-ray diffraction pattern generated by its
coiled-coil structure.’ It is a 340-kDa glycoprotein that is
normally present in human blood plasma at a concentra-
tion of 1.54g/L and is required for several biological
functions.* The interactive sites of fibrinogen produce
fibrin polymerization, which implies a variety of biologi-
cal functions, including interactions with platelets, leuko-
cytes, fibroblasts, and endothelial cells, as well as binding

to thrombin to control the activity of factor XIII (a coagu-
lation protein).’ Fibrin fibers are the main players because
they serve as scaffolds for tissue regeneration and promote
both cell migration and tissue ingrowth. In contrast, fibrin
is not mechanically strong or stable enough to act as a
stand-alone wound repair material.® To address this issue,
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multiple fibrin modifications using natural and synthetic
materials with improved stability and medical efficacy are
currently available. One strategy consists of combining
living cells with polymeric scaffolds made of fibrin and
synthetic materials, such as polyglycolic acid (PGA), pol-
ylactic acid (PLA), polycaprolactone (PCL), and polyvinyl
alcohol (PVA), or natural polymers, such as hyaluronic
acid, alginate, or collagen.

Hydrogels are the most common scaffolds used in tis-
sue engineering because of their similar properties to those
of the original living tissues, such as water-holding capac-
ity, permeability, and viscoelasticity.”® Biocompatibility,
biodegradation, affordability, ease of cell migration, and
growth while providing mechanical support until new tis-
sue is formed are some of the requirements that a scaffold
material must fulfill. Natural materials are especially
promising because they present properties similar to the
original tissues and organs, such as biocompatibility and
mechanical performance almost identical to that of the
extracellular matrix (ECM), and also provide specific
adhesion sites for cells.” Using naturally based hydrogels,
researchers have created new scaffolds for cell seeding and
growth, tissue regeneration strategies, and novel biomedi-
cal products.'®

Owing to the aforementioned properties, fibrin hydro-
gels have emerged as ingenious scaffolds because of their
important role in blood coagulation during natural wound
healing. In summary, fibrin properties include controllable
and non-toxic degradation, excellent biocompatibility, and
minimal inflammation, as it can be obtained from the
patient’s own blood. Furthermore, fibrin properties can be
tuned by varying the precursor proportions when polym-
erization is initiated. The ability of the fibrin hydrogel to
rapidly gel and control its properties by tuning the fibrino-
gen concentration makes it ideal for cell encapsulation,
cell carriers, and injectable biomaterials for tissue regen-
eration applications. For this reason, many fibrin-based
products have been developed over the years for biomedi-
cal procedures as bioadhesives in surgeries for hemostasis,
wound closure, or as sealants, which have been extensively
analyzed in other review articles.>!!

Despite being frequently used as a biomaterial in
numerous clinical and research applications, fibrin has
some drawbacks related to its rapid degradation both in
vivo and in vitro and its poorly understood shrinkage
behavior and poor mechanical properties make it difficult
to handle or even unsuitable for other biomedical appli-
cations.'>!3 To solve these problems, during the past
years a new experimental approach has emerged based on
the development of improved fibrin scaffolds via fibrin
modification and/or combination with other materials. In
this article, we present recent advances in this field, their
applications, particularly in different tissue engineering
scenarios, and a discussion of their future challenges and
opportunities.

Fibrinogen basics: Structure,
polymerization, acquisition, and
commercial use

Fibrinogen structure and fibrin polymerization

Fibrinogen is a glycoprotein secreted from the liver into
the blood and is one of the most important components in
hemostasis, as it acts as an adhesive protein for platelet
aggregation, forming a fibrin clot for blood coagulation
when vascular injury occurs. This fibrous (45 nm in length)
and 340 KDa dimeric glycoprotein is composed of approx-
imately 132 amino acids. The fibrinogen macromolecule is
a symmetrical dimeric protein composed of three domains
in which two identical regions (D-domains) are linked by
the central E-domain. The hexameric molecule is made up
of three pairs of different polypeptide chains known as a,
B, and y (Figure 1(a)). As Weisel et al. report, the nomen-
clature of the polypeptide chains arises from the designa-
tion of the small peptides that are cleaved from fibrinogen
by thrombin to yield fibrin as fibrinopeptides A and B and
the parent chains, without the fibrinopeptides, as o and
B."* No peptides were cleaved from their gamma chains
using thrombin. The two terminal D-domains are con-
nected to the E-domain through five symmetrical disulfide
bridges at the N-terminus by allelic coiled coils.

Fibrinogen is converted to a fibrin monomer by the
cleavage of fibrinopeptides A and B by thrombin (Figure
1(b)). Thrombin is a serine protease with specificity for
fibrinopeptides that are formed by the proteolysis of pro-
thrombin by factor Xa in the presence of other factors and
phospholipids. Thrombin enzymatically cleaves fibrin-
opeptide A (FPA) exposing a tripeptide (Gly-Pro-Arg) at
the N-terminus of the alfa-chain known as “knob” A that is
complementary to a “hole” a in the center region of the
other fibrin monomer.'® This specific union is known as
A:a. Fibrinopeptide B cleavage occurs slower than that of
FPA and is not necessary for fibrin polymerization,
although it plays an important role in lateral aggregation.
There is consensus that these electrostatic interactions are
the foundation of fibrin polymerization and blood clot for-
mation (Figure 1(c)).

Fibrin polymerization proceeds from highly reactive
fibrin monomers (with their FPA released) binding one to
another, leading to a self-assembled half-staggered dimer
structure. The first stage of polymerization involves the
formation of a two-stranded trimer, in which the central
region of one fibrin monomer fits the D regions of two dif-
ferent fibrin monomers through the aforementioned
knob:hole A interaction. Oligomers grow longitudinally
from the two-stranded trimer with the addition of more
fibrin monomers until they reach a double-stranded
protofibril — 600-800nm in length. At this stage, the
protofibrils begin to aggregate laterally, leading to thick
fibrin fibers (Figure 1(d)).
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Figure |. Diagram of the fibrin structure and its
polymerization process: (a) Structure of the fibrinogen
macromolecule with D-domains and the central E-domain.

The domains are linked by three pairs of different polypeptide
chains: o,  and y. (b) Fibrinogen is converted to fibrin
monomer by thrombin. It cleaves fibrinopeptides A and B,
exposing knobs A and B. (c) Then, the cleaved fibrinopeptides
bind to holes a and b, respectively, known as the specific unions
A:a and B:b, and form the protofibril molecule. (d) Protofibril
bundling is formed by lateral aggregation of protofibrils, owing
to interactions of the AC regions, and leading up to thick fibrin
fibers. (e) Then, the branching and lateral aggregation of fibers
form the fibrin network. (f) Image of a fiber network forming

a gel obtained with a light sheet microscope. Reprinted from
Belcher et al.'®

The interaction between monomers occurs in a half-
staggered manner, defining the molecular packing in the
fibers, giving a periodicity of 22.5nm, which is exactly
half the fibrin monomer length. There is a thermodynamic
mechanism that controls the diameter of the fibers, as
protofibrils that are newly added to the surface of a fiber
must be stretched as their path length increases. Therefore,

lateral aggregation stopped when the protofibril stretching
energy surpassed the bonding energy.

However, the mechanism underlying the lateral aggre-
gation of protofibrils remains unknown. However, the self-
assembly and protofibril origin imply that the interactions
in lateral aggregation are weak and cooperative along the
axis of the protofibril. Many publications have shown that
the following structures and mechanisms besides not being
necessary for fibrin polymerization, strongly influence on
the final properties and architecture of fibrin clots: knobs
‘B and holes ‘b, the AC regions and the plasma transglu-
taminase factor XIIIa.'”-!3

These intermolecular interactions have been demon-
strated to promote lateral aggregation. The B:b interac-
tions have been shown to thicken fibrin fibers when
compared to fibrinogens, where fibrinopeptides A and B
were cleaved to fibrinogen. FPA was cleaved off, suggest-
ing that B:b interactions favor the lateral aggregation of
protofibrils. The AC domains enhance the mechanical sta-
bility of fibrin clots by promoting lateral aggregation. AC
is a fibrinogen extension molecule that interacts with the
center of the molecule. FpB cleavage by thrombin action
triggers the release of AC, allowing weak intermolecular
interactions between them. Specifically, factor Xllla
mechanically and proteolytically stabilizes fibrin clots by
forming covalent bonds.

These intermolecular interactions have been demon-
strated to promote lateral aggregation. The B:b interac-
tions have been shown to thicken fibrin fibers when
compared to fibrinogens, where fibrinopeptides A and B
were cleaved to fibrinogen. FPA was cleaved off, suggest-
ing that B:b interactions favor the lateral aggregation of
protofibrils. The AC domains enhance the mechanical sta-
bility of fibrin clots by promoting lateral aggregation. AC
is a fibrinogen extension molecule that interacts with the
center of the molecule. FpB cleavage by thrombin action
triggers the release of AC, allowing weak intermolecular
interactions between them. Specifically, factor Xllla
mechanically and proteolytically stabilizes fibrin clots by
forming covalent bonds.

The entire polymerization process, in which numerous
proteins and molecules take part, ends with the formation
of'a 3D fibrous network that appears as an insoluble hydro-
gel (Figure 1(f)). The mechanical properties, microstruc-
ture, and behavior of this fibrin hydrogel depend on many
conditions, such as the concentration of the molecules
involved in the process or environmental parameters such
as temperature or pH.""!%1?

Human fibrinogen acquisition

Human fibrinogen can be obtained in different ways.?’
Fresh frozen plasma (FFP) obtained from patients has
extensive use in trauma and transfusions, with a fibrinogen
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concentration of 1-3mg/ml.2'?> FFP, which is easily
accessible, is the most commonly used source of fibrino-
gen. To produce FFP, whole blood from a single donor is
split into its plasma and cellular components, which are
then quickly frozen and stored at 18°C or lower. The con-
tact activation (intrinsic) and tissue factor (extrinsic) clot-
ting system soluble coagulation factors, as well as
fibrinogen, were preserved by freezing.’> Fresh plasma
samples can be divided into three types depending on the
number of platelets. These include platelet-rich plasma
(PRP), platelet-free plasma (PFP), and platelet-poor
plasma (PPP), the latter two of which are described as hav-
ing low platelet concentrations in the literature.?*?> All
these types of plasma are produced by sufficiently centri-
fuging patient blood, but several procedures and tech-
niques have been developed to produce them with
enhanced purity at a low cost.?® The main difference is in
the concentration of platelets, which is triggered by the
presence of high levels of growth factors. PRP has at least
200 X 1073 platelets/pL suspended in plasma; however,
due to its inconsistent experimental results and poor repro-
ducibility, other alternatives, such as PPP, should be inves-
tigated.?” PPP applications, such as clot formation and
wound healing in which platelet-released growth factor
concentration is not essential, have recently been discov-
ered and applied in several studies. D’ Amico et al. explored
the use of factor-decorated fibrin matrices containing
platelet-derived growth factor-BB (PDGF-BB) and vascu-
lar endothelial growth factor-A (VEGF) together to pro-
mote therapeutic arteriogenesis and accelerate wound
healing in diabetic mice. This study demonstrated that
these matrices, loaded with growth factors and cytokines,
stimulated angiogenesis and the formation of new blood
vessels in diabetic wounds.?® PPP is also cost-effective,
appropriate for bulk production, and easily translatable,
with only minimal regulatory requirements for Food and
Drug Administration (FDA) certification.?3!

However, due to the risks associated with using a
given blood product, including low total fibrinogen con-
centrations or considerable fluctuations in concentration
across donor packets, FFP is not the optimal supply of
fibrinogen.*? Cryoprecipitation is used to obtain a higher
fibrinogen concentration than that in FFP.33 A cryopre-
cipitate is a human plasma-derived blood product. It con-
tains factor VIII, von Willebrand factor (VWF),
fibrinogen, fibronectin, and factor XIII. Currently, cryo-
precipitates are most commonly used to replace fibrino-
gen in patients with chronic hypofibrinogenemia and
hemorrhage. Cryoprecipitation is an excellent fibrinogen
source frequently used in the United States and is obtained
by thawing FFP, centrifugation, and resuspension of the
precipitated proteins in plasma. Each unit of cryoprecipi-
tate contained 200-300mg of fibrinogen.>*3¢ Although
fibrinogen levels can be adjusted, this can be performed
with less accuracy than commercial fibrinogen, and the

infusion volume is smaller than that of fresh-frozen
plasma. Viral inactivation methods such as methylene
blue or psoralen/ultraviolet light treatment are frequently
used. However, thawing is necessary before infusion, and
ABO compatibility is required.’” This multi-donor blood
product that requires large volumes, cross-matching, and
thawing before administration, and is associated with
possible pathogen transmission.

