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ARTICLE INFO ABSTRACT

Keywords: Tissue engineering technology has advanced rapidly in recent years, offering opportunities to construct bio-
Fibrin logically active tissues or organ substitutes to repair or even enhance the functions of diseased tissues and organs.
Scaffold

Tissue-engineered scaffolds rebuild the extracellular microenvironment by mimicking the extracellular matrix.
Fibrin-based scaffolds possess numerous advantages, including hemostasis, high biocompatibility, and good
degradability. Fibrin scaffolds provide an initial matrix that facilitates cell migration, differentiation, prolifer-
ation, and adhesion, and also play a critical role in cell-matrix interactions. Fibrin scaffolds are now widely
recognized as a key component in tissue engineering, where they can facilitate tissue and organ defect repair.
This review introduces the properties of fibrin, including its composition, structure, and biology. In addition, the
modification and cross-linking modes of fibrin are discussed, along with various forms commonly used in tissue
engineering. We also describe the biofunctionalization of fibrin. This review provides a detailed overview of the
use and applications of fibrin in skin, bone, and nervous tissues, and provides novel insights into future research
directions for clinical treatment.

Tissue engineering
Tissue repair

1. Introduction

The regeneration of organs and tissues after tissue injury or disease
poses significant clinical challenges. Tissue and organ defects or partial
loss of function not only influence the quality of life of the patient but
can also be life threatening [1-3]. While human tissues and organs
possess inherent healing capabilities, they cannot cope with severe
damage. The preferred treatment option for traditional tissue damage is
organ transplantation, which is currently hindered by a shortage of
donor organs, susceptibility to rejection, and cross-infection. Tissue
engineering techniques have developed rapidly in recent years as
alternative therapies to address organ and tissue defects. Tissue engi-
neering integrates the knowledge of mechanical materials with cellular
molecular biology to construct biologically active tissues or organ sub-
stitutes to replace, repair, or even enhance the functions of diseased
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tissues and organs [4,5]. With advancements in the field, tissue engi-
neering technology has now been applied to repair damage to multiple
organs and tissues, such as muscle, bone, skin, etc., as well as playing an
important role in multiple fields, such as drug transport systems and
artificial organ development.

Tissue engineering comprises three basic elements to support cell-
based tissue regeneration: suitable cell sources, bioactive components,
and appropriate scaffolding materials [6-9]. The cells are mostly
derived from the body of the specific patient and are cultured in vitro,
introduced into the scaffolding material, and implanted into the body
[10]. During such processes, growth factors and other active ingredients
are used as auxiliary materials to promote angiogenesis and cell prolif-
eration, and to guide the coordination of cellular activities in tissues
[11]. For example, the introduction of transforming growth factor-p
(TGF-p) significantly enhances type II collagen production through
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Fig. 1. Composition, structure, and properties of fibrin. (A) Formation and dissolution of fibrin networks. The Figure is reproduced with minor adaptations from
Ref. [45] with permission, based on Creative Commons Attribution License (CC BY), Copyright © 2023 The Author(s). Published by Oxford University Press on behalf of
the European Society of Cardiology. (B) Experimental stress-strain curve analysis of fibrin clot samples with unilateral cracks. The Figure is reproduced with minor
adaptations from Ref. [52] with permission, Copyright © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH. (License number: 5,824,030,
012,134). (C) Scanning electron microscope (SEM) images of stretched and ruptured fibrin gel. The Figure is reproduced with minor adaptations from Ref. [60] with
permission, Copyright © 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. (License number: 5,824,030,257,607).

mobilization of the Smad pathway, and promotes cartilage repair to a
greater extent than that of gels that do not contain TGF-p [12]. As
framework materials that support cell growth into complete tissues,
scaffolding materials play a vital role in maintaining tissue volume,
providing mechanical support, and releasing biologically active sub-
stances; consequently, they are the foundation of tissue engineering
technologies [13-15]. To date, several natural polymers (i.e., fibrin and
collagen) and synthetic polymers (i.e., polylactic acid and poly-
urethanes) have been engineered into three-dimensional (3D) porous
structures for the construction of tissue engineering scaffolds [16-20].

Compared with most synthetic materials, fibrin has markedly high
biocompatibility, non-toxicity, and low immunogenicity; compared
with natural materials, in addition to the properties of cell adhesion and
degradability, fibrin’s effects in hemostasis, anti-inflammation, and
promotion of wound healing make it unique in the field of tissue engi-
neering [21]. As a plasma protein, fibrin naturally forms a scaffold after
tissue injury, and its excellent hemostatic efficacy has led to its clinical
application as a hemostatic material in cardiac, gastrointestinal, and
other surgeries [22,23]. Fibrin is naturally derived and exhibits the good
biocompatibility and degradability, greatly reducing the risk of infec-
tion, inflammation, foreign body reactions, and tissue necrosis. Its
composition and structure closely resemble those of the natural extra-
cellular matrix (ECM), making it an ideal initial matrix that contributes
to cell differentiation, migration, adhesion, and proliferation, thereby
facilitating cell-matrix interactions and wound healing [24,25]. More-
over, fibrin-based biomaterials have been reported to promote the stable
and sustained release of growth factors, enhancing tissue repair. They
also demonstrate high inoculation efficiency and excellent adhesion
capacity [26,27]. Furthermore, due to several interaction sites with cells
and proteins, fibrin can serve as a biologically active matrix in cellular as
well as biomolecular transport systems [28]. Several studies have
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demonstrated the significant potential of fibrin scaffolds in tissue
regeneration across various types of tissue injuries, including bone, skin,
nerve, heart, and cartilage tissues. This review provides a brief intro-
duction to fibrin, focusing on its composition, structure, and biological
and other properties, while also outlining its modification and
cross-linking modalities. Additionally, it summarizes the diverse appli-
cation forms of fibrin and it’s biofunctionalization, as well as detailing
its specific applications in tissues such as skin, bone, and cardiac tissues.
Finally, it offers insights into future research directions in this field.

2. Fibrin
2.1. Composition and structure of fibrin

Fibrin, a linear protein formed by the aggregation of fibrinogen in the
presence of thrombin [29,30], is a glycoprotein that is pivotal in blood
coagulation and is mainly synthesized by hepatocytes. It weighs
approximately 340 kDa and consists of three interweaved polypeptide
chains—Aaq, Bf, and y—linked by disulfide bonds [31]. In addition, it
contains expanded globular structural domains at both ends (D-do-
mains) and a central structural domain (E-domain), which are connected
by three a-helical peptide chains [32]. Stimulation by exogenous or
endogenous factors leads to the activation of coagulation factors, after
which thromboplastin is converted to thrombin under calcium ion
catalysis. Thrombin binds to the substrate site of the fibrinogen
E-domain and cleaves fibrinopeptide A (FPA), a 16-peptide-long pep-
tide, from the N-terminus of the Aa chain. It also cleaves fibrinopeptide
B (FPB), a 14-peptide-long peptide, from the N-terminus of the B chain,
leaving only the fibrin monomer. Fibrin monomers spontaneously form
insoluble fibrin through non-covalent binding between the D and E
structural domains, while interactions between the a-o and o-y chains
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promote side aggregation [33]. However, this fibrin structure is unstable
and susceptible to lysis, and coagulation factor XIII is known to further
strengthen the fibrin network [34]. Coagulation factor XIII is a trans-
glutaminase that promotes linkage of the e-amino group of a lysine
residue to the y-amino group of a glutamine residue to form a peptide
bond [35]. Under calcium ion catalysis, thrombin not only degrades
fibrinogen to release peptides A and B, but also activates coagulation
factor XIII to produce coagulation factor XIIla. This activation leads to
the formation of covalent cross-links through assembly of the antipar-
allel C-terminal ends of the y-chains between the polymerized fibrin
molecules, ultimately leading to the generation of a stable and insoluble
fibrin multimer (Fig. 1A) [36,37].

2.2. Extraction of fibrinogen

Several methods have been reported for the extraction of fibrinogen
from whole blood, including cryoprecipitation and chemical precipita-
tion [38]. Cryoprecipitation is the preferred method for fibrinogen
extraction. In this approach, anticoagulated blood is centrifuged at 600 g
for 10-20 min to separate plasma from the blood cells, and this plasma is
then subjected to repeated freeze-thaw cycles to precipitate the fibrin-
ogen, which is collected by centrifugation at 1000-6500 g for 5-15 min
after thawing at 4 °C overnight. Cryoprecipitation is time-consuming
and entraps other plasma components (e.g., albumin and antibodies),
but there are no additional chemical reagents required, limiting the
adverse effects on the body. In addition, this method has a high
extraction rate and high purity of fibrinogen, which makes it suitable for
large-scale industrial production [39]. Chemical precipitation methods
include ammonium sulphate, ethanol, polyethylene glycol (PEG) pre-
cipitation and so on. The ammonium sulphate precipitation method
involves mixing the isolated plasma with an appropriate dose of
ammonium sulphate and centrifuging at 3000 rpm for 3-15 min to
obtain fibrinogen. The ethanol precipitation method is performed by
adding 10 % v/v ethanol to the plasma obtained from isolation and
centrifuging for 15 min to collect fibrinogen. PEG precipitation is per-
formed by adding 30 % w/v PEG to the isolated plasma to achieve a final
concentration of 10 % w/v and centrifuging the plasma at 8000 rpm for
10 min to obtain fibrinogen. Chemical precipitation is less
time-consuming, with simple operations and easily controlled condi-
tions, but studies have shown that extracted fibrinogen is not as pure as
that obtained by cryoprecipitation [40,41]. As an alternative approach,
the fibrinogen used in commercial fibrin sealants can be prepared using
Cohn fraction I in addition to cryoprecipitation. This approach, which is
also known as the equivalent fraction method, involves precipitating
human whole blood plasma in 8-10 % ethanol at a low temperature and
a neutral pH, resulting in higher levels of factor XIII in the obtained
fibrinogen [42].

2.3. Biological properties of fibrin

Fibrin and fibrinogen interact with various cells and molecules,
including platelets, red blood cells, and endothelial cells, exhibiting
unique roles in anticoagulation, thrombosis, wound healing, inflam-
mation, infection, cancer, and other diseases [43]. For example, there
are ligands at the carboxyl terminus of fibrin y chains that bind to the
platelet cell membrane surface glycoprotein IIb-IIIa (GPIIb-IIIa) recep-
tor, which belongs to the integrin family of adhesion receptors and is
expressed in megakaryocyte-profiled cells and platelets. Actin turnover
occurs on the platelet surface under certain stimuli and GPIIb-IIIa is
activated to bind to fibrin, which promotes platelet aggregation and
achieves hemostasis [44-46]. The function of fibrin in promoting
leukocyte adhesion is also achieved by binding to its surface integrin
receptor. Meanwhile, there are several strong and weak binding sites for
calcium ions in fibrinogen, among which the strong binding sites are
located in four coordinating amino acid residues on the y-chain, namely
vyAsp318, yAsp320, yGly324, and yPhe322. These high affinity sites
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protect the fibrin structure from degradation when combined with cal-
cium ions [47]. In addition, it is also possible to cross-link the signaling
molecule to fibrin using the transglutaminase substrate sequence
(NQEQVSP), enabling the functionalization of the signaling molecule in
fibrin. This mode of action will be described in detail later. Fibrin is one
of the major components of the ECM but is not stably present in the ECM
[48]. When tissue damage occurs, fibrinogen cross-links into fibrin in
the presence of thrombin and other enzymes. The fibrin network exerts
hemostatic effects and participates in the formation of ECM in the
wound bed to promote wound healing. When an inflammatory response
occurs, fibrin is also deposited at the inflammation site, working in
concert with immune cells to alleviate inflammation. After completing
its hemostatic and anti-inflammatory effects, fibrin is degraded by the
fibrinolytic system to prevent excessive deposition. Fibrin promotes the
synthesis and release of various growth factors and confers a high cell
proliferation and migration activity. It also has vasculogenic activity,
interacting with angiogenic factors to enhance angiogenesis and repair
damaged epithelium. Fibrin provides a stable external environment for
cells, playing a crucial role in tissue regeneration and wound healing.
Consequently, it is commonly used to treat burns, wounds, and ulcers
[49,50]. In addition, the application of fibrin at injury sites effectively
alleviates the degree of fibrosis, while promoting the recovery of other
ECM components, such as hyaluronic acid. Furthermore, fibrin promotes
collagen deposition and helps reduce scar thickness at the wound
healing site [51]. Fibrin is biocompatible, non-toxic, and well-tolerated
by living tissues. These properties allow it to be accepted by organisms
without causing adverse reactions; therefore, the potential risks of
infection and inflammation are significantly reduced in clinical appli-
cations. Fibrin occurs naturally in the human body and has a low
immunogenicity, generally not causing any immune response. However,
when fibrin undergoes further treatment, such as modification, its
immunogenicity may be altered due to the introduction of chemical
reagents, the generation of new functional groups, etc.; thus, extra care
should be taken when applying treated fibrin. Moreover, fibrin is readily
modifiable and can be subjected to various targeted modifications or
alterations in its organizational structure to enable its application under
a range of conditions. For example, the methacryloyl reaction can alter
the structure of fibrin, while the introduction of cross-linking agents can
increase the cross-linking density and strength of fibrin, thereby
enhancing its stability and slowing its degradation rate.

2.4. Mechanical properties of fibrin

Fibrin is a viscoelastic material with unique characteristics, endow-
ing it with superior properties compared to other protein polymers [52,
53] (Fig. 1B). Hooke’s law states that for elastic solids, the strain is
proportional to the stress or force applied to each region; however, the
stress is independent of the strain rate, implying that for viscous mate-
rials, the stress is proportional to the strain rate, not to the strain itself
[54,55]. Thus, fibrin exhibits both elastic and viscous characteristics,
wherein the former imparts solid-like properties (i.e., strength, elastic-
ity, and stability), while the latter imparts liquid-like properties (i.e.,
flow characteristics that vary with temperature, time, and loading) [56].
Fibrin is essential for promoting thrombus formation, and its viscoelastic
characteristics determine how the thrombus responds to the de-
formations and stresses generated by flowing blood. For example, the
thrombus can be affected by pulsatile hydrodynamic stresses caused by
an oscillating blood flow or fluctuations in the vessel wall. Additionally,
reversible or irreversible deformations and ruptures can be generated by
an impact force, often leading to the generation of a larger embolus [57].
During hemostasis, a certain stiffness of fibrin network is required to
rapidly stop bleeding; but at the same time, its mechanical strength
should not be too high, which may lead to vascular obstruction. How-
ever, in the field of tissue engineering, fibrin is mainly used as a scaffold
for loading cells to provide physical support for these cells; therefore, a
greater mechanical strength is required to maintain the stability of the
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scaffold and to avoid the deformation of the scaffold structure, which
may affect tissue regeneration. Yang et al. [58] used electrospinning to
construct polyurethane (PU)/fibrin vascular networks, and the intro-
duction of PU promoted intermolecular interactions, rendering the
scaffolds more mechanically robust. After implantation of the hybrid
scaffold into rats, it was found that the maximum stress, strain at break,
and elastic modulus of the scaffold were similar to those of native blood
vessels after 3 months, which demonstrated the feasibility of the hybrid
scaffold as an artificial vascular scaffold. Fibrin is known to exhibit a
strain-hardening phenomenon where the fibrin network exhibits a
nonlinear mechanical response under shear or tensile stress. More spe-
cifically, at low strains, the stress is proportional to the strain, but when
applying large strains, the stiffness of fibrin increases by up to 20-fold
[52]. Cell differentiation and migration, as well as interactions with
fibrin, are related to mechanical properties, such as fibrin stiffness and
cell growth, and interactions can be artificially regulated accordingly.
Tomasch et al. [59] investigated the effect of fibrin hydrogels with
different moduli of elasticity on the proliferative capacity of the mouse
myoblast cell line C2C12. As the modulus of elasticity of the hydrogel
increased, the cell proliferation rate was slower. Additionally, the high
scalability of fibrin has been confirmed by tensile testing, as it can be
stretched more than four times its natural length without breaking.
Stretching fibrin gels with unilateral cracks reveals that fiber densifi-
cation and fiber alignment occur before fiber rupture (Fig. 1C) [60].
Investigating and modifying fibrin’s mechanical properties can lead to
the development of fibrin materials that can adapt to various clinical
applications, making it particularly suitable for tissue engineering.

2.5. Degradation properties of fibrin

The fibrin network is degraded in vivo by activated fibrinolytic en-
zymes through a process known as fibrinolysis (Fig. 1A). Catalytically
active fibrinolytic enzymes are formed by the cleavage of plasminogen
in the presence of fibrinogen activators, such as tissue-type fibrinogen
activator (t-PA) and urokinase-type fibrinogen activator (u-PA). The
former is a protein cleaving enzyme, which can be positively regulated
by fibrin, while the latter is a specific membrane protein receptor [61].
Fibrinolytic enzymes exhibit poor substrate specificities and can break
the lysine-arginine linkages in peptide chains. Under the action of
fibrinolytic enzymes, fibrin is gradually broken down into fibrinogen
and eventually into soluble protein fragments, collectively known as
fibrin degradation products, which typically no longer aggregate or clot,
but are removed from the blood. The presence of large amounts of
anti-fibrinolytic substances in the blood and the adsorption of fibrin to
fibrinolytic activators ensure the localization of fibrinolysis without
spreading to other parts of the organism. Moreover, plasminogen acti-
vator inhibitors (PAI)-1 and —2 along with a2-antiplasmin (a2-AP) are
important regulators of fibrinolysis and can inhibit fibrinolytic activity
[62,63]. The degradation properties of tissue-engineered scaffolds
significantly impact cell proliferation and tissue regeneration. Matching
the rate of scaffold degradation and regenerated tissue formation is key
to the successful regeneration of tissues and organs [64]. A good scaffold
should maintain its structural integrity and provide the necessary me-
chanical support until the cells have fully adapted to the environment
and secrete sufficient amounts of ECM to meet the needs of survival.
After a period of proliferation, when the cells no longer require support
from the scaffold, the scaffold can be completely removed by the or-
ganism and replaced with new tissue. Fibrin is a natural polymer that is
able to be degraded and fully absorbed by the body without toxic side
effects, eliminating the need for secondary surgery to remove the
implant, thereby rendering it an ideal scaffolding material. The degra-
dation rate of natural fibrin in vivo is tightly physiologically regulated to
prevent pathological changes caused by its excessive deposition. How-
ever, when applied as a scaffold for tissue engineering, the degradation
rate of fibrin was significantly faster than the rate of tissue regeneration
[65]. To address this aspect, modifications such as sulfonate or physical
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and chemical cross-linking can be implemented to render the fibrin
structure more solid and compact. Hybrid scaffolds can also be prepared
by combining fibrin with other stable biopolymers to compensate for the
rapid degradation rate. In this context, Jung et al. [66] modified dextran
using glycidyl methacrylate to obtain dextran-MA, and combined
dextran-MA with fibrin to create an interpenetrating polymer network
(IPN) that retained the biological functions of fibrin while incorporating
the excellent mechanical strength of dextran. IPN has been reported to
exhibit tunable physical properties that are related to the raw material
concentrations and the degree of cross-linking. The results showed that
the pure fibrin hydrogels were completely degraded after 8 days, and the
time required for the degradation of fibrin and dextran-MA-based
hydrogels increased with an increasing dextran-MA concentration. At
a fibrin concentration of 40 mg mL ™! and a CaCl, concentration of 50
mM, the final mass after 6 days was 30-40 % and 40-50 % at
dextran-MA concentrations of 200 and 300 mg mL ™, respectively; a
dextran-MA concentration of 400 mg mL ~! exhibited the slowest
degradation, with a final mass of 65-75 % after 8 days.

2.6. Changes in fibrin during tissue damage

Fibrin formation and dissolution are influenced by changing condi-
tions within the body, such as the occurrence of bacterial infections,
liver injuries, and fractures [67]. Bacterial infections often lead to fibrin
deposits in infected tissues and organs. Inhibition of fibrin deposition
promotes the spread of pathogens and increases patient mortality.
Studies have been conducted on mice with low plasma fibrinogen levels,
where it was found that bacterial clearance was significantly reduced
following infection with Staphylococcus aureus [68]. It has also been
reported that some chemicals, such as chloroform and carbon tetra-
chloride, can cause varying degrees of acute or chronic liver injury,
which is often accompanied by fibrin deposition. In such systems, the
site of fibrin deposition usually coincides with the area of liver damage
[69]. Furthermore, central hepatic necrosis has been reproduced in dogs
through prolonged anesthesia with chloroform, and it was reported that
the plasma fibrinogen levels decreased or even disappeared completely
as the degree of liver damage increased; however, the fibrinogen levels
gradually returned to normal as the liver recovered. Moreover, fractures
also cause fibrin deposition, which on the one hand exerts a hemostatic
effect, but on the other hand, affects fracture vascularization, prevents
bone healing, and even leads to dystrophic calcification of adjacent soft
tissues, which ultimately develops into heterotopic ossification (HO).
After fibrin removal from plasminogen-deficient mice, fracture healing
returned to normal and HO was significantly reduced [70].

Fibrin is a naturally occurring biomolecule in the human body,
formed by cross-linking fibrinogen in the presence of substances such as
thrombin. Fibrin networks are highly biocompatible, degradable, and
have excellent mechanical properties such as viscoelastic characteristics
and strain-hardening phenomenon. In addition, it promotes cell adhe-
sion and proliferation, migration, and plays a role in hemostasis, anti-
inflammation, and wound healing. The above properties are the basis
for the application of fibrin scaffolds in tissue engineering.

3. Modification and cross-linking of fibrin
3.1. Modification of fibrin

Fibrin has gradually become the ideal biomaterial for cell encapsu-
lation and tissue regeneration, and several fibrin products have been
developed for biomedical applications, such as fibrin hydrogels and
fibrin glue (FG) [71-73]. However, fibrin still has some drawbacks,
including an excessive degradation rate, poor mechanical properties,
and uncontrolled shrinkage behavior. To produce fibrin scaffolds that
meet various specific regenerative medicine requirements without any
loss in their biological properties, modifications such as methacryloyl
reaction, sulfonation, and silylation are performed. Altering the fibrin
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Fig. 2. Modification and cross-linking of fibrin. (A) Methacrylic anhydride and fibrinogen chemically react to form covalent bonds. The Figure is reproduced with
minor adaptations from Ref. [75] with permission, Copyright © 2023 Published by Elsevier Ltd on behalf of Acta Materialia Inc. (License number: 5,824,030,669,961).
(B) Based on ionic interactions, the fibrin diameter increases with an increasing Zn>* concentration. The Figure is reproduced with minor adaptations from Ref. [80]
with permission, Copyright © 2024 The Proceedings of the National Academy of Sciences.

function and structure, either alone or in combination with the afore-
mentioned methods, enables the precise regulation of the scaffold
characteristics, such as the physicochemical properties, porosity, sta-
bility, mechanical strength, and degradation rate, providing new pos-
sibilities for their application in tissue engineering [74]. The
methacryloyl reaction is a reaction that occurs between fibrin and
methacrylic anhydride (MAA), where the amino group in fibrin reacts
with the anhydride of MAA to form an amide bond to obtain fibrin de-
rivatives. The fibrin obtained by this technique has photocross-linking
ability and can be solidified to form stable scaffolds under specific
light, which greatly extends the application range of fibrin.
Simaan-Yameen et al. [75] dissolved fibrinogen in phosphate-buffered
saline (PBS) and urea at room temperature to obtain a fibrinogen solu-
tion. After adjusting the solution pH using NaOH, excess MAA was
added, and the methacrylic acid moieties reacted with the free amine
groups on the fibrinogen lysine residues to obtain methacrylated
fibrinogen (FibMA) (Fig. 2A). In the presence of PEG, a highly
cross-lined FibMA hydrogel was obtained, which exhibited significantly
delayed degradation and improved mechanical properties. After sub-
cutaneous implantation of the FibMA hydrogel in mice, there was no
degradation of the hydrogel at 1 week, and only a partial inflammatory
response at the periphery was observed; a significant reduction in the
volume of the hydrogel and a holistic inflammatory response within it
could be observed at 3 weeks; the volume of the hydrogel was reduced to
half of the initial volume after 8 weeks. Sulfonation refers to the intro-
duction of sulfonic acid groups through a reaction between electrophilic
sulfonation reagents and the amino or hydroxyl groups present in fibrin.
This enhances fibrin stability and provides an improved hydrophilicity
and ion-exchange capacity, often leading to its application in drug car-
riers. Silylation modification refers to the reaction of organosilane re-
agents (R'-Si (OR)3) with fibrin macromolecules. The organic group R’
interacts with the fibrin chains, and the alkoxysilane groups are involved
in the formation of a siloxane Si-O-Si network. Silanes bearing hydro-
phobic groups exhibit surfactant-like properties, which can influence the
mechanical and chemical properties of the modified fibrin. Wang et al.
[76] selected several common silanes to develop and characterize hybrid
silica-fibrin hydrogels wherein fibrin interacted closely with the silanol
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moiety. They planted and cultured muscle C2C12 cells in mixed
hydrogels and found that the mixed hydrogels exhibited a similar cell
proliferation profile to that of the pure fibrin hydrogels for the first 6-8
days, whereas the hydrogels with 3-aminopropyl-triethoxysilane
exhibited a significantly higher cell proliferation rate than the pure
fibrin hydrogels after 8 days.

