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a b s t r a c t
Fibrin gel has been widely used for engineering various types of tissues due to its biocompatible nature,
biodegradability, and tunable mechanical and nanoﬁbrous structural properties. Despite their promising
regenerative capacity and extensive biocompatibility with various tissue types, ﬁbrin-based biomaterials
are often notoriously known as burdensome candidates for 3D biofabrication and bioprinting. The high
viscosity of ﬁbrin (crosslinked form) hinders proper ink extrusion, and its pre-polymer form, ﬁbrinogen, is
not capable of maintaining shape ﬁdelity. To overcome these limitations and empower ﬁbrinogen-based
bioinks for ﬁbrin biomimetics and regenerative applications, different strategies can be practiced. The aim
of this review is to report the strategies that bring fabrication compatibility to these bioinks through mixing ﬁbrinogen with printable biomaterials, using supporting bath supplemented with crosslinking agents,
and crosslinking ﬁbrin in situ. Moreover, the review discusses some of the recent advances in 3D bioprinting of biomimetic soft and hard tissues using ﬁbrinogen-based bioinks, and highlights the impacts
of these strategies on ﬁbrin properties, its bioactivity, and the functionality of the consequent biomimetic
tissue.
Statement of Signiﬁcance
Due to its biocompatible nature, biodegradability, and tunable mechanical and nanoﬁbrous structural
properties, ﬁbrin gel has been widely employed in tissue engineering and more recently, used as in 3D
bioprinting. The ﬁbrinogen’s poor printable properties make it diﬃcult to maintain the 3D shape of bioprinted constructs. Our work describes the strategies employed in tissue engineering to allow the 3D
bioprinting of ﬁbrinogen-based bioinks, such as the combination of ﬁbrinogen with printable biomaterials, the in situ ﬁbrin crosslinking, and the use of supporting bath supplemented with crosslinking agents.
Further, this review discuss the application of 3D bioprinting technology to biofabricate ﬁbrin-based soft
and hard tissues for biomedical applications, and discuss current limitations and future of such in vitro
models.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Fibrin is a native biopolymer formed during blood coagulation
that plays a crucial role in the healing cascade of injured tissues. Its three-dimensional (3D) network composed of randomly
arranged ﬁbers prevents blood leakage and contributes to the gradual release of soluble factors by platelets and leukocytes. This process allows for the migration of autologous cells to the site of the
injury, and leads the way to tissue regeneration [1]. From a phys∗
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E-mail address: g.melo.bruna@gmail.com (B.A.G. de Melo).

iological perspective, ﬁbrinogen present in the blood is converted
to ﬁbrin over a series of reactions catalyzed by thrombin, forming
a ﬁbrous 3D matrix that is stabilized by activated transglutaminase
Factor XIII (Factor XIIIa) in the presence of calcium ions (Ca2+ ).
The mechanisms underlying this in vivo procedure have been well
studied and proven to be easily reproducible in vitro [2–4]. Several amino acid sequences, such as RGD (Arg-Gly-Asp), are present
in the ﬁbrin structure that favor cell binding through cell-integrin
interactions [5], and make ﬁbrin a suitable scaffold for cell adhesion, proliferation and differentiation. Moreover, ﬁbrin is physiologically biodegradable through plasmin-mediated ﬁbrinolysis, a
mechanism that allows ﬁbrin to be replaced by the extracellular
matrix (ECM) secreted by cells, and to be integrated into the mi-
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croenvironment of the newly formed tissue [6,7]. Owing to its ease
of preparation, manipulation, biocompatibility, and biodegradability, ﬁbrin has been used extensively in tissue engineering (TE) applications, namely in scaffolding for 3D cell culture.
The TE ﬁeld uses living cells, biomolecules, and biomaterials to
create strategies for fabricating tissue-like structures, with the aim
to regenerate and replace failing organs [8]. Biomimetic organs and
tissues have also been used as in vitro models to study the mechanisms underlying diseases [9,10], and screen drug candidates [11].
The 3D cellular models have shown remarkable improvements in
mimicking the native cellular microenvironments in comparison to
conventional 2D models, and have led to more accurate diagnostics. Yet, there are several challenges facing the fabrication of 3D
models [12]. To name a few, the biggest challenges in constructing
functional artiﬁcial organs currently involve the creation of highly
complex 3D structures with an organized and controllable arrangement of different cell types embedded in biomaterials, as well as
innervation and vascularization.
3D bioprinting has emerged as a biofabrication technology to
bioengineer in vitro models with controllable architecture and biochemical parameters with the aim of increasing the resemblance
of these models to their native counterpart tissues [13,14]. 3D bioprinting allows for layer-by-layer deposition of cells, soluble factors, and biomaterials, being these components mixed or not, by
inkjet, extrusion, laser-assisted, stereolithography or electronspinning techniques [13]. As described by Groll et al, bioinks are cellbased formulations, while biomaterial inks are referred as formulations composed of biomaterials, biologically active components,
drug molecules, and other components but cells [15]. By using
bioinks or biomaterial inks, complex geometries can be reconstructed in a controlled and reproducible manner using 3D bioprinting technology, an aim often unattainable by conventional 3D
scaffolding methods. Consequently, the demand for 3D bioprinting
has been exponentially increasing as its extensive potentials in regenerative medicine are unraveled [14].
A successful 3D bioprinting process relies directly on the physical, mechanical, and rheological properties of bioinks that could
be controlled by the biomaterials it is composed of. For instance,
these properties allow extrusion, recovery and maintenance of the
shape of the bioprinted layers in order to achieve 3D architectural
integrity. Accordingly, ﬁbrinogen bioink is not capable of sustain
a stable 3D bioprinted shape, regardless its concentration, due to
its Newtonian ﬂuid behavior, in which the viscosity of ﬁbrinogen
solution remains constant with shear variation, as previously reported [16], leading to the collapse of the printed structure. In order to overcome this drawback, several strategies have been developed to enable ﬁbrinogen bioprinting, and current work focuses on
describing these methods and their approach to ensure ﬁbrinogen
printability. Combining ﬁbrinogen with printable biomaterials, such
as gelatin and polyethylene glycol (PEG) [17,18], using a support
bath to embed the printed structure [16,19], and crosslinking the
bioink during the printing process [20] are some examples. These
methods have shown remarkable eﬃciency in fabricating 3D bioprinted tissue-like structures, opening new opportunities for modeling complex soft tissues with mechanical stiffness in the range
of that of ﬁbrin gel (e.g. neural [20,21], skin [22], and vessels [23]),
as well as enhancing hard mimetic tissues (e.g. bone [24,25] and
cartilage [16]) through improving cell survival in stiffer microenvironments.
2. The structure and properties of ﬁbrin
2.1. The mechanism of ﬁbrin clot formation
Fibrin is formed through polymerization of ﬁbrinogen, a
340 kDa soluble glycoprotein composed of the polypeptide chains