Commercial fibrin products

Commercial fibrinogen products are a good way to take
advantage of this material for different clinical applica-
tions and are available as liquid fibrin glues, sealants, and
fibrin patches.3®3? Patches can help blood clot, sealants
can form a barrier whether blood is present, and glues can
join tissues together.*® Fibrin glues usually contain a
freeze-dried concentrate of clotting proteins such as cryo-
precipitate, mainly fibrinogen, factor XIII, fibronectin
(sealant), and freeze-dried thrombin. In addition to being
used clinically in a variety of surgical specialties, fibrin
sealants also play a part in a number of research applica-
tions, such as drug delivery, tissue sealing, and
hemostasis.*!

The FDA has approved five blood products based on
fibrin for topical use. The functional elements of the seal-
ant are fibrinogen and thrombin, which, upon administra-
tion, form hemostatic fibrin. FDA-approved products
frequently contain these two components; however, the
concentrations of fibrinogen and thrombin can be altered
to meet specific demands for mechanical strength or to
alter the dynamics of sealant polymerization. The blood
products approved by the FDA are listed in Table 1 and can
be divided into four main groups: “>* topical use, absorb-
able patches, fibrin lyophilization, and a device that pro-
duces fibrinogen and thrombin from human plasma.

The use of these fibrin-based products has signifi-
cantly reduced pain and the duration of hospital stay by
lowering the appearance of postoperative hematomas.
Fibrin sealants reduce the cost and time required for
these operations.

The aforementioned properties and use of fibrin as a
hemostatic agent in various fields of surgery have drawn
attention to this material as a hydrogel in 3D cell culture by
tissue engineering researchers.

The use of fibrin hydrogels in tissue
engineering: Challenges

Fibrin hydrogels are formed by the polymerization of
fibrin monomers, leading to a fibrous structure. Fibrin
hydrogels are commonly used in tissue engineering
because of their biocompatibility, structural similarity to
native tissues, their ability to transport properties, tuna-
ble properties, and capacity to deliver drugs and growth
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factors. The porosity and viscoelastic mechanical prop-
erties that mimic the extracellular matrix (ECM), along
with the predetermined cell-binding sites in fibrin, result
in good cell adhesion, spreading, proliferation and
migration.>* Moreover, specific proteins can bind to
fibrin, which plays an active role in interacting with
cells. As a fibrous scaffold, it provides a temporal sub-
strate; cells secrete plasminogen and matrix metallopro-
teinases (MMPs) that mediate fibrinolysis and subsequent
degradation of the hydrogel. However, there are still
numerous limitations, such as shrinkage of the hydrogel
during formation, low mechanical stiffness, batch-to-
batch variability, and rapid degradability. Thus, research
efforts are required to improve fibrin performance by
modifying it with diverse polymers in many different
ways and creating new scaffolds for cell seeding.

Fibrin hydrogel degradation

Fibrin hydrogels can be degraded by two different mecha-
nisms, which decrease their effectiveness and chances of
successful engraftment in tissue engineering.

First, degradation is caused by cells that are present in
fibrin hydrogels; when these cells proliferate, they produce
plasmin, which is secreted by a variety of cell types,
including endothelial cells.>> However, the lifespan of
fibrin is limited by rapid fibrinolysis that occurs when
plasminogen is present. The use of inhibitors that block the
active site of plasmin serine proteases, such as tranexamic
acid or epsilon-aminocaproic acid, can help reduce the
effect of plasminogen.

The second degradation mechanism is the activation of
matrix metalloproteinases (MMPs) through proteolytic
and esterolytic reactions, which contribute to the remode-
ling of the extracellular matrix and serve as a negative
feedback mechanism for the matrix degradation response.
The use of aprotinin, which inhibits MMPs, prevents the
breakdown of fibrin, and promotes the accumulation of
extracellular matrices, is a way to reduce this effect.””>

The rate of fibrin hydrogel degradation can be tuned
by the addition of protease inhibitors, such as aminocap-
roic acid and aprotinin, or by modifying the precursor
concentrations of the biomolecules involved in polymeri-
zation.>>®! These degradation processes enable proper
tissue development as scaffolds are exchanged by cells,
and the degradation rate is different for different cell line-
ages seeded in the scaffold. Different sources of stem
cells affect degradation at different rates, which has
strong implications for the development of artificial tis-
sues and organs.> The rate of hydrogel degradation is
crucial for obtaining viable tissues. Controlling this
parameter is not always intuitive as it appears to be due to
fibrinolysis. The derived products play an important role
in the chemical signaling of cells, healing processes,
angiogenesis, and stimulation of migration.®* The rate of

hydrogel degradation is crucial for obtaining viable tis-
sues. Controlling this parameter is not always intuitive as
it appears to be due to fibrinolysis. The derived products
play an important role in the chemical signaling of cells,
healing processes, angiogenesis, and stimulation of
migration.®* In most cases, fibrin hydrogels dissolve com-
pletely before the tissue is obtained. An increase in hydro-
gel stability is achieved by adjusting the fibrinogen
concentration.’” Ahmed et al. found that a combination of
aprotinin and galardin (MMP inhibitor) hydrogels can last
up to Sweeks, whereas pure fibrin hydrogels degrade
completely in 7days owing to cell activity.®® In the spe-
cific case of retinal pigment epithelium transplantation, it
would be interesting to exploit the fast degradation rate of
fibrin.®> For these reasons, fibrinogen-based hydrogels
have been used in recent years for different tissue engi-
neering applications, for example, as a scaffold for the
culturing of muscle, adipose, cartilaginous, liver, bone, or
ocular cells; for wound repair and skin regeneration thera-
pies; or even as a treatment for neurodegenerative dis-
eases and fertility preservation strategies.®®¢’

Although the use of fibrin could be promising in all
tissue regeneration strategies, it could have side effects;
for example, in the treatment of cardiac or skin tissue
lesions, it might produce undesirable fibrous scars.%%¢
Fibrous scars are characterized by the excessive deposi-
tion of extracellular matrix components, particularly col-
lagen, which leads to impaired tissue function and limited
regenerative potential. The formation of fibrous scars dur-
ing fibrin-based tissue regeneration can be attributed to
several factors. First, the inflammatory response derived
from the fibrin degradation products activates fibroblasts,
which are responsible for collagen synthesis.”®’”! Second,
fibrin-derived peptides can induce the expression of profi-
brotic factors such as transforming growth factor-beta
(TGF-p), platelet-derived growth factor, and connective
tissue growth factor, further promoting fibrosis.”®’%"3
Finally, the mechanical properties of fibrin-based scaf-
folds, including stiffness and porosity, can influence cel-
lular behavior and tissue remodeling, thereby potentially
increasing scar formation.

Fibrin hydrogel contraction

The tendency of fibrin hydrogels to contract, particularly
when embedding cells, is one of the aforementioned
drawbacks, according to the conclusions of numerous
studies.**™*7® For example, Montero et al. analyzed the
contraction behavior of plasma-derived fibrin hydrogels
and found that these scaffold contractions in the presence
of fibroblasts depend on the fibrinogen concentration and
compromise the development of skin tissue culture.”
They concluded that in fibrin hydrogels, there is a lack of
attachment to the culture insert, which causes shrinking in
the z-axis and complicates their clinical use and surgical
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handling. Murphy et al. demonstrated that NaCl and
fibrinogen affect hydrogel contraction when cultivating
mesenchymal stem cell spheroids.”” According to Yue
et al., this could impede the advancement of customized
tissue reconstruction techniques.’® In recent years, the use
of fibrin in combination with synthetic or natural poly-
mers has been investigated as a potential solution to this
issue.””#! Other potential solutions include the use of
solid scaffolds and their chemical modifications.

Poor mechanical properties

Compared to other polymers, fibrin exhibits remarkable
and distinctive viscoelastic properties that affect its struc-
tural, biological, physical, and chemical properties. The
mechanical properties of fibrin are critical to its function
and determine how it responds in treatments, such as tissue
clotting, wound healing, and disease prevention and treat-
ment. Information regarding the structural functions of
clot stability is required to understand the role of fibrin
hydrogels. The fibrin structure can be described as a
branched network in which the mechanical properties are
governed by both single fibers and their ensembles. This
network also includes changes in the fiber orientation as
well as stretching, bending, and buckling. According to
Guthold et al., the quantity and configuration of double-
stranded, half-staggered protofibrils affect the characteris-
tics of individual fibrin fibers.®?

The stiffness of a fiber can be measured using its
Young’s modulus; a higher value indicates a stiffer fiber.
The elastic modulus (slope of the stress-strain curve),
which indicates how elastic a material is in relation to
strain, changes if it is nonlinearly elastic.’?> According to
research, uncrosslinked and crosslinked fibrin fibers have
Young’s moduli of 1.7 % 1.3 and 14.5 = 3.5MPa, respec-
tively.®3 These values were obtained through laser tweezer
flexion experiments, which involved pulling the fibers and
measuring their elastic moduli. Similar results were
obtained using other independent methods such as stretch-
ing experiments, in which the elastic moduli were meas-
ured by pulling a bead in the direction of the fiber axis.
With this method, the elastic modulus of uncrosslinked
fibers was 1.9 = 1.8 MPa, while that of crosslinked fibers
was 11.5 = 5.1 MPa. Because the fibers are not homogene-
ous and isotropic, and the experiments are different, these
findings are not comparable to those obtained with flexion
experiments, but all of these findings provide the basis for
understanding the development of clot elasticity.®?33

It has been reported that native heart tissue has a
Young’s modulus of up to 67kPa, and native esophageal
tissue has a Young’s modulus of 60kPa in terms of tissues
and hydrogels, when the tensile properties of each scaffold
are measured with a uniaxial monotonic material tensile
test machine.?*# In contrast, the typical fibrin hydrogels
have Young’s moduli ranging from 0.94 to 6.49kPa for

fibrinogen concentrations of 0.5-3.0mg/mL. Higher
fibrinogen concentrations, such as those present in com-
mercially available fibrin-based adhesives, were measured
using a uniaxial monotonic material tensile test machine.
Hydrogels that had been developed with 30 and 70 mg/mL
of fibrinogen improved in Young’s modulus by 27.5 and
14.6kPa when they were crosslinked with CaCl,.%
However, at high fibrinogen concentrations, the cells were
unable to spread, proliferate, or ultimately survive.

The Young’s modulus of fibrin is of the same order of
magnitude (1-10 MPa) as that of other soft biological fib-
ers with the same stiffness and high extensibility, such as
spider silk (Araneus Flag silk) with 3 MPa, myofibrils (sar-
comere) with 1MPa or elastin (bovine ligament) with
1 MPa.®? However, we observed low extensibility and stiff
fibers with higher orders of magnitude such as crosslinked,
self-assembled collagen at 5000-7500 MPa, tendon colla-
gen (mammalian tendon) at 160-7500 MPa, or actin at
18002500 MPa.

Understanding the mechanical interactions when cells
are embedded is difficult because they present mechanical
heterogeneities at the microscale and as a function of
time.%® Advances in cartilage tissue repair were achieved
by Kim et al. analyzed the chondrogenic differentiation of
human adipose-derived stem cells by modifying the fibrin-
ogen and thrombin concentrations, which compromised
cell behavior through changes in hydrogel stiffness.®’
Stabilization of fibrin hydrogels by the addition of alginate
has also been attempted; however, bone marrow stem cells
seem to differentiate and proliferate better in fibrin, high-
lighting the complex task of improve fibrin in-vitro
performance.3®

In addition, fibrin hydrogels, as biomaterials, also influ-
ence angiogenesis because their microstructure strongly
modifies neovascularization. For example, Tanaka et al.
demonstrated that fibrin hydrogels induce macrophages,
which opens up several other avenues for anti-inflamma-
tory regenerative therapies.® Recently, some research
groups have developed strategies for using fibrin as an
adhesive between cells to obtain complex tissue
constructs.”

Batch-to-batch variability

Batch-to-batch variation in fibrin hydrogel properties is a
significant challenge that can potentially lead to serious
consequences if not properly addressed. According to Nair
et al., there is a wide range of variation in reproducibility
when using different batches of fibrinogen and thrombin,
as well as day-to-day variation when using the same batch
of fibrinogen.’! These variations could result from changes
in the preparation techniques or fibrinogen sourcing. The
swelling of hydrogels from various fibrinogen batches can
be studied to identify batch-to-batch variations and under-
stand how hydrogel mechanics change over time. In other
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words, measuring the amount of water released from the
hydrogel at different times is a method for determining the
hydrophilicity of the polymer network between the hydro-
gels.” Furthermore, differences in the absolute shear mod-
uli of fibrin hydrogels demonstrate relatively high
batch-to-batch  variations during  polymerization.”
According to the results of these studies, batch-to-batch
variations play a major role in determining the hydrogel
fabrication properties and how they change over time.*?