3.2. Cross-linking of fibrin

The use of fibrin in long-term 3D cell cultures is restricted by its low
stability, poor mechanical strength, and excessive degradation rate. The
chemical and physical cross-linking of fibrin to develop strong 3D
network structures has been reported to enhance its structural stability
and mechanical strength, while also prolonging its degradation time
[72,77]. Several studies have been conducted to prepare carefully
designed fibrin network structures that satisfy the needs of various ap-
plications. Physical cross-linking involves the formation of connections
through non-covalent interactions, including hydrogen bonding, elec-
trostatic interactions, and van der Waals forces. As these reactions are
reversible, fibrin can be restored to its original state by controlling the
reaction environment [78]. Commonly employed physical cross-linking
methods include the freeze-thaw, self-assembly, and ionic cross-linking
approaches. Compared with chemical cross-linking, physical
cross-linking is more biocompatible and does not require the addition of
large amounts of chemical reagents, thereby reducing or completely
avoiding toxic side effects. However, the fibrin derivatives generated by
physical cross-linking have poor mechanical properties and limited
stability. In a study by Wachendorfer et al. [79], cross-linking was
accomplished in fibrin-collagen hydrogels through physical in-
teractions, such as the physical entanglement of fibers and molecules,
with pH levels significantly impacting the hydrolytic stability and me-
chanical strength of the synthesized hydrogels. The ion cross-linking
method is also important for the cross-linking of fibrin. It was demon-
strated that the stiffness of fibrin gels is positively correlated with the
Ca?" cross-linker concentration, and that Ca>" promotes a change in the
fibril structure from filaments to networks. In another report, Jing et al.
[80] studied the 3D structures of fibrin hydrogels in the presence of Zn?*
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Table 1
Modification and cross-linking approaches used for fibrin development.
Scaffold Type of Mechanism Cross-linking agent or Changes in scaffold degradation rates Improvement Reference
modification influencing factor
FibMA Methacryloyl Methacryloyl Methacrylic anhydride After 8 weeks of in vivo implantation, the A highly crosslinked structure is  [75]
Hydrogel reaction introduction hydrogel shrinks to approximately 50 % of  generated, significantly
its original size. delaying degradation.
Fibrin Silicon Siloxane Si-O-Si Organosilane reagents / Fibrin interacts closely with the  [76]
hydrogel modification network silanol groups to significantly
formation promote muscle cell
proliferation.
Fibrin-silica Silicon Siloxane Si—O-Si Tetraethoxysilane, / Silicification of fibrin networks [86]
hydrogels modification network aminopropyltriethox- improves their mechanical
formation ysilane properties while retaining their
ability to promote cell
proliferation.
Fibrin- Physical cross- Physical pH / It enhances stability and [79]1
Collagen linking entanglement mechanical strength.
hydrogels
Fibrin Physical cross- Ionic cross- Zn** / Fibrin length decreases, and [80]
hydrogel linking linking diameter increases.
PRF Gel Chemical Enzymatic cross- TA The degradation rate was 63 % without the It increases tensile strength and [82]
cross-linking linking addition of TA and the degradation rate reduces swelling.
decreased to 8 % with the addition of 10 %
TA.
Fibrin/PVA Chemical Enzymatic cross- Glutaraldehyde Glutaraldehyde-crosslinked pure fibrin It increases mechanical strength ~ [83]
scaffold cross-linking linking scaffolds were completely degraded after 1 and stability against protein
day, in contrast to glutaraldehyde- hydrolysis.
crosslinked fibrin/PVA scaffolds, which
were completely degraded after 5 days.
Alginate- Chemical Double cross- CaCl, Reduction in 7-day mass of 39.36 + 6.14 %  Hybrid inks with improved [85]
fibrin cross-linking linking for fibrin-free hydrogels and 35.20 + 3.6 %  mechanical properties and
scaffold for fibrin-containing hydrogels. higher viscosities are generated.

Abbreviations: FibMA: methacrylate-based fibrinogen; PRF: platelet-rich fibrin; TA: tannic acid; PVA: polyvinyl alcohol; CaCl,: calcium chloride.

and found that an increased concentration of Zn?* promoted a decrease
in fiber length and an increase in diameter (Fig. 2B). Additionally, the
bundled protofibrils were loosely coupled to one another with increased
concentrations of Zn?', leading to a concomitant decrease in the
modulus of elasticity.

Chemical cross-linking utilizes chemical reactions to generate co-
valent bonds. This process is irreversible and results in fibrin networks
that are more stable, mechanically strong, and resistant to degradation
[81]. However, this process requires the use of additional reagents, and
has the potential to produce toxic substances. Chemical cross-linking
approaches include enzyme cross-linking, chemical interactions be-
tween complementary groups, the use of high-energy radiation, and free
radical polymerization. Haghparast-Kenarsari et al. [82] improved the
mechanical and physical properties of platelet-rich fibrin (PRF) gel
scaffolds using different concentrations of tannic acid (TA) as a
cross-linking agent and found that the tensile strengths of the PRF gel
scaffolds increased, the amount of swelling was reduced, the cytotox-
icity and antimicrobial capacity were enhanced at higher TA concen-
trations, and the incorporation of TA effectively reduced the rate of
scaffold degradation. Furthermore, Zhou et al. [83] prepared fibrin/poly
(vinyl alcohol) (PVA) scaffolds by covalently cross-linking with glutar-
aldehyde by means of an emulsion stenciling method. Consequently, the
mechanical strength and hydrolytic stability were enhanced compared
to those of the pure fibrin scaffolds. Application of fibrin/PVA scaffolds
in a full-thickness dermal excision model can be found to significantly
promote vascular network generation and wound healing at the defect
site and accelerate epithelial regeneration. Moreover, horseradish
peroxidase (HRP) has been used as a catalyst for the enzymatic
cross-linking of tissue-engineered hydrogels, wherein H,O, is employed
as a substrate to generate phenol radicals that produce dipyrimidine
moieties within the polymer-phenol conjugate. The application of
HRP-catalyzed dityrosine cross-linking to fibrin scaffolds has been re-
ported to enhance the tensile strength and stiffness, mechanical prop-
erties, and degradation resistance without affecting the biocompatibility
of the scaffold; such materials are applicable in the area of regenerative
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medicine. Recently, 3D bioprinting has gained popularity in regenera-
tive medicine because of its capability to accurately model complex
multicellular tissue architectures. Introduction of cross-linking tech-
nology can effectively adjust the printability characteristics of bioinks
and optimize the mechanical properties and degradation rates. For
instance, gelatin methacryloyl (GelMA) is widely used in 3D bioprinting.
Upon combining fibrinogen with GelMA and exposing the mixture to
ultraviolet (UV) light, chemical cross-linking takes place to generate a
more stable structure with an enhanced mechanical strength [84]. The
stabilities of gelatin/fibrin polymers can be further improved by intro-
ducing alginate, which prevents early scaffold degradation. For
example, Budharaju et al. [85] employed a dual cross-linking strategy to
bioprint alginate-fibrinogen structures. This involved the initial
pre-cross-linking of alginate with CaCly to increase the number of
printable rows of the alginate bioinks. Subsequently, the alginate bio-
inks were mixed with fibrinogen at the appropriate concentrations, and
cross-linking was performed in the presence of CaCly and thrombin.
Using such approaches, hybrid bioinks with superior mechanical prop-
erties, higher viscosities, and improved printability characteristics have
been successfully prepared, and have great potential for the regenerative
engineering of myocardial tissues.

The modification and cross-linking methods of fibrin are diverse and
have different characteristics. For example, the methacryloyl reaction
gives fibrin the ability to be cured using light; sulfonation modification
improves the hydrophilicity and ion-exchange ability of fibrin de-
rivatives; chemical cross-linking results in derivatives that are more
structurally stable but may be chemically toxic; physical cross-linking is
safer and more reliable, but the derivatives have a slight deficiency in
mechanical strength. The cross-linking method can be flexibly selected
according to different applications, so that fibrin scaffolds can better
match the needs of injured tissues. Table 1 summarizes a selection of
modification and cross-linking approaches used for fibrin scaffold
development.
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Fig. 3. Application forms of fibrin. (A) Schematic diagram of the fibrin network. The Figure is reproduced with minor adaptations from Ref. [119] with permission,
Copyright © 2017 International Society on Thrombosis and Haemostasis. Published by Elsevier Inc. All rights reserved. (License number: 5,824,031,358,429). (B) SEM image
of collagen-fibrin (Col-FB) fibrous hydrogel for spinal cord repair at high alignment. The Figure is reproduced with minor adaptations from Ref. [120] with
permission, Copyright © 2022, American Chemical Society. (C) Differences in the microstructure of fibrin hydrogel and fibrin sealant, Tisseel. The Figure is reproduced
with minor adaptations from Ref. [99] with permission, based on Creative Commons Attribution License (CC BY), Copyright © 2023 Pereira, EzEldeen, Ugarte-Berzal,
Martens, Malengier-Devlies, Vandooren, Vranckx, Matthys and Opdenakker. (D) Digital photograph of sequential cross-linking fibrin glue (SCFG) formation process. The
Figure is reproduced with minor adaptations from Ref. [106] with permission, based on Creative Commons Attribution 4.0 International Public License (CC BY 4.0),
Copyright © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH. (E) (i) Bright field and fluorescence images of fibrin (FIB) microbeads after embedding
(day 0) and 7 days of incubation; (ii) Vascular network formation between microbeads. The Figure is reproduced with minor adaptations from Ref. [110] with
permission, Copyright © 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. (License number: 5,824,040,989,554).

4. Application forms of fibrin

Fibrinogen can be cross-linked to form fibrin networks with the help
of substances such as thrombin, which can be used in tissue engineering
(Fig. 3A). Fibrin can be used to prepare various materials, including
fibrin hydrogels, FG, and fibrin microbeads (FMBs).

4.1. Fibrin hydrogels

Hydrogels are 3D polymer networks consisting of chemically or
physically cross-linked hydrophilic polymers with a certain solubility in
water and a certain degree of physical integrity [87,88]. Fibrin
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hydrogels have been prepared from a mixture of fibrinogen and
thrombin, wherein coagulation factor XIIla was also added to generate a
stable and insoluble fibrin network (Fig. 3B). Optimization studies have
demonstrated that the concentrations of these three components influ-
ence the mechanical properties of the final hydrogels, thereby resulting
in varying effects on cell migration, differentiation, spreading, and
proliferation through mechanotransduction. For instance, one study
found that lower levels of fibrinogen and thrombin promoted cell pro-
liferation. Thrombin is often solubilized in a CaCl, solution to provide
sufficient calcium ions to promote the activation of coagulation factor
XIIIa, which contributes to the stabilization of the fibrin network [89].
The NaCl concentration has also been found to affect the
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physicochemical properties of fibrin hydrogels. More specifically,
physiological salt (PS) fibrin gels and high salt (HS) fibrin gels were
constructed at NaCl concentrations of 145 mM (physiological level) and
250 mM, respectively. The time required for in vitro degradation of the
HS gel was reported to be approximately three times longer than that of
the PS gel; the PS gel was completely degraded after 1 week of subcu-
taneous implantation, whereas the HS gel remained intact, demon-
strating its potential for use as a delivery system [90]. Furthermore, the
addition of tranexamic acid, an anti-fibrinolytic solvent that is non-toxic
to cells, was found to prevent premature degradation of the fibrin
scaffolds before cell proliferation reached a stable level [91-93]. Fibrin
scaffolds with finer structures can be prepared via electrospinning,
which implements an electrical field to deposit fibrin on a target sub-
strate, generating porous fibers with a high surface area/volume ratio
and a high spatial interconnectivity similar to that of the natural ECM
[94,95]. Using electrospinning methods, it is possible to selectively en-
gineer fiber orientation through a varying spinning rate and fibrin
concentration [96]. In this context, Du et al. [97] used molecular
self-assembly and electrospinning to construct a 3D hierarchical aligned
fibrin hydrogel with a structure similar to that of native fibrin cables.
Their system adequately mimicked the microenvironment at the
beginning of nerve regeneration and promoted axon regeneration, pro-
liferation, and migration of Schwann cells.

In addition to good biocompatibility and excellent cell adhesion
properties, fibrin hydrogels possess uniform porous structures and high
porosities [98]. This architecture increases the surface area, which is
more conducive to cellular interactions and promotes angiogenesis, as
well as the absorption and elimination of nutrients and waste [99,100].
The pore size of the network structure is also an important feature of a
hydrogel and has a major influence on its controlled swelling properties
and drug release [5,101]. Studies have shown that the pore size that is
most conducive to fibroblast proliferation and migration, and which
promotes wound healing to an optimal extent, is approximately
~20-124 pm. Additionally, fibrin hydrogels are extremely hydrophilic,
with high water absorption capacities and good swelling rates [102].
Consequently, they can rapidly absorb the tissue exudates around
wounds whilst maintaining a humid environment at the surface of the
wound, thus promoting healing and protecting the wound [3,103]. Fi-
brins are known to exhibit anti-inflammatory and antioxidant properties
that create a conducive environment for tissue regeneration and wound
healing. In this context, Pereira et al. [99] applied a fibrin hydrogel to
full-thickness skin wounds and demonstrated that it significantly
improved inflammation at the wound site, with a decrease in
pro-inflammatory cytokine levels and an increase in interleukin (IL)-10
levels. They also reported a marked increase in the multiplication of skin
endothelial cells, fibroblasts, and keratinocytes, along with an increase
in the migration of keratinocytes, which accelerated wound healing.
Moreover, fibrin hydrogels have been demonstrated to exhibit both
viscous and elastic behaviors as well as liquid and solid properties under
different conditions, which facilitate their application as cellular scaf-
folds in tissue and organ regeneration [104]. Fibrin hydrogels, with their
unique mechanical properties, also play a part in controlling neurite
extension in immature neurons. More specifically, hydrogels prepared
using low concentrations of fibrinogen promote the extension of dorsal
root ganglion nerve synapses in mice to a greater extent than those
prepared using higher concentrations [36]. In addition, as an injectable
scaffold material, fibrin hydrogels can be used in close contact with the
tissue, overcoming defects associated with solid scaffolds, which cannot
be completely fitted to the tissue.

4.2. Fibrin glue

FG, also called fibrin tissue adhesive or fibrin sealant, is a biocom-
patible and biodegradable fibrin clot prepared from a mixture of
thrombin with autologous or allogeneic fibrinogen (Fig. 3C). FG not only
exhibits the hemostatic function of fibrin itself, but also possesses a high
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tensile strength and adhesive properties, leading to its clinical applica-
tion in intraoperative hemostasis when traditional hemostatic methods
are ineffective. Additionally, FG has been used as a sealant for closing
tissue defects, owing to its ability to connect tissues without the
requirement for excessive force, thereby avoiding tissue damage [105].
Yuetal. [106] combined the rapid cross-linking properties of fibrin with
the strong bonding ability of GelMA to construct a sequentially
cross-linked fibrin glue (SCFG) (Fig. 3D). Two consecutive network
cross-links occur during SCFG formation, resulting in stronger adhesion
and the effective promotion of tissue hemostasis and repair. With the
development of tissue engineering, FG has also been employed as a
delivery vehicle and scaffold matrix in tissue engineering applications,
such as in the promotion of hemostasis and wound contraction, to
induce anti-inflammatory effects, in chronic wound healing, and for the
relief of skin ulcers and severe burns [107]. Owing to its excellent ad-
hesive properties, FG is widely used for the fixation of tissue-engineered
scaffolds at the respective sites. Compared with other scaffolds, as
fibrinogen precipitated from plasma may contain higher concentrations
of active substances (i.e., coagulation factors and various growth fac-
tors), the resulting FG can exhibit greater degrees of hemostasis, cell
survival, matrix synthesis, wound healing, and tissue regeneration [72,
108]. FG is available from both autologous and commercial sources.
Commercial FG tends to contain a higher fibrinogen concentration and
greater mechanical strength, thereby rendering it more effective as a
sealant and an adhesive. However, because of the complexity of the
ingredients and inadequate sterilization, commercial FG carries a
greater risk of allergies and viral infections, such as blood-borne viruses
(i.e., human immunodeficiency virus, hepatitis B, and hepatitis C). This
limitation can be ameliorated by the rigorous screening of blood donors,
plasma pairs, and related sterilization steps. Commercially available
fibrin has been used in a variety of clinical applications, including as
tissue adhesives. In addition, FG is used for hemostasis of wounds in pre-
and post-operative surgical procedures. In contrast, autologous FG is
extracted from the blood of patients and contains high concentrations of
both clotting factors and cytokines, thereby eliminating the risk of
infection from blood transfusion; nonetheless, the preparation process is
relatively complex. Owing to the various growth factors and other bio-
logically active substances present in autologous blood, autologous FG is
more conducive to cell survival, hemostasis, the promotion of angio-
genesis, wound healing, and tissue regeneration, ultimately providing a
suitable matrix for cell growth and differentiation, whilst inhibiting
bacterial reproduction to a certain extent. Recently, new production
methods have been developed to generate autologous FG more rapidly
and cost-effectively.

4.3. Fibrin microbeads

FMBs are spherical dense beads with diameters ranging from 50 to
250 pm and are typically composed of natural fibrin combined with
other raw materials via a water-in-oil emulsification strategy (Fig. 3E).
More specifically, after mixing a fibrin stock solution with thrombin to
prepare a FMB precursor solution, this solution is added dropwise to
polydimethylsiloxane oil to obtain the desired FMBs [109]. These FMBs
are extensively used as scaffold materials in tissue engineering to pro-
vide an ECM-like environment for cell migration and proliferation, as
well as to promote tissue regeneration. The denatured fibrinogen in
FMBs is extremely sensitive to mesenchymal-type cells, e.g., fibroblasts
and endothelial cells. Thus, for vascularization applications in tissue
engineering, endothelial cells and fibroblasts are usually granulated and
suspended in the FMB precursor solution for implantation into the FMB
structure [110]. The cells present in tissues and organs rely on blood
vessels to provide nutrients and oxygen, and consequently, insufficient
vascularization can lead to tissue hypoxia, nutrient deficiency, reduced
cellular activities, and tissue necrosis [111,112]. In tissue engineering,
specifically for larger tissues, vascularization inside the implanted
scaffolds determines the cell survival, proliferation, and migration rates,
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which in turn affect tissue regeneration [113,114]. Although sponta-
neous vascularization of the implant occurs, it is slow; therefore, the
requirements for tissue growth often cannot be met. Fibrin, which is a
component of natural ECM, possesses multiple sites for the adhesion of
cells and bioactive substances, and plays a significant role in promoting
angiogenesis [115,116]. Under these circumstances, Rioja et al. [110]
developed modular FMBs with embedded human endothelial cells and
fibroblasts. They observed that the cells embedded in the FMBs main-
tained a high cell viability with active cell proliferation and migration.
The endothelial cells proliferated and formed vascular networks under
the influence of bioactive substances released by the fibroblasts, and
vascular network anastomoses were observed between adjacent
microbeads.

Fibrin has a number of distinctive application forms, including fibrin
hydrogel, FG, and FMB. Fibrin hydrogels are highly porous and
extremely hydrophilic but lack sufficient mechanical strength.
Currently, they are widely used in a variety of tissue engineering ap-
plications, including those related to skin, adipose, and skeletal muscle
tissues [117,118]. Additionally, FG, which is also known as fibrin
sealant, exhibits a high tensile strength and high adhesion capacity,
which has significant advantages in promoting the healing of burns and
chronic wounds, as well as playing an adjunctive role in stabilizing other
scaffolds in tissue engineering. Furthermore, the denatured fibrinogen in
FMBs is highly sensitive to mesenchymal-type cells and is widely used
for stem cell isolation and culture. Different applications require specific
characteristics, and the appropriate application can be selected ac-
cording to the clinical application.

5. Biofunctionalization of fibrin
5.1. Growth factor-loaded fibrin

The scope of application of fibrin in tissue engineering can be further
extended through its combination with other active ingredients,
including loading with growth factors under catalysis by trans-
glutaminase factor XIIIa [121-123]. More specifically, the biologically
active structural domain is pre-coupled to a transglutaminase substrate
sequence (NQEQVSP) to generate a bifunctional or bistructural domain
peptide, which is subsequently covalently cross-linking with fibrin in the
presence of transglutaminase to introduce exogenous growth factors
into the fibrin matrix [124,125]. The release of these growth factors can
subsequently be determined by their mode of interaction with fibrin, the
fibrin degradation rate, and the strength of cross-linking, wherein the
release rate ultimately determines the therapeutic effect. In the ECM,
heparin exhibits a strong binding affinity to various peptide growth
factors and regulates their bioactivities, thereby facilitating the immo-
bilization of growth factors and slowing their degradation; these com-
pounds are collectively known as heparin-binding growth factors
(HBGFs) [126,127]. Representative HBGFs, such as the basic fibroblast
growth factor (bFGF) and the acidic fibroblast growth factor (aFGF),
promote mitosis in various cells, including endothelial cells, fibroblasts,
and chondrocytes, and are also known to stimulate angiogenesis, ECM
synthesis, and ECM degradation [128-131]. During catalysis by trans-
glutaminase, peptide chains bearing heparin-binding structural domains
are covalently cross-linked to fibrin. Subsequently, the heparin-binding
structural domains that have been cross-linked to fibrin bind to heparin,
which in turn binds to various HBGFs to yield a heparin-binding delivery
system. This equates to the immobilization of HBGFs onto fibrin,
contributing to their slow and sustained release, which in turn enhances
fibrin’s ability to facilitate cell migration, proliferation, and tissue
regeneration.

5.2. Exosome-loaded fibrin

Exosomes containing bioactive molecules, such as complex RNAs
and proteins, can also be encapsulated in fibrin to facilitate tissue
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regeneration. This approach can compensate for the fact that exosomes
do not readily accumulate at injury sites when traditional drug delivery
methods are employed. Thus, He et al. [132] developed an
exosome-containing fibrin hydrogel (Gel-Exo) and explored its role in
the repair of spinal cord injuries. More specifically, they found that
fibrin hydrogels implanted with exosomes derived from rat bone
marrow mesenchymal stem cells (BMSCs) delivered and immobilized
exosomes at spinal cord injury sites. After Gel-Exo treatment, the protein
and mRNA expression levels of the nerve growth factor-inducible pro-
tein (VGF) were significantly upregulated at the lesion site in rats with
spinal cord injuries. This enhanced expression of VGF promoted the
proliferation and maturation of oligodendrocytes, leading to signifi-
cantly improved rat motor functions. Cui et al. [133] deposited
BMSC-derived exosomes and fibrin on the surface of a
micro-nanostructured tantalum coating and found that BMSC-derived
exosomes exhibited the strongest ability to adhere, proliferate, and
differentiate osteoblasts at an exosome concentration of 1 pg pL~L. By
implanting this integrative coating into rabbit tibia, a large amount of
bone matrix was deposited on the implant surface, with increased matrix
secretion being observed by the osteoblasts, along with active osteo-
genic mineralization, and significant enhancements in osteogenesis and
osseointegration. In addition to BMSC-derived exosomes, adipose stem
cell-derived exosomes (ASC-Exos) have attracted attention as cell-free
treatments for tendon healing in rotator cuff tears. In this context,
Wang et al. [134] constructed a fibrin hydrogel containing ASC-Exos and
applied it to a rabbit model of partial-thickness rotator cuff tears
(PTRCTs). They found that ASC-Exos/fibrin was effective in preventing
progression of the tear site and in promoting high-quality healing of the
tendons. Furthermore, immunohistochemistry results revealed that
ASC-Exos/fibrin reduced type III collagen deposition while promoting
type I collagen production, thereby suggesting that this combination
hydrogel is useful in reducing scar formation and promoting natural
repair of the injured area.

5.3. Drug-loaded fibrin

Traditional drug delivery methods have numerous drawbacks,
including the requirement for repeated administration, poor drug
specificities, unpredictable drug release rates, and serious side effects
[135]. Additionally, drugs administered via the skin tend to experience
permeability issues and cannot easily reach the inside of tissues. Simi-
larly, drugs administered via the digestive tract may be denatured by
gastric acid, digestive enzymes, and other substances found in the
digestive tract. Therefore, the development of simple, effective, and
non-toxic drug delivery systems is essential. As previously mentioned,
fibrin has been widely used in drug delivery systems for wound healing,
tissue regeneration, and other applications [126,136]. Fibrin networks
are highly stable and porous polymers with high drug-loading capacities
and are also capable of releasing controlled doses of drugs in target
tissues and organs according to the diffusion coefficients of natural
biomolecules. Importantly, they can maintain high drug concentrations
in the desired tissues while minimizing drug toxicity and preventing the
body from developing a tolerance to the corresponding drugs [137,138].
Additionally, fibrin imparts drugs with enhanced stabilities and reduces
the potential for their enzymatic degradation or denaturation. As pre-
viously discussed, to prepare hydrogels for specific applications, the
fibrinogen, thrombin, and coagulation factor XIIIa concentrations can be
adjusted, or the hydrogel can be modified or cross-linked to alter its pore
size and modify its drug delivery capacity [139]. Fibrin-based drug
delivery systems can be administered orally or through the buccal mu-
cosa, skin, or eyes, among other routes. Oral use of drug-containing
fibrin reduces the possibility of drug deformation and deactivation
under the influence of digestive enzymes and gastric acid compared to
the oral route of drug-only administration, leveraging the particle size of
the fibrin network to achieve targeted delivery, thereby avoiding un-
controlled drug release and reducing toxic drug effects. Additionally, the
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Fig. 4. Application of fibrin in skin/wound healing. (A) Schematic diagram of skin tissue engineering The Figure is reproduced with minor adaptations from
Ref. [154] with permission, Copyright © 2016 Elsevier Ltd. All rights reserved. (License number: 5,824,041,197,079). (B) (i) Low- and high-power SEM displaying the
porous structure of the fibrin (FNG)/polyvinyl alcohol (PVA) scaffold (FNG1PVAO.5 scaffold); (ii) SEM images of mesenchymal stem cells (MSCs) on pure FNG
scaffold (FNG1), FNG/PVA scaffold with different ratios (FNG1PVAOQ.5, FNG1PVALI scaffolds) after culturing for 14 days. The Figure is reproduced with minor
adaptations from Ref. [83] with permission, based on Creative Commons Attribution License (CC BY). (C) (i) Microfluidic technology to generate autologous
implantable engineered thrombi; (ii) Implantable vascularized engineered thrombi (IVET) promotes angiogenesis and skin healing in mouse skin wounds. The
Figure is reproduced with minor adaptations from Ref. [153] with permission, Copyright © 2023 Wiley-VCH GmbH. (License number: 5,824,041,506,191).

combination of fibrin hydrogels with submicron particles to develop
nanoscale hydrogel particles has also received research attention. These
particles can transport drugs to tissues through transcellular pathways,
and tend to exhibit superior control over drug release, whilst facilitating
drug delivery to tissues via small capillaries. Consequently, these sys-
tems have been used extensively in the treatment of organ and tissue
damage, including in the central nervous system [140]. Moreover,
owing to FMBs’ small diameters, they are also particularly advantageous
in the context of drug release from small pericapillary tissues.