Aα , Bβ , and γ . They are linked by disulﬁde bonds, and possess
two identical and symmetrical regions connected by a central nodule (E-domain) [26]. During an injury, thrombin is produced from
the conversion of prothrombin through a series of enzymatic reactions [27] and cleaves the N-termini of Aα and Bβ chains in
ﬁbrinogen. This action, in turn, releases the ﬁbrinopeptides FpA
and FpB, and triggers a polymerization reaction between the exposed A and B knots and the holes of β and γ chains, forming protoﬁbrils. Ultimately, protoﬁbrils interact laterally through α
chains binding, being reinforced by Factor XIIIa crosslinking, which
occurs in the presence of Ca2+ that acts neutralizing the negative
charges of the peptide chains, making the polymerization reaction
irreversible as well as avoiding rapid degradation of ﬁbrin ﬁbers
(Fig. 1)w [2,28,29].
Fibrin clots prevent blood leakage and act as a temporary matrix in the wounded site. This matrix entraps platelets and leukocytes that gradually secrete growth factors and cytokines, which
orchestrate the healing cascade [30]. The process starts with neutrophils assembling in the area to clean the injury site by removing
bacteria and cellular debris [31,32]. Next, the process advances to
the proliferative phase when the monocytes are attracted to the
ﬁbrin matrix through a gradient of growth factors. The monocytes
then differentiate into macrophages and secrete additional growth
factors to modulate the migration of ﬁbroblasts, endothelial cells
and mesenchymal stem cells (MSCs) to the injury site. This step is
followed by angiogenesis and secretion of ECM, which is eventually concluded by the degradation of ﬁbrin and the regeneration
of the tissue [5,33,34]. The structural and mechanical properties
of the ﬁbrin matrix directly impact these physiological functions
[35,36], and tuning such properties in vitro can tailor it to a range
of biomedical applications.
2.2. Structural properties and architecture of ﬁbrin ﬁbers
Fibrin consists of numerous ﬁbers randomly organized in a network, due to the lateral and longitudinal ﬁbrin polymerization triggered by the thrombin enzyme [2,37]. A ﬁbrin network is formed
by entangled ﬁbers, in which a single ﬁbrin ﬁber is composed of a
dense core of strongly interconnected protoﬁbrils (Fig. 2A) [38].
The structural properties of ﬁbrin are mainly governed by the
mechanisms leading to ﬁbrinogen decomposition and polymerization. For instance, the ionic strength of the medium, pH, and ﬁbrinogen/thrombin and thrombin/Ca2+ ratios directly correspond to
the kinetics and release mechanisms of FpA and FpB ﬁbrinopeptides [3,37]. By controlling these parameters, the thickness and
length of the ﬁbers can be modulated and optimized (Fig. 2B). At
a higher level, this optimization would regulate the density, porosity, and permeability of the ﬁbrin network, which would directly
impact cell adhesion, proliferation, and differentiation [35,39,40].
Ca2+ activates Factor XIII after thrombin cleavage, being required in the ﬁrst catalytic step, mechanism that stabilizes the ﬁbrin polymerization reaction by speciﬁc FatorXIIIa-α chains binding,
which protects ﬁbrin from rapid plasmin degradation [41,42]. By
increasing the concentration of Ca2+ , the proportion of crosslinked
α -chain regions to uncrosslinked districts is also increased. In
other words, lateral aggregation is favored over longitudinal polymerization in this case, leading to the formation of thicker and
shorter ﬁbers [29,43]. On the other hand, thinner and longer ﬁbers
are formed when the concentration of Ca2+ is lower than that of
thrombin [29]. Therefore, varying the Ca2+ /thrombin ratio could be
another means to tune the ﬁbrin architecture. On this note, Perez
et al. demonstrated that the diameter of a ﬁber had doubled in
size when the Ca2+ /thrombin ratio was increased to 5.0 [29]. The
ﬁbrin network architecture is also impacted by the ﬁbrinogen concentration and the ﬁbrinogen/thrombin ratio [35]. It was shown
that by increasing the ﬁbrinogen concentration (i.e. the number of
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Fig. 1. Scheme of ﬁbrin polymerization. Fibrinogen is cleaved by thrombin, leading to the release of ﬁbrinopeptides that allow the knob-hole interactions, forming protoﬁbrils.
Protoﬁbrils interact through α chains binding, leading to packing and formation of ﬁbrin ﬁbers.