These differences are also notable in the fibrin glues. To
create a fibrin clot and induce early hemostasis in the
treated area, the glue mimics the final stage of the physio-
logical blood coagulation cascade. In some studies, fibrin
glues were prepared from pooled plasma, and the differ-
ences in the mechanical and biological properties of the
resulting clots were due to batch variabilities.'>%*
Remarkably, there are fewer variations between commer-
cially produced fibrin glues that are standardized than
between single-donor fibrin glues that suffer from batch-
to-batch variability.

Other fibrin limitations

Several studies have reported less-known limitations of
fibrin in hydrogels. For example, Gruber et al. indicated
that fibrin hydrogel-seeded disk cells do not express aggre-
can or chondroitin-6-sulfotransferase, which have crucial
functions in tissue engineering.’” In addition, Demol et al.
demonstrated experimentally and computationally that
limitations in oxygen mass transfer are responsible for cell
density gradients within fibrin hydrogels and concluded
that cell culture in fibrin hydrogels can lead to complete
anoxia in the carrier center for realistic values of oxygen
diffusion and consumption.”® Moreover, despite the fact
that fibrin sealants are effective in oral surgery, they suffer
from the following disadvantages’’: poorly reproducible
rheological characteristics; a tendency to trigger the pro-
duction of coagulation factor inhibitors (especially factor
V) related to bovine thrombin, which results in postopera-
tive coagulopathies; and the need for patients to visit the
blood bank several days before a surgical procedure.
Furthermore, using an infected fibrin clot as a model, Ma
et al. demonstrated that the common blood-borne pathogen
Staphylococcus epidermidis could affect the mechanical
and structural properties of blood clots in in vitro models.?®
Kambic HE et al. added a new limitation of fibrin, and the
design of tissue-engineered arrays in innervated fibrin
matrices only facilitated the growth of vascular structures
with the additional support of fibroblasts and keratino-
cytes, and their matrices within cells in vitro also showed
poor mechanical properties.® Finally, Billiet et al. reported
low and inhomogeneous mechanical strength, which
restricted the porosity and insufficient interconnectivity of
the pore distribution, as well as the presence of organic

solvent residues, which can pose significant constraints in
terms of toxicity risks and carcinogenic effects.'%

To a lesser extent, fibrin hydrogel properties can be var-
ied by changing the thrombin concentration and modifying
its mechanical and shrinkage properties.'?! Buffers that are
known to be inert, such as HEPES, strongly modify the
fibrin microstructure, leading to more transparent hydro-
gels.'”? Bven the salinity of the precursor fibrin hydrogel
plays a key role on how the hydrogel will behave.'® In
addition, fibrin hydrogels have been supplemented with
proteins to enhance the bioactivity of cells, which also
affects fibrin polymerization and the microstructure of the
hydrogels.'%

Another drawback is the use of different crosslinking
strategies to modify fibrin degradation and mechanical
properties because of the cytotoxicity and inflammatory
responses of some crosslinkers. It is important to consider
specific requirements when selecting an appropriate
crosslinking method for fibrin modification. For example,
chemical crosslinkers, such as glutaraldehyde, have been
explored with the aim to enhance the mechanical properties
of fibrin. Glutaraldehyde crosslinking, such as tetrani-
tromethane crosslinking, also improves mechanical strength,
allowing for the modulation of mechanical properties and
degradation rate, but it has been shown to be cytotoxic and
pro-inflammatory.'%>1% Moreover, carbodiimide crosslink-
ing also forms stable covalent bonds between fibrin mole-
cules, showing a drastic change in the hydrogel morphology.
The swelling rate decreases, degradation increases, and
Young’s modulus increases when the concentration of the
crosslinker increases. However, growth factors showed
lower release, and cytotoxicity assays demonstrated that by
increasing the crosslinker concentration, cytotoxicity was
observed.'””!1%  Alternative methods for the enzymatic
crosslinking of glutaraldehyde include thrombin, transglu-
taminase, genipin or horseradish peroxidase (HRP).'%®
Transglutaminases with high biocompatibility do not suffi-
ciently crosslink plasma proteins.'”® In contrast, thrombin
can crosslink plasma proteins to a satisfactory degree, pro-
viding an alternative crosslinker for fibrin hydrogels.
Another alternative is the use of genipin as a fibrin
crosslinker. For example, Gamboa-Martinez TC et al. dem-
onstrated the cellular viability of an in vitro culture with
genipin as a crosslinker.'” Moreover, the content of primary
amino groups in hydrogels crosslinked with genipin did not
exceed that of the samples crosslinked with thrombin.'®
Finally, horseradish peroxidase has shown promise for modi-
fying the mechanical properties of fibrin microthreads while
preserving their biocompatibility. To optimize crosslinking
strategies, parameters such as the crosslinker concentration,
reaction time, and temperature must be carefully evaluated.
Long-term biocompatibility studies should be conducted to
assess the effects of crosslinking on cell behavior, inflamma-
tory responses, and overall tissue integration.
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For these reasons, over the past few years, researchers
have focused on improving fibrin performance by modify-
ing it with diverse polymers in various ways, which will be
discussed below. The goal was to obtain scaffolds with
adequate properties for specific biomedical applications
without losing the biological properties of fibrin.

Advances in the design of fibrin-based
matrices with improved properties

To solve those problems in the wide use of fibrin hydrogels
in tissue engineering, some advances were researched and
studied that aimed to improve the fibrin hydrogels proper-
ties. The first solution is the incorporation of polymer solid
composites, where fibrin hydrogels are injected into
porous solid scaffolds. The resulting fibrin-polymer solid
composite scaffolds have shown great potential in tissue
engineering, particularly in cartilage, cardiac tissue, skin,
bone, and other tissues, where mechanical stabilization is
improved, thereby providing biocompatibility. In addition,
the incorporation of synthetic polymers, such as pegylated
fibrin and PVA-fibrin hydrogels, among others, have also
been researched and studied. These hydrogels provide
additional structural support and modulate the biochemical
and mechanical properties of the scaffolds. One notable
advancement is the incorporation of natural polymers,
owing to their compatibility with fibrin hydrogels. Natural
polymers, such as collagen, alginate, hyaluronic acid,
laminin, elastin, and agarose, have been incorporated into
fibrin matrices to enhance specific properties, mimic the
native ECM of target tissues, and regulate cell behavior to
promote tissue repair and wound healing. Additionally, by
incorporating particles into the fibrin matrix, it is possible
to introduce specific functionalities such as controlled
drug release, improved mechanical properties, and
enhanced cell adhesion. These particle-incorporated fibrin
hydrogels offer a versatile platform for targeted and local-
ized therapy delivery as well as improved tissue engineer-
ing outcomes. These widely studied solutions aim to
develop advanced biomaterials that promote tissue repair
in damaged or diseased tissues.

Fibrin-polymer solid composite scaffolds

In this section, we discuss previous attempts to incorporate
fibrin hydrogels into solid polymeric scaffolds. Synthetic
polymeric scaffolds have been used because of their con-
trollable mechanical properties, degradation rates that
mimic those of real living tissues, easy handling, produc-
tion, and low availability in most cases. They are typically
obtained as porous scaffolds in the form of sponges and
microfibers to culture cells in a 3D structure. Inside these
scaffolds, cells proliferate and migrate over the surface of
the pores or fibers, similar to a 2D culture; however, these
polymers do not permit the development of cells or the

expression of genes for differentiation or migration. On
the other hand, fibrin is a complex biomaterial with some
drawbacks regarding its mechanical properties and long-
term stability but with outstanding cell signaling as RGD
(arginine—glycine—aspartic acid) motifs that enhance cell
adhesion and proliferation.

The synergy between both materials arises from the
production of hybrid materials that take advantage of their
good properties. Typically, the fabrication of these types of
composite scaffolds proceeds by first obtaining a synthetic
polymeric scaffold in which a fibrin precursor solution
containing cells is infiltrated or poured over the porous
scaffold, as shown in Figure 2. The three most common
strategies to form fibrin-based hybrid scaffolds are phase-
separation freeze-drying scaffold processing, the electro-
spinning scaffold technique and 3D printed scaffolds with
porous, fibrous, and filamentous morphologies. Once the
scaffold is produced using one of these strategies (a, b, and
¢ in Figure 2), a fibrin precursor solution containing cells
is injected into the solid scaffold and fibrin gelation
occurs.'!? Using these procedures, a hybrid material was
obtained from fibrin and a synthetic polymeric material.

Applications in cartilage tissue engineering. Fibrin-based
hybrid materials have frequently been used as cartilage tis-
sue scaffolds because of their enhanced mechanical proper-
ties and promotion of cell differentiation. Lee et al. enhanced
cell retention and distribution within a macroporous polyu-
rethane scaffold by combining chondrocytes with a fibrino-
gen solution.!'” However, the authors used aprotinin to
delay fibrin degradation, and the scaffold did not maintain
phenotypic conditions after 4weeks. Recently, Sha’ban
et al. discovered that chondrocytes produce more ECM due
to the presence of more type II collagen and glycosamino-
glycan in poly(lactic-co-glycolic acid) (PLGA) scaffolds
with infiltrated fibrin after 3 weeks, compared to PLGA with
no fibrin (Figure 3(a)).""" Li C et al. also used a porous
PLGA scaffold filled with fibrin gel, in which chondrocytes
maintained a round shape, in contrast to the elongated shape
of pure PLGA after 4weeks.!"? In an in vivo analysis,
Sha’ban et al. demonstrated that the hybrid scaffold was
still improved to obtain cartilaginous tissue 4 weeks after
implantation.'"® The authors suggested the incorporation
of cell growth factors and other biomolecules to confer
bioactivity to the hybrid system, with the aim of improving
its ability to induce chondrocyte differentiation in other
cell types.

A PLGA scaffold filled with fibrin sponges (obtained by
freeze-drying) seems to increase water absorption and was
characterized by Wei et al. to observe adipose-derived stem
cell differentiation promoting cartilage regeneration in
vivo.!"” Sukri NM et al. seeded rabbit bone marrow mesen-
chymal stem cells (BMSCs) on a PLGA/fibrin scaffold, in
which the cells produced chondrogenic matrices but lacked
signaling factors to induce chondrogenesis in vitro.!'®
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These investigations demonstrate the promising use of
fibrin as a mesenchymal cell carrier to promote chondro-
genesis in a hybrid scaffold with appropriate mechanical
stability as a cartilage scaffold. Therefore, Lee et al. recently
developed a hybrid poly (lactide-co-caprolactone)/fibrin
scaffold in which fibrin was used to disperse BMSCs
aggregates to achieve mature cartilaginous tissues.''® Cell
aggregation in combination with hybrid scaffolds improved
chondrogenesis in vivo and cartilage-specific genes such
as sulfated glycosaminoglycan (sGAG), collagen, and
lacunae.

As previously discussed, tissue engineering also faces
the problem of contraction of the scaffold during the cul-
ture of anatomically shaped structures. Cells tend to con-
tract hydrogel scaffolds, especially when they are
embedded inside, owing to proliferation, migration and

layer by layer using needles loaded with a polymer that acts as bio-
L

cell mediated degradation.''*!?° To address this, Visscher
et al. designed a 3D printed PCL cage around a fibrin
hydrogel that completely inhibited matrix contraction after
28 days in the presence of chondrocytes, perichondrocytes,
and adipose-derived stem cells.'?! Setayeshmehr et al. lyo-
philized a mixture of devitalized costal cartilage matrix
and aminated PVA, which was crosslinked in different
ways, to embed a fibrin adipose-derived mesenchymal
stromal cell (ASC) hydrogel.'?> Combining these materials
allows cells to differentiate and prevents cell-mediated
contractions. Research results and developments suggest
the use of a combination of materials with the intention of
fulfilling all properties and requirements for a specific tis-
sue culture. Recently, a hybrid scaffold composed of a
3D-printed PCL lattice structure was coated with fibrin
and ECM, which resulted in enhanced cell viability.'?
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Figure 3. Applications of fibrin-polymer solid composite scaffolds in different tissues engineering. (a) Analysis of in vitro constructs
using immunohistochemistry of fibrin/PLGA, which demonstrated strong immunopositivity of collagen type Il, and PLGA, with
minimal collagen type Il expression, after 2 weeks. The immunopositivity of both constructs for collagen type | was moderate.
Reprinted from Sha’ban et al.!'! (b) Micropillar array of poly (dimethylsiloxane) (PDMS) at square mesh (5 X 5cm) (top images)

with poured fibrin gel, which guided organization of the cells and produced angiogenic sprouts (white arrows) during 2 weeks of

in vitro culture (middle images), and demonstrated a high degree of vascularization after 2 weeks of subcutaneous implantation in
SCID-Beige mice (bottom images). Reprinted from Song et al.'"* (c) Research of scaffolds of polyvinyl alcohol (PVA) with serum
albumin (SA), as a degradation agent by enzymes, at different concentrations. PVA and SA were previously methacrylated before
being copolymerized into PVA-SA scaffolds via free radical copolymerization. Finally, fibrin gel with fibroblasts was infiltrated

and polymerized by thrombin, resulting in enzymatically degradable IPNs. It promotes cell growth and mimics the physiological
microenvironment of tissues. Reprinted from Bidault et al.''® (d) Design for PLCL-fibrin scaffold fabrication in cartilage using stromal
cells from rabbit bone marrow. Clusters of cells were aggregated using a hanging drop method and added inside the scaffolds using

fibrin-gel infiltration. Reprinted from Lee et al.''®

Applications in cardiac tissue engineering. Fibrin-based
hybrid materials are frequently used in cardiovascular tis-
sue engineering. For example, Pankajakshan et al. and
Gundy et al. enhanced the expansion, proliferation, and
survival of human umbilical vein endothelial cells and
human coronary artery smooth muscle cells, respectively,
using combinations of a solvent-cast PCL scaffold and a
warp-knit PLA textile with a fibrin hydrogel, respec-
tively.'?#125 Generally, the tissues to be regenerated in
vitro tend to be very complex, which means that the cur-
rent design of scaffolds is a complicated task that requires
a combination of different materials. Each type of mate-
rial has its disadvantages. Hybridization plays an impor-
tant role in balancing the properties of the hybrid material
to approximate those of the original organ or tissue.
Microvascular meshes with functional blood vessels have
been obtained by Song et al. using a micropillar array of

polydimethylsiloxane (PDMS) in which they poured a
fibrin gel and this combined patterned scaffold guided the
cell organization and prevented the matrix from shrinkage
(Figure 3(b)).''* Recently, multiscale hybrid scaffolds
made of fibrin hydrogels, electrospun PCL fibers, and
alginate hydrogels have been mechanically conditioned to
support different types of cells in co-cultures to promote
cardiovascular tissue and blood-vessel formation.!?