The biofunctionalization of fibrin with active molecules can help to
expand its application scope in the field of tissue engineering, as well as
to improve the shortcomings of active molecules that do not easily reach
and accumulate at the site of injury. A variety of loaded species,
including growth factors, exosomes, and drugs, have been developed,
which hold great promise for clinical application.

6. Application of fibrin in tissue engineering
6.1. Skin/wound healing

The skin, which serves as an efficient shield between the environ-
ment and the human body, is susceptible to physical and chemical in-
juries that can lead to the formation of wounds, such as burns and
diabetic ulcers [141,142]. If left untreated, such wounds may lead to
infection, inflammation, and tissue necrosis, among other serious
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consequences [143,144]. Traditionally, autologous skin grafts have
been used to treat severe cutaneous traumatic defects [145], an
approach that can cause serious complications, such as infection and
necrosis of the grafted skin, and may result in severe scarring due to the
lack of a functional dermis. To address these problems, tissue engi-
neering techniques have been increasingly applied to the skin tissue
(Fig. 4A) [146]. By obtaining autologous keratinocytes and culturing
these species in fibrin scaffolds to rebuild skin tissue, the barrier system
is restored in the damaged area, wound healing is promoted, and both
over-proliferation and scar formation are inhibited, whilst avoiding
damage to the healthy skin [143,147-150]. Fibrin scaffolds are partic-
ularly advantageous in that they can closely adhere to the wound, are
extremely hydrophilic, possess high water absorption capabilities and
good swelling rates, and can rapidly absorb the tissue exudates around
wounds while maintaining a humid environment at the surface of the
wound. These characteristics help to protect the surface of the wound
and facilitate healing. Fibrin is usually used in combination with other
polymers for enhancing its mechanical properties and providing a suit-
able degradation rate in skin tissue engineering applications. In this
context, Martin-Piedra et al. [151] constructed a human skin model
using autologous dermal fibroblasts, epidermal keratinocytes, and
fibrin-agarose biomaterials. This model was applied as an advanced
therapeutic agent in patients with burns, wherein full-thickness biopsies
of the grafted areas were performed after 30, 60, and 90 days. It was
found that the epidermis differentiated and matured rapidly after
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Fig. 5. Application of fibrin in bone. (A) Mesoporous fibrin scaffolds (MFS) supported mesenchymal stem cell (MSC) spheres to target bone regeneration. The
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Creative Commons Attribution License (CC BY), Copyright © 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

transplantation to reestablish the barrier system, whereas the dermis
matured at a slightly slower rate but promoted collagen production,
induced the growth of host blood vessels into the grafts, and enriched
the blood supply. The introduction of polyvinyl alcohol (PVA) into fibrin
has also been found to improve the fibrin scaffold mechanical strength,
while also reducing the costs associated with scaffold production. In this
context, Zhou’s team [83] fabricated porous nano-scaffolds with high
biocompatibilities, high tensile strengths, and high stabilities. This was
achieved by mixing fibrin with PVA via the emulsion stencil method,
and subsequent evaluation of the scaffold effectiveness on wound
re-epithelialization was conducted in a mouse full-thickness skin exci-
sion defect model (Fig. 4B). Their results revealed that fibrin/PVA
scaffolds with good cell adhesion properties and a high cytocompati-
bility significantly accelerated wound healing, promoted collagen fiber
formation, and facilitated angiogenesis. Importantly, no inflammatory
exudation was observed during scaffold integration or upon absorption
by the body. The above-mentioned results demonstrate that fibrin/PVA
scaffolds can effectively promote wound repair and re-epithelialization,
suggesting their potential for applications in skin tissue engineering.
Bacterial infection is a primary factor in the healing of wounds, and
fibrin scaffolds alone do not tend to exhibit effective antimicrobial
properties. Metal nanoparticles have therefore attracted considerable
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attention in the area of tissue engineering due to their distinctive anti-
bacterial and anti-inflammatory properties. For example, silver nano-
particles are known to possess a good electrical conductivity and
electrochemical activity, along with extremely strong antimicrobial
properties. Chitosan also exhibits a good antimicrobial ability; therefore,
the combination of both silver nanoparticles and chitosan can further
enhance the properties of fibrin scaffolds to promote wound healing. For
instance, Sanmugam et al. [152] used electrospinning to prepare
fibrin/chitosan-encapsulated silver nanoparticle (CH:F:SPG-CH:SNP)
composite bandages and applied the obtained material to a
full-thickness dermal excision defect model in Albino Wistar rats. They
found that their developed bandage promoted fibroblast proliferation,
wound healing, and re-epithelialization, in addition to preventing bac-
terial infection. Moreover, fresh skin regeneration occurred at the site of
skin loss without scarring or inflammatory exudation. However, skin
tissue engineering is hindered by its slow vascularization rates, wherein
the artificial dermis takes longer to reestablish blood vessels, and ulti-
mately, to achieve wound healing and skin regeneration. To address this
shortcoming, Jung’s team [153] constructed implantable vascularized
engineered thrombi (IVET) by forming nematic 3D fibrin fibers using a
microfluidic approach. These thrombi were applied to full-thickness skin
wounds in mice and rats (Fig. 4C), and it was found that the IVET
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supported the formation of a microvascular network at the wound site,
whilst also promoting vascularization and inducing vascular anasto-
mosis between the host and graft. Consequently, wound closure and
collagen deposition were facilitated without scar tissue regeneration.
The same study group also explored the macrophage status at the wound
site and demonstrated that IVET treatment resulted in significantly
reduced levels of inducible nitric oxide synthase (iNOS) and a higher
percentage of the M2 macrophage phenotype, thereby accelerating
wound healing.
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6.2. Bone

Large bone injuries still represent a major challenge because of high
prevalence rates and the complexity of treatment. Such injuries have
often been treated with autologous or allogeneic bone grafts, which
carry the risks of infection, immune rejection, and loss of function [155].
The development of bone tissue engineering offers new promise in the
treatment of bone injuries, and fibrin scaffolds are known to accelerate
bone regeneration [156-158]. Considering the role of bones in the
human skeleton, the fibrin scaffolds used in bone tissue engineering
must possess a sufficient mechanical strength, stiffness, and flexibility to
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match the physiological characteristics of natural bone tissue [159,160].
Importantly, fibrin provides a proper microenvironment for intra-
chondral formation of mesenchymal stem cells (MSCs), and fibrin-based
scaffolds can simply and effectively promote bone formation in bone
tissue engineering to achieve indirect ossification. Jeyachandran et al.
[161] combined a fibrin hydrogel with porous bioglass-poly (lactic
acid-glycol) (Bg-PLGA) composite scaffolds to create a Bg-PLGA@fibrin
structure, where the fibrin hydrogel was used to promote cartilage for-
mation, and the Bg-PLGA scaffolds were used to induce hypertrophy and
ossification. MSCs were subsequently loaded and cultured in the
Bg-PLGA@fibrin structure, and the cartilage and ossification statuses
were periodically observed. The Bg-PLGA@fibrin structure inherited the
ability of the fibrin hydrogel to mimic the hydration properties of the
cartilage matrix, thereby inducing MSC cartilage formation, while
simultaneously promoting hypertrophy and matrix mineralization with
no exogenous growth factors added; therefore, the system has enormous
promise for bone tissue engineering applications. Mesoporous fibrin
scaffolds (MFSs) are widely used to repair bone and other injuries
because of their high biocompatibilities, biodegradabilities, ease of
synthesis, and their ability to promote cell differentiation and adhesion.
In this context, Nguyen et al. [162] developed a uniform and scalable
fabrication of osteogenic microtissue constructs of MSC spheroids
surface-engineered with dexamethasone-releasing polydopamine--
coated microparticles (PD-DEXA/MPs) and applied the spheroid-loaded
MEFSs in a mouse skull defect model (Fig. 5A). This system was found to
be highly biocompatible; the MSCs exhibited high cellular activities, and
bone regeneration was significantly enhanced in a mouse cranial defect
model. Fibrin hydrogels can be strengthened by 3D printing to ensure a
high mechanical strength and stability [163]. More specifically, Pitacco
et al. [164] mixed fibrinogen, type-A G, hyaluronic acid, and glycerol
suspended in human bone marrow-derived MSCs (hBMSCs) as a bioink
and bioprinted them into polycaprolactone (PCL) frames to produce
mechanically reinforced fibrin structures loaded with cells. These spe-
cies were then incubated in cartilage medium at five weeks to produce
cartilage structures (Fig. 5B). In the final 2 weeks of culture, recombi-
nant protein BMP-2 was also successfully added to initiate early hy-
pertrophy, as evidenced by a marked increase in calcium deposition in
the cartilaginous structures. The implantation of these cartilaginous and
early hypertrophic structures into a rat femur defect model revealed that
the early hypertrophic structures were more supportive of angiogenesis
and bone tissue regeneration at the bone injury site, and this was
accompanied by a lower degree of ectopic bone formation. Importantly,
bone regeneration in the central region of a bone defect was observed for
the first time in rats treated with early hypertrophic structures; notably,
this has not been observed in the treatment of cartilaginous structures.
Therefore, the above study demonstrated that scaffolds 3D printed with
fibrin as a bioink support in-vitro cartilage formation and the early hy-
pertrophy of hBMSCs, which in turn promote in vivo bone defect
regeneration. Such approaches are expected to provide a new direction
for bone injury treatment.

6.3. Cartilage

Cartilage tissue is not vascularized, and is also known to lack an
abundant supply of nutrients and the ability to repair itself [165].
Therefore, cartilage damage is irreversible; cartilage defects due to
osteoarthritis, trauma, and other diseases are among the most common
causes of disability [166,167]. For the purpose of cartilage reconstruc-
tion, autologous chondrocyte implantation is often used clinically;
however, this approach is limited due to a lack of chondrocytes and
complex chondrocyte processing procedures, in addition to being rela-
tively less effective in elderly patients. Alternatively, cartilage tissue
engineering promotes cartilage reconstruction and repair by mimicking
the structure and microenvironment of natural cartilage and has been
proven to be a reliable means of cartilage tissue healing and regenera-
tion (Fig. 6A) [168-172]. Fibrin can be employed as a scaffold or binder
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during cartilage tissue engineering to provide a temporary ECM for
chondrocytes, thus facilitating cell proliferation, adhesion, and cartilage
regeneration. Of note, when fabricating fibrin scaffolds, full consider-
ation should be given to its mechanical properties, such as its elasticity,
extensibility, as well as compression resistance. Such properties are
required to ensure that the produced cartilage meets the required shock
absorption, compression resistance, and lubrication performances.
Additionally, to ensure adequate cell adhesion, proliferation, and
cartilage repair, the mechanical properties of the scaffolds can be
adjusted by modifying the pore sizes and cross-link densities using 3D
printing or through combination with a variety of polymers [173]. Xu
etal. [16] combined 3D inkjet printing with electrospinning to construct
cartilage tissue models from fibrin, collagen, PCL, and rabbit chon-
drocytes. The resulting hybrid scaffolds exhibited enhanced mechanical
properties, tensile strengths, and structural stabilities compared with
fibrin-collagen hydrogels, and were also able to withstand greater ten-
sile stresses.

The capacity of fibrin to promote cell angiogenesis, proliferation, and
cartilage regeneration can be enhanced by combining it with other
bioactive substances. For example, de Melo et al. [174] prepared
fibrin-HA semi-IPNs by mixing leukocyte- and platelet-rich plasma
(L-PRP) with high molar mass (HMM) HA and low molar mass (LMM)
HA, respectively. The effects of the network structure on the cell activity
and degree of cartilage repair were evaluated by implanting human
adipose tissue-derived mesenchymal stem cells (h-AdMSCs) into the
semi-IPNs and stimulating chondrogenesis. Semi-IPN was found to
efficiently capture leukocytes, delay fibrin polymerization, and produce
thicker and shorter fibers, while also exhibiting an increased degree of
swelling and a reduced viscoelasticity. In contrast, fibrin-LMM HA was
more angiogenic and secreted significantly higher quantities of vascular
endothelial growth factor (VEGF) than fibrin-HMM HA. Both semi-IPNs
demonstrated greater abilities to promote h-AdMSC differentiation and
chondrogenesis than fibrin alone, with the effect of fibrin-LMM HA
being more pronounced (Fig. 6B). The presence of reactive oxygen
species (ROS) in the extracellular microenvironment is known to stim-
ulate glycosaminoglycan secretion, which in turn enhances BMSC pro-
liferation and differentiation into chondrocytes. In this context, Wu et al.
[175] loaded thrombin, a sono-photosensitizer (PpIX), and the non-toxic
drug kartogenin (KGN), which significantly promotes the expression of
cartilage-specific genes in BMSC, onto thioketal (TK)-based liposomes.
Subsequently, they constructed a novel fibrin-based nanocomposite
hydrogel under ultrasonic stimulation (Fig. 6C), which was found to
control KGN release and ROS production in situ, thereby facilitating the
healing of cartilage injury. In their work, the hydrogel precursor was
injected into a rat articular cartilage defect model, and under ultrasonic
stimulation, PpIX produced ROS, which caused the rupture of TK-based
liposomes and promoted the release of thrombin and KGN. Conse-
quently, the released thrombin induced the cross-linking of fibrinogen to
form a fibrin hydrogel that filled the vacant cartilage tissue. In contrast,
the presence of ROS and KGN in the nanocomposite hydrogel micro-
environment promoted BMSC differentiation through the Smad5/mTOR
signaling pathway, and significantly facilitated cartilage repair in the rat
articular cartilage defect model. However, the excessive accumulation of
ROS in the body may cause oxidative damage to the surrounding tissues;
therefore, further studies are required to achieve the controlled release
of ROS from composite hydrogels to avoid adverse effects on the body.
FG exhibited a high tensile strength and good adhesive properties,
rendering it suitable for use as a fixation material in cartilage tissue
engineering. Moreover, Galarraga’s team [176] used the melt electro-
writing (MEW) technique to prepare norbornene-modified hyaluronic
acid (NorHA) hydrogels loaded with porcine mesenchymal stromal cells
(pMSCs). The obtained MEW-NorHA composites encapsulated with
pMSCs were immobilized in a full-thickness cartilage defect model of
porcine knees using FG. It was observed that the FG promoted filling of
the cartilage defects in the composites and improved the quality of the
regenerated cartilage tissue.
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Fig. 7. Application of fibrin in cardiac tissue engineering. (A) (i) Schematic diagram of the construction of a composite hydrogel for the treatment of myocardial
infarction (MI); (ii) Representative image of 18 F-FDG positron emission tomography-computerized tomography (PET-CT) scan after 28 days; (iii) Alginate and
hyaluronic acid (ALG-HA) hydrogels containing platelet rich plasma (PRP) or lyophilized platelet-rich fibrin (Ly-PRF); (iv) The ALG-HA hydrogel with Ly-PRF
attenuated left ventricle (LV) remodeling, improved angiogenesis, and reduced apoptosis of cardiomyocytes (CMs). The Figure is reproduced with minor adapta-
tions from Ref. [108] with permission, based on Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International Public License (CC BY-NC-ND 4.0),
Copyright © 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. (B) (i) Fibrin gel with inverted V-shaped ridges; (ii)
Fabrication of human-induced pluripotent stem cell-derived CM (hiPSC-CM)-derived cardiac tissue. The Figure is reproduced with minor adaptations from Ref. [188]
with permission, Copyright © 2022 Elsevier Ltd. All rights reserved. (License number: 5,824,060,527,818).

6.4. Heart

The regenerative capacity of cardiomyocytes (CMs) is extremely
limited, and lost CMs are often replaced by scar tissue, which lacks the
original contraction, electrical conduction, and other bioactivities of
CMs [178,179]. Current treatments for heart damage, including cardiac
stenting, have limited applications and are unable to completely repair
the myocardium to a healthy level [180,181]. Cardiac tissue engineering
may provide a reliable treatment for repairing cardiac defects through
the use of functional CMs to fill the scar area [182-184]. Fibrin scaffold
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mimics the microenvironment in which CMs reside, thus promoting the
recovery of damaged cardiac structure and function. In this context, Bei
etal. [108] lyophilized platelet-rich fibrin, alginate, and HA to prepare a
composite hydrogel that was applied to a rat myocardial infarction (MI)
model. This composite hydrogel provided mechanical support to the
damaged heart and enabled controlled release of the drug, significantly
promoting angiogenesis, reducing ventricular dilatation and -car-
diomyocyte apoptosis, and improving cardiac function (Fig. 7A). Lou
et al. [185] used thrombin to promote fibrinogen cleavage and generate
fibrin monomers, which were then cross-linked to form a fibrin network.
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Fig. 8. Application of fibrin in the liver. (A) (i) Fibronectin promotes hepatic tissue maturation and liver function; (ii) Fibrinogen increases the assembly of
extracellular matrix (ECM) protein fibronectin. The Figure is reproduced with minor adaptations from Ref. [201] with permission, Copyright © 2021 Elsevier Ltd. All
rights reserved. (License number: 5,824,060,726,537). (B) (i) Construction of coaxial extrusion (bio)printing module; (ii) Images of the scaffold after printing and after
10 days of incubation in co-culture medium (CCM); (iii) Schematic diagram for constructing a biological model of the liver; (iv) Images of the core-shell biological
model after 10 days of incubation. The Figure is reproduced with minor adaptations from Ref. [200] with permission, Copyright © 2022 The Author(s). Published by

IOP Publishing Ltd.

Subsequently, human pluripotent stem cell (hPSC)-derived CMs, endo-
thelial cells (ECs), cardiac fibroblasts (CFs), and smooth muscle cells
(SMCs) were implanted into the generated fibrin network to construct
human cardiac muscle patches (4TCC-hCMPs), in which the fibrin
scaffold’s porous structure provided favorable conditions of cell adhe-
sion as well as proliferation. It was found that CM maturation markers
were highly expressed, and proliferative migration was enhanced in the
4TCC-hCMPs. Importantly, 4TCC-hCMP implantation in the mouse MI
model significantly reduced the degree of cardiac infarction, reduced the
scar size, enhanced cardiac contraction, and improved cardiac function.

The CMs present in cardiac tissue exhibit a high degree of cellular
alignment and layer specificity, wherein the structural and organiza-
tional arrangement of CMs determines the specific morphologies and
functions of the different cardiomyocyte layers [186]. In recent years,
artificial heart patches with 3D-aligned cellular organizations similar to
those of the heart structures have been constructed using
high-resolution electrohydrodynamic (EHD) printing. In this approach,
the unique fast-gelling properties of fibrin can be adapted for 3D
printing, promoting uniform cell distribution and the formation of
highly aligned cardiac structures. For example, Han et al. [187]
co-cultured CMs, rat aortic endothelial cells (RAECs), and fibrin in
microfibrous structures printed using EHD technology, wherein the
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recombination and orientation of the cells were promoted to form a
multidirectional cell-aligned 3D cardiac structure with layer-specificity.
The resulting cardiac patch effectively inhibited left ventricular
remodeling, promoted the formation of microvascular networks,
improved the systolic and diastolic functions of the infarcted myocar-
dium, and exhibited tremendous application potential for repairing the
damaged myocardium. Sasaki’s team [188] implanted human-induced
pluripotent stem cell-derived CMs (hiPSC-CMs) into a micro-processed
fibrin gel (MFG) with inverted V-shaped ridges to prepare aligned car-
diac tissue structures (Fig. 7B). The contractility, contraction velocity,
and diastolic velocity were significantly improved, and exhibited more
unidirectional and synchronized contractions than in the case of
non-aligned cardiac tissues. However, the slow formation of vascular
networks limits the application of cardiac tissue engineering. Although
the interactions between fibrin and the endothelial cells are conducive
to the vascularization of artificial cardiac tissues, the obtained structures
lack a certain degree of mechanical strength and stability that is not
conducive to the construction of tissues. However, this system can be
combined with other polymers for the construction of high-strength
cardiac tissue-engineered scaffolds. For instance, Lu et al. [189] used
3D bioprinting to print heart tissue engineering scaffolds using a blend
of GelMA, fibrinogen, human umbilical vein endothelial cells (HUVECs),
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Copyright © 2023 IOP Publishing Ltd. (Billing Account Number: 3002468464).

and hiPSC-CMs as a bioink. The obtained scaffolds exhibited adjustable
mechanical properties and suggested the capacity of fibrin to function
with endothelial cells to stimulate capillarogenesis and enhance vascu-
larization. Under the action of a high-intensity electric field, endothelial
cell angiogenesis was significantly promoted in the scaffold, contrib-
uting to the in vitro formation of a microvascular network in the artificial
heart. Based on the knowledge that fibrin scaffolds lack bioactive factors
that promote cardiomyocyte proliferation, and that fibrin itself exhibits
a limited therapeutic capacity [190], Chang’s team [191] formed a
fibrin-based cardiac patch containing the biologically active factor
neurogulin-1 (NRG-1) for the treatment of MI in mice. The addition of
NRG-1 improved the comprehensive performance of the patch, which
supported cardiomyocyte proliferation and maintained cellular activity.
Consequently, this patch simultaneously promoted angiogenesis,
inhibited post-MI fibrosis, enhanced ventricular contraction in MI
hearts, and facilitated the repair and regeneration of damaged hearts.
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6.5. Liver

As one of the largest organs in the body, the liver has many important
features, such as filtering the blood, excreting waste products, and
producing plasma proteins and clotting factors [192]. The liver is the
only organ that can regenerate itself, and liver cells are known to possess
an excellent regenerative capacity [193]. Nevertheless, under the in-
fluence of severe drug-induced injury, chronic alcohol abuse, and
chronic viral hepatitis, the liver’s regenerative capacity can be impaired,
leading to liver failure, accounting for approximately 2 million deaths
per year worldwide [194,195]. Hepatic transplantation is currently the
sole effective and authoritative therapy for the treatment of liver failure
[196]; however, the shortage of liver transplant donors and possible
immune rejection remain ongoing challenges. As tissue engineering
techniques develop and mature, liver tissue engineering is emerging as a
promising solution for the treatment of severe liver disease [197,198].
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As a natural multimer, fibrin provides a proper microenvironment for
hepatocyte migration and proliferation and promotes liver tissue
regeneration (Fig. 8A). Simultaneously, 3D printing can be used to
accurately print complex structures that resemble liver tissue, thereby
promoting cell differentiation, proliferation, and migration, ultimately
leading to the repair of liver damage [199]. For example, Taymour et al.
[200] constructed a vascularized liver tissue model based on core-shell
3D bioprinting. The shell was produced from a bioink consisting of a 3
wt% alginate and 49 wt% methylcellulose (algMC) blend, loaded with
HepG2 (possessing characteristics similar to those of human hepato-
cytes). The core consisted of collagen, fibrinogen, and G, which were
blended to yield the desired bioink for printing. The core structure was
loaded with HUVECs and normal human dermal fibroblasts (NHDFs).
Consequently, hepatocyte proliferative capacity, cellular activity, albu-
min secretion, and in-scaffold vascular network formation were
enhanced (Fig. 8B). To compensate for the lack of mechanical strength of
the fibrin scaffolds, Rajalekshmi’s team [19] combined fibrin with
alginate dialdehyde (ADA) and G to construct an ADA-G-FIB hydrogel
system, which greatly enhanced the stability and mechanical strength of
the fibrin hydrogel, as well as its capacity to promote cell proliferation,
adhesion, and regeneration of the liver tissue. Moreover, hepatocytes
(HepG2 cell line) grown in the ADA-G-FIB hydrogel exhibited a high
cellular activity, with an enhanced cellular metabolism and increased
albumin secretion.

6.6. Nerves

Neural network damage caused by neural tissue tears, drug toxicity,
and trauma presents a significant challenge [202-204], as nerve tissue
typically lacks the ability to repair itself, and scar proliferation at the
injury site limits nerve cell regeneration [5,205]. Historically, nerve
autografts were employed to recover the function and structure of the
nervous system; however, increased postoperative complications, donor
site damage, and donor-recipient mismatch of the donor and recipient
diameters has limited the application of autografts [206]. Moreover, the
complex hierarchical structures of natural neural tissues complicate
synthetic regeneration. Neurotissue engineering techniques work well in
circumventing these problems and are gradually becoming one of the
preferred methods for treating nerve injuries [207,208]. Fibrin is a
natural biopolymer that promotes axonal regeneration following nerve
injury. Zhu et al. [209] leveraged the ability of fibrin to interact with
various cells and biologically active factors to combine an aligned fibrin
nanofiber hydrogel (AFG) with a functionalized self-assembling peptide
(fSAP) consisting of synergistic laminin-derived peptide (IKVAV) and
brain-derived neurotrophic factor (BDNF)-mimicking peptide
RGIDKRHWNSQ motifs, which added cell adhesion sites while retaining
AFG’s original aligned structure. This AFG/fSAP interoperable hydrogel
contributed to the secretion of nerve growth factor and BDNF and was
successfully used as an intraluminal filler material for chitosan nerve
conduits to promote the repair of 15-mm sciatic nerve defects in rats,
promoting nerve conduction, axon growth, and motor function recovery
(Fig. 9A). In another study, Man et al. [210] selected three bioactive
peptides, namely RADA16-I (to simulate the function and structure of
the native ECM), KLTWQELYQLKYKGI (KLT; a helical sequence from
VEGF), and RGIDKWNSQ (RGL a helical sequence from BDNF), to
introduce a SAP and generate fSAP hydrogels. Combining AFG with
RAD/KLT/RGI to form a composite AFG/fSAP hydrogel and subsequent
implantation of this hydrogel into a rat model of Brown-Séquard syn-
drome demonstrated that this material could promote axonal regener-
ation, angiogenesis, astrocyte migration, and neural repair, while also
improving motor function in rats with spinal cord damage (Fig. 9B).
Furthermore, using electrospinning and molecular self-assembly, Chai’s
team [211] prepared a longitudinally aligned AFG with nano-to mac-
ro-level hierarchically oriented structures with low elasticities, as well
as longitudinal channels that fully mimicked the natural neural ECM.
Their findings suggested that AFG was able to induce neural stem cells to
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differentiate into neuroblasts and promote axonal and neuronal regen-
eration during brain nerve injury (Fig. 9C). However, due to the lack of
stimulation by the corresponding bioactive factors, AFG was less effec-
tive in long-distance nerve injury repair, suggesting that incorporating
active substances, such as growth factors, is necessary for effective nerve
regeneration.