protoﬁbrils in a ﬁber), the diameter of the individual ﬁbers could
be signiﬁcantly decreased, leading to a tight ﬁber packaging and a
lower overall diameter in the ﬁbrin-based biomaterial.
The changes in the diameter and length of the ﬁbrin ﬁbers directly affects the porosity of the network, which is one of the key
factors in 3D cell culture, once permit cell penetration and migration, as well as the ability to exchange nutrients throughout the
scaffold [44]. Chiu et al. observed that increasing ﬁbrinogen concentration would largely decrease the pore size of ﬁbrin gels, and
would signiﬁcantly decrease their permeability to nutrients, ultimately leading to cell starvation in the inner core of the gel [45].
The structural properties and cellular supportability of ﬁbrin
ﬁbers may also change in many ways when other biomaterials are
added to the ﬁbrinogen solution or by functionalizing ﬁbrinogen
molecule. Non-crosslinked HA mixed with ﬁbrinogen led to an increase in ﬁbrin diameter and a reduction in ﬁber length. Although
this behavior resulted in reduced porosity (i.e. smaller pore size)
no adverse impacts were observed on the behavior of human mesenchymal stem cells (hMSCs) as HA effectively stimulated cell attachment and differentiation [39]. In another approach, functionalized PEG was mixed to ﬁbrinogen leading to a PEG-ﬁbrinogen conjugate, in which the higher the molar ratio of PEG to ﬁbrinogen,
the smaller the conjugate, forming long ﬁbers and more porous

gels [46]. Fibrinogen PEGylation led to fewer RGD available sites,
which may result in less cell adhesion and increased migration,
which would be favorable for capillary formation. In another work,
by conjugating ﬁbrinogen with T1 peptide derived from the angiogenic inducer CCN1, angiogenesis permissiveness to ﬁbrin gel was
enhanced, and no changes in ﬁbrin structure, such as ﬁber length
and diameter was observed [47].
Overall, the structural properties of ﬁbrin gels (i.e. their cell
supportability) could be optimized in a number of ways through
controlling the concentration of ﬁbrinogen and the ratio of other
additives such as thrombin, Ca2+ , and conjugation with other
biopolymers and biomolecules. Moreover, the mechanical properties of ﬁbrin is also strongly affected by the structural properties
of the single ﬁbers its networks are composed of. Several factors
dictate the thickness and length of the ﬁbers, as mentioned above,
and by ﬁne-tuning these factors at the ﬁber level, the overall mechanical properties of the ﬁbrin-based biomaterial can be ﬂexibly
altered to achieve any target properties.
2.3. Mechanical properties of ﬁbrin gels
As one of the most ﬂexible protein ﬁbers, ﬁbrin gel possesses
distinct mechanical characteristics [48]. Although a soft biopoly-
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Fig. 2. Structure of ﬁbrin network. A) Scheme representing the ﬁbrin network composed of ﬁbrin ﬁbers, which is formed of interconnected protoﬁbrils. Reproduced with
permission from Wiley [38]. B) Scanning electron microscopies (SEM) of ﬁbrin networks formed using ﬁbrinogen 2 mg L−1 and thrombin 0.5 - 20 nM, showing the effects
of thrombin concentration on the network formation. Magniﬁcation of (i) 1320 X, (ii) 10900 X, and (iii) 21600 X. Reproduced with permission from Elsevier [37].

mer, ﬁbrin is capable of withstanding high blood ﬂow pressure
without breakage due to its high elastic deformation capacity and
large stretchability with an average breakage of > 300% strain [49].
This deformability is feasible through the unfolding of the coiled
coils that enable the ﬁlaments to elongate more than 5-fold their
size [50]. On the other hand, ﬁbrin is known as one of the softest
polymeric ﬁbers found in nature [51], with low mechanical properties and a Young’s modulus 500 to 10 0 0 times lower than those
of other ﬁbrous biopolymers such as collagen (50 0-2,90 0 MPa), α keratin (2,0 0 0 MPa) and actin (1,80 0-2,50 0 MPa) [41,52]. Having
these remarkable mechanical properties along with excellent biocompatibility, ﬁbrin can bring enhanced capabilities to engineered
tissues, speciﬁcally in case of soft tissues, where in vitro regeneration is found to be challenging due to biomaterial limitations.
The mechanical properties of ﬁbrin gel can be tuned by adjusting the concentrations of ﬁbrinogen and thrombin. As discussed
above, it affects ﬁbrin polymerization mechanism, being directly
associated with the network stiffness. As the protoﬁbrils outside
an individual ﬁber aggregate, the density of the ﬁbers and the
stiffness of the overall network are decreased. As a result, the
thicker the ﬁbers are, the softer the resulting ﬁbrin clot becomes.
Duong and co-workers [53] modulated the stiffness of ﬁbrin and
its Young’s modulus (from 0.1 to 5.5 kPa) by varying the concentrations of ﬁbrinogen (from 2 to 50 mg mL−1 ) and thrombin (from
2 to 100 U mL−1 ). Accordingly, the increase in mechanical properties of ﬁbrin was signiﬁcant only when the thrombin concentration
was varied at high ﬁbrinogen concentrations (> 30 mg mL−1 ). On
the other hand, increasing ﬁbrinogen concentration had signiﬁcant
effects on ﬁbrin stiffness at all thrombin concentrations. As a result, the concentration of ﬁbrinogen was discovered to be determinant for the ﬁnal ﬁbrin stiffness.
Another technique for tuning the mechanical properties of ﬁbrin is to incorporate different biomaterials in the ﬁbrinogen solution. Hyaluronic acid (HA) and gelatin are among the commonly
used biomaterials that form polymeric blends with ﬁbrin, and are
often intended for increasing the printability of ﬁbrinogen or for