Applications in skin tissue engineering. Scaffolds for skin
tissue can be created by combining fibrin and synthetic
polymers using a variety of methods, such as electrospin-
ning or physical blending.'?”-'?® Studies using these scaf-
folds for wound healing demonstrated that a nanofiber
wound dressing containing fibrin can be prepared using a
coaxial electrospinning technique, which was tested in
animal models.'? The coaxial structure of the nanofibers
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allows for the encapsulation and controlled release of
fibrin, which promotes angiogenesis and accelerates
wound healing. The nanofiber dressing exhibited excel-
lent biocompatibility and demonstrated enhanced wound
healing capabilities, including increased cell migration
and proliferation, as well as improved vascularization at
the wound site.'3° Bidault et al. developed and tested a
scaffold containing fibrin and PVA for the growth of
fibroblast. 13! PVA was combined with a fibrin hydrogel
and crosslinked by free-radical polymerization inside the
scaffold after modification with methacrylate groups.
According to this study, the scaffold had excellent
mechanical properties such as tensile strength and elastic-
ity because of the synergistic interactions between fibrin
and PVA. In addition, these scaffolds provide an environ-
ment conducive to fibroblast growth, which may be help-
ful in wound healing. The self-supporting nature of
scaffolds allows them to be easily handled and placed on
complex wounds. Another approach is to add different
PVA of serum albumin (SA) at different concentrations to
allow the material to be degraded by enzymes (Figure
3(c))."'* The PVA-SA co-networks were synthesized by
free radical copolymerization of polyvinyl alcohol
(PVAm) and serum albumin (SAm), both previously mod-
ified with methacrylate functions. The fibrin gel was then
added to the solution and polymerized using CaCl, and
thrombin. This study demonstrated that by adjusting the
crosslinking density and composition of IPN, the degrada-
tion rate of the biomaterial could be controlled.

Another polymer frequently used to create scaffolds
into which polymerized fibrin solution is injected is
poly(lactide-co-glycolide) (PLGA). Fibrous PLGA/fibrin
scaffolds have demonstrated potential as substitutes for the
skin. When combined with fibrin, PLGA, a biodegradable
polymer, provides benefits, such as improved mechanical
properties, controlled degradation, and support for cell
adhesion and proliferation. PLGA/fibrin scaffolds have
shown potential as skin substitutes.'*? Fibrin increased ten-
sile strength while decreasing elongation at break. Direct
and indirect 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyl-
2H-tetrazolium bromide (MTT) assays were performed on
the scaffolds, and the incorporation of fibrin improved cell
adhesion and viability. Therefore, PLGA/fibrin is a prom-
ising material for use as a skin substitute. PLGA/fibrin
scaffolds have also been used in wound healing models. In
particular, a bilayer scaffold comprising an electrospun
PLGA/fibrin membrane and a fibrin hydrogel layer was
investigated. To produce a skin substitute, Bastidas et al.
developed an electrospun membrane and fibrin hydrogel
layer on a rat skin model. Keratinocytes were grown on
electrospun membranes, and fibroblasts were grown in a
fibrin hydrogel layer. The study showed that the scaffolds
induced collagen deposition, granulation tissue growth,
and epithelial tissue remodeling. The fibrous structure of
the scaffold closely resembled the architecture of native

skin, facilitating dermal cell infiltration and promoting the
formation of new tissue.'3

Another interesting approach involves the healing
effect of a fibrin-based scaffold loaded with platelet lysates
in full-thickness skin wounds.'3* This study focused on
treating full-thickness skin wounds with a fibrin-based
scaffold loaded with a platelet lysate. Platelet-derived
growth factors and cytokines, which have strong regenera-
tive properties, are present in platelet lysates. Platelet
lysates can potentially be used to treat diabetic foot ulcers
because they accelerate reepithelialization and increase
collagen deposition, thereby improving wound healing.

Furthermore, poly(ether)urethane-polydimethylsilox-
ane (PU-PDMS) scaffolds can be combined with fibrin to
control the delivery of proangiogenic growth factors for
the formation of new blood vessels.'*® The controlled
release of proangiogenic growth factors from the scaffold
improves vascularization in the surrounding tissue, result-
ing in better wound healing. The composite scaffold ena-
bled targeted angiogenic stimulation and the formation of
functional vasculature within the regenerated tissue by
precisely regulating the release kinetics of these growth
factors.

These scaffolds provide a biomimetic microenviron-
ment that closely resembles the natural composition and
architecture of skin. They promote cell adhesion, migra-
tion, and proliferation, while providing mechanical sup-
port and regulating the release of bioactive factors.

Applications in bone tissue engineering. Fibrin offers various
scaffolding options for bone tissue engineering. Moreover,
synthetic polymers incorporated into scaffolds, such as
PLGA, polycaprolactone (PCL), or PVA, support cellular
processes and have favorable mechanical properties that
contribute to cellular viability. Studies on bone repair in
scaffolds with interconnected pore structures that mimic
the native bone microenvironment and promote cell infil-
tration and nutrient diffusion have been the main focus of
the current literature. The incorporation of fibrous or
nanofibrous structures improves cell adhesion and prolif-
eration, and fibrin creates a biocompatible and biodegrad-
able matrix. The scaffolds are typically made with PCL,
PVA, and PLGA, among other materials, and are produced
using the methods mentioned before, then, the fibrin pre-
cursor solution containing cells will be infiltrated or
poured over the porous scaffold.’**!* For instance, Lee
et al created an engineered cartilage scaffold complex with
cells.!'” By using a gel-pressing technique, they engineered
poly (lactide-co-caprolactone) (PLCL) scaffolds, and rab-
bit bone marrow stromal cells (BMSCs) clusters were
added using fibrin-gel infiltration (Figure 3(d)). For up to
8weeks, they implanted the scaffold into nude mice in
order to differentiate chondrocytes, maintain their pheno-
types, and increase glycosaminoglycan (GAG) produc-
tion. All results show that the fibrin-based scaffold
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successfully repaired segmental bone defects, highlighting
its potential as a clinically relevant approach for bone
defect treatment. A 3D freeze-dried scaffold made of PVA
and fibrin was developed for application in bone repair.
The creation of platelet-rich fibrin (PRF)-loaded nano-
biphasic calcium phosphate (nBCP)/PVA composites was
researched.'® This demonstrates how low-temperature
Robocasting, a form of additive 3D printing, can be used
to produce 3D printed BCP/PVA/PRF scaffolds with
desired internal structures and bioactive factors to enhance
segmental bone repair.

Another approach for bone repair is the use of biode-
gradable scaffolds. Mesenchymal stem cells and fibrin
glue were injected into a biodegradable tricalcium phos-
phate (TCP) scaffold developed by Yamada et al. for bone
repair. The scaffold acts as a carrier for mesenchymal stem
cells (MSCs) and facilitates targeted delivery to damaged
tissue."*! The combination of MSCs, fibrin glue, and bio-
degradable scaffolds improved bone regeneration.

The combination of fibrin with other natural polymers in
an injected solution is a novel approach. The use of alginate
or collagen, for example, in combination with fibrin,
improves the gelation properties, encapsulation, controlled
release, or mechanical properties to improve the scaffold’s
viability and regeneration.'*!*? For example, fibrin-alginate
hydrogels can be injected into a poly-e-caprolactone (PCL)
scaffold to treat bone defects.'**The scaffold has proangio-
genic properties because it promotes blood vessel forma-
tion and nutrient supply. The mechanical support,
bioactivity, and controlled-release characteristics were pro-
vided by a combination of PCL, fibrin, and alginate.
Additionally, Zhou et al. created alginate-fibrin microbeads
to be injected into scaffolds for bone tissue engineering to
promote the fast release of stem cells.'* This study empha-
sized the importance of cell release kinetics from the scaf-
fold and its influence on cell viability and functionality.

These microbeads had excellent mechanical properties
that were comparable to those of natural bone, was bio-
compatible, allowed the controlled release of bioactive
molecules, permitted osteoconductivity and osteoinductiv-
ity, and allowed the scaffold to be gradually replaced by
new bone.'* Kohli et al. used calcium phosphate to inves-
tigate the potential of composite scaffolds made of fibrin,
alginate, and calcium phosphate for bone tissue engineer-
ing applications. The combination of the proangiogenic
and osteogenic properties of these scaffolds provides an
approach for promoting bone regeneration. !4

Other applications in tissue engineering. The possibility of
increasing the range of applications of different blends of
materials and cell types has led to the development of
new hybrid materials that can be used for different cell
culture lineages. For instance, a mixture of PCL and cal-
cium monophosphide (CaP) can be used to 3D print lat-
tice scaffolds in which a cell-laden fibrin hydrogel can

infiltrate, promoting the proliferation and differentiation
of mesenchymal stem cells to the osteogenic lineage.'*’
Hokugo et al. incorporated PGA fibers into a fibrin
hydrogel and lyophilized the entire construct. The addi-
tion of fibers suppresses cell-mediated contraction and
does not affect fibroblast viability, showing promise for
applications in skin or soft tissue engineering.'*® Using
fibrin hydrogels as cell carriers is interesting when
homogenizing cell cultures and ensuring cell prolifera-
tion in a urethral scaffold that mimics the biomechanical
properties of native tissue using blends of PCL and
PLCL.'* The incorporation of a Smart Matrix on the sur-
face of a plasma-polymerized PDMS membrane led to
promising results in the preparation of a product for pres-
sure sore treatment or as a dermal scaffold.'*

In renal tissue-engineered models, a PGA electrospun
construct was filled with a fibrin precursor solution and
gelled inside podocytes and glomerular endothelial cells,
modifying its mechanical properties and increasing the
long-term proliferation rates of cells.'>! A similar hybrid
material made of wet-spun PCL fibers was used to culture
human osteosarcoma to produce a hybrid scaffold for
hard-tissue engineering.'>?> These examples demonstrate
versatility in terms of developing or regenerating different
tissues and organs, paving the way for personalized regen-
erative medicine.

Synthetic polymers—fibrin hydrogels

As a different strategy, some authors have modified the
properties of fibrin hydrogels. Two strategies can be envi-
sioned for introducing synthetically functionalized poly-
mers during fibrin polymerization. In one case, the
synthetic polymer forms a network apart from that formed
by fibrin, leading to the formation of an interpenetrating
polymer network (IPN), in which both networks coexist
simultaneously. In another case, the synthetic polymer
interacts with fibrinogen or fibrin monomers to modify the
native fibrin network, for example, by polyethylene glycol
(PEGylation).