Yang et al. [212] combined magnetic stimulation (MS), which is
known to facilitate neurogenesis, neuroprotection, functional recovery,
and axonal regeneration, with AFG to develop magnetically responsive
AFG (MAFG) by electrospinning magnetic nanoparticles (MNPs) into a
fibrin solution. The prepared MAFG possessed an excellent directional
topology, which significantly promoted PC12 cell migration and pro-
liferation, axonal growth, and neuronal cell differentiation. Importantly,
the MAFG@MFs promoted vascular network generation and axonal and
neuronal regeneration at the injury site in a rat spinal cord transection
model and contributed to the restoration of motor function in rats after
spinal cord injury (Fig. 9D). However, when the body is subjected to MS,
the local temperature, pH, etc. may be altered and tissues and cells may
be damaged. Therefore, the application of this technique to the human
body requires optimization of magnetic field strength to avoid damage
to the organism. Notably, the potential of fibrin to promote mimetic
nerve fiber construction is often limited by its high degradation rate and
weak mechanical strength, thereby rendering its application in neural
tissue engineering rather challenging. HA, specifically HA methacrylate
(HA-MA), can effectively compensate for this defect in fibrin and
enhance hydrogel stability. In this context, Chen et al. [213,214] used
microfluidics to construct HA-MA/fibrin bionic microfibers with the
assistance of alginate. The nano-orientations of these microfibers were
adjusted by varying the fibrin ratio, tensile force, and fluidic state. In
addition, the encapsulation of neurons (PC12 cells) and myelinated
Schwann cells (RT4-D6P2T cells) in the highly nano-oriented
HA-MA/fibrin microfibers were found to promote the aligned elonga-
tion of neurons and maturation of the myelin sheaths of Schwann cells.
Subsequently, the two-channel microfluidic chip was changed to a
three-channel chip to form a core-shell structure for the spatial location
of neurons and Schwann cells in bionic nerve fibers. Such systems are
advantageous for promoting nerve regeneration and myelin sheath
maturation. Moreover, fibrin may act as a delivery system for drugs to
enhance nerve regeneration by specifically releasing drugs into
damaged nerve tissues. For example, Tajdaran’s team [215] utilized
fibrin gel as a drug-delivery vehicle, loading it with the immunosup-
pressive drug FK506, which promotes tissue repair but induces toxic
effects in multiple tissues throughout the body [216]. More specifically,
FK506 was encapsulated in fibrin gel in the form of microspheres,
enabling slow and continuous FK506 release at the damaged nerve sites,
while avoiding damage to other vital tissues and organs. However,
considering the weaker mechanical properties and faster degradation
rate of pure fibrin gels, the study may require further processing of
fibrin, such as cross-linking, to enhance its stability, leading to a longer,
more consistent release of the drug.

6.7. Cornea

Thermal burns, chemical burns, bacterial infections, or other causes
can lead to the destruction of corneal epithelial stem cells at the corneal
limbus, resulting in corneal surface vascularization, chronic inflamma-
tion, scarring, and ultimately vision loss [217,218]. The primary treat-
ment for blindness caused by corneal disease is corneal transplantation
[219], which is the most common transplantation procedure worldwide.
However, corneal transplants have several drawbacks, including donor
shortages, frequent postoperative infections, allogeneic immune rejec-
tion, and the necessity for long-term immunosuppression after surgery,
which can lead to high blood sugar levels, high blood pressure, and other
complications [220]. Thus, the advent of ocular tissue engineering has
introduced new methods for corneal healing and regeneration. For
example, Bandeira et al. [221] induced human adipose mesenchymal
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effect. The Figure is reproduced with minor adaptations from Ref. [221] with permission, based on Creative Commons Attribution 4.0 International License (CC BY
4.0). (B) (i) Use of fibrin glue-loaded extracellular matrix (ECM) particles applied to the cornea after keratotomy; (ii) Fibrin glue-loaded ECM applied to corneal
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behalf of Acta Materialia Inc. (License number: 5,824,070,557,947).

stem cells (ADSCs) to undergo mesenchymal-epithelial transition (MET)
and generate epithelioid (MET-Epi) progenitor cells. These cells were
seeded onto the fibrin gel surface and transplanted into a previously
prepared rat limbal stem cell deficiency (LSCD) model. Notably, this
treatment effectively promoted corneal epithelial healing, enhanced the
corneal thickness, inhibited corneal edema, and restored corneal
epithelial defects (Fig. 10A). Compared with fibrin scaffolds alone,
fibrin/agarose scaffolds possess improved mechanical properties, slower
degradation rates, and prolonged scaffold maintenance, with gradual
degradation and absorption observed 3-12 weeks postoperatively.
Bearing this in mind, Gonzalez-Gallardo et al. [65] developed an allo-
geneic tissue-engineered anterior lamellar nanostructured artificial
cornea (ATEAHC), employing a nanostructured fibrin/agarose hybrid
scaffold as a matrix to encapsulate stromal cells and allogeneic corneal
epithelial, calling this model NANOULCOR. Follow-up after the use of
NANOULCOR among recruited patients with corneal disease revealed a
favorable biocompatibility, significantly reduced likelihood of post-
operative ocular complications, reduced corneal inflammation, and a
partial increase in corneal transparency. These results confirm the
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potential of NANOULCOR in promoting corneal epithelial regeneration.
Additionally, research has shown that FG can serve as both a wound
dressing to facilitate corneal epithelial healing and as a carrier of
bioactive substances for ocular tissue engineering applications. More
specifically, Yin et al. [222] prepared ECM particles from fresh porcine
lymph nodes, corneas, and cartilage, and applied them to a New Zealand
rabbit corneal injury model using FG as the delivery agent. This FG-ECM
system reduced the degree of corneal injury and scarring compared to
FG alone, in addition to reducing inflammation and fibrosis (Fig. 10B).

6.8. Other tissues

Fibrin can also be used for the regeneration of adipose tissue. Adi-
pose tissue mainly serves as a cushioning and insulating agent in the
body and exhibits broad applicability in tumor resection and medical
aesthetics as a filler for soft tissue defects. Adipose tissue engineering is
also a reliable method for fat regeneration [223]. Sawadkar et al. [224]
constructed fibrin scaffolds and implanted h-ADSCs into these scaffolds.
Their study revealed that these fibrin scaffolds not only promoted a high
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Table 2
Tissue-specific applications of fibrin scaffolds.
Tissue/organ to  Scaffold Method of Cells Animal model Key Findings Reference
be regenerated construction
Skin/wound Fibrin-agarose Self-assembly Autologous dermal / A highly differentiated and mature [151]
healing hydrogel fibroblasts, epidermal epidermis appears, with increased
keratinocytes collagen production in the dermis.
Fibrin-PVA Hydrogel Emulsion molding MSCs Mouse full-thickness The scaffold promotes collagen fiber [83]
skin excision defect formation and angiogenesis,
model accelerating wound healing.
CH:F:SPG-CH:SNP Electrospinning Fibroblasts Albino Wistar rat The scaffold promotes fibroblast [152]
model of full-thickness  proliferation, wound healing,
dermal excision reepithelialization, and prevention of
defects bacterial infection.

IVET Microfluidics Endothelial cells Full-thickness skin IVET supports microvascular network [153]

wounds in mice and formation at the wound site and
rats promotes vascularization.
Bone Bg-PLGA@fibrin Self-assembly MSCs / Bg-PLGA@fibrin induces mesenchymal [161]
cartilage formation, hypertrophy and
matrix mineralization.
MFS Microparticle MSCs Mouse cranial bone MSCs exhibit high cellular activitiesand  [162]
template method defect model significantly enhance bone regeneration
properties in mice.

Fibrin/gelatin/ 3D bioprinting hBMSCs Rat femoral defect The scaffold supports cartilage [164]

hyaluronic acid/ model formation and early hypertrophy in vitro,

glycerol scaffold promotes bone tissue regeneration in
vivo.

Cartilage Fibronectin-HA semi- / h-AdMSCs / The scaffold promotes angiogenesis with ~ [174]

IPN h-AdMSC differentiation and
chondrogenesis.

Fibrin in situ Enzyme reaction BMSC Rat articular cartilage Nanocomposites promotes BMSC [175]

nanocomposites defect model differentiation and cartilage repair in the
model.

Fibrin glue / pMSCs Modeling full- Fibrin glue promotes filling of cartilage [176]

thickness cartilage defects in composites and improves the
defects in porcine regeneration quality.
knees
Heart hCMPs Enzymatic response CMs, SMCs, ECs, CFs Mouse MI model The patch reduces degree of cardiac [185]
infarction, reduces scar size, and
enhances cardiac contraction.

Layer-specific aligned EHD printing CMs, RAECs Rat MI model The model inhibited left ventricular [187]

3D cardiac structures remodeling and improved systolic and
diastolic function of infarcted
myocardium.

MFG Microfabrication hiPSC-CMs / Significant improvement in cardiac [188]
contractility, systolic and diastolic
velocities.

Fibrin Scaffold 3D bioprinting HUVECs, iPSC-CMs / The scaffold promotes endothelial cell [189]
angiogenesis.

Fibrin patch Enzyme response / Mouse model of MI It supports cardiomyocyte proliferation, [191]
inhibits post-MI fibrosis, and enhances
ventricular contraction in MI hearts.

Liver Collagen/fibrin/ Coaxial extrusion 3D HUVECs, NHDF / The scaffold enhances hepatocyte [200]
gelatin core-shell bioprinting proliferation, elevates cellular activity,

scaffold increases albumin secretion.

ADA-G-FIB hydrogel Self-assembly HepG2 cell line / It improves the mechanical strength of [19]

system ADA and G, and enhances the stability of
fibrin hydrogels.

Nerve AFG Electrospinning and NSC SD rat brain injury AFG induces neural stem cells to [211]
molecular self- model differentiate into neuroblasts and
assembly promotes axon and neuron regeneration.

AFG/fSAP interactive Electrospinning and Schwann cells SD rat sciatic nerve The hydrogel promotes axonal growth, [209]

hydrogel molecular self- defect model nerve conduction, and motor function

assembly recovery.

AFG/fSAP composite Electrospinning and / Brown-Séquard It promotes axonal regeneration, [210]

hydrogel molecular self- Syndrome Rat Model angiogenesis, astrocyte migration, and

assembly nerve repair.

MAFG Electrospinning, PC12 Rat spinal cord It enhances neuronal cell differentiation,  [212]

magnetic stimulation transection SCI model axonal growth, and recovery of motor
function.

HA-MA/FDb bionic Microfluidics PC12, RT4-D6P2T / The model promotes neuronal alignment [213]

microfiber cells elongation and myelin maturation in
Schwann cells.

Cornea Fibrin gel Self-assembly Epithelioid progenitor ~ Rat LSCD model It promotes corneal epithelial healing, [221]

cells
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enhances corneal thickness, and inhibits
corneal edema.

(continued on next page)
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Tissue/organ to  Scaffold Method of Cells Animal model Key Findings Reference
be regenerated construction

Fibrin-agarose Self-assembly Allogeneic corneal / Partial increase in corneal transparency [65]

scaffolds epithelial and stromal and improvement in corneal

cells inflammation.
Fibrin glue Enzyme reaction / New Zealand rabbit Fibrin glue improves corneal injury, [222]
corneal injury model reduces scar formation, reduces
inflammation and fibrosis.

Adipose Fibrin scaffold Self-assembly rADSCs Healthy SD rats The scaffold improves vascularization at ~ [224]
the implantation site and promotes fat
regeneration.

Skeletal muscle Aligned alginate/ 3D bioprinting, EHD- C2C12 cells Mouse VML model The model accelerates volumetric [225]

fibronectin microfibril DW muscle repair.
structure

Rotator cuff Collagen-fibrin 3D bioprinting, self- hADMSCs / It enhances proliferation and [226]

tendon hydrogel assembly differentiation of hADMSCs, facilitates
rotator cuff tendon regeneration.
Salivary gland Fibrin hydrogel Self-assembly / Head and neck The hydrogel reduces fibrosis and [27]

irradiated mouse
model

restores vascular and nerve damage at
radiation-exposed sites.

Abbreviations: PVA: polyvinyl alcohol; MSCs: mesenchymal stem cells; CH:F:SPG-CH:SNP: macroporous chitosan/fibrin/silver nanoparticles based smart bandage;
IVET: implantable vascularized engineered thrombus; Bg-PLGA@fibrin: lactic acid-co-glycolic acid@fibrin; MFS: macroporous fibrin scaffold; 3D: three-dimensional;
hBMSCs: human bone marrow-derived MSCs; HA: hyaluronic acid; IPN: interpenetrating polymer network; h-AdMSCs: human adipose tissue-derived MSCs; BMSC:
bone marrow-derived stem cells; pMSCs: porcine mesenchymal stromal cells; hCMPs: human cardiac muscle patches; CMs: cardiomyocytes; SMCs: smooth muscle cells;
ECs: endothelial cells; CFs: cardiac fibroblasts; MI: myocardial infarction; EHD: electrohydrodynamics; RAECs: rat aortic endothelial cells; MFG: micro-processed fibrin
gel with inverted V-shaped ridges; hiPSC-CMs: human-induced pluripotent stem cell-derived cardiomyocytes; HUVECs: human umbilical vein endothelial cells; iPSC-
CMs: human pluripotent stem cell-induced cardiomyocytes; NHDF: human dermal fibroblasts; ADA: alginate dialdehyde; G: gelatin; FIB: fibronectin; AFG: longitu-
dinally aligned fibronectin nanofibrillar hydrogel; NSC: neural stem cell; SD: Sprague-Dawley; fSAP: functionalized self-assembling peptide; MAFG: magnetically
responsive aligned fibronectin hydrogel; SCI: complete sectioning spinal cord injury; MF: magnetic field; HA-MA: hyaluronic acid methacrylate; Fb: fibronectin; LSCD:
limbal stem cell deficiency; rADSCs: rat adipose-derived stem cells; EHD-DW: electrohydrodynamic-direct-writing; VML: volumetric muscle loss; hADMSCs: human

adipose-derived MSCs.

proliferative state in h-ADSCs, but also ensured high cellular activity and
induced h-ADSC differentiation. = Furthermore, loading rat
adipose-derived stem cells (rADSCs) onto scaffolds and their subsequent
in-vivo implantation significantly increased vascularization levels at the
implantation site and promoted adipose regeneration. Fibrin scaffolds
can also be applied to skeletal muscle tissues to promote myofibril
regeneration and restore motor functions. For example, Yeo et al. [225]
prepared aligned alginate/fibrin microfibrous structures by adding
fibrin as a bioactive ingredient to an alginate/polyethylene oxide (PEO)
bioink and employing the electrohydrodynamic-direct-writing
(EHD-DW) approach to encapsulate myoblasts (C2C12). Their findings
indicated that this system promoted cell proliferation and differentiation
and improved cell metabolic activities, indicating potential applications
in skeletal muscle injury repair. Moreover, research indicates that ro-
tator cuff tendon tears can be effectively repaired using fibrin
tissue-engineered scaffolds, thereby circumventing the high failure rates
associated with autografts and allografts. For instance, Jiang et al. [226]
infused a collagen-fibrin hydrogel into 3D-printed PLGA scaffolds using
a pipette and observed that the hydrogel was effective in promoting the
growth, proliferation, and differentiation of h-ADMSCs. Ultimately, such
studies demonstrate the viability of 3D-printed scaffolds for use in ro-
tator cuff tendon regeneration. Finally, it is well known that the ionizing
radiation used in the treatment of head and neck cancers is often asso-
ciated with salivary gland damage, leading to inadequate salivary pro-
duction and affecting the patients’ quality of life [227,228]. To address
this aspect, Nam et al. [27] developed a fibrin hydrogel (Ep-FH) incor-
porating fibroblast growth factors 7 and 10 (FGF-7/10) along with
laminin-1 peptide (L1p) to facilitate the functional recovery and regen-
eration of salivary glands. They reported that injection of the Ep-FH
solution into a head- and neck-irradiated mouse model led to the im-
mediate formation of a stable hydrogel loaded with FGF-7/10 and Ly, at
the injection site. Consequently, this hydrogel reduced fibrosis at the
irradiated site, restored vascular and nerve damage, restored epithelial
integrity, and increased the degree of salivary secretion.

Fibrin scaffolds have been studied for the regeneration of various
tissues, including skin, bone, cartilage, nerves, heart tissue, and more.
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Different tissues require slightly different microenvironments for
growth, e.g., in bone tissue injuries scaffolds are required to have a
certain mechanical strength; in cardiac injuries, scaffolds require spe-
cific structures to maintain the aligned structure and layer specificity of
cardiomyocytes. Fibrin scaffolds perform well in various tissues and are
effective in promoting damage repair. Table 2 summarizes the fibrin
scaffolds applied in various tissue repair and regeneration processes,
along with the main findings.

7. Summary and outlook

Fibrin, a linear protein formed by the aggregation of fibrinogen
under the action of thrombin, undergoes processing and folding to form
a fibrous structure with a specific stability and strength. As one of the
most crucial proteins in the human body, fibrin is integral to the ECM,
maintaining the structure and function of tissues, and providing pro-
tection. A stable fibrin network promotes platelet adhesion and en-
hances both platelet aggregation and thrombosis, ultimately resulting in
hemostasis. Moreover, it plays unique roles in wound healing, inflam-
mation, infection, and cancer. Fibrin derivatives can be obtained by
modifying the fibrin structure through methacryloyl reaction, silylation,
physical cross-linking, chemical cross-linking, and other approaches, to
enhance its structural strength, slow its rate of degradation, improve its
stability, and reduce defect formation associated with uncontrolled
shrinkage behavior [75]. In terms of tissue engineering, fibrin hydro-
gels, FGs, and FMBs are the three most common forms of fibrin. Fibrin
hydrogels are hydrophilic, easily extensible and injectable. Conversely,
FG is widely used for the fixation of tissue engineering scaffolds at the
respective sites due to its high tensile strength and excellent adhesion
properties, while the denatured fibrinogen present in FMBs is sensitive
to mesenchymal stromal cells and plays a unique role in vascularization.
The biofunctionalization of fibrin has been instrumental in expanding its
range of applications, and the incorporation of active ingredients, such
as growth factors, exosomes, and drugs, has appeared in many studies
[132].

Owing to its numerous desirable properties, fibrin has been
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employed in applications related to skin, bone, cartilage, heart, nerves,
and fat; however, its application in tissue engineering is still associated
with a number of limitations. Although fibrin is a natural polymer
derived from the body, it does not fully mimic the dynamics of the tissue
environment and cannot independently change its shape and structure
to conform to tissue growth. Currently, four-dimensional (4D) bio-
printing, which introduces the time dimension, has gradually become a
popular research direction, utilizing external stimuli, such as tempera-
ture, light, humidity, and sound waves, to alter the shapes, structures,
and functions of fibrin scaffolds to realize their diverse applications
[229]. Yang et al. [212] have already taken advantage of the painless
and non-invasive deep MS technique to develop magnetically responsive
fibrin hydrogels that significantly facilitate motor recovery after a spinal
cord injury, thereby highlighting the great potential of 4D bioprinting
for tissue engineering applications. Moreover, the important role of
fibrin in microfluidic chip technology has attracted growing research
interest. Quintard et al. [115] loaded fibroblasts and HUVECs in fibrin
hydrogels and introduced them into a pre-designed microfluidic device,
thereby facilitating the generation of vascular networks around vascular
organoids and contributing to the efficient, gentle and controlled
perfusion of vascular organoids (Fig. 11A). In addition, the introduction
of ultrasound technology can effectively promote tissue penetration of
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fibrin hydrogels. Zhao et al. [230] injected the fibrin hydrogel precursor
solution into the tibial site of osteoporotic rats to allow full penetration
into the tibia and surrounding microvascular network. Ultrasound was
subsequently used to induce the release of thrombin and calcium ions
within liposomes, which in turn led to the in situ formation of fibrin
networks. In vivo results revealed that ultrasound was able to effectively
penetrate the tibia, and the fibrin hydrogel formed in situ greatly facil-
itated the formation of the peri-tibial microvascular network (Fig. 11B).

However, the clinical application of fibrin scaffolds faces several
problems. The issues including poor stability, insufficient mechanical
strength, and excessive degradation rates limit fibrin scaffolds’ appli-
cation in tissue repair and regeneration [74]. For example, in terms of
bone tissue, the scaffold must possess a certain degree of stability and
stiffness to match the physiological characteristics of the bone tissue and
promote damage repair. The relatively poor stability of fibrin is insuf-
ficient to support bone tissue regeneration, and its high degradation rate
leads to the relatively rapid breakdown of its mechanical framework
prior to complete tissue formation. Consequently, the fibrin scaffold is
unable to play a long-term supportive role, rendering it detrimental to
tissue repair. Although the mechanical strength and stability of fibrin
scaffolds can be enhanced by adjusting the fibrinogen/thrombin ratio, or
through modification, cross-linking, or the addition of other
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biopolymers, these technologies are still maturing, requiring further
research to optimize them for clinical application.

In conclusion, the tissue engineering application of fibrin provides a
reliable therapeutic solution for the repair of tissue and organ damage,
effectively alleviating limitations associated with the limited self-
repairing ability of autologous tissues and a lack of organ trans-
plantation donors. However, various challenges remain, such as insuf-
ficient mechanical strength and rapid degradation rate, which limit its
application in various tissues. Addressing these challenges through
further research is crucial to unlock fibrin scaffolds’ full potential in
tissue regeneration and functional recovery.

Ethics approval and consent to participate

There are no human and animal subjects in this review and informed
consent is not applicable.

Declaration of competing interest

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

CRediT authorship contribution statement

Songjie Li: Writing — original draft. Xin Dan: Writing — review &
editing. Han Chen: Investigation. Tong Li: Visualization. Bo Liu:
Investigation. Yikun Ju: Formal analysis. Yang Li: Formal analysis.
Lanjie Lei: Conceptualization. Xing Fan: Methodology.

Acknowledgements

This study was supported by Education Department of Shaanxi
Provincial Government (No. YJSZG2023134) and Nanjing Medical
University Fan Daiming Research Funds for Holistic Integrative
Medicine.

References

[1] Y. Ju, Y. Hu, P. Yang, X. Xie, B. Fang, Extracellular vesicle-loaded hydrogels for
tissue repair and regeneration, Mater Today Bio. 18 (2023) 100522, https://doi.
org/10.1016/j.mtbio.2022.100522.

A.A. Golebiowska, J.T. Intravaia, V.M. Sathe, S.G. Kumbar, S.P. Nukavarapu,
Decellularized extracellular matrix biomaterials for regenerative therapies:
advances, challenges and clinical prospects, Bioact. Mater. 32 (2024) 98-123,
https://doi.org/10.1016/j.bioactmat.2023.09.017.

P. Cheng, X. Xie, L. Hu, W. Zhou, B. Mi, Y. Xiong, H. Xue, K. Zhang, Y. Zhang,
Y. Hu, L. Chen, K. Zha, B. Lv, Z. Lin, C. Lin, G. Dai, Y. Hu, T. Yu, H. Hu, G. Liu,
Y. Zhang, Hypoxia endothelial cells-derived exosomes facilitate diabetic wound
healing through improving endothelial cell function and promoting M2
macrophages polarization, Bioact. Mater. 33 (2024) 157-173, https://doi.org/
10.1016/j.bioactmat.2023.10.020.

C. Li, L. Ouyang, J.P.K. Armstrong, M.M. Stevens, Advances in the fabrication of
biomaterials for gradient tissue engineering, Trends Biotechnol. 39 (2021)
150-164, https://doi.org/10.1016/j.tibtech.2020.06.005.

Y. Gao, Y. Wang, J. Zhang, M. Zhang, C. Dai, Y. Zhang, L. Zhang, L. Bian, Y. Yang,
K. Zhang, Y. Zhao, Advancing neural regeneration via adaptable hydrogels:
enriched with Mg2+ and silk fibroin to facilitate endogenous cell infiltration and
macrophage polarization, Bioact. Mater. 33 (2024) 100-113, https://doi.org/
10.1016/j.bioactmat.2023.10.026.

J.P.K. Armstrong, M.M. Stevens, Using remote fields for complex tissue
engineering, Trends Biotechnol. 38 (2020) 254-263, https://doi.org/10.1016/j.
tibtech.2019.07.005.

Y. Zhao, E.Y. Wang, F.B.L. Lai, K. Cheung, M. Radisic, Organs-on-a-chip: a union
of tissue engineering and microfabrication, Trends Biotechnol. 41 (2023)
410-424, https://doi.org/10.1016/j.tibtech.2022.12.018.