tuning the properties of the solution to speciﬁc biological and mechanical properties. Upon mixing ﬁbrinogen with methacrylated
(MA) HA (1.5 mg mL−1 of HA-MA), a signiﬁcant increase was
obtained in the compressive modulus of ﬁbrin (from 3.5 to 6.5
kPa). For lower concentrations of HA-MA, the increase was nonexistent or less signiﬁcant [54]. A similar behavior was reported
by Arulmoli et al., when the stiffness of ﬁbrin was increased ~
2-fold when mixed with thiolated HA [55]. This increase can be
explained by the fact that crosslinked HA chains provide a reinforcement to the overall ﬁbrin network. On the other hand, our
recent studies showed that the ﬁbrin’s stiffness was reduced when
the biopolymer was mixed with non-crosslinked HA to form semiinterpenetrating polymer networks (semi-IPNs) [39]. Speciﬁcally,
the stiffness of the resulting hydrogel was decreased 2.5 and 10
times (for low and high molar mass HA, respectively), as compared
to those of unmixed ﬁbrin solution, due to the gradual increase in
the viscous portion of the polymer network.
Soluble ﬁbrinogen is also commonly mixed with gelatin for fabricating 3D scaffolds. Gelatin is a collagen derivative, and thus has
several amino acid groups that provide favorable aﬃnity and adhesion sites to cells [56]. Additionally, with its appealing gelation
properties, gelatin can effectively enhance the printability of ﬁbrinogen [17,57]. Several studies have investigated the effect of the
ﬁbrinogen/gelatin ratio on the mechanical properties of the resulting 3D construct. The results showed that, at a 1:1 ratio, the elastic modulus of the hydrogel was ~24 kPa. At 2:1 and 1:2 ratios,
this value decreased to 8.5 and 5 kPa, respectively, falling into the
range required for mimicking soft tissues [57]. In another study, increasing the ﬁbrinogen/gelatin ratio to 3:1 resulted in a signiﬁcant
reduction in the Young’s modulus, and the mechanical stiffness of
the gel was too low to be measured by the equipment [58]. Softer
hydrogels can be obtained by supplying other biomaterials to the
ﬁbrinogen/gelatin solution. For instance, a recent study used a mixture of ﬁbrinogen, gelatin, HA, and glycerol to 3D print a dentinpulp [59]. The ﬁbrinogen concentration was varied from 5 to 20
mg mL−1 , resulting in increased stiffness for the hydrogels (0.25
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to 0.4 kPa). In this work, the relatively low mechanical properties
could be pertinent to the contribution of the non-crosslinked HA
to the viscosity of the network. In another approach, PEGylated ﬁbrinogen was prepared using the molar ratios of 5:1 and 10:1 of PEG
to ﬁbrinogen [46]. The incorporation of PEG led to the formation of
softer gels, in which the Young’s modulus decreased from 600 Pa
for ﬁbrin gel to 500 and 300 Pa for 5:1 and 10:1 PEG:ﬁbrinogen
ratios, respectively.
Fibrin has also been widely applied to engineer hard tissues,
despite its intrinsic softness [60,61]. In order to fulﬁll the requirements for mimicking these type of tissues, ﬁbrin should undergo
signiﬁcant mechanical modiﬁcations. This process is often achieved
through combining ﬁbrinogen with stiffer biomaterials such as keratin [62], agarose [63,64], collagen [65–67], alginate [65,68,69], and
through varying the ratio and concentration of ﬁbrinogen, thrombin, and the associated biomaterial. For instance, Singaravelu et al.
fabricated a composite scaffold by mixing ﬁbrinogen with keratin
to achieve a high range of Young’s moduli (from 330 to 1,700 kPa),
suitable for mimicking hard tissues [62].
2.4. Biocompatibility of ﬁbrin in vivo
In addition to the easy manipulation of its structural, mechanical, and biological properties, ﬁbrin gel is also easily accessible
and can be prepared in different ways. For instance, deriving ﬁbrin
from autologous plasma is a common technique used in clinical
studies [70,71], although only homologous ﬁbrin sealant is commercially approved by the food and drug administration (FDA). The
in vivo biocompatibility of FDA-approved ﬁbrin sealants was assessed in female and male rabbit models. Features that are crucial to promote wound healing, namely, sealing properties, eﬃcacy
as hemostatic agent, and eﬃcacy in preventing bleeding, were observed in these models [72]. Moreover, it was observed that the
eﬃcacy of ﬁbrin sealants relied heavily on ﬁbrin crosslinking agent
homogeneity and concentration/ratio of ﬁbrinogen to thrombin. In
optimal cases, early homeostasis, strong adhesiveness and tissue
sealing was conﬁrmed. In another study, the in vivo eﬃcacy of ﬁbrin sealant prepared using platelet-rich plasma (PRP) was evaluated in a rat-kidney bleeding-wound model [73]. Results showed
that blood loss was lower in PRP-based sealant treated cases as
compared to the FDA-approved sealant, Tissel, prepared under the
same conditions. In addition, the concentration of ﬁbrinogen was
found to be a key element affecting the adhesive capacity of the
sealant.
In vivo biocompatibility of ﬁbrin has also been investigated
in wound healing studies. On this front, puriﬁed ﬁbrinogen was
used in biofabricating a chitosan-ﬁbrin ﬁlm and was tested on a
subcutaneous wound model in albino rats [74]. After 5 days of
implantation, the ﬁlm formed a uniform thick layer surrounded
by neutrophils and a few macrophages, and following 10 days,
macrophages appeared to have invaded the ﬁlm, which was covered by a ﬁbrovascular tissue. On day 30th , the ﬁlm was almost
completely degraded and replaced with ﬁbrous tissue and collagen,
exhibiting biocompatibility and wound healing capacity. Furthermore, the capacity of the ﬁlm to inhibit bacterial permeation was
conﬁrmed through in vitro tests. Although this anti-bacterial effect
could be mainly related to chitosan, the key role of native ﬁbrin
clots against bacterial spread during the healing cascade is well
understood [75]. During this process, ﬁbrin triggers inﬂammatory
response and recruits immune cells to the site of the injury, playing an important role in the early innate immune system. Påhlman
et al reported the immunologic capacity of ﬁbrin by evaluating the
antibacterial mechanisms during the clot formation [75]. Reportedly, ﬁbrinogen bound to bacterial strains via SdrG protein, entrapping these bacteria within the forming ﬁbrin clot. The antimicrobial peptide fragment GHR28 released from the β -chain of ﬁbrino-
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gen would kill the bacteria. These results show the great potential
of ﬁbrin to be used as an antibacterial scaffold, further conﬁrming
its high biocompatibility. As a result, ﬁbrin sealants have the capability of preventing infections while supporting tissue healing and
formation in vivo.
3. Fibrin gel as 3D scaffold for cell culture
The 2D cell culture presents several limitations in recapitulating
a tissue microenvironment, mainly due to an organization of cellcell and cell-matrix interactions that are distinct from the in vivo
organization, leading to poor cell signaling effects [76]. The 3D approach has emerged as an alternative in the TE ﬁeld to overcome