Typically, fibrin participates in the formation of an IPN
by forming one of the networks via thrombin activation,
whereas the synthetic polymer bears acrylate groups to
form its own network via UV-activated polymerization
(Figure 4(b)). Polyethylene glycol (PEG) and polyvinyl
acetate (PVA) were used to enhance the mechanical prop-
erties of IPN, rehydration ratios, and stability. However,
the use of UV light and acrylates in combination with cells
is a concern in terms of cell viability, and in some cases,
excess acrylates inhibit fibrin polymerization.!3"1>3 An
IPN based on enzymatic activation (thrombin) and
Michael-addition crosslinking between a thiol and an
amphiphilic block copolymer (Tetronic T904) was devel-
oped by Zhang et al. for the controlled release of non-viral
genes.'™ The degradation ratio was controlled by
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Figure 4. Modification of fibrin hydrogels by synthetic polymers. (a) Process of the formation of a PEGylated hydrogel. First, PEG
is functionalized to react in the presence of the amine groups of a protein. Then, the di-functional PEG is added to the fibrinogen
leading to a new type of fibrin hydrogel (reprinted from Roberts et al.>'). (b) Scheme of an IPN formation of fibrinogen with
Pluronic® F-127 (F127) and poly(methy)methacrylate (PMMA) polymers, thanks to thrombin. The hydrogel is formed by a dual-
syringe system which dispenses a Fb/F127/PMMA solution and thrombin and fills a meniscal region, (reprinted from An et al.'>). (c)
The top part shows a polyethylene glycol-platelet free plasma hydrogel treated 4mm ex vivo explant that was cultured for 14 days.
It is stained with wheat germ (red) to visualize the plasma membrane and counterstained with DAPI for nuclei (blue). At the
bottom, an enlarged epidermis formed over the PEG-PFP hydrogel is shown (reprinted from Stone et al.?’).

modulating the T904/fibrinogen ratio, which in turn modu-
lated the transfection level.

Acylate-bearing PEG is used extensively to obtain IPNs
in combination with bovine serum albumin (BSA) modi-
fied with methacrylate groups (mBSA). Kuten Pella O
et al. combined PEGylated albumin and fibrinogen to
obtain hydrogels for drug delivery systems, in which it
was possible to control the mechanical properties, biocom-
patibility, and drug release by controlling the PEG, fibrino-
gen, and albumin content, respectively.'® Similarly, mPVA
and mBSA were combined to obtain IPNs in the presence
of fibrin, leading to more stable gels in terms of mechani-
cal properties and degradation, whereas cell viability was
enhanced owing to the presence of BSA in comparison
with the aforementioned studies on mPVA.!'5 As these
PEG-BSA IPNs modify the hydrogel microporosity, they
could hamper the cellular infiltration required to obtain
cultured 3D functional tissues in-vitro; therefore, Gsib
et al. proposed further research on obtaining modified
fibrin hydrogels with controlled porosity.'>” IPNs modified
by these methods are promising because their mechanical
properties and biodegradability can be easily tuned by

changing their composition, which makes them a good
material choice for tissue engineering applications.'*®

To avoid these complications in IPN hydrogels, scien-
tists have identified alternative ways to obtain fibrin-based
IPNs using different strategies. Recently, Loebel et al. used
a combination of supramolecular and covalent networks to
enhance the mechanical properties of hydrogels while pro-
moting the proliferation and spreading of cells by means of
the dynamic nature of the supramolecular network.'> As
in previous studies, the covalent network was composed of
PEGDA and fibrinogen, whereas the supramolecular net-
work was made of hyaluronic acid functionalized with
either cyclodextrin or adamantane. Gsib et al. developed
an IPN; however, instead of forming both networks simul-
taneously, they performed it in a sequential manner. They
first obtained a hydrogel composed of PEG-BSA, as in
previous studies, and lyophilized it to obtain a micropo-
rous construct that was subsequently filled with the hydro-
gel precursor solution to develop a fibrin network in the
pores of the previous one.'®’ Thus, they avoided the afore-
mentioned porosity modifications while obtaining an
enhanced fibrin-based hydrogel.
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As real examples for applicability Recently, injectable
hydrogel systems based on fibrin have been developed for
meniscal regeneration using two different approaches to
improve the properties of fibrin. Unlike previous exam-
ples, Kim et al. incorporated polyethylene oxide (PEO) or
Pluronic F127 (P-F127) as an injectable hydrogel into a
fibrinogen solution to form a semi-IPN in the defect area.
The incorporation of free PEO in the fibrin hydrogel
improved the mechanical properties and apparently
enhanced the tissue regeneration and the quality of this
regenerated tissue after 12 weeks in rabbits.'®! In contrast,
the incorporation of P-F127 and polymethyl methacrylate
(PMMA) microbeads into fibrin formulations seems to
enhance the mechanical properties, degradation, and tissue
regeneration ratios, but particularly improves shear stress
to facilitate hydrogel administration in damaged areas.'>
How ever, free PEO, P-F127, and PMMA microbeads
were released from the hydrogel with unknown effects
when used in vivo. Therefore, further studies are required
to confirm these findings.

PEGylated—fibrin hydrogels. PEG is frequently used to
obtain modified hydrogels with enhanced cell-culture
properties. Basically, difunctionalized PEG is added to a
fibrin precursor solution that reacts with native fibrinogen,
leading to a new type of fibrin hydrogel. This process is
known as PEGylation, and the material is referred to in the
literature as a PEGylated fibrin scaffold (Figure 4(a)).
Generally, PEG is functionalized with benzotriazole car-
bonate, succinimidyl glutarate, and acrylate groups to
react in the presence of the amine groups of the protein, as
in the case of fibrinogen, leading to stable urethane (carba-
mate), amide, or Michael addition bond, respectively.!¢>163
These modifications of native fibrinogen before fibrin
polymerization increase the long-term stability, mechani-
cal response, and hydrophilicity of fibrin hydrogels. Dif-
ferent cell types, regenerative approaches, and strategies
have been tested using PEGylated fibrin hydrogels, which
appear to promote cell migration and proliferation without
affecting cell viability, or even improve it in some
cases.'*19 For example, Figure 4(c) shows re-epitheliali-
zation of a 4mm ex vivo explant into the skin, showing an
epidermis completely formed over a wound with a poly-
ethylene glycol-platelet-free plasma (PEG-PFP) hydrogel.
Typically, a 1:10 (PEG:fibrin) molar ratio is used for fibrin
modification, as this was found to be the best formulation
without causing a delay in the gel time.'®® Typically,
bifunctional PEGs with an average molecular weight of
3400Da are used to better control the PEG/fibrinogen
ratio. As PEG-fibrin can be modified prior to gelation it
can be placed in wounds or injected into damaged areas
acting as a vehicle for cells or growth factors.'® 1% PEG-
fibrin and PEG-PFP hydrogels have been used to heal burn
wounds in pigs, preventing wound contraction and reduc-
ing the number of neutrophils and macrophages.’* The

same authors investigated wound healing strategies in
vitro to test biomaterials on discarded human skin. They
found that PEG-PFP hydrogels re-epithelialized the wound
area faster and enhanced keratinocyte proliferation, migra-
tion, and differentiation compared to collagen and PEG-
fibrin hydrogels.

As confirmed by Shpichka et al. using small-angle
X-ray scattering (SAXS), the addition of bifunctional PEG
to fibrinogen increases the oligomeric species at the begin-
ning of polymerization, thus modifying the hydrogel struc-
ture and behavior.'® Commonly, fibrin hydrogels modified
by PEGylation have a microporous structure instead of the
native fibrous structure, which is dependent on the
fibrinogen:PEG ratio, and increases the storage modulus,
transparency of the hydrogel, and vascularization in
wounds for full-thickness skin regeneration.?! Furthermore,
Shpichka et al. suggested that the anchoring of PEG to dif-
ferent sites of fibrin molecules could increase cell migra-
tion owing to the masking effect of RGD moieties. Gorkun
et al. related the formation of capillary- and tubular-like
structures of cells inside the hydrogel to the change in
microstructure and the aforementioned masking effect.!”
PEGylation also increases the long-term stability of fibrin
hydrogels by reducing their degradation rates, thus open-
ing new strategies in ovarian tissue engineering.'”!

Because PEGylation is simple to perform, new strate-
gies to understand and improve fibrin hydrogel properties
have emerged in recent years. Recently, Pal et al. synthe-
sized bi- or tetra-functionalized biodegradable crosslink-
ers based on PEG and polypropylene glycol (PPG) for
blood plasma modification, which enhanced the mechani-
cal properties and shortened the gel time without compro-
mising the toxicity of plasma-based hydrogels.!”” In
addition, Leon-Valdivieso et al. have functionalized PEG
with peptides that react specifically to “a” and “b” knobs
introducing defects during the fibrin polymerization inside
the fibrin fibers. Through this modification, the authors
softened the mechanical properties of the gel and studied
its effect on fibroblast migration and colonization.'>?

PVA—fibrin hydrogels. Polyvinyl alcohol (PVA) is a syn-
thetic polymer belonging to a family of polyvinyl com-
pounds. It is formed by polymerizing vinyl acetate and
hydrolyzing it to remove the acetate groups, resulting in
polyvinyl alcohol. PVA is a water-soluble polymer with
excellent film-forming and adhesive properties.'?’

PVA combined with fibrin improves the properties of
fibrin hydrogels for wound healing, regeneration, and tis-
sue engineering for several reasons. PVA is a synthetic
polymer known and used for excellent mechanical proper-
ties including tensile strength and elasticity. When com-
bined with fibrin, which is a natural biopolymer with low
mechanical strength, PVA improves the overall mechani-
cal stability of the composite material. This is particularly
important for wound dressings and scaffolds because it
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provides structural integrity and supports healing tissue.'”3
Another reason is moisture retention; PVA has hydrophilic
properties and maintains a moist environment, which pro-
vides a favorable microenvironment for cell migration,
proliferation, and tissue regeneration.'” The biocompati-
bility and synergistic effects of PVA-based wound dress-
ing materials, which lead to improved cell adhesion,
proliferation, and tissue regeneration, combined with the
previously mentioned advantages of fibrin, provide a ver-
satile platform for wound healing and tissue engineering
applications. Although fibrin contributes to the biocompat-
ibility and biological activity of the composite, PVA
improves the mechanical stability, moisture retention, and
controlled drug release properties of the material.!”?

The synthetic fibrin hydrogel formation of PVA was
performed using chemical methods. Xu et al. investigated
the effects of adding freeze-dried granule-lyophilized
platelet-rich fibrin (G-L PRF) to a PVA hydrogel for wound
healing applications.'” The results demonstrated that the
combination of PRF and PVA enhanced cell proliferation,
angiogenesis, and wound closure. The incorporation of
PRF provided a favorable microenvironment for cell adhe-
sion, migration, and proliferation, whereas the PVA hydro-
gel acted as a scaffold, providing mechanical stability and
facilitating controlled drug release.

When fibrin and PVA are combined, chemical crosslink-
ing can be used to create a stable hydrogel. This method
involves the use of crosslinking agents to covalently bond
the fibrin and PVA networks. Epichlorohydrin, boric acid,
aldehydes, and heavy metal compounds that form com-
plexes with PVA molecules are examples of commonly
used crosslinkers.!?® Emulsion template-based fabrication
of fibrin/PVA scaffolds for skin tissue engineering was
studied.'”® Fibrin and PVA were combined in an emulsion
in which one phase was dispersed as droplets within the
other phase. Subsequently, glutaraldehyde was used to
crosslink the emulsion to create a scaffold structure with
interconnected pores, which can be used for skin tissue
engineering applications. These results demonstrated that
the fibrin/PVA hydrogels possessed interconnected porous
structures that were favorable for cell infiltration and nutri-
ent diffusion. Fibrin hydrogels used for skin tissue engi-
neering applications incorporate fibrin to promote cell
adhesion and proliferation.

Other synthetic—fibrin hydrogels. Hydrogels made of meth-
acrylated fibrin (MA-fibrin) are an alternative method for
synthesizing synthetically modified fibrin hydrogels.
Methacrylate groups are added to fibrin molecules to pro-
duce methacrylated fibrin. With this modification, fibrin
can be crosslinked via photopolymerization to create a sta-
ble hydrogel. An innovative biomedical hydrogel was cre-
ated by Haneen et al. for 3D cell culture or as a
biodegradable delivery matrix for in vivo implanta-
tion.!7®!””Methacrylic anhydride (MAA) was used to
denature methacrylate fibrinogen in solution through

light-activated free-radical polymerization in the presence
of macromolecular crosslinking polymers. The study
showed that in 3D cultures of human dermal fibroblasts,
hydrogels offer a biocompatible environment that supports
cell adhesion, proliferation, and differentiation. Hydrogels
also have the potential to act as carriers of therapeutic
agents with controlled release, opening up opportunities
for precise delivery in tissue engineering and regenerative
medicine.

Furthermore, fibrin can be modified by poly(N-isopro-
pylacrylamide) (PNIPAAm), resulting in the formation of
a nanogel.'”® PNIPAAm is a thermoresponsive polymer
that undergoes a reversible phase transition near the body
temperature. “Smart” hydrogels that can go through gel-
sol transitions in response to temperature changes can be
made by incorporating PNIPAAm into fibrin hydrogels.
Owing to its high drug-loading capacity, the authors devel-
oped a nanogel system that could deliver two different
therapeutic agents: one for promoting angiogenesis and
tissue regeneration and the other for inhibiting fibrosis. As
a result of the incorporation of PNIPAAm into fibrin
hydrogels, this method simultaneously promotes tissue
repair and reduces fibrosis.