A. Das, A. Nikhil, P.A. Shiekh, B. Yadav, K. Jagavelu, A. Kumar, Ameliorating
impaired cardiac function in myocardial infarction using exosome-loaded gallic-
acid-containing polyurethane scaffolds, Bioact. Mater. 33 (2024) 324-340,
https://doi.org/10.1016/j.bioactmat.2023.11.009.

C.S. Silva, R.L. Reis, A. Martins, N.M. Neves, Recapitulation of thymic function by
tissue engineering strategies, Adv. Healthcare Mater. 10 (2021) 2100773,
https://doi.org/10.1002/adhm.202100773.

[2]

[3]

[4]

[5]

[é]

71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

618

Bioactive Materials 40 (2024) 597-623

S.J. Kim, S. Lee, C. Kim, H. Shin, One-step harvest and delivery of micropatterned
cell sheets mimicking the multi-cellular microenvironment of vascularized tissue,
Acta Biomater. 132 (2021) 176-187, https://doi.org/10.1016/j.
actbio.2021.02.009.

T. Ding, W. Kang, J. Li, L. Yu, S. Ge, An in situ tissue engineering scaffold with
growth factors combining angiogenesis and osteoimmunomodulatory functions
for advanced periodontal bone regeneration, J. Nanobiotechnol. 19 (2021) 247,
https://doi.org/10.1186/s12951-021-00992-4.

L. Chen, J. Liu, M. Guan, T. Zhou, X. Duan, Z. Xiang, Growth factor and its
polymer scaffold-based delivery system for cartilage tissue engineering, Int. J.
Nanomed. 15 (2020) 6097-6111, https://doi.org/10.2147/ijn.5249829.

M. Zamanifard, M.T. Khorasani, M. Daliri, Hybrid electrospun
polyhydroxybutyrate/gelatin/laminin/polyaniline scaffold for nerve tissue
engineering application: preparation, characterization, and in vitro assay, Int. J.
Biol. Macromol. 235 (2023) 123738, https://doi.org/10.1016/j.
ijbiomac.2023.123738.

S. Ghasemi, A. Alibabaie, R. Saberi, M. Esmaeili, D. Semnani, S. Karbasi,
Evaluation of the effects of zein incorporation on physical, mechanical, and
biological properties of polyhydroxybutyrate electrospun scaffold for bone tissue
engineering applications, Int. J. Biol. Macromol. 253 (2023) 126843, https://doi.
org/10.1016/j.ijbiomac.2023.126843.

A. Zieliniska, J. Karczewski, P. Eder, T. Kolanowski, M. Szalata, K. Wielgus,

M. Szalata, D. Kim, S.R. Shin, R. Stomski, E.B. Souto, Scaffolds for drug delivery
and tissue engineering: the role of genetics, J. Contr. Release 359 (2023)
207-223, https://doi.org/10.1016/j.jconrel.2023.05.042.

A. Aazmi, D. Zhang, C. Mazzaglia, M. Yu, Z. Wang, H. Yang, Y.Y.S. Huang, L. Ma,
Biofabrication methods for reconstructing extracellular matrix mimetics, Bioact.
Mater. 31 (2024) 475-496, https://doi.org/10.1016/j.bioactmat.2023.08.018.
1. Alonso-Fernandez, H.J. Haugen, M. Lopez-Pena, A. Gonzalez-Cantalapiedra,
F. Munoz, Use of 3D-printed polylactic acid/bioceramic composite scaffolds for
bone tissue engineering in preclinical in vivo studies: a systematic review, Acta
Biomater. 168 (2023) 1-21, https://doi.org/10.1016/j.actbio.2023.07.013.

P. Ahmadi, N. Nazeri, M.A. Derakhshan, H. Ghanbari, Preparation and
characterization of polyurethane/chitosan/CNT nanofibrous scaffold for cardiac
tissue engineering, Int. J. Biol. Macromol. 180 (2021) 590-598, https://doi.org/
10.1016/j.ijbiomac.2021.03.001.

R. Rajalekshmi, A. Kaladevi Shaji, R. Joseph, A. Bhatt, Scaffold for liver tissue
engineering: exploring the potential of fibrin incorporated alginate dialdehyde-
gelatin hydrogel, Int. J. Biol. Macromol. 166 (2021) 999-1008, https://doi.org/
10.1016/j.ijbiomac.2020.10.256.

S.Y. Wei, P.Y. Chen, C.C. Hsieh, Y.S. Chen, T.H. Chen, Y.S. Yu, M.C. Tsai, R.H. Xie,
G.Y. Chen, G.C. Yin, J.M. Melero-Martin, Y.C. Chen, Engineering large and
geometrically controlled vascularized nerve tissue in collagen hydrogels to
restore large-sized volumetric muscle loss, Biomaterials 303 (2023) 122402,
https://doi.org/10.1016/j.biomaterials.2023.122402.

S. Ruiz-Alonso, M. Lafuente-Merchan, J. Ciriza, L. Saenz-Del-Burgo, J.L. Pedraz,
Tendon tissue engineering: cells, growth factors, scaffolds and production
techniques, J. Contr. Release 333 (2021) 448-486, https://doi.org/10.1016/j.
jeonrel.2021.03.040.

T. Feller, S.D.A. Connell, R.A.S. Ariéns, Why fibrin biomechanical properties
matter for hemostasis and thrombosis, J. Thromb. Haemostasis 20 (2022) 6-16,
https://doi.org/10.1111/jth.15531.

G. Alkarithi, C. Duval, Y. Shi, F.L. Macrae, R.A.S. Ariéns, Thrombus structural
composition in cardiovascular disease, Arterioscler. Thromb. Vasc. Biol. 41
(2021) 2370-2383, https://doi.org/10.1161/atvbaha.120.315754.

J.K. Mouw, G. Ou, V.M. Weaver, Extracellular matrix assembly: a multiscale
deconstruction, Nat. Rev. Mol. Cell Biol. 15 (2014) 771-785, https://doi.org/
10.1038/nrm3902.

W. Shi, Y. Gao, Y. Wu, J. Sun, B. Xu, X. Lu, Q. Wang, A multifunctional
polydopamine/genipin/alendronate nanoparticle licences fibrin hydrogels
osteoinductive and immunomodulatory potencies for repairing bone defects, Int.
J. Biol. Macromol. 249 (2023) 126072, https://doi.org/10.1016/j.
ijbiomac.2023.126072.

L. Zhang, Y. Dong, Y. Liu, X. Liu, Z. Wang, J. Wan, X. Yu, S. Wang,
Multifunctional hydrogel/platelet-rich fibrin/nanofibers scaffolds with cell
barrier and osteogenesis for guided tissue regeneration/guided bone regeneration
applications, Int. J. Biol. Macromol. 253 (2023) 126960, https://doi.org/
10.1016/j.ijbiomac.2023.126960.

K. Nam, H.T. Dos Santos, F. Maslow, T. Small, R.Z. Samuel, P. Lei, S.T. Andreadis,
0.J. Baker, Fibrin hydrogels fortified with FGF-7/10 and laminin-1 peptides
promote regeneration of irradiated salivary glands, Acta Biomater. 172 (2023)
147-158, https://doi.org/10.1016/j.actbio.2023.10.013.

R.P. Accolla, M. Deller, T.R. Lansberry, A. Simmons, J.P. Liang, S.N. Patel,

K. Jiang, C.L. Stabler, 3D printed elastomeric biomaterial mitigates compaction
during in vitro vasculogenesis, Acta Biomater. 171 (2023) 363-377, https://doi.
org/10.1016/j.actbio.2023.09.026.

X. Yin, Y. Hu, M. Kang, J. Hu, B. Wy, Y. Liu, X. Liu, M. Bai, Y. Wei, D. Huang,
Cellulose based composite sponges with oriented porous structure and
superabsorptive capacity for quick hemostasis, Int. J. Biol. Macromol. 253 (2023)
127295, https://doi.org/10.1016/j.ijbiomac.2023.127295.

R. Davenport, N. Curry, E.E. Fox, H. Thomas, J. Lucas, A. Evans,

S. Shanmugaranjan, R. Sharma, A. Deary, A. Edwards, L. Green, C.E. Wade, J.
R. Benger, B.A. Cotton, S.J. Stanworth, K. Brohi, Early and empirical high-dose
cryoprecipitate for hemorrhage after traumatic injury: the cryostat-2 randomized
clinical trial, JAMA 330 (2023) 1882-1891, https://doi.org/10.1001/
jama.2023.21019.


https://doi.org/10.1016/j.mtbio.2022.100522
https://doi.org/10.1016/j.mtbio.2022.100522
https://doi.org/10.1016/j.bioactmat.2023.09.017
https://doi.org/10.1016/j.bioactmat.2023.10.020
https://doi.org/10.1016/j.bioactmat.2023.10.020
https://doi.org/10.1016/j.tibtech.2020.06.005
https://doi.org/10.1016/j.bioactmat.2023.10.026
https://doi.org/10.1016/j.bioactmat.2023.10.026
https://doi.org/10.1016/j.tibtech.2019.07.005
https://doi.org/10.1016/j.tibtech.2019.07.005
https://doi.org/10.1016/j.tibtech.2022.12.018
https://doi.org/10.1016/j.bioactmat.2023.11.009
https://doi.org/10.1002/adhm.202100773
https://doi.org/10.1016/j.actbio.2021.02.009
https://doi.org/10.1016/j.actbio.2021.02.009
https://doi.org/10.1186/s12951-021-00992-4
https://doi.org/10.2147/ijn.S249829
https://doi.org/10.1016/j.ijbiomac.2023.123738
https://doi.org/10.1016/j.ijbiomac.2023.123738
https://doi.org/10.1016/j.ijbiomac.2023.126843
https://doi.org/10.1016/j.ijbiomac.2023.126843
https://doi.org/10.1016/j.jconrel.2023.05.042
https://doi.org/10.1016/j.bioactmat.2023.08.018
https://doi.org/10.1016/j.actbio.2023.07.013
https://doi.org/10.1016/j.ijbiomac.2021.03.001
https://doi.org/10.1016/j.ijbiomac.2021.03.001
https://doi.org/10.1016/j.ijbiomac.2020.10.256
https://doi.org/10.1016/j.ijbiomac.2020.10.256
https://doi.org/10.1016/j.biomaterials.2023.122402
https://doi.org/10.1016/j.jconrel.2021.03.040
https://doi.org/10.1016/j.jconrel.2021.03.040
https://doi.org/10.1111/jth.15531
https://doi.org/10.1161/atvbaha.120.315754
https://doi.org/10.1038/nrm3902
https://doi.org/10.1038/nrm3902
https://doi.org/10.1016/j.ijbiomac.2023.126072
https://doi.org/10.1016/j.ijbiomac.2023.126072
https://doi.org/10.1016/j.ijbiomac.2023.126960
https://doi.org/10.1016/j.ijbiomac.2023.126960
https://doi.org/10.1016/j.actbio.2023.10.013
https://doi.org/10.1016/j.actbio.2023.09.026
https://doi.org/10.1016/j.actbio.2023.09.026
https://doi.org/10.1016/j.ijbiomac.2023.127295
https://doi.org/10.1001/jama.2023.21019
https://doi.org/10.1001/jama.2023.21019

S. Lietal

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

C. Liu, C. Liu, Z. Shi, D. Yu, X. Wang, S. Liu, X. Wang, F. Huang, A peptide-
engineered alginate aerogel with synergistic blood-absorbing and platelet-
binding capabilities to rapidly stop bleeding, Carbohydr. Polym. 321 (2023)
121254, https://doi.org/10.1016/j.carbpol.2023.121254.

F.L. Macrae, F. Swieringa, J.W.M. Heemskerk, R.A.S. Ariéns, High fibrinogen v
levels in patient plasma increase clot formation at arterial and venous shear,
Blood Adv 5 (2021) 3468-3477, https://doi.org/10.1182/
bloodadvances.2020003346.

D.U. Lee, M. Kayumov, J. Park, S.K. Park, Y. Kang, Y. Ahn, W. Kim, S.H. Yoo, J.
K. Park, B.G. Kim, Y.S. Oh, L.S. Jeong, D.Y. Choi, Antibiofilm and antithrombotic
hydrogel coating based on superhydrophilic zwitterionic carboxymethyl chitosan
for blood-contacting devices, Bioact. Mater. 34 (2024) 112-124, https://doi.org/
10.1016/j.bioactmat.2023.12.009.

A. Noori, S.J. Ashrafi, R. Vaez-Ghaemi, A. Hatamian-Zaremi, T.J. Webster,

A review of fibrin and fibrin composites for bone tissue engineering, Int. J.
Nanomed. 12 (2017) 4937-4961, https://doi.org/10.2147/ijn.5124671.

K. Siemens, B.J. Hunt, K. Parmar, D. Taylor, C. Salih, S.M. Tibby, Factor XIII
levels, clot strength, and impact of fibrinogen concentrate in infants undergoing
cardiopulmonary bypass: a mechanistic sub-study of the FIBCON trial, Br. J.
Anaesth. 130 (2023) 175-182, https://doi.org/10.1016/j.bja.2022.09.022.

D.W. Nelson, R.J. Gilbert, Extracellular matrix-mimetic hydrogels for treating
neural tissue injury: a focus on fibrin, hyaluronic acid, and elastin-like
polypeptide hydrogels, Adv. Healthcare Mater. 10 (2021) €2101329, https://doi.
org/10.1002/adhm.202101329.

AM. Ruhoff, J.K. Hong, L. Gao, J. Singh, C. Tran, G. Mackie, A. Waterhouse,
Biomaterial wettability affects fibrin clot structure and fibrinolysis, Adv.
Healthcare Mater. 10 (2021) 2100988, https://doi.org/10.1002/
adhm.202100988.

M.Y. Bai, V.P.T. Vy, S.L. Tang, T.N.K. Hung, C.W. Wang, J.Y. Liang, C.C. Wong,
W.P. Chan, Current progress of platelet-rich derivatives in cartilage and joint
repairs, Int. J. Mol. Sci. 24 (2023) 12608, https://doi.org/10.3390/
1jms241612608.

D. Hense, O.I. Strube, Thrombin-free fibrillogenesis and gelation of fibrinogen
triggered by magnesium sulfate, Gels 9 (2023) 892, https://doi.org/10.3390/
gels9110892.

H. Ceylan, N.O. Dogan, I.C. Yasa, M.N. Musaoglu, Z.U. Kulali, M. Sitti, 3D printed
personalized magnetic micromachines from patient blood-derived biomaterials,
Sci. Adv. 7 (2021), https://doi.org/10.1126/sciadv.abh0273 eabh0273.

G.Y. Han, S.K. Hwang, K.H. Cho, H.J. Kim, C.S. Cho, Progress of tissue adhesives
based on proteins and synthetic polymers, Biomater. Res. 27 (2023) 57, https://
doi.org/10.1186/s40824-023-00397-4.

K. Guo, Y. Wang, Z.X. Feng, X.Y. Lin, Z.R. Wu, X.C. Zhong, Z.M. Zhuang,

T. Zhang, J. Chen, W.Q. Tan, Recent development and applications of
polydopamine in tissue repair and regeneration biomaterials, Int. J. Nanomed. 19
(2024) 859-881, https://doi.org/10.2147/ijn.5437854.

W.S. Hur, T. Kawano, J.M.N. Mwiza, D.S. Paul, R.H. Lee, E.G. Clark, E.G. Bouck,
A. Dutta, C. Cai, S.R. Baker, M. Guthold, N. Mackman, P.H. Mangin, A.S. Wolberg,
W. Bergmeier, M.J. Flick, Mice expressing nonpolymerizable fibrinogen have
reduced arterial and venous thrombosis with preserved hemostasis, Blood 143
(2023) 105-117, https://doi.org/10.1182/blood.2023020805.

Y. Tu, K. Pal, J. Austin, X. Wang, Filopodial adhesive force in discrete nodes
revealed by integrin molecular tension imaging, Curr. Biol. 32 (2022)
4386-4396.€e3, https://doi.org/10.1016/j.cub.2022.08.040.

M. Zabczyk, R.A.S. Ariéns, A. Undas, Fibrin clot properties in cardiovascular
disease: from basic mechanisms to clinical practice, Cardiovasc. Res. 119 (2023)
94-111, https://doi.org/10.1093/cvr/cvad017.

Y. Wang, M. Luo, T. Li, C. Xie, S. Li, B. Lei, Multi-layer-structured bioactive glass
nanopowder for multistage-stimulated hemostasis and wound repair, Bioact.
Mater. 25 (2023) 319-332, https://doi.org/10.1016/j.bioactmat.2023.01.019.
J.W. Weisel, R.I. Litvinov, Fibrin formation, structure and properties, Subcell.
Biochem. 82 (2017) 405-456, https://doi.org/10.1007/978-3-319-49674-0_13.
P. Heher, S. Miihleder, R. Mittermayr, H. Redl, P. Slezak, Fibrin-based delivery
strategies for acute and chronic wound healing, Adv. Drug Deliv. Rev. 129 (2018)
134-147, https://doi.org/10.1016/j.addr.2017.12.007.

M. Svistushkin, A. Shpichka, P. Bikmulina, A. Fayzullin, A. Zolotova,

N. Kosheleva, L. Selezneva, B. Shavkuta, V. Lobacheva, A. Nikiforova,

P. Kochetkov, S. Kotova, S. Starostina, A. Shekhter, A. Svistunov, V. Svistushkin,
P. Timashev, Vocal fold restoration after scarring: biocompatibility and efficacy
of an MSC-based bioequivalent, Stem Cell Res. Ther. 14 (2023) 303, https://doi.
org/10.1186/513287-023-03534-x.

J. Tan, L. Li, H. Wang, L. Wei, X. Gao, Z. Zeng, S. Liu, Y. Fan, T. Liu, J. Chen,
Biofunctionalized fibrin gel co-embedded with BMSCs and VEGF for accelerating
skin injury repair, Mater. Sci. Eng., C 121 (2021) 111749, https://doi.org/
10.1016/j.msec.2020.111749.

L. Song, X. Yang, H. Cui, Plasma fibrin membranes loaded with bone marrow
mesenchymal stem cells and corneal epithelial cells promote corneal injury
healing via attenuating inflammation and fibrosis after corneal burns, Biomater.
Sci. 11 (2023) 5970-5983, https://doi.org/10.1039/d3bm00713h.

R.K. Ramanujam, F. Maksudov, R.I. Litvinov, C. Nagaswami, J.W. Weisel,

V. Tutwiler, V. Barsegov, Biomechanics, energetics, and structural basis of
rupture of fibrin networks, Adv. Healthcare Mater. 12 (2023) €2300096, https://
doi.org/10.1002/adhm.202300096.

H. Budharaju, D. Sundaramurthi, S. Sethuraman, Embedded 3D bioprinting - an
emerging strategy to fabricate biomimetic & large vascularized tissue constructs,
Bioact. Mater. 32 (2024) 356-384, https://doi.org/10.1016/j.
bioactmat.2023.10.012.

619

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Bioactive Materials 40 (2024) 597-623

S. Xu, T. Odaira, S. Sato, X. Xu, T. Omori, S. Harjo, T. Kawasaki, H. Seiner,

K. Zoubkova, Y. Murakami, R. Kainuma, Non-Hookean large elastic deformation
in bulk crystalline metals, Nat. Commun. 13 (2022) 5307, https://doi.org/
10.1038/s41467-022-32930-9.

A.V. Ambardekar, J.R.H. Hoffman, Newton’s laws of heart transplant allocation,
J. Heart Lung Transplant. 42 (2023) 206-208, https://doi.org/10.1016/j.
healun.2022.11.001.

A.F. Cunha, A.F.V. Matias, C.S. Dias, M.B. Oliveira, N.A.M. Aradjo, J.F. Mano, Cell
response in free-packed granular systems, ACS Appl. Mater. Interfaces 14 (2022)
40469-40480, https://doi.org/10.1021/acsami.1c24095.

H. Dai, S. Chai, Y. Yao, W. Tang, J. Shi, Q. Jiang, L. Zhu, Effect of intermittent
pneumatic compression on preventing deep vein thrombosis using microfluidic
vein chip, Front. Bioeng. Biotechnol. 11 (2023) 1281503, https://doi.org/
10.3389/fbioe.2023.1281503.

L. Yang, X. Li, Y. Wu, P. Du, L. Sun, Z. Yu, S. Song, J. Yin, X. Ma, C. Jing, J. Zhao,
H. Chen, Y. Dong, Q. Zhang, L. Zhao, Preparation of PU/fibrin vascular scaffold
with good biomechanical properties and evaluation of its performance in vitro
and in vivo, Int. J. Nanomed. 15 (2020) 8697-8715, https://doi.org/10.2147 /ijn.
S274459.

J. Tomasch, B. Maleiner, P. Heher, M. Rufin, O.G. Andriotis, P.J. Thurner,

H. Redl, C. Fuchs, A.H. Teuschl-Woller, Changes in elastic moduli of fibrin
hydrogels within the myogenic range alter behavior of murine C2C12 and human
C25 myoblasts differently, Front. Bioeng. Biotechnol. 10 (2022) 836520, https://
doi.org/10.3389/fbioe.2022.836520.

V. Tutwiler, F. Maksudov, R.1. Litvinov, J.W. Weisel, V. Barsegov, Strength and
deformability of fibrin clots: biomechanics, thermodynamics, and mechanisms of
rupture, Acta Biomater. 131 (2021) 355-369, https://doi.org/10.1016/j.
actbio.2021.06.046.

J.P. Vago, 1. Zaidan, L.O. Perucci, L.F. Brito, L.C. Teixeira, C.M.S. Silva, T.

C. Miranda, E.M. Melo, A.S. Bruno, C.M. Queiroz-Junior, M.A. Sugimoto, L.

P. Tavares, L.C. Grossi, L.N. Borges, A.H. Schneider, N. Baik, A.H. Schneider,

A. Talvani, R.G. Ferreira, J.C. Alves-Filho, V. Nobre, M.M. Teixeira, R.J. Parmer,
L.A. Miles, L.P. Sousa, Plasmin and plasminogen prevent sepsis severity by
reducing neutrophil extracellular traps and systemic inflammation, JCI Insight 8
(2023) e166044, https://doi.org/10.1172/jci.insight.166044.

N.J. Mutch, R.L. Medcalf, The fibrinolysis renaissance, J. Thromb. Haemostasis
21 (2023) 3304-3316, https://doi.org/10.1016/j.jtha.2023.09.012.

R.L. Medcalf, C.B. Keragala, Fibrinolysis: a primordial system linked to the
immune response, Int. J. Mol. Sci. 22 (2021) 3406, https://doi.org/10.3390/
ijms22073406.

X. Huang, Y. Lou, Y. Duan, H. Liu, J. Tian, Y. Shen, X. Wei, Biomaterial scaffolds
in maxillofacial bone tissue engineering: a review of recent advances, Bioact.
Mater. 33 (2024) 129-156, https://doi.org/10.1016/j.bioactmat.2023.10.031.
C. Gonzalez-Gallardo, J. Martinez-Atienza, B. Mataix, J.I. Mufioz-Avila, J. Daniel
Martinez-Rodriguez, S. Medialdea, A. Ruiz-Garcia, A. Lizana-Moreno, S. Arias-
Santiago, M. de la Rosa-Fraile, I. Garzon, A. Campos, N. Cuende, M. Alaminos,
M. Gonzalez-Andrades, R. Mata, Successful restoration of corneal surface
integrity with a tissue-engineered allogeneic implant in severe keratitis patients,
Biomed. Pharmacother. 162 (2023) 114612, https://doi.org/10.1016/j.
biopha.2023.114612.

S.A. Jung, H. Malyaran, D.E. Demco, A. Manukanc, L.S. Haser, V. Kucikas, M. van
Zandvoort, S. Neuss, A. Pich, Fibrin-dextran hydrogels with tunable porosity and
mechanical properties, Biomacromolecules 24 (2023) 3972-3984, https://doi.
org/10.1021/acs.biomac.3c00269.

A.S. Wolberg, Fibrinogen and fibrin: synthesis, structure, and function in health
and disease, J. Thromb. Haemostasis 21 (2023) 3005-3015, https://doi.org/
10.1016/j.jtha.2023.08.014.

O. Negrén, W.S. Hur, J. Prasad, D.S. Paul, S.E. Rowe, J.L. Degen, S.R. Abrahams,
S. Antoniak, B.P. Conlon, W. Bergmeier, M. H66k, M.J. Flick, Fibrin(ogen)
engagement of S. aureus promotes the host antimicrobial response and
suppression of microbe dissemination following peritoneal infection, PLoS
Pathog. 18 (2022) €1010227, https://doi.org/10.1371/journal.ppat.1010227.
T. Lisman, Crosslinked clots formed independently of factor XIII and without
fibrinogen-to-fibrin conversion - is this a liver-specific phenomenon? J. Thromb.
Haemostasis 17 (2019) 110-112, https://doi.org/10.1111/jth.14328.

J.P. Luyendyk, J.G. Schoenecker, M.J. Flick, The multifaceted role of fibrinogen
in tissue injury and inflammation, Blood 133 (2019) 511-520, https://doi.org/
10.1182/blood-2018-07-818211.

S. Sathiyavimal, S. Vasantharaj, F. LewisOscar, A. Pugazhendhi, R. Subashkumar,
Biosynthesis and characterization of hydroxyapatite and its composite
(hydroxyapatite-gelatin-chitosan-fibrin-bone ash) for bone tissue engineering
applications, Int. J. Biol. Macromol. 129 (2019) 844-852, https://doi.org/
10.1016/j.ijbiomac.2019.02.058.

L. Yu, Z. Liu, Z. Tong, Y. Ding, Z. Qian, W. Wang, Z. Mao, Y. Ding, Sequential-
crosslinking fibrin glue for rapid and reinforced hemostasis, Adv. Sci. 11 (2023)
€2308171, https://doi.org/10.1002/advs.202308171.