these limitations and improve in vitro modeling and in vivo prediction. Due to the biocompatibility, biodegradability, and capacity of
stimulating angiogenesis and vascularization, ﬁbrin gel addresses
the three main criteria to be used in TE [6,7,77].
Fibrin gel was initially introduced as a sealant and skin graft
in the early 90’s with the purpose of treating wounds and burn
injuries. Being obtained from the patients’ plasma, PRP-derived
ﬁbrin proved to be a highly effective treatment [78]. Today, PRP
and its variations [platelet- and leukocyte-rich plasma (L-PRP) and
platelet-rich ﬁbrin (PRF)] are used as autologous sources of soluble factors entrapped in the ﬁbrin network for in vitro cell culture [79,80] and clinical applications, especially in the treatment of
chronic ulcers [70,81] and bone and cartilage diseases, such as osteoarthritis [71,82]. Although PRP-derived ﬁbrin scaffolds are wellsuited for 3D cell culture due to the large amount of platelets,
leukocytes, immunomodulatory proteins, and endogenous growth
factors, which stimulates cell activity [83], commercial ﬁbrinogen
is preferred for in vitro studies. This preference is mainly due to its
batch-to-batch consistency as an alternative to PRP-derived ﬁbrin
gels, which carry high variability and complexities in composition
standardization [84].
Commercially available ﬁbrinogen is composed of the puriﬁed
protein extracted from human or bovine plasma. Owing to ﬁbrinogen’s low viscosity, ease of mixture with cells, and rapid ﬁbrin
polymerization, makes it an easy-to-use biomaterial for conventional 3D scaffolding, i.e., prepared manually. Due to ﬁbrin’s tunable structural and mechanical properties, it has been extensively
combined with different types of cells, aiming to engineer a variety
of soft and hard tissues, namely, neural [67,85–88], skin [77,89–
91], cardiac [92–94], muscle [95–97], cartilage [44,98–101], bone
[60,102–104], and vascular tissues [105–110].
Due to the complex architecture of native tissues that are composed of different cells and ECM components, nerves, and vessels
in a highly organized structure, conventional scaffolding may fail
to mimic their microenvironment. Over the past decade, several
biofabrication techniques have emerged to address the challenges
facing the construction of functional tissues and organs for translational clinical applications [14,111]. Fabrication of structures with
complex geometries and small dimensions have become feasible
through reﬁning the aforementioned techniques [112]. For example, the replication of capillaries in vitro, which are smaller than
200 μm in diameter [113], became possible by using 3D bioprinting technology [114].
4. Bioprinting and the use of ﬁbrinogen as bioink
3D bioprinting is a biofabrication approach, which has pushed
the TE ﬁeld forward to a great extent [115]. Using this technique,
biomaterials, cells, and biomolecules can be temporal and spatial
arranged into a myriad of 3D shapes and multiplex constructs,
replicating the structural architectures found in organisms [13].
Through a computer-aided process, a 3D design for a giving structure is created and sliced, allowing the bioprinter to assemble the
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3D structure by layer-by-layer deposition with high ﬁdelity to computer design. Unlike conventional 3D printing procedures, 3D bioprinting encompasses the use of living components, which need
to survive the fabrication process and behave as they would in
their native in vivo microenvironment [116]. As such, the proper
selection of cells, compatible biomaterials, and a suitable bioprinting technique is crucial for succeeding in the process, turning 3D
bioprinting into a much more complex procedure than the conventional 3D scaffolding approach [117,118]. To date, numerous 3D bioprinting methods have been used to biofabricate mimetic tissues,
such as laser-assisted, stereolithography, electronspinning-based,
inkjet/drop-on-demand, and extrusion-based bioprinting, each presenting advantages and limitations in resolution, speed, control,
and cost [119–121]. Among the most common techniques and
the most suitable for ﬁbrinogen-based bioinks are the inkjet and
extrusion-based bioprinting.
Inkjet/drop-on-demand bioprinting consists of the droplet-wise
dispensing of a low-viscosity bioink due to a piezoelectric or thermal actuation, which enables the build-up of multiple layers to
form a 3D construct. The main advantage of this technique is the
simplicity, once it is based on conventional 2D inkjet printing [13].
As ﬁbrinogen solution has low viscosity, comparable to that of water [16], it is well-suited for inkjet-based bioprinting. During this
process, small cell-laden droplets and ﬁbrinogen solution can be
sequentially deposited on a substrate containing the crosslinking
agent [122]. The crosslinking agent can also be used as a bioink,
and can be bioprinted over the ﬁbrinogen surface [123]. Using this
method, ﬁbrin ﬁbers with small diameters (50 μm) and hollow
structures could be bioprinted to reach ﬁne precision and high
cell viability [123]. Nonetheless, inkjet-based bioprinting has limitations on constructing large 3D structures due to its limited working range in the z-direction, and may not be preferred for manufacturing mimetic organs and tissues with large scale.
Extrusion-based bioprinting is the most commonly used 3D
bioprinting technique due to its low cost and ease of manipulation. It consists of continuous extrusion of the bioink, without interruptions, based on pneumatic or mechanical-driven dispensing
systems, leading to a higher precision of the biomaterials’ deposition, as compared to inkjet bioprinting [124]. This technique enables the construction of large structures in the z-direction with
high resolution, which added to its relative simplicity, became preferred for 3D bioprinting mimetic tissues. In this regard, biomaterials such as gelatin and alginate, with sol-gel transition capabilities at speciﬁc temperatures and salt conditions, are commonly
selected as the main components of bioinks for extrusion-based
bioprinting [56]. These biomaterials possess shear-thinning behavior that enables the decrease of viscosity at high shear during the
extrusion, in which the applied stress overcomes a critical point,
deﬁned as the yield stress, when ﬂuid ﬂow initiates. After the high
strain and shear rate, when bioink exit the nozzle it is capable of
recover quickly and hold the 3D shape under low shear [125]. In
the case of ﬁbrinogen as bioink, its Newtonian behavior prevents
these events [16], making it diﬃcult to bioprint.
Therefore, strategies have been developed to alleviate this problem. Combining ﬁbrinogen with viscous biomaterials that have solgel properties [17] (Fig. 3A), using a support bath for holding the
printed structure [16] (Fig. 3B) or in situ crosslinking [126] (Fig. 3C)
are some of the most common strategies that have shown promising eﬃciency in bioprinting ﬁbrin-based 3D geometries and architectural mimicry of tissues [127].