Another interesting approach involves the use of poly-
acrylic acid (PAA)- modified fibrin hydrogels. PAA is an
electroresponsive polymer that can be incorporated into
fibrin hydrogels to introduce electricity-dependent swell-
ing and drug release properties. Because of its increased
electrical sensitivity, PAA-modified can to convert envi-
ronmental stimuli, such as electrical energy, into mechani-
cal forces. This allows for the creation of mechanically
stimulating hydrogel-based smart devices that are electro-
sensitive and biocompatible.'” Based on these findings,
the hydrogel functions as a mechanical pump that guides
the alignment of smooth muscle cells under electrical stim-
ulation and facilitates their infiltration and distribution
throughout the structure.

Natural polymers—fibrin hydrogels

In recent years, new approaches have been developed to
improve fibrin properties by combining fibrin with natural
polymers.

Fibrin-collagen hydrogels. Collagen is a major component
of the extracellular matrix (ECM) in many tissues and
organs and plays a key role in tissue development and
function.'® This material exhibits low immunogenicity,
porosity, high permeability, biocompatibility, and bio-
degradability. However, its poor mechanical properties
require crosslinking or modification with natural or syn-
thetic polymers or inorganic materials. Collagen-based
materials show higher cell adhesion and proliferation in
vitro and are widely combined with fibrin matrices for
tissue engineering applications. Earlier studies demon-
strated that fibrin-collagen composite networks displayed
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Figure 5. Modification of fibrin hydrogels with natural polymers. (a) Elastic modulus graph of collagen-fibrin mixed hydrogels at
different collagen concentrations, adapted from Coradin et al.'® (b) Proliferation assay of fibroblasts seeded inside plasma and
10% of oxidized alginate hydrogels after (left) 48h and (right) 7 days, reprinted from Sanz-Horta et al.'®’ (c) Hematoxylin & eosin
staining of cross-section, of an implantation after |2 days in a mouse, of an hydrogel of fibrin-hyaluronic acid containing red blood
cells (represented by red arrows), adapted from Hinsenkamp et al.'® The presence of fibrin enhances the formation of blood
vessels, and the infiltration of cells and extracellular. The use of fibrin was also found to support the biological process of matrix
remodeling. (d) Elastin-fibrin hydrogel preparation: Elastin-N3 with plasma and AmchaFibrin is mixed to Elastin-Cyclo with NaCl

and CaCl, at 37°C, adapted from Stojic et al.'®

extra stiffness and durability, improved elasticity, and
permissive endothelial network formation in vitro and in
vivo, providing support for their use instead of purified
collagen and fibrin. '8!

For example, graphs showing the variation in the elastic
modulus of the hydrogels (Figure 5(a)) show a fibrin net-
work with enhanced mechanical properties in the presence

of collagen. Several studies have concluded that the addi-
tion of collagen to fibrin improves its mechanical stability.
Several studies, such asthose conducted by Nilforoushzadeh
et al., concluded that adding collagen to fibrin improves
mechanical stability.'® These authors transplanted pre-
vascularized hydrogels into five human subjects with dia-
betic wounds and concluded that fibrin—collagen hydrogels
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were suitable for skin organotypic cell culture with an
increase in skin thickness and density in the vascular beds.
Patel et al. adapted fibrin scaffolds, type I collagen hydro-
gels, and type I collagen fibrin matrices to develop self-
manufactured vascular tissue rings and accommodate
human fibroblasts to create adventitia vessels.'®> They
concluded that a combination of collagen and fibrin was
the ideal solution for creating and strengthening engi-
neered adventitial vessels because it exhibited the best
overall combination of tensile strength (the most important
function for adventitia), cellularity, collagen content, and
collagen fiber maturity. Another example is the use of col-
lagen-fibrin hydrogels for cardiac tissue engineering using
human iPSC-derived cardiomyocytes. The solution was a
balance between the concentration of fibrin, which is asso-
ciated with increased compaction, and that of collagen,
which is associated with decreased compaction. At pre-
sent, some chemical modifications of collagen are being
investigated to improve fibrin cell adhesion and migration
and reduce the rapid degradation rate in vivo, for example,
collagen was crosslinked with polyethylene glycol ether
tetrasuccinimidyl  glutarate (4S-StarPEG), chitosan-
crosslinked collagen sponges or structural protein collagen
modified with genipin, a natural aglycone, that resulted in
mechanically stronger hydrogels.!0%184185

Fibrin-alginate hydrogels. Alginate is another common poly-
mer that is combined with fibrin hydrogels.'* It is a bio-
material commonly used in the food industry,
pharmacology, and tissue engineering because of its capac-
ity to form physical hydrogels with divalent cationic ele-
ments such as Ca’" and Ba’*. In addition, alginate can
form covalent hydrogels through the chemical modifica-
tion of carboxylic acid or hydroxyl groups, adding new
functional groups to react with a crosslinker. Some studies
have investigated physical IPNs to combine the desirable
adhesion and stimulatory characteristics of fibrin with the
tunable mechanical properties of alginate. Vorwald et al.
tested and corroborated its efficacy by examining capillary
network formation with entrapped co-cultures of mesen-
chymal stromal cells and endothelial cells;'’' and Shi-
kanov et al. improved the in vitro growth of ovarian
follicles using the dynamic cell-responsive mechanical
properties of IPNs and provided a fundamental tool for
investigation of follicle maturation.'? In addition, alginate
can form covalent hydrogels through the chemical modifi-
cation of carboxylic acid or hydroxyl groups, adding new
functional groups to react with a crosslinker. The most
common chemical modification is alginate oxidation. For
example, Sanz-Horta et al. developed fibrin-alginate
hydrogels using modified alginate dialdehyde (ADA) to
produce natural hydrogels incorporating human primary
fibroblasts.!®” They demonstrated that fibrin-ADA matri-
ces presented mechanical enhancement compared to fibrin
matrices because of the inhibition of fibrin polymerization

in the presence of ADA. They also investigated the cal-
cium chloride concentration in the final hydrogel micro-
structure, which increased the fiber diameter. These results
indicated the potential of using these types of hydrogels in
tissue engineering (Figure 5(b)). Additionally, Zhou et al.
fabricated oxidized alginate-fibrin microbeads encapsulat-
ing human umbilical cord mesenchymal stem cells (hUC-
MSCs) for cell release and observed fast-degradable
alginate-fibrin microbeads with excellent proliferation,
osteodifferentiation, and bone mineral synthesis.'** They
proposed the delivery of stem cells inside fibrin-ADA
matrices to promote bone tissue regeneration. Another
example of using chemically modified alginate with fibrin
is an investigation in which the authors prepared a triple
modification of alginate hydrogels by fibrin blending, iron
nanoparticle (Fe-NP) embedding, and serum protein coat-
ing (SPC) to improve endothelial cell viability and prolif-
eration.!?® This effect was attributed to the accumulation of
agglomerated Fe-NPs and serum proteins along the fibrin
fibers as a novel strategy for the modification of various
hydrogel-based biomaterials and biomaterial coatings.

Fibrin—hyaluronic hydrogels. Another natural polymer com-
monly used in the modification of fibrin is hyaluronic acid
(HA)."* Hyaluronic acid (HA) is a non-sulfated glycosa-
minoglycan found primarily in the extracellular matrix.
HA is widely used in tissue engineering owing to its low
immunogenicity and biodegradability. Figure 5(c) shows
the histological image of an in vivo remodeling-injected
hydrogel of fibrin and hyaluronic acid after 12 weeks. HA
permits the remodeling process and fibrin permits blood
vessel formation, showing red blood cells in the histologi-
cal cross-section. In other words, hyaluronic-fibrin hydro-
gels have a positive effect on tissue remodeling.

By combining it with fibrin, an interpenetrating poly-
mer network (IPN) hydrogel can be developed for biomed-
ical applications. For instance, Zhang et al. prepared this
IPN using an orthogonal disulfide crosslinking reaction to
strengthen the mechanical properties of a fibrin gel and
improve its applicability as a hydrogel for tissue engineer-
ing applications.'”> They modified by combining thiol-
derivatized HA with thrombin and 2-dithiopyridyl-modified
HA with fibrinogen and then mixing the obtained liquid
formulations with thrombin in Dulbecco’s Modified Eagle
Medium (DMEM). The high hydrophilicity of HA pre-
vents compaction of the fibrin network, whereas fibrin
provides an adhesive environment for in situ-encapsulated
cells. Another approach is the use of hyaluronic acid—
tyramine (HA-Tyr) for IPN generation to improve the
mechanical properties of fibrin hydrogels.”® This HA net-
work was formed through the coupling of tyramine moie-
ties using horseradish peroxidase (HRP) and different
concentrations of hydrogen peroxide (H,0O,) to modify the
degree of crosslinking of HA-Tyr. The resulting IPN
hydrogel maintained structural support and shape stability,
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and permitted cell proliferation and capillary formation. In
addition to mechanical stabilization and cell proliferation,
HA induces mesenchymal stem cell (MSC) osteogenesis
in vitro and provides a sufficiently nonadhesive surface
that allows cells to move more freely. These interesting
characteristics of HA can improve fibrin matrices,'*® which
also stimulate appropriate differentiation and articular car-
tilage regeneration of MSC. Snyder et al. modified hyalu-
ronic acid with methacrylic anhydride (MA) to form a
hyaluronic-MA polymer (HA-MA) which reinforced the
fibrin hydrogel and improved its mechanical properties.'?’
These hydrogels permit bone marrow-derived MSC prolif-
eration and early chondrogenesis as alternative methods
for regenerating tissues in osteoarthritis therapy. Another
study demonstrated that HA-fibrin IPNs permit the gener-
ation of dermoepidermal skin substitutes for tissue engi-
neering. Montero et al. developed HA-fibrin hydrogels
that improved the poor mechanical properties of fibrin,
enhanced the mechanical properties of fibrin matrices, and
allowed primary human fibroblast (hFB) proliferation and
primary human keratinocyte (hKC) differentiation.'”® In
these studies, HA-fibrin hydrogels were formed from
plasma-derived fibrin and thiolated hyaluronic acid (HA-
SH) crosslinked with poly(ethylene glycol) diacrylate
(plasma/HA-SH-PEGDA).

Fibrin-elastin hydrogels. Some authors have used elastin,
another commonly used natural polymer, to reinforce
fibrin matrices. Elastin is a vital protein component of the
ECM, which is present in many mammalian tissues. It pre-
vents skin contractures, improves scar quality, and
enhances elasticity.'” For example, one study combined
plasma-derived fibrin was combined with an elastin-like
recombinant (ELR) network to achieve better mechanical
properties.’*! (Figure 5(d)); these types of IPN also
improved elasticity and increased hKCs proliferation com-
pared to fibrin hydrogel substitutes. ELR-fibrin IPN has
also been used in cardiovascular tissue engineering appli-
cations, providing a pore-elastic hydrogel that could be
used as a heart valve substitute.?° Tissue analysis revealed
the production of collagen I and III, which are fundamen-
tal proteins in cardiovascular constructs. Another study
combined collagen I and III with IPN fibrin-elastin as a
new artificial connective matrix used as an artificial tym-
panic membrane in rabbits.?’! The results of this study will
enable future clinical studies.

Agarose-fibrin hydrogels. Agarose is another natural poly-
mer commonly found in fibrin hydrogels. Agarose is a lin-
ear polysaccharide composed of repeating units of
agarobiose; its neutral charge, low gelling temperature,
and the formation of stable gels with large pore sizes make
agarose a good scaffold for containing cells.?’?> Agarose is
used in multiple hydrogel scaffolds for tissue engineering
combined with other polymers such as fibrin, allowing

successful tissue fabrication of different biological substi-
tutes with promising ex vivo and in vivo results. There are
multiple potential clinical applications of fibrin-agarose
hydrogels, including the repair of damaged human organs
such as the cornea, bone, and skin. Using a nanostructur-
ing technique, lonescu et al. bioengineered human corneal
stroma composed of fibrin at different agarose concentra-
tions.?”® These new nanostructured corneal constructs
were viscoelastic and transparent, similar to native corneas
ex vivo. In particular, nanostructured constructs of fibrin
with 0.1% agarose exhibited rheological behavior similar
to that of native corneas. Their results suggested that this
construct may be an effective candidate for the creation of
an artificial cornea. It has been demonstrated that agarose
is biocompatible and allows for the growth of epithelial
and stromal cells, increasing its use in human transplanta-
tion. Therefore, a novel substitute for human skin derived
from fibrin-agarose biomaterials was developed in this
study. The purpose of this study was to isolate and expand
dermal fibroblasts and epithelial keratinocytes in fibrin-
agarose scaffolds to create a full-thickness human skin
construct, which was then grafted onto immunodeficient
nude mice to study its functional characteristics.?* Accord-
ing to these results, artificial skin from fibrin-agarose was
biocompatible and had appropriate biomechanical proper-
ties, suggesting that these tissues might be able to recreate
native skin. The addition of agarose resulted in a signifi-
cant improvement in biomechanical properties compared
to fibrin hydrogels. These interesting characteristics of
fibrin-agarose hydrogels stimulate appropriate tissue
regeneration.