M.A. Al Enezy-Ulbrich, T. Belthle, H. Malyaran, V. Kucikas, H. Kiittner, R.D. de
Lange, M. van Zandvoort, S. Neuss, A. Pich, Fibrin hydrogels reinforced by
reactive microgels for stimulus-triggered drug administration, Small (2024)
€2309912, https://doi.org/10.1002/smll.202309912.

R. Sanz-Horta, A. Matesanz, A. Gallardo, H. Reinecke, J.L. Jorcano, P. Acedo,
D. Velasco, C. Elvira, Technological advances in fibrin for tissue engineering,

J. Tissue Eng. 14 (2023) 20417314231190288, https://doi.org/10.1177/
20417314231190288.


https://doi.org/10.1016/j.carbpol.2023.121254
https://doi.org/10.1182/bloodadvances.2020003346
https://doi.org/10.1182/bloodadvances.2020003346
https://doi.org/10.1016/j.bioactmat.2023.12.009
https://doi.org/10.1016/j.bioactmat.2023.12.009
https://doi.org/10.2147/ijn.S124671
https://doi.org/10.1016/j.bja.2022.09.022
https://doi.org/10.1002/adhm.202101329
https://doi.org/10.1002/adhm.202101329
https://doi.org/10.1002/adhm.202100988
https://doi.org/10.1002/adhm.202100988
https://doi.org/10.3390/ijms241612608
https://doi.org/10.3390/ijms241612608
https://doi.org/10.3390/gels9110892
https://doi.org/10.3390/gels9110892
https://doi.org/10.1126/sciadv.abh0273
https://doi.org/10.1186/s40824-023-00397-4
https://doi.org/10.1186/s40824-023-00397-4
https://doi.org/10.2147/ijn.S437854
https://doi.org/10.1182/blood.2023020805
https://doi.org/10.1016/j.cub.2022.08.040
https://doi.org/10.1093/cvr/cvad017
https://doi.org/10.1016/j.bioactmat.2023.01.019
https://doi.org/10.1007/978-3-319-49674-0_13
https://doi.org/10.1016/j.addr.2017.12.007
https://doi.org/10.1186/s13287-023-03534-x
https://doi.org/10.1186/s13287-023-03534-x
https://doi.org/10.1016/j.msec.2020.111749
https://doi.org/10.1016/j.msec.2020.111749
https://doi.org/10.1039/d3bm00713h
https://doi.org/10.1002/adhm.202300096
https://doi.org/10.1002/adhm.202300096
https://doi.org/10.1016/j.bioactmat.2023.10.012
https://doi.org/10.1016/j.bioactmat.2023.10.012
https://doi.org/10.1038/s41467-022-32930-9
https://doi.org/10.1038/s41467-022-32930-9
https://doi.org/10.1016/j.healun.2022.11.001
https://doi.org/10.1016/j.healun.2022.11.001
https://doi.org/10.1021/acsami.1c24095
https://doi.org/10.3389/fbioe.2023.1281503
https://doi.org/10.3389/fbioe.2023.1281503
https://doi.org/10.2147/ijn.S274459
https://doi.org/10.2147/ijn.S274459
https://doi.org/10.3389/fbioe.2022.836520
https://doi.org/10.3389/fbioe.2022.836520
https://doi.org/10.1016/j.actbio.2021.06.046
https://doi.org/10.1016/j.actbio.2021.06.046
https://doi.org/10.1172/jci.insight.166044
https://doi.org/10.1016/j.jtha.2023.09.012
https://doi.org/10.3390/ijms22073406
https://doi.org/10.3390/ijms22073406
https://doi.org/10.1016/j.bioactmat.2023.10.031
https://doi.org/10.1016/j.biopha.2023.114612
https://doi.org/10.1016/j.biopha.2023.114612
https://doi.org/10.1021/acs.biomac.3c00269
https://doi.org/10.1021/acs.biomac.3c00269
https://doi.org/10.1016/j.jtha.2023.08.014
https://doi.org/10.1016/j.jtha.2023.08.014
https://doi.org/10.1371/journal.ppat.1010227
https://doi.org/10.1111/jth.14328
https://doi.org/10.1182/blood-2018-07-818211
https://doi.org/10.1182/blood-2018-07-818211
https://doi.org/10.1016/j.ijbiomac.2019.02.058
https://doi.org/10.1016/j.ijbiomac.2019.02.058
https://doi.org/10.1002/advs.202308171
https://doi.org/10.1002/smll.202309912
https://doi.org/10.1177/20417314231190288
https://doi.org/10.1177/20417314231190288

S. Lietal

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

H. Simaan-Yameen, O. Bar-Am, G. Saar, D. Seliktar, Methacrylated fibrinogen
hydrogels for 3D cell culture and delivery, Acta Biomater. 164 (2023) 94-110,
https://doi.org/10.1016/j.actbio.2023.03.046.

K. Wang, L. Trichet, C. Rieu, C. Peccate, G. Pembouong, L. Bouteiller, T. Coradin,
Interactions of organosilanes with fibrinogen and their influence on muscle cell
proliferation in 3D fibrin hydrogels, Biomacromolecules 20 (2019) 3684-3695,
https://doi.org/10.1021/acs.biomac.9b00686.

Y.H. Fang, C. Liang, V. Liljestrom, Z.P. Lv, O. Ikkala, H. Zhang, Toughening
hydrogels with fibrillar connected double networks, Adv. Mater. 36 (2024)
€2402282, https://doi.org/10.1002/adma.202402282.

A.C. Yu, H. Lian, X. Kong, H. Lopez Hernandez, J. Qin, E.A. Appel, Physical
networks from entropy-driven non-covalent interactions, Nat. Commun. 12
(2021) 746, https://doi.org/10.1038/541467-021-21024-7.

M. Wachendorfer, E.M. Buhl, G.B. Messaoud, W. Richtering, H. Fischer, pH and
thrombin concentration are decisive in synthesizing stiff, stable, and open-porous
fibrin-collagen hydrogel blends without chemical cross-linker, Adv. Healthcare
Mater. 12 (2023) €2203302, https://doi.org/10.1002/adhm.202203302.

J. Xia, L.H. Cai, H. Wu, F.C. MacKintosh, D.A. Weitz, Anomalous mechanics of
Zn2+-modified fibrin networks, Proc. Natl. Acad. Sci. USA 118 (2021)
2020541118, https://doi.org/10.1073/pnas.2020541118.

S. Li, J. Zhou, Y. Huang, J. Roy, N. Zhou, K. Yum, X. Sun, L. Tang, Injectable click
chemistry-based bioadhesives for accelerated wound closure, Acta Biomater. 110
(2020) 95-104, https://doi.org/10.1016/j.actbio.2020.04.004.

T. Haghparast-Kenarsari, M. Abdouss, S. Heidari Keshel, Z. Heshmatipour,

A. Rahimi, E. Biazar, Improving properties of platelet-rich fibrin scaffold with
tannic acid for wound healing, Int. Wound J. 21 (2023) e14571, https://doi.org/
10.1111/iw;j.14571.

G. Zhou, J. Zhu, C. Inverarity, Y. Fang, Z. Zhang, H. Ye, Z. Cui, L. Nguyen,

H. Wan, J.F. Dye, Fabrication of fibrin/polyvinyl alcohol scaffolds for skin tissue
engineering via emulsion templating, Polymers 15 (2023) 1151, https://doi.org/
10.3390/polym15051151.

B.A.G. de Melo, Y.A. Jodat, E.M. Cruz, J.C. Benincasa, S.R. Shin, M.

A. Porcionatto, Strategies to use fibrinogen as bioink for 3D bioprinting fibrin-
based soft and hard tissues, Acta Biomater. 117 (2020) 60-76, https://doi.org/
10.1016/j.actbio.2020.09.024.

H. Budharaju, D. Sundaramurthi, S. Sethuraman, Efficient dual crosslinking of
protein-in-polysaccharide bioink for biofabrication of cardiac tissue constructs,
Biomater. Adv. 152 (2023) 213486, https://doi.org/10.1016/j.
bioadv.2023.213486.

K. Wang, K. Albert, G. Mosser, B. Haye, A. Percot, C. Paris, C. Peccate, L. Trichet,
T. Coradin, Self-assembly/condensation interplay in nano-to-microfibrillar
silicified fibrin hydrogels, Int. J. Biol. Macromol. 164 (2020) 1422-1431, https://
doi.org/10.1016/j.ijbiomac.2020.07.220.

H. Cao, L. Duan, Y. Zhang, J. Cao, K. Zhang, Current hydrogel advances in
physicochemical and biological response-driven biomedical application diversity,
Signal Transduct. Targeted Ther. 6 (2021) 426, https://doi.org/10.1038/s41392-
021-00830-x.

C. Zhao, L. Zhou, M. Chiao, W. Yang, Antibacterial hydrogel coating: strategies in
surface chemistry, Adv. Colloid Interface Sci. 285 (2020) 102280, https://doi.
org/10.1016/j.cis.2020.102280.

J. Zhou, Y. Liu, X. Liu, J. Wan, S. Zuo, T. Pan, Y. Liu, F. Sun, M. Gao, X. Yu,
W. Zhou, J. Xu, Z. Zhou, S. Wang, Hyaluronic acid-based dual network hydrogel
with sustained release of platelet-rich plasma as a diabetic wound dressing,
Carbohydr. Polym. 314 (2023) 120924, https://doi.org/10.1016/j.
carbpol.2023.120924.

A. Cheesbrough, P. Harley, F. Riccio, L. Wu, W. Song, I. Lieberam, A scalable
human iPSC-based neuromuscular disease model on suspended biobased
elastomer nanofiber scaffolds, Biofabrication 15 (2023) 045020, https://doi.org/
10.1088/1758-5090/acf39%e.

S. Li, M. Liu, J. Yang, X. Yan, Y. Wu, L. Zhang, M. Zeng, D. Zhou, Y. Peng, D.

1. Sessler, Intravenous tranexamic acid for intracerebral meningioma resections: a
randomized, parallel-group, non-inferiority trial, J. Clin. Anesth. 92 (2024)
111285, https://doi.org/10.1016/j.jclinane.2023.111285.

M. Wang, Y. Li, S. Lin, M.T.Y. Ong, P.S.H. Yung, G. Li, In vivo effect of single
intra-articular injection of tranexamic acid on articular cartilage and meniscus:
study in a rat model, J. Bone Joint Surg. Am. 106 (2023) 232-240, https://doi.
0rg/10.2106/jbjs.23.00294.

C. Dibiasi, S. Ulbing, D. Bancher-Todesca, M. Ulm, J. Gratz, P. Quehenberger,
E. Schaden, Concentration-effect relationship for tranexamic acid inhibition of
tissue plasminogen activator-induced fibrinolysis in vitro using the viscoelastic
ClotPro® TPA-test, Br. J. Anaesth. 132 (2023) 343-351, https://doi.org/
10.1016/j.bja.2023.09.027.

T. Dvir, B.P. Timko, D.S. Kohane, R. Langer, Nanotechnological strategies for
engineering complex tissues, Nat. Nanotechnol. 6 (2011) 13-22, https://doi.org/
10.1038/nnano.2010.246.

C. Bertsch, H. Maréchal, V. Gribova, B. Lévy, C. Debry, P. Lavalle, L. Fath,
Biomimetic bilayered scaffolds for tissue engineering: from current design
strategies to medical applications, Adv. Healthcare Mater. 12 (2023) 2203115,
https://doi.org/10.1002/adhm.202203115.

J.A. Reid, K.D. Dwyer, P.R. Schmitt, A.H. Soepriatna, K.L. Coulombe, A. Callanan,
Architected fibrous scaffolds for engineering anisotropic tissues, Biofabrication
13 (2021) 045007, https://doi.org/10.1088/1758-5090/ac0fc9.

J. Du, J. Liu, S. Yao, H. Mao, J. Peng, X. Sun, Z. Cao, Y. Yang, B. Xiao, Y. Wang,
P. Tang, X. Wang, Prompt peripheral nerve regeneration induced by a
hierarchically aligned fibrin nanofiber hydrogel, Acta Biomater. 55 (2017)
296-309, https://doi.org/10.1016/j.actbio.2017.04.010.

620

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Bioactive Materials 40 (2024) 597-623

C.E. Nason-Tomaszewski, E.E. Thomas, D.L. Matera, B.M. Baker, A. Shikanov,
Extracellular matrix-templating fibrous hydrogels promote ovarian tissue
remodeling and oocyte growth, Bioact. Mater. 32 (2024) 292-303, https://doi.
org/10.1016/j.bioactmat.2023.10.001.

R.V.S. Pereira, M. EzEldeen, E. Ugarte-Berzal, E. Martens, B. Malengier-Devlies,
J. Vandooren, J.J. Vranckx, P. Matthys, G. Opdenakker, Physiological fibrin
hydrogel modulates immune cells and molecules and accelerates mouse skin
wound healing, Front. Immunol. 14 (2023) 1170153, https://doi.org/10.3389/
fimmu.2023.1170153.

C. Yang, N. Chung, C. Song, H.W. Youm, K. Lee, J.R. Lee, Promotion of
angiogenesis toward transplanted ovaries using nitric oxide releasing
nanoparticles in fibrin hydrogel, Biofabrication 14 (2021) 011001, https://doi.
org/10.1088/1758-5090/ac3f28.

H. Yu, H. Kim, P.S. Chang, Fabrication and characterization of chitosan-pectin
emulsion-filled hydrogel prepared by cold-set gelation to improve bioaccessibility
of lipophilic bioactive compounds, Food Chem. 437 (2024) 137927, https://doi.
0rg/10.1016/j.foodchem.2023.137927.

Z. Zhang, Y. Pan, Z. Guo, X. Fan, Q. Pan, W. Gao, K. Luo, Y. Pu, B. He, An
olsalazine nanoneedle-embedded inulin hydrogel reshapes intestinal homeostasis
in inflammatory bowel disease, Bioact. Mater. 33 (2024) 71-84, https://doi.org/
10.1016/j.bioactmat.2023.10.028.

F. Mirjalili, M. Mahmoodi, Controlled release of protein from gelatin/chitosan
hydrogel containing platelet-rich fibrin encapsulated in chitosan nanoparticles for
accelerated wound healing in an animal model, Int. J. Biol. Macromol. 225 (2023)
588-604, https://doi.org/10.1016/j.ijbiomac.2022.11.117.

Z.Jing, W. Yuan, J. Wang, R. Ni, Y. Qin, Z. Mao, F. Wei, C. Song, Y. Zheng, H. Cali,
Z. Liu, Simvastatin/hydrogel-loaded 3D-printed titanium alloy scaffolds suppress
osteosarcoma via TF/NOX2-associated ferroptosis while repairing bone defects,
Bioact. Mater. 33 (2024) 223-241, https://doi.org/10.1016/j.
bioactmat.2023.11.001.

J.W. Luo, C. Liu, J.H. Wu, L.X. Lin, H.M. Fan, D.H. Zhao, Y.Q. Zhuang, Y.L. Sun, In
situ injectable hyaluronic acid/gelatin hydrogel for hemorrhage control, Mater.
Sci. Eng., C 98 (2019) 628-634, https://doi.org/10.1016/j.msec.2019.01.034.
L. Yu, Z. Liu, Z. Tong, Y. Ding, Z. Qian, W. Wang, Z. Mao, Y. Ding, Sequential-
crosslinking fibrin glue for rapid and reinforced hemostasis, Adv. Sci. 11 (2024)
€2308171, https://doi.org/10.1002/advs.202308171.

N. Kawata, K. Murai, K. Hosotani, H. Ono, Treating delayed perforation after
esophageal endoscopic submucosal dissection using polyglycolic acid sheets and
fibrin glue, Endoscopy 55 (2023), https://doi.org/10.1055/a-2018-3911. E446-
e7.

B. Qian, Q. Yang, M. Wang, S. Huang, C. Jiang, H. Shi, Q. Long, M. Zhou, Q. Zhao,
X. Ye, Encapsulation of lyophilized platelet-rich fibrin in alginate-hyaluronic acid
hydrogel as a novel vascularized substitution for myocardial infarction, Bioact.
Mater. 7 (2022) 401-411, https://doi.org/10.1016/j.bioactmat.2021.05.042.

S. Robinson, J. Chang, E. Parigoris, L. Hecker, S. Takayama, Aqueous two-phase
deposition and fibrinolysis of fibroblast-laden fibrin micro-scaffolds,
Biofabrication 13 (2021) 035013, https://doi.org/10.1088/1758-5090/abdb85.
A.Y. Rioja, R. Tiruvannamalai Annamalai, S. Paris, A.J. Putnam, J.P. Stegemann,
Endothelial sprouting and network formation in collagen- and fibrin-based
modular microbeads, Acta Biomater. 29 (2016) 33-41, https://doi.org/10.1016/
j.actbio.2015.10.022.

S. Tanaka, D. Portilla, M.D. Okusa, Role of perivascular cells in kidney
homeostasis, inflammation, repair and fibrosis, Nat. Rev. Nephrol. 19 (2023)
721-732, https://doi.org/10.1038/541581-023-00752-7.

Y. Fang, X. Luo, Y. Xu, Z. Liu, R.L. Mintz, H. Yu, X. Yu, K. Li, E. Ju, H. Wang,
Z.Tang, Y. Tao, M. Li, Sandwich-structured implants to obstruct multipath energy
supply and trigger self-enhanced hypoxia-initiated chemotherapy against
postsurgical tumor recurrence and metastasis, Adv. Sci. 10 (2023) 2300899,
https://doi.org/10.1002/advs.202300899.

K.M. Loh, L.T. Ang, Building human artery and vein endothelial cells from
pluripotent stem cells, and enduring mysteries surrounding arteriovenous
development, Semin. Cell Dev. Biol. 155 (2024) 62-75, https://doi.org/10.1016/
j-semecdb.2023.06.004.

M. McLuckie, F. Robotti, N. Sanchez-Macedo, D. Enderlin, L. Frese, P.F. Cheng, M.
P. Levesque, J.T. Egana, D. Poulikakos, A. Ferrari, N. Lindenblatt, Lipoconstruct
surface topography grating size influences vascularization onset in the dorsal
skinfold chamber model, Acta Biomater. 106 (2020) 136-144, https://doi.org/
10.1016/j.actbio.2020.01.050.

C. Quintard, E. Tubbs, G. Jonsson, J. Jiao, J. Wang, N. Werschler, C. Laporte,
A. Pitaval, T.S. Bah, G. Pomeranz, C. Bissardon, J. Kaal, A. Leopoldi, D.A. Long,
P. Blandin, J.L. Achard, C. Battail, A. Hagelkruys, F. Navarro, Y. Fouillet, J.

M. Penninger, X. Gidrol, A microfluidic platform integrating functional
vascularized organoids-on-chip, Nat. Commun. 15 (2024) 1452, https://doi.org/
10.1038/541467-024-45710-4.

Z. Ataie, S. Horchler, A. Jaberi, S.V. Koduru, J.C. El-Mallah, M. Sun,

S. Kheirabadi, A. Kedzierski, A. Risbud, A. Silva, D.J. Ravnic, A. Sheikhi,
Accelerating patterned vascularization using granular hydrogel scaffolds and
surgical micropuncture, Small 20 (2024) 2307928, https://doi.org/10.1002/
smll.202307928.

F. ljaz, H.M. Tahir, S. Ali, A. Ali, H.A. Khan, A. Muzamil, H.H. Manzoor, K.

A. Qayyum, Biomolecules based hydrogels and their potential biomedical
applications: a comprehensive review, Int. J. Biol. Macromol. 253 (2023) 127362,
https://doi.org/10.1016/j.ijbiomac.2023.127362.

G. Zhang, Z. Zhang, G. Cao, Q. Jin, L. Xu, J. Li, Z. Liu, C. Xu, Y. Le, Y. Fu, J. Ju,
B. Li, R. Hou, Engineered dermis loaded with confining forces promotes full-


https://doi.org/10.1016/j.actbio.2023.03.046
https://doi.org/10.1021/acs.biomac.9b00686
https://doi.org/10.1002/adma.202402282
https://doi.org/10.1038/s41467-021-21024-7
https://doi.org/10.1002/adhm.202203302
https://doi.org/10.1073/pnas.2020541118
https://doi.org/10.1016/j.actbio.2020.04.004
https://doi.org/10.1111/iwj.14571
https://doi.org/10.1111/iwj.14571
https://doi.org/10.3390/polym15051151
https://doi.org/10.3390/polym15051151
https://doi.org/10.1016/j.actbio.2020.09.024
https://doi.org/10.1016/j.actbio.2020.09.024
https://doi.org/10.1016/j.bioadv.2023.213486
https://doi.org/10.1016/j.bioadv.2023.213486
https://doi.org/10.1016/j.ijbiomac.2020.07.220
https://doi.org/10.1016/j.ijbiomac.2020.07.220
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1016/j.cis.2020.102280
https://doi.org/10.1016/j.cis.2020.102280
https://doi.org/10.1016/j.carbpol.2023.120924
https://doi.org/10.1016/j.carbpol.2023.120924
https://doi.org/10.1088/1758-5090/acf39e
https://doi.org/10.1088/1758-5090/acf39e
https://doi.org/10.1016/j.jclinane.2023.111285
https://doi.org/10.2106/jbjs.23.00294
https://doi.org/10.2106/jbjs.23.00294
https://doi.org/10.1016/j.bja.2023.09.027
https://doi.org/10.1016/j.bja.2023.09.027
https://doi.org/10.1038/nnano.2010.246
https://doi.org/10.1038/nnano.2010.246
https://doi.org/10.1002/adhm.202203115
https://doi.org/10.1088/1758-5090/ac0fc9
https://doi.org/10.1016/j.actbio.2017.04.010
https://doi.org/10.1016/j.bioactmat.2023.10.001
https://doi.org/10.1016/j.bioactmat.2023.10.001
https://doi.org/10.3389/fimmu.2023.1170153
https://doi.org/10.3389/fimmu.2023.1170153
https://doi.org/10.1088/1758-5090/ac3f28
https://doi.org/10.1088/1758-5090/ac3f28
https://doi.org/10.1016/j.foodchem.2023.137927
https://doi.org/10.1016/j.foodchem.2023.137927
https://doi.org/10.1016/j.bioactmat.2023.10.028
https://doi.org/10.1016/j.bioactmat.2023.10.028
https://doi.org/10.1016/j.ijbiomac.2022.11.117
https://doi.org/10.1016/j.bioactmat.2023.11.001
https://doi.org/10.1016/j.bioactmat.2023.11.001
https://doi.org/10.1016/j.msec.2019.01.034
https://doi.org/10.1002/advs.202308171
https://doi.org/10.1055/a-2018-3911
https://doi.org/10.1016/j.bioactmat.2021.05.042
https://doi.org/10.1088/1758-5090/abdb85
https://doi.org/10.1016/j.actbio.2015.10.022
https://doi.org/10.1016/j.actbio.2015.10.022
https://doi.org/10.1038/s41581-023-00752-7
https://doi.org/10.1002/advs.202300899
https://doi.org/10.1016/j.semcdb.2023.06.004
https://doi.org/10.1016/j.semcdb.2023.06.004
https://doi.org/10.1016/j.actbio.2020.01.050
https://doi.org/10.1016/j.actbio.2020.01.050
https://doi.org/10.1038/s41467-024-45710-4
https://doi.org/10.1038/s41467-024-45710-4
https://doi.org/10.1002/smll.202307928
https://doi.org/10.1002/smll.202307928
https://doi.org/10.1016/j.ijbiomac.2023.127362

S. Lietal

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

thickness wound healing by enhancing vascularisation and epithelialisation, Acta
Biomater. 170 (2023) 464-478, https://doi.org/10.1016/j.actbio.2023.08.049.
LK. Piechocka, N.A. Kurniawan, J. Grimbergen, J. Koopman, G.H. Koenderink,
Recombinant fibrinogen reveals the differential roles of a- and y-chain cross-
linking and molecular heterogeneity in fibrin clot strain-stiffening, J. Thromb.
Haemostasis 15 (2017) 938-949, https://doi.org/10.1111/jth.13650.

Z. Chen, H. Zhang, C. Fan, Y. Zhuang, W. Yang, Y. Chen, H. Shen, Z. Xiao, Y. Zhao,
X. Li, J. Dai, Adhesive, stretchable, and spatiotemporal delivery fibrous hydrogels
harness endogenous neural stem/progenitor cells for spinal cord injury repair,
ACS Nano 16 (2022) 1986-1998, https://doi.org/10.1021/acsnano.1c06892.

S. Lee, S.M. Lee, S.H. Lee, W.K. Choi, S.J. Park, D.Y. Kim, S.W. Oh, J. Oh, J.Y. Cho,
J. Lee, P.N. Chien, S.Y. Nam, C.Y. Heo, Y.S. Lee, E.A. Kwak, W.J. Chung, In situ
photo-crosslinkable hyaluronic acid-based hydrogel embedded with GHK peptide
nanofibers for bioactive wound healing, Acta Biomater. 172 (2023) 159-174,
https://doi.org/10.1016/j.actbio.2023.10.011.

S. Tarafder, J. Ghataure, D. Langford, R. Brooke, R. Kim, S.L. Eyen, J. Bensadoun,
J.T. Felix, J.L. Cook, C.H. Lee, Advanced bioactive glue tethering Lubricin/PRG4
to promote integrated healing of avascular meniscus tears, Bioact. Mater. 28
(2023) 61-73, https://doi.org/10.1016/j.bioactmat.2023.04.026.

M.G. Burger, A. Grosso, P.S. Briquez, G.M.E. Born, A. Lunger, F. Schrenk,

A. Todorov, V. Sacchi, J.A. Hubbell, D.J. Schaefer, A. Banfi, N. Di Maggio, Robust
coupling of angiogenesis and osteogenesis by VEGF-decorated matrices for bone
regeneration, Acta Biomater. 149 (2022) 111-125, https://doi.org/10.1016/j.
actbio.2022.07.014.