bioinks with tunable bioprinting properties could be achieved.
Printable materials exhibit tunable gelation properties that facilitate extrusion and maintain post-printing 3D shape integrity [128].
Thermo-reversible biomaterials undergo a sol-gel transition, exhibiting a solution-like behavior over a given temperature range
and a gel-like behavior beyond a transition point. This behavior is characterized by the rearrangement of molecules through
hydrogen, electrostatic, and hydrophobic bonds intra- and intermolecularly. Gelatin is one of such biomaterials that is prevalently
used in 3D bioprinting and is formed upon collagen hydrolysis.
With a gelation capability at room temperature (between 20 to
30 °C) and optimal rheological properties (e.g., viscoelasticity and
shear-thinning), gelatin behaves as a ﬂuid at high shear, (i.e., during bioink extrusion), and as a gel at low shear (i.e., after bioprinting) [56]. Consequently, biomaterials with poor rheological properties, such as ﬁbrinogen, can be combined with gelatin to achieve
enhanced bioprintability for fabricating ﬁbrin-based 3D structures
[57].
Many cells show great aﬃnity to gelatin, as it is derived from
collagen, suggesting that gelatin is potentially useful for long-term
3D cell culture. However, in practice, gelatin is often used as a
sacriﬁcial biomaterial rather than a supportive ECM due to its instability at 37 °C and its gradual degradation during cell culture.
To stabilize gelatin for this purpose, modiﬁcations were made to
its structure to create covalent crosslinking between the polymeric
chains. One of such a modiﬁed structure, gelatin methacryloyl
(GelMA), is widely used in TE, and speciﬁcally in 3D bioprinting.
GelMA can be chemically crosslinked upon exposure to uu ultra
violet (UV) light, enabling the creation of structures with assured
bioink printability, mechanical strength, and high biocompatibility [129]. When combined with ﬁbrinogen, GelMA enhances bioink
printability. Moreover, the dual crosslinking capacity of GelMAﬁbrin results in a more robust and stable construct due to the
formation of an interpenetrated polymer network (IPN) between
GelMA and ﬁbrin networks [130]. Anil Kumar and co-workers developed a novel UV-visible crosslinkable gelatin by reacting it with
furfuryl [131]. Next, they used an extrusion-based bioprinter to
biofabricate a cardiac tissue-like structure using a bioink composed
of the gelatin-furfuryl biomaterial, ﬁbrinogen, hiPSC-derived cardiomyocytes, and human ﬁbroblasts [17]. They showed that dual
crosslinking was crucial for obtaining a hydrogel with mechanical
properties identical to that of the myocardium tissue, and were
able to achieve stimulated cardiac function through embedding
cardiomyocytes and ﬁbroblasts.
The mechanical stability of a gelatin/ﬁbrin polymeric blend
could be alternatively increased by adding a third biomaterial, such
as alginate, to the mixture [132]. Alginate is a natural biopolymer
that has been extensively used in TE as a non-covalently stabilized
hydrogel [133]. Through dual crosslinking (enzymatic and ionic),
alginate can prevent the early degradation of a ﬁbrin/gelatin blend
[132,134,135]. Furthermore, alginate-containing ﬁbrinogen/gelatin
have shown effectiveness in stimulating cell function either being used as boink or biomaterial ink in the construction of in vitro
models useful for studying the cellular mechanisms in 3D tissues,
such as hepatic mechanisms [134], metabolism [132], and tumor
biology [135]. Synthetic polymers such as PEG can also be incorporated into ﬁbrinogen to create bioprintable and cell compatible
formulations (Fig. 4A) [18], providing tunable printability, robust
mechanical properties and high cell viability for engineering different types of tissues [23,136].