Martin-Piedra et al. developed nanostructured fibrin-
agarose biomaterials to produce bone substitutes with and
without adipose-derived mesenchymal stem cells in immu-
nodeficient animal models, improving the morphofunc-
tional aspects of their maxillofacial structures.”®® A
preliminary analysis determined that these cellular substi-
tutes could improve the density of the regenerated tissue
and provide isolated islands of bone and cartilage. There
are preliminary signs that cellular fibrin-agarose substi-
tutes are useful for the treatment of severely critical man-
dibular bone defects.

Laminin-fibrin hydrogels. The combination of laminin and
fibrin hydrogels has emerged as a promising approach for
regeneration across different tissues. Laminin is an ECM
glycoprotein used to enhance the regenerative properties
of fibrin hydrogels. It promotes cell adhesion, migration,
and tissue regeneration within the hydrogel by mimicking
the natural extracellular matrix environment. By involving
cell surface receptors, laminin activates signaling path-
ways that regulate cellular behavior.2°>?” When combined
with fibrin, it creates a supportive and bioactive environ-
ment for tissue engineering applications, primarily for
regenerative processes.
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Figure 6. Modification of fibrin hydrogels with tri-natural-component hydrogels: (a) scheme of incorporation of collagen-HA-fibrin
hydrogels with articular chondrocyte cells into intervertebral disks to regenerate damaged disk tissues, reprinted from Gansau

et al.2'7 and (b) proliferation assay thanks to Live/dead staining of murine fibroblasts inside of collagen, alginate and fibrin (CAF)
hydrogels at different collagen concentrations, adapted from Montalbano et al.2'*

Salazar et al. combined laminin and nidogen, formerly
known as entactin, which is an important component of the
basement membrane in skeletal muscles, with fibrin in
hydrogels. They used these natural hydrogels to regenerate
the soft palate and showed that they improved tissue regen-
eration and reduced fibrosis compared with fibrin hydro-
gels alone.?®® They also showed that after 56days of
wounding, collagen was deposited and myofibers were
formed. Growth factors are delivered by laminin isoforms
incorporated into hydrogel platforms to promote osteogen-
esis and neural growth, both of which are important for
tissue regeneration. Several studies have used the laminin-
fibrin combination for skeletal muscle regeneration, which
is challenging owing to its limited intrinsic regenerative
capacity. Furthermore, the fibrin-laminin hydrogel combi-
nation promotes the growth of mesenchymal stem cell
(MSC) spheroids, providing a supportive environment for
MSC spheroids, aiding tissue repair, and promoting func-
tional recovery following trauma to skeletal muscle.?*”
Another approach is to incorporate laminin-111, a specific
isoform of laminin, into fibrin hydrogels, resulting in
highly fibrous scaffolds with progressively thinner inter-
laced fibers that improve muscle regeneration following
trauma by facilitating cellular adhesion, migration, and
differentiation.'®*?!®  Fibrin  hydrogels  containing
laminin-111 have also been used to regenerate salivary
glands. They facilitate the formation of salivary cell clus-
ters.2!! This combination enhances the organization and

differentiation of the parotid gland cells, thereby allowing
for the formation of functional tissue structures. Another
approach involves the conjugation of laminin-1 peptides
with fibrin hydrogels to regenerate irradiated mouse sub-
mandibular glands. Nam et al. showed that adding lamnin-1
to fibrin hydrogels promoted the growth of parotid gland
cell clusters containing lumens, which aided in the regen-
eration of salivary gland tissue.?'?

In the context of neural regeneration, fibrin hydrogels
combined with laminin have shown promising results in
guiding the differentiation of human induced pluripotent
stem cells (hiPSCs) into mixed dorsal/ventral spinal neu-
ron identities. The fibrin hydrogel provides a three-
dimensional environment that mimics the neural tissue,
and the presence of laminin directs the differentiation
process, enabling the generation of diverse spinal neuron
populations.?!?

Tri-component hydrogels. In this series of studies, there
were several combinations of natural polymers with
fibrin-alginate matrices. Figure 6(a) shows the hydrogel
injection of collagen, HA, and fibrin into intervertebral
disks to regenerate damaged disk tissues. For example,
Montalbano et al. developed a tri-component hydrogel
using collagen, alginate, and fibrin (CAF) as functional
extracellular matrix analogs.?"*CAF combine the excel-
lent biological properties of collagen as an extracellular
matrix structural protein, fibrin as a natural regulator of
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hemostasis and tissue repair, and alginate for controlled
protein release and improvement of structural behavior. In
this study, CAF showed thermoresponsive crosslinking
capacity, cytocompatibility, and good cell proliferation
and viability in human mesenchymal stem cells (hMSCs),
L929 murine fibroblasts, and pancreatic MING cells (Fig-
ure 6(b)). Additionally, Devi et al. explored a novel
wound-dressing material composed of alginate, chitosan,
and fibrin attached by ionic bonding between the amine
groups of chitosan and the carboxyl groups of alginate.?'>
Chitosan is a natural polymer that tends to form aggre-
gates in acid conditions, it is known in the wound man-
agement field for its hemostatic properties, stimulate cell
proliferation and natural healing in tissues, and it is par-
ticularly useful for wound treatment.?'® The alginate-chi-
tosan-fibrin matrix exhibited improved mechanical
properties and was structurally stable owing to the strong
ionic bonding between the amine groups of chitosan and
the carboxyl groups of alginate. The composite was
selected and applied to the clinical wounds of dogs to
determine its efficacy as a wound dressing material. This
study is currently in progress.

Sawadkar et al. combined elastin with collagen and
fibrin to create 3D porous scaffolds for tissue regenera-
tion.”'"® Human adipose-derived seeded into natural scaf-
folds composed of these polymers (collagen, fibrin, and
elastin) to improve their ability to restore adipose tissue
function. They found that natural polymers mimicking the
ECM seeded with stem cells affected adipogenesis in vitro
and in vivo, opening avenues for the design of 3D grafts
for soft tissue repair.

Incorporation of particles in fibrin hydrogels

This section describes different approaches to address
aspects related to tissue engineering and regenerative med-
icine in fibrin hydrogels by incorporating particles that
provide hydrogels with properties that add value to this
type of application.

Several efforts have been made to deliver biomolecules,
such as growth factors or small molecules, from particles
incorporated into fibrin hydrogels to prepare controlled
delivery systems. Specifically, systems based on chitosan
nanoparticles loaded with recombinant human epidermal
growth factor (rhEGF) were prepared by Mou et al. to pro-
mote cell proliferation and accelerate wound healing in
fibrin hydrogels. Nanoparticles prepared by ionotropic
gelation were incorporated into a fibrin gel matrix during
polymerization. Release studies showed that the fibrin gel
loaded with rhEGF-chitosan nanoparticles achieved a more
sustained release of thEGF than either chitosan nanoparti-
cles or an unloaded fibrin gel, and the release rate was con-
trolled by altering the fibrinogen and thrombin contents in
this delivery system.?'® Similarly, Alonso et al. prepared
nanocapsules of hyaluronic acid (HA) loaded with two

different drugs: dexamethasone and a galectin-3 inhibitor.
The particles were incorporated into a hydrogel formed in
situ based on fibrin and hyaluronic acid, which, containing
30% (v/v) nanocapsules, showed the capacity to control the
release of the encapsulated drug for 72h. In vivo results
showed good suppression of inflammatory joints, where
the gelation time, rheological properties, and porosity of
the system could be adjusted using different parameters.??
Other efforts have focused on the in vitro evaluation of
local antibiotic delivery via fibrin hydrogels by incorporat-
ing ciprofloxacin and loading the antibiotic during gelation
of the fibrin hydrogel. Fibrin hydrogels tested in vitro dem-
onstrated a promising local antibiotic delivery system for
dental use because of their ability to control ciprofloxacin
release while maintaining drug efficacy.??!

Other authors have focused on the incorporation of
magnetic particles, for example, in the preparation of 3D
magnetic biomaterials by encapsulating magnetic nano-
particles and human hyaline chondrocytes within fibrin-
agarose hydrogels, with potential applications as articular
hyaline cartilage-like tissues. This system improved the
rheological properties of hydrogels by incorporating mag-
netic iron oxide nanoparticles and controlled their swelling
capacity without affecting their biocompatibility and
expression of collagen type 11.2?? In a similar study, mag-
netic iron oxide nanoparticles were used to improve the
mechanical properties and hydrogel crosslinking process,
serving as nucleation sites for the attachment of the fibrin
polymer via the indirect attraction of fibrinogen through
the attached nanoparticles. Because of this attraction, the
monomers condense into the nuclei of the dense phase. By
the end of the polymerization process, the nuclei (knots) of
the dense phase crosslink the fibrin threads, enhancing
their mechanical properties.’>* Kazaryan et al. evaluated
the influence of non-magnetic iron oxide nanoparticles on
fibrin gel formation and its structure, accelerating the rate
of fibrin gel formation by activating thrombin. This
increase in thrombin concentration or its activation with
iron oxide nanoparticles decreases the contribution of the
diffusive mode and increases the contribution of the expo-
nent of the power-law function, thereby increasing the
complexity of the fibrin gel structure.?**

Fibrin hydrogels incorporating graphene-oxide-based
nanocomposites have been prepared using sol-gel methods
to produce scaffolds with bone regeneration properties.
The nanocomposite with graphene oxide enhanced the
porous architecture of the scaffold and mimicked the natu-
ral ECM of bone tissue by providing structural integrity,
controlled degradation, and osteoinductive potential. In
addition, the in vivo results showed that the bone-healing
potential of the fabricated scaffolds.”?® The dynamic for-
mation of fibrin fibers for the assembly of reduced gra-
phene oxide (rGO) to prepare multifunctional fibrin-rGO
conductive carbon-based bionanocomposites, CBNCs
(F-G CBNCs), in a rapid, mild, and one-pot manner was
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Figure 7. (A) Scheme and characteristics of interspersion of alginate nanobeads into fibrin hydrogel for soft tissue engineering and
(B) Stained mesenchymal stem cells (red): with alginate nanobeads alone at 6 h (a) and 48 h (d), into fibrin composite with alginate
nanobeads at 6h (b) and 48h (e), and into fibrin network at 6 h (c) and 48h (f). Scale bar: 5 um. Reprinted from Deepthi et al.?2®

performed by Fu et al. These systems exhibit good forma-
bility, flexibility, mechanical strength, stability, adhesive-
ness to different surfaces, electrochemical activity, and a
high immobilization ability for enzymes and nanoparti-
cles. The F-G CBNCs show great potential as a versatile
conductive platform to incorporate functional enzymes
and PtNPs to develop electrochemical catalysis and sens-
ing applications.??¢

Other examples of particles incorporated into fibrin
hydrogels include those in the study by Jayakumar et al.,
who added alginate nanobeads interspersed in a fibrin net-
work to develop a biomimetic bioresorbable injectable sys-
tem using a dual syringe apparatus (Figure 7(A)). Hydrogels
developed using simple nature-inspired crosslinking chem-
istry exhibit mechanical strength suitable for tissue-engi-
neering constructs for the regeneration of soft tissues. In
terms of cytocompatibility, they have good attachment,
proliferation, and infiltration within the hydrogel, similar to
fibrin (Figure 7(B)). Other authors have incorporated feru-
lic acid-loaded silica microspheres for antimicrobial wound
dressing applications into biomimetic scaffolds based on a
fibrin/chitosan/keratin hybrid. The developed hybrid scaf-
folds showed good thermal, porosity, compression, and
water uptake properties; effective antimicrobial activity
against common wound pathogens; and great potential for
soft tissue engineering applications, particularly for the
treatment of chronic and infected wounds.??’

Conclusions and future perspectives

Significant advances in molecular and cellular biology in
recent decades have expanded our understanding of the

role of fibrin in relevant physiopathological processes,
such as wound healing, blood clotting, fibrinolysis, cellu-
lar-matrix interactions, inflammatory response, angiogen-
esis, neoplasia, and tissue remodeling. These properties
have made fibrin one of the most interesting materials for
bioengineering and biomedical applications, some of
which (as sealants, biological adhesives, or hemostats in
surgeries; see Table 1) have commercial clinical applica-
tions. In addition, some of their properties such as biocom-
patibility, biodegradability, easy and controllable
polymerization, promotion of cell adhesion and growth,
and ease of modification have made fibrin hydrogels one
of the most investigated and used scaffolds in tissue engi-
neering. However, fibrin hydrogels have multiple limita-
tions, such as carly degradation of the hydrogel by
plasminogen and metalloproteinases secreted by the cells,
low Young’s modulus of the scaffolds, rapid contraction of
the scaffolds, and batch-to-batch variability. Therefore,
new experimental strategies have emerged in recent years
to combine the excellent properties of fibrin with improve-
ments in hydrogel characteristics. We have focused on
methods such as combining fibrin hydrogels with solid
composite scaffolds, preparing chemically modified fibrin
hydrogels, generating interpenetrated polymer networks,
and incorporating particles in a wide range of different and
new approaches.