X. Zhou, T. Trinh-Minh, A.E. Matei, A.H. Gyorfi, X. Hong, C. Bergmann, G. Schett,
J. Atkinson, R. Bowcutt, J. Patel, T.S. Johnson, J.H.W. Distler, Amelioration of
fibrotic remodeling of human 3-dimensional full-thickness skin by transglutamase
2 inhibition, Arthritis Rheumatol. 75 (2023) 1619-1627, https://doi.org/
10.1002/art.42518.

Z. Yao, Y. Fan, L. Lin, R.E. Kellems, Y. Xia, Tissue transglutaminase: a
multifunctional and multisite regulator in health and disease, Physiol. Rev. 104
(2024) 281-325, https://doi.org/10.1152/physrev.00003.2023.

A. Ttzhar, G. Yosef, M. Eilon-Ashkenazy, Y. Shmidov, H. Gil, S. Lacham-Hartman,
S. Elyagon, S. Etzion, R. Bitton, S. Cohen, Y. Etzion, N. Papo, Potent inhibition of
MMP-9 by a novel sustained-release platform attenuates left ventricular
remodeling following myocardial infarction, J. Contr. Release 364 (2023)
246-260, https://doi.org/10.1016/j.jconrel.2023.10.033.

H.M. El-Hodiri, J. Bentley, A. Reske, O. Taylor, 1. Palazzo, W.A. Campbell, N.
R. Halloy, A.J. Fischer, Heparin-binding epidermal growth factor (HBEGF) and
fibroblast growth factor 2 (FGF2) rescue the deficit in the formation of Miiller
glia-derived progenitor cells in retinas missing microglia and macrophage,
Development 150 (2023) dev202070, https://doi.org/10.1242/dev.202070.

Y. Nishimura, M. Ono, N. Okubo, T. Sone, M. Higashino, S. Matsumoto, M. Kubo,
K. Yamamoto, S. Ono, S. Ohnishi, N. Sakamoto, Application of polyglycolic acid
sheets and basic fibroblast growth factor to prevent esophageal stricture after
endoscopic submucosal dissection in pigs, J. Gastroenterol. 58 (2023)
1094-1104, https://doi.org/10.1007/s00535-023-02032-4.

A. Goshima, Y. Etani, M. Hirao, S. Yamakawa, G. Okamura, A. Miyama,

K. Takami, T. Miura, Y. Fukuda, T. Kurihara, N. Ochiai, S. Oyama, S. Otani,

M. Tamaki, T. Ishibashi, T. Tomita, T. Kanamoto, K. Nakata, S. Okada, K. Ebina,
Basic fibroblast growth factor promotes meniscus regeneration through the
cultivation of synovial mesenchymal stem cells via the CXCL6-CXCR2 pathway,
Osteoarthritis Cartilage 31 (2023) 1581-1593, https://doi.org/10.1016/j.
joca.2023.07.010.

Y. Zhang, J. Kang, X. Chen, W. Zhang, X. Zhang, W. Yu, W.E. Yuan, Ag
nanocomposite hydrogels with immune and regenerative microenvironment
regulation promote scarless healing of infected wounds, J. Nanobiotechnol. 21
(2023) 435, https://doi.org/10.1186/5s12951-023-02209-2.

T.V.A. Bui, J.J. Kim, X. Huang, A. Pu, X. Li, S.B. Hong, Y.J. Choi, H.W. Kim,

X. Yao, H.J. Park, K. Ban, Core-shell droplet-based angiogenic patches for the
treatment of ischemic diseases: ultrafast processability, physical tunability, and
controlled delivery of an angiogenic cocktail, ACS Appl. Mater. Interfaces 15
(2023) 50693-50707, https://doi.org/10.1021/acsami.3c09062.

X. He, L. Yang, K. Dong, F. Zhang, Y. Liu, B. Ma, Y. Chen, J. Hai, R. Zhu, L. Cheng,
Biocompatible exosome-modified fibrin gel accelerates the recovery of spinal cord
injury by VGF-mediated oligodendrogenesis, J. Nanobiotechnol. 20 (2022) 360,
https://doi.org/10.1186/512951-022-01541-3.

J.T. Cui, X.Y. Wang, X.D. Mu, M. Huang, Y.D. Wang, Q. Luo, H.X. He, Bone
marrow stromal cell-derived exosome combinate with fibrin on tantalum coating
titanium implant accelerates osseointegration, Front. Bioeng. Biotechnol. 11
(2023) 1198545, https://doi.org/10.3389/fbioe.2023.1198545.

C. Wang, J. Tan, Y. Zhang, D. Chen, Y. He, In situ-forming fibrin gel encapsulation
of MSC-exosomes for partial-thickness rotator cuff tears in a rabbit model:
effectiveness shown in preventing tear progression and promoting healing,

J. Bone Joint Surg. Am. 104 (2022) 1492-1502, https://doi.org/10.2106/
jbjs.21.01157.

S. Gan, Z. Zheng, M. Zhang, L. Long, X. Zhang, B. Tan, Z. Zhu, J. Liao, W. Chen,
Lyophilized platelet-rich fibrin exudate-loaded carboxymethyl chitosan/GelMA
hydrogel for efficient bone defect repair, ACS Appl. Mater. Interfaces 15 (2023)
26349-26362, https://doi.org/10.1021/acsami.3c02528.

A. Iglesias-Mejuto, B. Magarinos, T. Ferreira-Gongalves, R. Starbird-Pérez,

C. Alvarez-Lorenzo, C.P. Reis, I. Ardao, C.A. Garcia-Gonzilez, Vancomycin-loaded
methylcellulose aerogel scaffolds for advanced bone tissue engineering,
Carbohydr. Polym. 324 (2024) 121536, https://doi.org/10.1016/j.
carbpol.2023.121536.

621

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Bioactive Materials 40 (2024) 597-623

D.K. Patel, E. Jung, S. Priya, S.Y. Won, S.S. Han, Recent advances in biopolymer-
based hydrogels and their potential biomedical applications, Carbohydr. Polym.
323 (2024) 121408, https://doi.org/10.1016/j.carbpol.2023.121408.

D. Dixon, M. Edmonds, Managing diabetic foot ulcers: pharmacotherapy for
wound healing, Drugs 81 (2021) 29-56, https://doi.org/10.1007/s40265-020-
01415-8.

S. Jacob, A.B. Nair, J. Shah, N. Sreeharsha, S. Gupta, P. Shinu, Emerging role of
hydrogels in drug delivery systems, tissue engineering and wound management,
Pharmaceutics 13 (2021) 357, https://doi.org/10.3390/
pharmaceutics13030357.

R. A, Z. Han, T. Wang, M. Zhu, M. Zhou, X. Sun, Pulmonary delivery of nano-
particles for lung cancer diagnosis and therapy: recent advances and future
prospects, Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 16 (2023) e1933,
https://doi.org/10.1002/wnan.1933.

N. Mandakhbayar, Y. Ji, A. El-Figi, K.D. Patel, D.S. Yoon, K. Dashnyam,

O. Bayaraa, G. Jin, K. Tsogtbaatar, T.H. Kim, J.H. Lee, H.W. Kim, Double hits with
bioactive nanozyme based on cobalt-doped nanoglass for acute and diabetic
wound therapies through anti-inflammatory and pro-angiogenic functions,
Bioact. Mater. 31 (2024) 298-311, https://doi.org/10.1016/j.
bioactmat.2023.08.014.

Y.R. Neupane, H.K. Handral, S.A. Alkaff, W.H. Chng, G. Venkatesan, C. Huang, C.
K. Lee, J.W. Wang, G. Sriram, R.A. Dienzo, W.F. Lu, Y. Ali, B. Czarny, G. Pastorin,
Cell-derived nanovesicles from mesenchymal stem cells as extracellular vesicle-
mimetics in wound healing, Acta Pharm. Sin. B 13 (2023) 1887-1902, https://
doi.org/10.1016/j.apsb.2022.10.022.

J. Yang, Z. Huang, J. Tan, J. Pan, S. Chen, W. Wan, Copper ion/gallic acid MOFs-
laden adhesive pomelo peel sponge effectively treats biofilm-infected skin
wounds and improves healing quality, Bioact. Mater. 32 (2024) 260-276, https://
doi.org/10.1016/j.bioactmat.2023.10.005.

W. Shen, Y. Wang, Y. Li, Z. Cui, Y. Yang, H. Shi, C. Xu, T. Yin, 3-
Diethylaminopropyl isothiocyanate modified glycol chitosan for constructing
mild-acid sensitive electrospinning antibacterial nanofiber membrane,
Carbohydr. Polym. 324 (2024) 121468, https://doi.org/10.1016/j.
carbpol.2023.121468.

B. Roy, T. Pekec, L. Yuan, G.V. Shivashankar, Implanting mechanically
reprogrammed fibroblasts for aged tissue regeneration and wound healing, Aging
Cell 23 (2023) e14032, https://doi.org/10.1111/acel.14032.

H. Ren, Z. Zhang, X. Cheng, Z. Zou, X. Chen, C. He, Injectable, self-healing
hydrogel adhesives with firm tissue adhesion and on-demand biodegradation for
sutureless wound closure, Sci. Adv. 9 (2023) eadh4327, https://doi.org/10.1126/
sciadv.adh4327.

B.S. Kim, Y.W. Kwon, J.S. Kong, G.T. Park, G. Gao, W. Han, M.B. Kim, H. Lee, J.
H. Kim, D.W. Cho, 3D cell printing of in vitro stabilized skin model and in vivo
pre-vascularized skin patch using tissue-specific extracellular matrix bioink: a
step towards advanced skin tissue engineering, Biomaterials 168 (2018) 38-53,
https://doi.org/10.1016/j.biomaterials.2018.03.040.

A. Keirouz, M. Chung, J. Kwon, G. Fortunato, N. Radacsi, 2D and 3D
electrospinning technologies for the fabrication of nanofibrous scaffolds for skin
tissue engineering: a review, Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
12 (2020) e1626, https://doi.org/10.1002/wnan.1626.

G. Liu, R. Ma, P. Liu, K. Wang, K. Cai, An injectable nanocomposite hydrogel
prevents postoperative tumor recurrence and wound infection via synergistic
photothermal-chemo-therapy, J. Colloid Interface Sci. 655 (2024) 809-821,
https://doi.org/10.1016/j.jcis.2023.11.066.

W. Wei, M. Wang, Z. Liu, W. Zheng, P.L. Tremblay, T. Zhang, An antibacterial
nanoclay- and chitosan-based quad composite with controlled drug release for
infected skin wound healing, Carbohydr. Polym. 324 (2024) 121507, https://doi.
org/10.1016/j.carbpol.2023.121507.

M.A. Martin-Piedra, G. Carmona, F. Campos, V. Carriel, A. Fernandez-Gonzélez,
A. Campos, N. Cuende, 1. Garzdn, P. Gacto, M. Alaminos, Histological assessment
of nanostructured fibrin-agarose skin substitutes grafted in burnt patients. a time-
course study, Bioeng. Transl. Med. 8 (2023) 10572, https://doi.org/10.1002/
btm2.10572.

A. Sanmugam, D. Shanthi, A.B. Sairam, R.S. Kumar, A.I. Almansour,

N. Arumugam, A. Kavitha, H.S. Kim, D. Vikraman, Fabrication of chitosan/fibrin-
armored multifunctional silver nanocomposites to improve antibacterial and
wound healing activities, Int. J. Biol. Macromol. 257 (2023) 128598, https://doi.
org/10.1016/j.ijbiomac.2023.128598.

S.H. Jung, B.H. Jang, S. Kwon, S.J. Park, T.E. Park, J.H. Kang, Nematic fibrin
fibers enabling vascularized thrombus implants facilitate scarless cutaneous
wound healing, Adv. Mater. 35 (2023) 2211149, https://doi.org/10.1002/
adma.202211149.

W.L. Ng, S. Wang, W.Y. Yeong, M.W. Naing, Skin bioprinting: impending reality
or fantasy? Trends Biotechnol. 34 (2016) 689-699, https://doi.org/10.1016/j.
tibtech.2016.04.006.

G.M. Awale, M.A. Barajaa, H.M. Kan, A. Seyedsalehi, G.H. Nam, F.S. Hosseini, C.
C. Ude, T.A. Schmidt, K.W. Lo, C.T. Laurencin, Regenerative engineering of long
bones using the small molecule forskolin, Proc. Natl. Acad. Sci. USA 120 (2023)
€2219756120, https://doi.org/10.1073/pnas.2219756120.

Q. Song, D. Wang, H. Li, Z. Wang, S. Sun, Z. Wang, Y. Liu, S. Lin, G. Li, S. Zhang,
P. Zhang, Dual-response of multi-functional microsphere system to ultrasound
and microenvironment for enhanced bone defect treatment, Bioact. Mater. 32
(2024) 304-318, https://doi.org/10.1016/j.bioactmat.2023.10.007.

T. Zhou, H. Zhou, F. Wang, P. Zhang, J. Shang, L. Shi, An injectable
carboxymethyl chitosan hydrogel scaffold formed via coordination bond for


https://doi.org/10.1016/j.actbio.2023.08.049
https://doi.org/10.1111/jth.13650
https://doi.org/10.1021/acsnano.1c06892
https://doi.org/10.1016/j.actbio.2023.10.011
https://doi.org/10.1016/j.bioactmat.2023.04.026
https://doi.org/10.1016/j.actbio.2022.07.014
https://doi.org/10.1016/j.actbio.2022.07.014
https://doi.org/10.1002/art.42518
https://doi.org/10.1002/art.42518
https://doi.org/10.1152/physrev.00003.2023
https://doi.org/10.1016/j.jconrel.2023.10.033
https://doi.org/10.1242/dev.202070
https://doi.org/10.1007/s00535-023-02032-4
https://doi.org/10.1016/j.joca.2023.07.010
https://doi.org/10.1016/j.joca.2023.07.010
https://doi.org/10.1186/s12951-023-02209-2
https://doi.org/10.1021/acsami.3c09062
https://doi.org/10.1186/s12951-022-01541-3
https://doi.org/10.3389/fbioe.2023.1198545
https://doi.org/10.2106/jbjs.21.01157
https://doi.org/10.2106/jbjs.21.01157
https://doi.org/10.1021/acsami.3c02528
https://doi.org/10.1016/j.carbpol.2023.121536
https://doi.org/10.1016/j.carbpol.2023.121536
https://doi.org/10.1016/j.carbpol.2023.121408
https://doi.org/10.1007/s40265-020-01415-8
https://doi.org/10.1007/s40265-020-01415-8
https://doi.org/10.3390/pharmaceutics13030357
https://doi.org/10.3390/pharmaceutics13030357
https://doi.org/10.1002/wnan.1933
https://doi.org/10.1016/j.bioactmat.2023.08.014
https://doi.org/10.1016/j.bioactmat.2023.08.014
https://doi.org/10.1016/j.apsb.2022.10.022
https://doi.org/10.1016/j.apsb.2022.10.022
https://doi.org/10.1016/j.bioactmat.2023.10.005
https://doi.org/10.1016/j.bioactmat.2023.10.005
https://doi.org/10.1016/j.carbpol.2023.121468
https://doi.org/10.1016/j.carbpol.2023.121468
https://doi.org/10.1111/acel.14032
https://doi.org/10.1126/sciadv.adh4327
https://doi.org/10.1126/sciadv.adh4327
https://doi.org/10.1016/j.biomaterials.2018.03.040
https://doi.org/10.1002/wnan.1626
https://doi.org/10.1016/j.jcis.2023.11.066
https://doi.org/10.1016/j.carbpol.2023.121507
https://doi.org/10.1016/j.carbpol.2023.121507
https://doi.org/10.1002/btm2.10572
https://doi.org/10.1002/btm2.10572
https://doi.org/10.1016/j.ijbiomac.2023.128598
https://doi.org/10.1016/j.ijbiomac.2023.128598
https://doi.org/10.1002/adma.202211149
https://doi.org/10.1002/adma.202211149
https://doi.org/10.1016/j.tibtech.2016.04.006
https://doi.org/10.1016/j.tibtech.2016.04.006
https://doi.org/10.1073/pnas.2219756120
https://doi.org/10.1016/j.bioactmat.2023.10.007

S. Lietal

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

antibacterial and osteogenesis in osteomyelitis, Carbohydr. Polym. 324 (2024)
121466, https://doi.org/10.1016/j.carbpol.2023.121466.

L.P. Hatt, A.R. Armiento, K. Mys, K. Thompson, M. Hildebrand, D. Nehrbass, W.E.
G. Miiller, S. Zeiter, D. Eglin, M.J. Stoddart, Standard in vitro evaluations of
engineered bone substitutes are not sufficient to predict in vivo preclinical model
outcomes, Acta Biomater. 156 (2023) 177-189, https://doi.org/10.1016/j.
actbio.2022.08.021.

K. Liu, X. He, Z. Zhang, T. Sun, J. Chen, C. Chen, W. Wen, S. Ding, M. Liu, C. Zhou,
B. Luo, Highly anisotropic and elastic cellulosic scaffold guiding cell orientation
and osteogenic differentiation via topological and mechanical cues, Carbohydr.
Polym. 321 (2023) 121292, https://doi.org/10.1016/j.carbpol.2023.121292.
T.M. Koushik, C.M. Miller, E. Antunes, Bone tissue engineering scaffolds: function
of multi-material hierarchically structured scaffolds, Adv. Healthcare Mater. 12
(2023) 2202766, https://doi.org/10.1002/adhm.202202766.

D. Jeyachandran, M. Murshed, L. Haglund, M. Cerruti, A bioglass-poly(lactic-co-
glycolic acid) scaffold@fibrin hydrogel construct to support endochondral bone
formation, Adv. Healthcare Mater. 12 (2023) 2300211, https://doi.org/
10.1002/adhm.202300211.

T.T. Nguyen, M.T. Phuong, M. Shrestha, J. Park, P. Le Minh, J.O. Kim, H. Choi, J.
W. Nam, H.L. Jiang, H.S. Kim, J.H. Jeong, J.B. Park, S. Yook, Scalable and
uniform fabrication of dexamethasone-eluting depot-engineered stem cell
spheroids as a microtissue construct to target bone regeneration, ACS Appl.
Mater. Interfaces 15 (2023) 26373-26384, https://doi.org/10.1021/
acsami.3c03102.

T. Bharadwaj, S. Chrungoo, D. Verma, Self-assembled chitosan/gelatin
nanofibrous aggregates incorporated thermosensitive nanocomposite bioink for
bone tissue engineering, Carbohydr. Polym. 324 (2024) 121544, https://doi.org/
10.1016/j.carbpol.2023.121544.

P. Pitacco, J.M. Sadowska, F.J. O’'Brien, D.J. Kelly, 3D bioprinting of cartilaginous
templates for large bone defect healing, Acta Biomater. 156 (2023) 61-74,
https://doi.org/10.1016/j.actbio.2022.07.037.

G.G.D. Suminda, Y. Min, M.W. Ha, M. Ghosh, D.S. Lee, Y.O. Son, In vitro and in
vivo investigations on arsenic-induced cartilage degeneration in osteoarthritis,
J. Hazard Mater. 461 (2024) 132570, https://doi.org/10.1016/j.
jhazmat.2023.132570.

H. Liu, X. Wu, R. Liu, W. Wang, D. Zhang, Q. Jiang, Cartilage-on-a-chip with
magneto-mechanical transformation for osteoarthritis recruitment, Bioact. Mater.
33 (2024) 61-68, https://doi.org/10.1016/j.bioactmat.2023.10.030.

E. Tajik, Z. Vaezi, M. Tabarsa, A. Hekmat, H. Naderi-Manesh, Grafting of sinapic
acid onto glucosamine nanoparticle as a potential therapeutic drug with enhanced
anti-inflammatory activities in osteoarthritis treatment, Int. J. Biol. Macromol.
253 (2023) 127454, https://doi.org/10.1016/j.ijbiomac.2023.127454.

J. Chen, J. Yang, L. Wang, X. Zhang, B.C. Heng, D.A. Wang, Z. Ge, Modified
hyaluronic acid hydrogels with chemical groups that facilitate adhesion to host
tissues enhance cartilage regeneration, Bioact. Mater. 6 (2021) 1689-1698,
https://doi.org/10.1016/j.bioactmat.2020.11.020.

B. Liu, J. Liu, C. Wang, Z. Wang, S. Min, C. Wang, Y. Zheng, P. Wen, Y. Tian, High
temperature oxidation treated 3D printed anatomical WE43 alloy scaffolds for
repairing periarticular bone defects: in vitro and in vivo studies, Bioact. Mater. 32
(2024) 177-189, https://doi.org/10.1016/j.bioactmat.2023.09.016.

S. Wu, R. Xiao, Y. Wu, L. Xu, Advances in tissue engineering of gellan gum-based
hydrogels, Carbohydr. Polym. 324 (2024) 121484, https://doi.org/10.1016/j.
carbpol.2023.121484.

R. Olmos-Juste, G. Larranaga-Jaurrieta, I. Larraza, S. Ramos-Diez, S. Camarero-
Espinosa, N. Gabilondo, A. Eceiza, Alginate-waterborne polyurethane 3D
bioprinted scaffolds for articular cartilage tissue engineering, Int. J. Biol.
Macromol. 253 (2023) 127070, https://doi.org/10.1016/j.
ijbiomac.2023.127070.

Y.H. Huang, H.A. Chen, C.H. Chen, H.T. Liao, C.Y. Kuo, J.P. Chen, Injectable
gelatin/glucosamine cryogel microbeads as scaffolds for chondrocyte delivery in
cartilage tissue engineering, Int. J. Biol. Macromol. 253 (2023) 126528, https://
doi.org/10.1016/j.ijpiomac.2023.126528.

C. Dy, J. Hu, X. Wu, H. Shi, H.C. Yu, J. Qian, J. Yin, C. Gao, Z.L. Wu, Q. Zheng, 3D
printing of a tough double-network hydrogel and its use as a scaffold to construct
a tissue-like hydrogel composite, J. Mater. Chem. B 10 (2022) 468-476, https://
doi.org/10.1039/d1tb02465e.

B.A.G. de Melo, C.G. Franga, J.L. Davila, N.A. Batista, C. Caliari-Oliveira, M.

A. d’Avila, C.M. Luzo A, J. Lana, M.H.A. Santana, Hyaluronic acid and fibrin from
L-PRP form semi-IPNs with tunable properties suitable for use in regenerative
medicine, Mater. Sci. Eng., C 109 (2020) 110547, https://doi.org/10.1016/j.
msec.2019.110547.

S. Wu, H. Zhang, S. Wang, J. Sun, Y. Hu, H. Liu, J. Liu, X. Chen, F. Zhou, L. Bai,
X. Wang, J. Su, Ultrasound-triggered in situ gelation with ROS-controlled drug
release for cartilage repair, Mater. Horiz. 10 (2023) 3507-3522, https://doi.org/
10.1039/d3mh00042g.

J.H. Galarraga, H.M. Zlotnick, R.C. Locke, S. Gupta, N.L. Fogarty, K.M. Masada, B.
D. Stoeckl, L. Laforest, M. Castilho, J. Malda, R. Levato, J.L. Carey, R.L. Mauck, J.
A. Burdick, Evaluation of surgical fixation methods for the implantation of melt
electrowriting-reinforced hyaluronic acid hydrogel composites in porcine
cartilage defects, Int. J. Bioprint. 9 (2023) 775, https://doi.org/10.18063/
ijb.775.

T. Stampoultzis, P. Karami, D.P. Pioletti, Thoughts on cartilage tissue engineering:
a 21st century perspective, Curr. Res. Transl. Med. 69 (2021) 103299, https://doi.
org/10.1016/j.retram.2021.103299.

H.L. Dauerman, B. Ibanez, The edge of time in acute myocardial infarction, J. Am.
Coll. Cardiol. 77 (2021) 1871-1874, https://doi.org/10.1016/j.jacc.2021.03.003.

622

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

Bioactive Materials 40 (2024) 597-623

J.A. de Lemos, L.K. Newby, N.L. Mills, A proposal for modest revision of the
definition of type 1 and type 2 myocardial infarction, Circulation 140 (2019)
1773-1775, https://doi.org/10.1161/circulationaha.119.042157.

J. Karacsonyi, H. Koike, M. Fukui, S. Kostantinis, B. Simsek, E.S. Brilakis,
Retrograde treatment of a right coronary artery perforation, JACC Cardiovasc.
Interv. 15 (2022) 670-672, https://doi.org/10.1016/].jcin.2022.01.004.

N.K. Sweitzer, Safely increasing heart transplantation with donation after cardiac
death, N. Engl. J. Med. 388 (2023) 2191-2192, https://doi.org/10.1056/
NEJMe2303928.

R.Z. Zhuang, R. Lock, B. Liu, G. Vunjak-Novakovic, Opportunities and challenges
in cardiac tissue engineering from an analysis of two decades of advances, Nat.
Biomed. Eng. 6 (2022) 327-338, https://doi.org/10.1038/541551-022-00885-3.
Z. Wang, L. Wang, T. Li, S. Liu, B. Guo, W. Huang, Y. Wu, 3D bioprinting in
cardiac tissue engineering, Theranostics 11 (2021) 7948-7969, https://doi.org/
10.7150/thno.61621.

J.E. Pomeroy, A. Helfer, N. Bursac, Biomaterializing the promise of cardiac tissue
engineering, Biotechnol. Adv. 42 (2020) 107353, https://doi.org/10.1016/j.
biotechadv.2019.02.009.

X. Lou, Y. Tang, L. Ye, D. Pretorius, V.G. Fast, A.M. Kahn-Krell, J. Zhang, J. Zhang,
A. Qiao, G. Qin, T. Kamp, J.A. Thomson, J. Zhang, Cardiac muscle patches
containing four types of cardiac cells derived from human pluripotent stem cells
improve recovery from cardiac injury in mice, Cardiovasc. Res. 119 (2023)
1062-1076, https://doi.org/10.1093/cvr/cvad004.