4.1. Combining ﬁbrinogen with printable biomaterials

4.2. Embedded bioprinting of ﬁbrinogen-based bioinks

As mentioned earlier, ﬁbrinogen alone has a limited capacity in
being qualiﬁed as a bioink. However, through combining ﬁbrinogen solution with printable biomaterials, numerous ﬁbrin-based

Besides printing ﬁbrinogen-based bioinks in a standalone fashion, another strategy for constructing convoluted 3D geometries
is to 3D bioprint the bioink inside a suspension support bath
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Fig. 3. Schematic of extrusion-based 3D bioprinting using ﬁbrinogen as bioink. A) Bioprinting ﬁbrinogen combined with a structural biomaterial, forming either an interpenetrated polymer network (IPN) when dual crosslinking is made, or a ﬁbrin network after removal of the structural biomaterial. B) Bioprinting ﬁbrinogen within a supporting
bath supplemented with crosslinking agent for ﬁbrin formation during extrusion. C) In situ crosslinking of ﬁbrinogen consisting of a coaxial extrusion system, in which the
crosslinker reacts with ﬁbrinogen at the end of the nozzle, allowing for the layer-by-layer deposition of ﬁbrin.

through layer-by-layer deposition. This strategy is used in order to
allow a fast bioink crosslinking, as the bath is supplemented with
crosslinking agent, avoiding settling and collapse [127]. In this case,
the rheological properties of the bath dictates the bioprint capacity of the bioink and shape integrity of the bioprinted construct. As
reported by England et al., prior to using viscous baths for embedded bioprinting, biomaterials were bioprinted in liquid baths with
the main purpose of crosslinking the extruded biomaterial rather
than maintaining the structural integrity [137]. Accordingly, a ﬁbrinogen/Factor XIII/HA/Schwann cells bioink was bioprinted using
extrusion-based bioprinting technology within a saline bath supplemented with thrombin, which favored fast gelation but resulted
in a structure with low resolution (Fig. 4B). In order to maintain the shape ﬁdelity of the bioprinted structure, supporting baths
with more suitable rheological properties, such as gelatin, became
popular [127]. Gelatin is commonly selected for the support bath
due to its shear-thinning behavior, i.e. gel-like behavior in the absence of stress and liquid-behavior after the material’s yield point,
when the applied stress overcome a critical stress [138]. Another
important characteristic of the bath is its self-healing capacity,
for allowing the movement of the printer needle without causing
shape rupture or cracks. Moreover, a gelatin bath undergoes solgel transition and can be easily removed at 37 °C to reveal the
crosslinked printed structure [127,139]. Besides gelatin, other materials such as carbopol, Pluronic F127, PEG, and alginate have also
shown suitable properties for embedded bioprinting [16,140,141].
In a pioneer work, Hinton et al. reported that ﬁbrinogen inks
could form complex structures when printed in a gelatin support bath [127]. The gelatin bath was supplemented with thrombin, and ﬁbrinogen solution was extruded into the bath, constructing identical bifurcated tubes that polymerized during the process.
This work and others that succeeded it showed the potential of
this technique in fabricating complex structures with high precision and reproducibility through bioprinting low viscosity biomaterials [139,142,143]. In a different approach, the support bath is

not designed to be sacriﬁcial, and, instead, comprised of a component of an engineered tissue [16]. Thus, besides to its rheological and self-healing properties, it needs to present biocompatibility, biodegradability, and replicate speciﬁc mechanical properties. In a recent work, ﬁbrinogen/hMSCs spheroids bioink was bioprinted using an extrusion-based bioprinter in a viscous and shearthinning PEG/alginate bath supplemented with thrombin, forming
straight vertical ﬁbrin lines. Next, through a dual crosslinking procedure, PEG MA was crosslinked with UV light, while alginate was
crosslinked by soaking the construct in a CaCl2 bath, allowing for
the formation of a mechanically robust construct for cartilage engineering (Fig. 4C).
4.2.1. In situ crosslinking of ﬁbrinogen-based bioinks
Despite presenting the aforementioned advantages, the embedded bioprinting of low viscosity ﬁbrinogen faces some drawbacks.
Needle clogging, low printing resolution, low precision, and poor
adhesion of the consecutive extruded layers are some examples.
Alternatively, in situ crosslinking i.e., crosslinking amid the bioprinting process, has become an interesting solution for 3D bioprinting biomaterials such as ﬁbrinogen with no sol-gel transition.
This technique involves the coaxial bioprinting of the bioink
and the crosslinking agent simultaneously, leading to solidiﬁcation of the biomaterial at the end of the nozzle. The bioink
and crosslinking agent are both individually extruded from separate needles and can be combined at different ratios for fabricating heterogeneous structures and hollow ﬁbers [144,145]. Coaxial
extrusion-based bioprinting was used for fabricating several types
of biomimetic structures such as multicellular tumor ﬁbers. In this
study, an alginate/gelatin ink supplemented with thrombin composed the external shell of the structure, while glioblastoma stem
cells-laden ﬁbrinogen bioink composed the inner core [145]. Tumor ﬁbers were assembled during bioprinting, and ﬁber properties
(e.g. diameter of the ﬁbrin core and external shell) were adjusted
by varying the ﬂow rate of ﬁbrinogen extrusion. The authors ob-
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Fig. 4. Strategies to bioprint ﬁbrinogen. A) (i) Schematic illustration showing a polymer mixture composed of PEG and other polymer chains such as ﬁbrinogen, being
crosslinked by multiple steps to form rigid cell-seeded hydrogels. (ii) PEG-ﬁbrinogen bioink printed in different shapes. (iii) Multi-material bioprinted structure (blue for
PEG-ﬁbrinogen and red for PEG-gelatin). (iv) Fluorescent image of viable cells bioprinted along with PEG-ﬁbrinogen. Reproduced with permission from Wiley [18]. B) (i)
Schematic illustration of extrusion-based bioprinting of ﬁbrinogen-based bionk within a saline solution containing thrombin. (ii) Image of the bioprinted structure after
solution removal (14 × 5 × 2 mm). Reproduced with permission from Elsevier [137]. C) Extrusion-based bioprinting of ﬁbrinogen within a PEG/alginate bath. (i) Image taken
during the bioprinting process and (ii) the bioprinted structure after bath crosslinking. Reproduced with permission from Wiley [16]. D) (i) Microﬂuidics printhead used for
in situ crosslinking of ﬁbrinogen-based bioink. (ii) Bioprinted neural aggregate. (iii) Schematic illustration, highlighting the reactions that enable the formation of ﬁbrin gel.
Reproduced with permission from ACS Publications [21].

served that by increasing the extrusion rate of ﬁbrinogen, the inner core diameter increased while the diameter of the shell remained constant. Moreover, the cells maintained high viability during bioprinting, suggesting that this printing technique contributed
to minimal cell shear along with rapid crosslinking. As a result, this
method provided a major advantage over conventional extrusionbased bioprinting techniques, which often impose high shear stress
on printing cells. Results also highlighted the crucial impact of ﬁbrin gel on enabling cell-cell communications, which were often absent in cells seeded in alginate without ﬁbrin.