One interesting alternative is the infiltration of fibrin
hydrogels into solid polymeric scaffolds owing to the
excellent cell signaling and proliferation properties arising
from fibrin and the controllable mechanical properties,
degradation rates, easy handling, production, and afforda-
ble availability of synthetic polymers. These hybrid
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scaffolds can be created by infiltrating a fibrin precursor
solution into a synthetic polymeric scaffold created by
freeze-drying using phase separation, electrospinning, or
3D printing techniques. The use of PLGA scaffolds filled
with fibrin gel or the 3D-printing of a PCL cage surround-
ing a fibrin hydrogel as cartilage tissue scaffolding are two
examples of the many applications of these types of hybrid
scaffolds in tissue engineering. In cartilage tissue engineer-
ing, hybrid scaffolds promote chondrocyte differentiation,
ECM production, and cartilage regeneration in vivo. In car-
diac tissue engineering, the combination of fibrin hydrogels
and synthetic polymeric scaffolds enhances cell spreading,
proliferation, and survival. Similarly, the incorporation of
PGA fibers into fibrin hydrogels has shown promise in skin
and soft tissue engineering by suppressing cell-mediated
contraction without affecting fibroblast viability. Scaffolds
of PCL, PVA, and PLGA with fibrin precursors and cells
have been used to create a solution for bone repair. This
approach modifies the mechanical properties of the scaf-
fold and improves the long-term cell proliferation rates,
offering potential advancements in the development of
bone tissue models. Additionally, wet-spun poly(-caprolac-
tone) (PCL) fibers combined with fibrin have been used to
culture human osteosarcoma cells to create hybrid scaffolds
for hard-tissue engineering. Other interesting strategies
include combining PCL and calcium monophosphide scaf-
folds with fibrin to favor osteogenesis, developing a ure-
thral scaffold with fibrin using PCL and PLCL, or studying
renal tissue-engineered models using PGA electrospun
constructs filled with fibrin. Although fibrin-polymer com-
posite scaffolds have shown promising results, there are
still some limitations. On the one hand, it is necessary to
find a solution to the poor mechanical stability of fibrin,
but, on the other hand, the mechanical improvement of the
scaffold could inhibit, even drastically, the degradation rate
(highly dependent on the local environment).??® It is clearly
necessary to optimize the balance between the mechanical
properties and biological properties of the scaffold to con-
trol the degradation rate of the composite scaffold. Another
limitation is the difficulty in sterilizing the solid scaffolds:
it could promote bacterial contamination and, with differ-
ent sterilization techniques, it could suffer degeneration
due to high temperature and pressure.”3’ Some researchers
have suggested the incorporation of growth factors and
other biomolecules to enhance the bioactivity of hybrid
scaffolds, leading to better cell differentiation and tissue
regeneration. 3123

Another alternative for increasing the long-term stabil-
ity, improving the mechanical response, and controlling
the biodegradability of fibrin hydrogels is to modify their
properties by introducing synthetic functionalized poly-
mers during fibrin polymerization, resulting in an inter-
penetrated polymer network or a modified native fibrin
network, as in the case of PEGylation, making them suit-
able for tissue engineering applications. PEG -fibrin

hydrogels have been used by multiple researchers to treat
burn wounds and promote wound healing in vivo, improve
vascularization, stimulate cell migration, and lengthen the
stability of fibrin hydrogels. Although these modified
fibrin hydrogels show promise for various applications in
tissue engineering, further research is needed to evaluate
their effects on cells, both in vitro and in vivo, because
there are several limitations associated with the use of syn-
thetically modified fibrin hydrogels. The main drawback is
the limited control over the degradation rate in the result-
ing PEGylated fibrin hydrogels: the degradation rate of
pegylated fibrin hydrogels is typically slower than that of
the unmodified fibrin hydrogels and may be more difficult
to control, which limits its use in some tissue applications
requiring high mechanical strength.?** The limited cell
adhesion and proliferation is also a limitation, while fibrin
hydrogels are generally biocompatible and support cell
adhesion and proliferation, PEGylation can reduce these
properties and negatively affect the cell behaviorDisad-
vantages include limited cell adhesion and proliferation,
whereas fibrin hydrogels are generally biocompatible and
support cell adhesion and proliferation, PEGylation can
reduce these properties and negatively affect cell behav-
ior.3*23% Further research is required to optimize these
parameters and evaluate the long-term stability and func-
tionality of tissue-engineered constructs.

Another approach involves the combination of PVA and
fibrin hydrogels, which offer several advantages in wound
healing, tissue engineering, and regenerative medicine.
The incorporation of PVA also improves the mechanical
stability of the hydrogel, providing tensile strength and
elasticity to the composite material. Additionally, biocom-
patibility of PVA, combined with the benefits of fibrin,
enhances cell adhesion, proliferation, and tissue regenera-
tion. The controlled drug-release properties of PVA further
add versatility to the composite material, allowing for tar-
geted therapeutic delivery. However, there are drawbacks
to consider; the slow biodegradability of PVA can hinder
natural tissue remodeling, and its synthetic nature may
induce an immune response.?*

Alternative methods include the use of methacrylated
fibrin (MA-fibrin) or fibrin modification with polymers
such as poly(N-isopropylacrylamide) (PNIPAAm) or
poly(acrylic acid) (PAA). Methacrylation allows for pho-
topolymerization-based crosslinking, creating a stable
hydrogel suitable for 3D cell culture and the controlled
release of therapeutic agents. PNIPAAm exhibits ther-
moresponsive properties, enabling gel-sol transitions in
response to temperature changes. The PAA modification
imparts electrical responsiveness, allowing for electrosen-
sitive swelling and drug release.

Another interesting approach is to modify the fibrin
network with natural polymers such as alginate, collagen,
or elastin to improve the mechanical properties (contrac-
tion, Young’s modulus, and degradation) of fibrin
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for different tissue applications. For example, collagen
hydrogels demonstrate higher cell adhesion and prolifera-
tion in vitro, as well as improved mechanical stability, giv-
ing collagen-fibrin hydrogels an advantage in tissue
applications such as diabetic wounds and vascular and car-
diac tissues. The combination of fibrin and collagen has
demonstrated increased stiffness and durability, improved
elasticity, and permissiveness for endothelial network for-
mation, both in vitro and in vivo, making it a suitable
material for tissue engineering applications. However, the
mechanical strength of hydrogels is an important limita-
tion, as it can be influenced by the ratio of fibrin to collagen
and the crosslinking method used. Although some studies
have reported that the addition of collagen to fibrin hydro-
gels can improve their mechanical properties, there is still
room for improvement to achieve optimal stiffness and
elasticity for different tissue types.?3’Additionally, some
drawbacks have been reported in the application of these
types of hydrogels, such as the low mechanical strength and
low osteogenicity of collagen, limiting their application in
bone regeneration?3; thrombogenic properties and in vivo-
calcification in cardiovascular repair®®; and the lack of
revascularization in multilayered tissues.?*’

The combination of fibrin and alginate has also shown
promise in promoting the growth of ovarian follicles and
bone tissue regeneration. The addition of modified alginate
dialdehyde to fibrin resulted in the mechanical enhancement
of hydrogels and the potential for its use in tissue engineer-
ing applications incorporating human primary fibroblasts.
However, it is important to consider the limited stability and
rapid degradation. Alginate is susceptible to rapid degrada-
tion by different alginate lyases, G or M block—specific
lyases, which can cause a loss of mechanical stability and
degradation of encapsulated bioactive molecules.'??24
Another natural polymer commonly used in fibrin modifica-
tion is hyaluronic acid (HA), which allows the generation of
dermoepidermal skin substitutes, fibroblast proliferation,
and keratinocyte differentiation. However, the mechanical
properties of HA-fibrin hydrogels are highly dependent on
their composition and crosslinking density. For example,
hyaluronic acid-fibrin hydrogels may not be strong enough
for load-bearing applications such as cartilage repair.>®
Another limitation is hyaluronidase, which exists in cells
and serum and degrades hyaluronate, the salt form of hyalu-
ronic acid.?*! Furthermore, elastin, a vital protein compo-
nent of the ECM that prevents skin contractures, improves
scar quality, increases elasticity, and can be used to reinforce
fibrin matrices. Agarose is another common natural poly-
mer found alongside fibrin hydrogels, and nanostructured
fibrin-agarose biomaterials have been developed as bone
substitutes. The combination of laminin and fibrin hydro-
gels is another promising approach to tissue regeneration.
Laminin enhances cell adhesion, migration, and tissue
regeneration, and this combination has shown positive out-
comes in skeletal muscle, salivary gland, and neural tissue

regeneration. Laminin isoforms incorporated into the hydro-
gel platform deliver growth factors that promote osteogen-
esis in skeletal muscle tissues and facilitate the differentiation
of stem cells into spinal neuronal populations in neural tis-
sues. Finally, in this series of studies, several combinations
of natural polymers with fibrin scaffolds, including colla-
gen, alginate, and fibrin, were used with thermoresponsive
crosslinking capacity for the proliferation of mesenchymal
stem cells, alginate, chitosan, and fibrin for wound treat-
ment, and elastin with collagen and fibrin to create 3D
porous hydrogels for tissue regeneration. These modifica-
tions provide an opportunity to develop interpenetrating
polymer network hydrogels for various biomedical appli-
cations, such as tissue engineering, drug delivery, and
wound healing.

Furthermore, other natural components, such as elastin,
agarose, and even scaffolds with thermoresponsive
crosslinking capacity, have been used in different studies
(e.g. wound treatment, bone substitutes), and improve-
ments over fibrin-only hydrogels have been reported.
Clearly, this variety of possible modifications and combi-
nations provides many opportunities to develop interpen-
etrating polymer network hydrogels for various biomedical
applications, such as tissue engineering, drug delivery, and
wound healing. This approach is likely to be widely
explored in the future.

Finally, incorporating particles into fibrin hydrogels has
become a promising approach for tissue engineering and
regenerative medicine. Different types of particles such as
chitosan nanoparticles, hyaluronic acid nanocapsules,
magnetic nanoparticles, graphene oxide-based nanocom-
posites, and silica microspheres have been incorporated
into fibrin hydrogels to provide controlled delivery of bio-
active molecules, improve mechanical properties, enhance
biocompatibility, and promote tissue regeneration.
Moreover, the properties of these hydrogels can be tuned
by varying parameters such as the concentrations of parti-
cles, fibrinogen, thrombin, and gelation time. However,
this approach has certain limitations. First, the incorpora-
tion of the particles may affect the porosity and degrada-
tion rate of the hydrogel. For instance, the addition of
hyaluronic acid-loaded nanocapsules to a fibrin-hyaluronic
acid hydrogel controlled the release of the encapsulated
drug but also reduced the porosity of the hydrogel.??®
Moreover, the cytotoxicity of some particles and the poten-
tial immune responses that they may induce should be con-
sidered. Furthermore, optimization of the incorporation of
particles into fibrin hydrogels requires a thorough under-
standing of the physicochemical properties of the particles
and their interactions with fibrinogen and thrombin for
potential clinical applications.??*??® In summary, the incor-
poration of particles into fibrin hydrogels provides a versa-
tile and promising approach for the development of
advanced tissue engineering and regenerative medicine
applications.
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In the future, fibrin will become a highly interesting
biomaterial, particularly for the development of new
experimental strategies in tissue engineering. However, it
currently has limitations that make it a complex material,
particularly if hydrogels are obtained by plasma polymeri-
zation, which temporarily entraps many of its components
in the hydrogel and is challenging to handle. Fortunately,
as we have demonstrated in this article, different experi-
mental approaches based on the use of scaffolds formed
from modified fibrin and hybrid scaffolds containing fibrin
and other natural and artificial polymers are being
explored. Although the reported results are promising, at
least two factors need to be considered: (1) Most of these
results have been obtained in in vitro experiments, and in
some cases, the products have been transplanted into ani-
mals, mainly mice, which are far from clinical use. (2)
Given the different structural and functional characteris-
tics of the diverse types of tissues for which tissue engi-
neering strategies are being developed, it seems clear that
ad hoc solutions must be developed for each application.

However, the products and approaches described in this
article have increasing applications in the economically
important field of testing pharmaceutical, cosmetic, and
chemical products for human use. For ethical, regulatory,
and efficacy reasons, these industries require the develop-
ment of products that are more robust and similar to human
tissues than the existing ones. Therefore, they need to
adapt to new technologies such as 3D bioprinting and tis-
sues/organs-on-a-chip, which will open new challenges
and opportunities.
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