P. Hofbauer, S.M. Jahnel, N. Papai, M. Giesshammer, A. Deyett, C. Schmidt,

M. Penc, K. Tavernini, N. Grdseloff, C. Meledeth, L.C. Ginistrelli, C. Ctortecka,
S. Salic, M. Novatchkova, S. Mendjan, Cardioids reveal self-organizing principles
of human cardiogenesis, Cell 184 (2021), https://doi.org/10.1016/j.
cell.2021.04.034, 3299-317.e22.

K. Han, J. He, L. Fu, M. Mao, Y. Kang, D. Li, Engineering highly-aligned three-
dimensional (3D) cardiac constructs for enhanced myocardial infarction repair,
Biofabrication 15 (2022) 015003, https://doi.org/10.1088/1758-5090/ac94f9.
T. Takada, D. Sasaki, K. Matsuura, K. Miura, S. Sakamoto, H. Goto, T. Ohya,

T. lida, J. Homma, T. Shimizu, N. Hagiwara, Aligned human induced pluripotent
stem cell-derived cardiac tissue improves contractile properties through
promoting unidirectional and synchronous cardiomyocyte contraction,
Biomaterials 281 (2022) 121351, https://doi.org/10.1016/j.
biomaterials.2021.121351.

B. Lu, M. Ye, J. Xia, Z. Zhang, Z. Xiong, T. Zhang, Electrical stimulation promotes
the vascularization and functionalization of an engineered biomimetic human
cardiac tissue, Adv. Healthcare Mater. 12 (2023) e2300607, https://doi.org/
10.1002/adhm.202300607.

M. Résanen, I. Sultan, J. Paech, K.A. Hemanthakumar, W. Yu, L. He, J. Tang,

Y. Sun, R. Hlushchuk, X. Huan, E. Armstrong, O.Z. Khoma, E. Mervaala,

V. Djonov, C. Betsholtz, B. Zhou, R. Kivela, K. Alitalo, VEGF-B promotes
endocardium-derived coronary vessel development and cardiac regeneration,
Circulation 143 (2021) 65-77, https://doi.org/10.1161/
circulationaha.120.050635.

T. Chang, C. Liu, H. Yang, K. Lu, Y. Han, Y. Zheng, H. Huang, Y. Wu, Y. Song,
Q. Yu, Z. Shen, T. Jiang, Y. Zhang, Fibrin-based cardiac patch containing
neuregulin-1 for heart repair after myocardial infarction, Colloids Surf. B
Biointerfaces 220 (2022) 112936, https://doi.org/10.1016/j.
colsurfb.2022.112936.

H. Yu, J. Ma, D. Chen, Y. Gao, G. Li, T. An, Associations between inhalation of
typical volatile and semi-volatile organic compounds in e-waste dismantling
workers with liver function damage, J. Hazard Mater. 464 (2024) 133004,
https://doi.org/10.1016/j.jhazmat.2023.133004.

F. Rizvi, Y.R. Lee, R. Diaz-Aragon, P.S. Bawa, J. So, R.M. Florentino, S. Wu,

A. Sarjoo, E. Truong, A.R. Smith, F. Wang, E. Everton, A. Ostrowska, K. Jung,
Y. Tam, H. Muramatsu, N. Pardi, D. Weissman, A. Soto-Gutierrez, D. Shin,

V. Gouon-Evans, VEGFA mRNA-LNP promotes biliary epithelial cell-to-
hepatocyte conversion in acute and chronic liver diseases and reverses steatosis
and fibrosis, Cell Stem Cell 30 (2023) 1640-1657, https://doi.org/10.1016/j.
stem.2023.10.008.

M. Liu, H. Wu, Q. Li, H. Liu, C. Chen, F. Yin, H. Wang, Z. Zha, F. Wang, Mn304
nanozymes prevent acetaminophen-induced acute liver injury by attenuating
oxidative stress and countering inflammation, J. Colloid Interface Sci. 654 (2024)
83-95, https://doi.org/10.1016/j.jcis.2023.10.019.

S. Ma, Y. Xiao, X. Zhang, Y. Xu, K. Zhu, K. Zhang, X. Li, H. Zhou, G. Chen, X. Guo,
Dietary exposure to polystyrene microplastics exacerbates liver damage in
fulminant hepatic failure via ROS production and neutrophil extracellular trap
formation, Sci. Total Environ. 907 (2024) 167403, https://doi.org/10.1016/j.
scitotenv.2023.167403.

F. Li, H. Wei, Y. Jin, T. Xue, Y. Xu, H. Wang, E. Ju, Y. Tao, M. Li, Microfluidic
fabrication of microRNA-induced hepatocyte-like cells/human umbilical vein
endothelial cells-laden microgels for acute liver failure treatment, ACS Nano 17
(2023) 25243-25256, https://doi.org/10.1021/acsnano.3c08495.

E.S. Mirdamadi, D. Kalhori, N. Zakeri, N. Azarpira, M. Solati-Hashjin, Liver tissue
engineering as an emerging alternative for liver disease treatment, Tissue Eng.,
Part B 26 (2020) 145-163, https://doi.org/10.1089/ten. TEB.2019.0233.

S. Deng, X. Zhao, Y. Zhu, N. Tang, R. Wang, X. Zhang, F. Qu, Y.P. Ho, W.Y. Lee,
J. Chen, M. Li, Y. Tao, H.F. Chan, Efficient hepatic differentiation of hydrogel
microsphere-encapsulated human pluripotent stem cells for engineering
prevascularized liver tissue, Biofabrication 15 (2022) 015016, https://doi.org/
10.1088/1758-5090/aca79b.


https://doi.org/10.1016/j.carbpol.2023.121466
https://doi.org/10.1016/j.actbio.2022.08.021
https://doi.org/10.1016/j.actbio.2022.08.021
https://doi.org/10.1016/j.carbpol.2023.121292
https://doi.org/10.1002/adhm.202202766
https://doi.org/10.1002/adhm.202300211
https://doi.org/10.1002/adhm.202300211
https://doi.org/10.1021/acsami.3c03102
https://doi.org/10.1021/acsami.3c03102
https://doi.org/10.1016/j.carbpol.2023.121544
https://doi.org/10.1016/j.carbpol.2023.121544
https://doi.org/10.1016/j.actbio.2022.07.037
https://doi.org/10.1016/j.jhazmat.2023.132570
https://doi.org/10.1016/j.jhazmat.2023.132570
https://doi.org/10.1016/j.bioactmat.2023.10.030
https://doi.org/10.1016/j.ijbiomac.2023.127454
https://doi.org/10.1016/j.bioactmat.2020.11.020
https://doi.org/10.1016/j.bioactmat.2023.09.016
https://doi.org/10.1016/j.carbpol.2023.121484
https://doi.org/10.1016/j.carbpol.2023.121484
https://doi.org/10.1016/j.ijbiomac.2023.127070
https://doi.org/10.1016/j.ijbiomac.2023.127070
https://doi.org/10.1016/j.ijbiomac.2023.126528
https://doi.org/10.1016/j.ijbiomac.2023.126528
https://doi.org/10.1039/d1tb02465e
https://doi.org/10.1039/d1tb02465e
https://doi.org/10.1016/j.msec.2019.110547
https://doi.org/10.1016/j.msec.2019.110547
https://doi.org/10.1039/d3mh00042g
https://doi.org/10.1039/d3mh00042g
https://doi.org/10.18063/ijb.775
https://doi.org/10.18063/ijb.775
https://doi.org/10.1016/j.retram.2021.103299
https://doi.org/10.1016/j.retram.2021.103299
https://doi.org/10.1016/j.jacc.2021.03.003
https://doi.org/10.1161/circulationaha.119.042157
https://doi.org/10.1016/j.jcin.2022.01.004
https://doi.org/10.1056/NEJMe2303928
https://doi.org/10.1056/NEJMe2303928
https://doi.org/10.1038/s41551-022-00885-3
https://doi.org/10.7150/thno.61621
https://doi.org/10.7150/thno.61621
https://doi.org/10.1016/j.biotechadv.2019.02.009
https://doi.org/10.1016/j.biotechadv.2019.02.009
https://doi.org/10.1093/cvr/cvad004
https://doi.org/10.1016/j.cell.2021.04.034
https://doi.org/10.1016/j.cell.2021.04.034
https://doi.org/10.1088/1758-5090/ac94f9
https://doi.org/10.1016/j.biomaterials.2021.121351
https://doi.org/10.1016/j.biomaterials.2021.121351
https://doi.org/10.1002/adhm.202300607
https://doi.org/10.1002/adhm.202300607
https://doi.org/10.1161/circulationaha.120.050635
https://doi.org/10.1161/circulationaha.120.050635
https://doi.org/10.1016/j.colsurfb.2022.112936
https://doi.org/10.1016/j.colsurfb.2022.112936
https://doi.org/10.1016/j.jhazmat.2023.133004
https://doi.org/10.1016/j.stem.2023.10.008
https://doi.org/10.1016/j.stem.2023.10.008
https://doi.org/10.1016/j.jcis.2023.10.019
https://doi.org/10.1016/j.scitotenv.2023.167403
https://doi.org/10.1016/j.scitotenv.2023.167403
https://doi.org/10.1021/acsnano.3c08495
https://doi.org/10.1089/ten.TEB.2019.0233
https://doi.org/10.1088/1758-5090/aca79b
https://doi.org/10.1088/1758-5090/aca79b

S. Li et al

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

L. Ma, Y. Wu, Y. Li, A. Aazmi, H. Zhou, B. Zhang, H. Yang, Current advances on
3D-bioprinted liver tissue models, Adv. Healthcare Mater. 9 (2020) e2001517,
https://doi.org/10.1002/adhm.202001517.

R. Taymour, N.A. Chicaiza-Cabezas, M. Gelinsky, A. Lode, Core-shell bioprinting
of vascularizedin vitroliver sinusoid models, Biofabrication 14 (2022) 045019,
https://doi.org/10.1088/1758-5090,/ac9019.

R. Li, J. Liu, J. Ma, X. Sun, Y. Wang, J. Yan, Q. Yu, J. Diao, C. Yang, L.M. Reid,
Y. Wang, Fibrinogen improves liver function via promoting cell aggregation and
fibronectin assembly in hepatic spheroids, Biomaterials 280 (2022) 121266,
https://doi.org/10.1016/j.biomaterials.2021.121266.

M. Zhang, H. An, Z. Gu, Y.C. Zhang, T. Wan, H.R. Jiang, F.S. Zhang, B.G. Jiang,
N. Han, Y.Q. Wen, P.X. Zhang, Multifunctional wet-adhesive chitosan/acrylic
conduit for sutureless repair of peripheral nerve injuries, Int. J. Biol. Macromol.
253 (2023) 126793, https://doi.org/10.1016/j.ijbiomac.2023.126793.

Y. Shan, L. Xu, X. Cui, E. Wang, F. Jiang, J. Li, H. Ouyang, T. Yin, H. Feng, D. Luo,
Y. Zhang, Z. Li, A responsive cascade drug delivery scaffold adapted to the
therapeutic time window for peripheral nerve injury repair, Mater. Horiz. 11
(2023) 1032-1045, https://doi.org/10.1039/d3mh01511d.

S. Wang, H. Wang, P. Lu, L. Gong, X. Gu, M. Li, Mechanisms underlying the cell-
matrixed nerve grafts repairing peripheral nerve defects, Bioact. Mater. 31 (2024)
563-577, https://doi.org/10.1016/j.bioactmat.2023.09.002.

T. Qin, C. Li, Y. Xu, Y. Qin, Y. Jin, R. He, Z. Luo, J. Zhao, C. Duan, H. Ly, Y. Cao,
J. Hu, Local delivery of EGFR+NSCs-derived exosomes promotes neural
regeneration post spinal cord injury via miR-34a-5p/HDAC6 pathway, Bioact.
Mater. 33 (2024) 424-443, https://doi.org/10.1016/j.bioactmat.2023.11.013.
H. Gao, Y. Liu, W. Guan, S. Sun, T. Zheng, L. Wu, G. Li, Surface topologized
ovalbumin scaffolds containing YIGSR peptides for modulating Schwann cell
behavior, Int. J. Biol. Macromol. 253 (2023) 127015, https://doi.org/10.1016/j.
ijbiomac.2023.127015.

R.D. Bartlett, D. Eleftheriadou, R. Evans, D. Choi, J.B. Phillips, Mechanical
properties of the spinal cord and brain: comparison with clinical-grade
biomaterials for tissue engineering and regenerative medicine, Biomaterials 258
(2020) 120303, https://doi.org/10.1016/j.biomaterials.2020.120303.

A.A. Albashari, Y. He, Y. Luo, X. Duan, J. Ali, M. Li, D. Fu, Y. Xiang, Y. Peng, S. Li,
L. Luo, X. Zan, T. Kumeria, Q. Ye, Local spinal cord injury treatment using a
dental pulp stem cell encapsulated H2S releasing multifunctional injectable
hydrogel, Adv. Healthcare Mater. 13 (2023) €2302286, https://doi.org/10.1002/
adhm.202302286.

S. Yang, J. Zhu, C. Lu, Y. Chai, Z. Cao, J. Lu, Z. Zhang, H. Zhao, Y.Y. Huang,

S. Yao, X. Kong, P. Zhang, X. Wang, Aligned fibrin/functionalized self-assembling
peptide interpenetrating nanofiber hydrogel presenting multi-cues promotes
peripheral nerve functional recovery, Bioact. Mater. 8 (2022) 529-544, https://
doi.org/10.1016/j.bioactmat.2021.05.056.

W. Man, S. Yang, Z. Cao, J. Lu, X. Kong, X. Sun, L. Zhao, Y. Guo, S. Yao, G. Wang,
X. Wang, A multi-modal delivery strategy for spinal cord regeneration using a
composite hydrogel presenting biophysical and biochemical cues synergistically,
Biomaterials 276 (2021) 120971, https://doi.org/10.1016/j.
biomaterials.2021.120971.

Y. Chai, H. Zhao, S. Yang, X. Gao, Z. Cao, J. Lu, Q. Sun, W. Liu, Z. Zhang, J. Yang,
X. Wang, T. Chen, X. Kong, A.G. Mikos, X. Zhang, Y. Zhang, X. Wang, Structural
alignment guides oriented migration and differentiation of endogenous neural
stem cells for neurogenesis in brain injury treatment, Biomaterials 280 (2022)
121310, https://doi.org/10.1016/j.biomaterials.2021.121310.

C.Y. Yang, Z. Meng, K. Yang, Z. He, Z. Hou, J. Yang, J. Lu, Z. Cao, S. Yang, Y. Chai,
H. Zhao, L. Zhao, X. Sun, G. Wang, X. Wang, External magnetic field non-
invasively stimulates spinal cord regeneration in rat via a magnetic-responsive
aligned fibrin hydrogel, Biofabrication 15 (2023) 035022, https://doi.org/
10.1088/1758-5090/acdbec.

S. Chen, C. Wu, A. Liu, D. Wei, Y. Xiao, Z. Guo, L. Chen, Y. Zhu, J. Sun, H. Luo,
H. Fan, Biofabrication of nerve fibers with mimetic myelin sheath-like structure
and aligned fibrous niche, Biofabrication 12 (2020) 035013, https://doi.org/
10.1088/1758-5090/ab860d.

Y. Wang, Z. Yan, W. Liu, C. Liu, N. Xu, Y. Wu, F. Sun, X. Wang, Y. Qian, L. Jiang,
X. Sun, Biomechanically-adapted immunohydrogels reconstructing myelin sheath
for peripheral nerve regeneration, Adv. Healthcare Mater. 11 (2022) e2201596,
https://doi.org/10.1002/adhm.202201596.

K. Tajdaran, K. Chan, M.S. Shoichet, T. Gordon, G.H. Borschel, Local delivery of
FK506 to injured peripheral nerve enhances axon regeneration after surgical

623

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

Bioactive Materials 40 (2024) 597-623

nerve repair in rats, Acta Biomater. 96 (2019) 211-221, https://doi.org/10.1016/
j.actbio.2019.05.058.

B. Glahn-Martinez, B. Jurado-Sanchez, E. Benito-Pena, A. Escarpa, M.C. Moreno-
Bondi, Magnetic Janus micromotors for fluorescence biosensing of tacrolimus in
oral fluids, Biosens. Bioelectron. 244 (2024) 115796, https://doi.org/10.1016/j.
bios.2023.115796.

M. Malani, A.T. Thodikayil, S. Saha, J. Nirmal, Carboxylated nanofibrillated
cellulose empowers moxifloxacin to overcome Staphylococcus aureus biofilm in
bacterial keratitis, Carbohydr. Polym. 324 (2024) 121558, https://doi.org/
10.1016/j.carbpol.2023.121558.

J. Huang, T. Jiang, J. Li, J. Qie, X. Cheng, Y. Wang, T. Zhou, J. Liu, H. Han,

K. Yao, L. Yu, Biomimetic corneal stroma for scarless corneal wound healing via
structural restoration and microenvironment modulation, Adv. Healthcare Mater.
13 (2023) 2302889, https://doi.org/10.1002/adhm.202302889.

Y. Liu, H. Liu, C. Zhang, Y. Kong, C. Chen, W. Gao, X. Xi, L. Deng, Preparation and
investigation of a novel antibacterial collagen-based material loaded with
gentamicin following surface modification with citric acid for corneal tissue
engineering, Int. J. Biol. Macromol. 253 (2023) 126791, https://doi.org/
10.1016/j.ijpiomac.2023.126791.

S. Chameettachal, A. Venuganti, Y. Parekh, D. Prasad, V.P. Joshi, A. Vashishtha,
S. Basu, V. Singh, K.K. Bokara, F. Pati, Human cornea-derived extracellular matrix
hydrogel for prevention of post-traumatic corneal scarring: a translational
approach, Acta Biomater. 171 (2023) 289-307, https://doi.org/10.1016/j.
actbio.2023.09.002.

F. Bandeira, T.W. Goh, M. Setiawan, G.H. Yam, J.S. Mehta, Cellular therapy of
corneal epithelial defect by adipose mesenchymal stem cell-derived epithelial
progenitors, Stem Cell Res. Ther. 11 (2020) 14, https://doi.org/10.1186/513287-
019-1533-1.

H. Yin, Q. Lu, X. Wang, S. Majumdar, A.S. Jun, W.J. Stark, M.P. Grant, J.

H. Elisseeff, Tissue-derived microparticles reduce inflammation and fibrosis in
cornea wounds, Acta Biomater. 85 (2019) 192-202, https://doi.org/10.1016/j.
actbio.2018.12.027.

F. Louis, Y. Sowa, S. Irie, Y. Higuchi, S. Kitano, O. Mazda, M. Matsusaki,
Injectable prevascularized mature adipose tissues (iPAT) to achieve long-term
survival in soft tissue regeneration, Adv. Healthcare Mater. 11 (2022) 2201440,
https://doi.org/10.1002/adhm.202201440.

P. Sawadkar, N. Mandakhbayar, K.D. Patel, J.O. Buitrago, T.H. Kim, P. Rajasekar,
F. Lali, C. Kyriakidis, B. Rahmani, J. Mohanakrishnan, R. Dua, K. Greco, J.H. Lee,
H.W. Kim, J. Knowles, E. Garcia-Gareta, Three dimensional porous scaffolds
derived from collagen, elastin and fibrin proteins orchestrate adipose tissue
regeneration, J. Tissue Eng. 12 (2021) 20417314211019238, https://doi.org/
10.1177/20417314211019238.

M. Yeo, G. Kim, Electrohydrodynamic-direct-printed cell-laden microfibrous
structure using alginate-based bioink for effective myotube formation, Carbohydr.
Polym. 272 (2021) 118444, https://doi.org/10.1016/j.carbpol.2021.118444,

X. Jiang, S. Wu, M. Kuss, Y. Kong, W. Shi, P.N. Streubel, T. Li, B. Duan, 3D
printing of multilayered scaffolds for rotator cuff tendon regeneration, Bioact.
Mater. 5 (2020) 636-643, https://doi.org/10.1016/j.bioactmat.2020.04.017.

V. Mercadante, A.A. Hamad, J. McCaul, C. Nutting, K. Harrington, D. Carnell, T.
G. Urbano, N. Kalavrezos, J.A. Barber, S.R. Porter, S. Fedele, Salivary
electrostimulation in the treatment of radiation therapy-induced xerostomia
(LEONIDAS-2): a multicenter, randomized, double-masked, sham-controlled,
phase 3 trial, Int. J. Radiat. Oncol. Biol. Phys. 118 (2024) 142-153, https://doi.
0rg/10.1016/j.ijrobp.2023.03.047.

J.G. McKendrick, G.R. Jones, S.S. Elder, E. Watson, W. T’ Jonck, E. Mercer, M.
S. Magalhaes, C. Rocchi, L.M. Hegarty, A.L. Johnson, C. Schneider, B. Becher,
C. Pridans, N. Mabbott, Z. Liu, F. Ginhoux, M. Bajenoff, R. Gentek, C.C. Bain,
E. Emmerson, CSF1R-dependent macrophages in the salivary gland are essential
for epithelial regeneration after radiation-induced injury, Sci. Inmunol. 8 (2023)
eadd4374, https://doi.org/10.1126/sciimmunol.add4374.

A. Ding, S.J. Lee, R. Tang, K.L. Gasvoda, F. He, E. Alsberg, 4D cell-condensate
bioprinting, Small 18 (2022) 2202196, https://doi.org/10.1002/
smll.202202196.

Z.Zhao, Y. Zhang, C. Meng, X. Xie, W. Cui, K. Zuo, Tissue-penetrating ultrasound-
triggered hydrogel for promoting microvascular network reconstruction, Adv. Sci.
11 (2024) e2401368, https://doi.org/10.1002/advs.202401368.


https://doi.org/10.1002/adhm.202001517
https://doi.org/10.1088/1758-5090/ac9019
https://doi.org/10.1016/j.biomaterials.2021.121266
https://doi.org/10.1016/j.ijbiomac.2023.126793
https://doi.org/10.1039/d3mh01511d
https://doi.org/10.1016/j.bioactmat.2023.09.002
https://doi.org/10.1016/j.bioactmat.2023.11.013
https://doi.org/10.1016/j.ijbiomac.2023.127015
https://doi.org/10.1016/j.ijbiomac.2023.127015
https://doi.org/10.1016/j.biomaterials.2020.120303
https://doi.org/10.1002/adhm.202302286
https://doi.org/10.1002/adhm.202302286
https://doi.org/10.1016/j.bioactmat.2021.05.056
https://doi.org/10.1016/j.bioactmat.2021.05.056
https://doi.org/10.1016/j.biomaterials.2021.120971
https://doi.org/10.1016/j.biomaterials.2021.120971
https://doi.org/10.1016/j.biomaterials.2021.121310
https://doi.org/10.1088/1758-5090/acdbec
https://doi.org/10.1088/1758-5090/acdbec
https://doi.org/10.1088/1758-5090/ab860d
https://doi.org/10.1088/1758-5090/ab860d
https://doi.org/10.1002/adhm.202201596
https://doi.org/10.1016/j.actbio.2019.05.058
https://doi.org/10.1016/j.actbio.2019.05.058
https://doi.org/10.1016/j.bios.2023.115796
https://doi.org/10.1016/j.bios.2023.115796
https://doi.org/10.1016/j.carbpol.2023.121558
https://doi.org/10.1016/j.carbpol.2023.121558
https://doi.org/10.1002/adhm.202302889
https://doi.org/10.1016/j.ijbiomac.2023.126791
https://doi.org/10.1016/j.ijbiomac.2023.126791
https://doi.org/10.1016/j.actbio.2023.09.002
https://doi.org/10.1016/j.actbio.2023.09.002
https://doi.org/10.1186/s13287-019-1533-1
https://doi.org/10.1186/s13287-019-1533-1
https://doi.org/10.1016/j.actbio.2018.12.027
https://doi.org/10.1016/j.actbio.2018.12.027
https://doi.org/10.1002/adhm.202201440
https://doi.org/10.1177/20417314211019238
https://doi.org/10.1177/20417314211019238
https://doi.org/10.1016/j.carbpol.2021.118444
https://doi.org/10.1016/j.bioactmat.2020.04.017
https://doi.org/10.1016/j.ijrobp.2023.03.047
https://doi.org/10.1016/j.ijrobp.2023.03.047
https://doi.org/10.1126/sciimmunol.add4374
https://doi.org/10.1002/smll.202202196
https://doi.org/10.1002/smll.202202196
https://doi.org/10.1002/advs.202401368

	Developing fibrin-based biomaterials/scaffolds in tissue engineering
	1 Introduction
	2 Fibrin
	2.1 Composition and structure of fibrin
	2.2 Extraction of fibrinogen
	2.3 Biological properties of fibrin
	2.4 Mechanical properties of fibrin
	2.5 Degradation properties of fibrin
	2.6 Changes in fibrin during tissue damage

	3 Modification and cross-linking of fibrin
	3.1 Modification of fibrin
	3.2 Cross-linking of fibrin

	4 Application forms of fibrin
	4.1 Fibrin hydrogels
	4.2 Fibrin glue
	4.3 Fibrin microbeads

	5 Biofunctionalization of fibrin
	5.1 Growth factor-loaded fibrin
	5.2 Exosome-loaded fibrin
	5.3 Drug-loaded fibrin

	6 Application of fibrin in tissue engineering
	6.1 Skin/wound healing
	6.2 Bone
	6.3 Cartilage
	6.4 Heart
	6.5 Liver
	6.6 Nerves
	6.7 Cornea
	6.8 Other tissues

	7 Summary and outlook
	Ethics approval and consent to participate
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	References