The coaxial bioprinting of ﬁbrinogen-based bioinks can be enhanced and optimized through the integration of microﬂuidic platforms into extrusion systems. For instance, the ﬁbrin composition can be tuned and the polymerization reaction can be programmed for automated printing through microﬂuidic channels
[20,146]. Lab-on-a-printer (LOP) technology is one of such an integrated system that has been repeatedly used in bioprinting neural cells-laden ﬁbrinogen bioinks for replicating neural tissues (Fig.
4D). This technology allows the biofabrication of mimetic tissues
in a reproducible fashion, without exposing cells to shear stress,
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such as inkjet and conventional extrusion bioprinting techonologies [21,147]. In a relevant study by Abelseth et al., a LOPbased protocol was reported for the coaxial bioprinting of ﬁbrin/alginate/genipin/human glioma stem cells bioinks along with
a thrombin/Ca2+ /chitosan crosslinking agent [21]. The group used
the LOP technology and the ﬁbrin/alginate/cells bioink to manufacture several neural-mimetic tissues with minimal cell shear, high
viability and differentiation capacity [20,147].
5. Bioprinting soft and hard tissues using ﬁbrinogen-based
bioinks
As discussed throughout this review, ﬁbrin possesses remarkable properties and biological characteristics for engineering tissues and organs. As a natural biopolymer with a ﬁbrous microstructure and multiple cell-binding sites, ﬁbrin presents properties that can be tuned to mimic soft and hard tissues. Varying the concentrations of ﬁbrinogen, thrombin, Factor XIII, and
Ca2+ , and forming a range of polymeric blends with biomaterials
are some of the discussed methods for modifying ﬁbrin for tissue
mimetic purposes. In this section, we describe some of the recent
advances in engineering mimetic tissues that employed ﬁbrinogenbased bioinks (Table 1), and the different bioprinting strategies discussed.
5.1. Bioprinting of soft tissues
Soft tissues possess Young’s modulus up to 1 MPa, range that
comprises almost all organs, such as brain (~ 1 kPa), one of the
softest tissue in the human body, followed by abdominal organs
such as pancreas and liver (~2 kPa), muscle tissues such as cardiac
muscle (~ 8 kPa), and epithelial tissues such as lung (~2 kPa) and
skin (~60 kPa) [154]. Most of these soft tissues were able to be engineered by using ﬁbrin-based scaffolds, which due to its intrinsic
softness, recapitulate the stiffness of their native ECM [88,90,92].
5.1.1. Brain
The poor capacity of the central nervous system (CNS) to selfregenerate makes the TE ﬁeld seek for alternatives that stimulate
tissue healing, regeneration and the recovery of neural functions.
Neural stem cell differentiation and fate are dictated by several
factors, including the stiffness of the enclosing ECM. For instance,
ﬁbrin has shown to stimulate neural cell activity and induce the
differentiation into pure neuronal populations [86,87].
Unlike other tissues such as cardiac and bone, the neural tissue
has not been extensively targeted by 3D bioprinting studies due to
its relatively complex structure and biological microenvironment.
However, recent works using ﬁbrinogen-based bioinks have shown
promising progress on neural engineering, and a superior impact
on neuronal survival and growth over biomaterials such as collagen and silk [155]. In another study, iPSC-derived neural aggregates embedded in a ﬁbrin/alginate composition were bioprinted
using the LOP technology, and neural aggregates expressed neuronal markers after 41 days of bioprinting, indicating their capability for differentiating into mature neurons in ﬁbrin gel [21]. De
La Vega et al reported a mimetic spinal cord with a 1 cm diameter and seven layers of ﬁbrinogen bioprinted with h-iPSCs-derived
neural progenitor cells homogeneously distributed throughout the
construct [156]. The cells expressed speciﬁc markers for mature
neurons, and the bioprinted construct was suggested as a promising in vitro model for pre-clinical drug screening (Fig. 5A).
Glioblastoma is a CNS primary brain cancer which is highly invasive and very resistant to anticancer drugs. Rapid manufacturing of in vitro models of the tumor 3D microenvironment with
the help of techniques such as 3D bioprinting could immediately
beneﬁt high-throughput drug screening platforms. This, in turn,
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would greatly contribute to the reduction of clinical trial costs and
increase drug selection eﬃciency. A tumor model was developed
using a bioink composed of a mixture of glioma stem cells and
a ﬁbrinogen/gelatin/alginate solution bioprinted by an extrusionbased bioprinting [150]. The cell-laden bioprinted constructs exhibited high cell survival and proliferation rates. Moreover, the biomaterial was effective in conserving cell phenotype and enabling
the screening of a chemotherapeutical drug, in which cells showed
increased drug resistance compared to 2D cultures, thus proposing a model with a higher reliability than that of in vivo models.
Additionally, a recent study used the LOP technology to 3D bioprint a glioblastoma-laden ﬁbrinogen/alginate/genipin bioink [147].
Spheroids were formed through the third day of culture and became larger and denser after 12 days, a successful indication of the
replication of the glioblastoma microenvironment.
5.1.2. Cardiac
The transplantation of autografts or artiﬁcial prostheses bears
some limitations, such as immunogenic reaction and limited durability of the transplanted material, and therefore, cardiac engineering has gained some signiﬁcant attention from the TE ﬁeld. Using ﬁbrinogen for 3D bioprinting can be effective to develop cardiac tissues with aligned cells that stimulate a spontaneous contraction [17,151]. With the aim to construct a functional cardiac
tissue-like, Wang et al. used an extrusion-based bioprinter to deposit dense and uniformly organized cardiomyocytes in a tissuelike structure using a ﬁbrinogen-based bioink [151]. Speciﬁcally,
neonatal rat ventricular cardiomyocytes were embedded in a ﬁbrinogen/gelatin/HA solution, with the last two components used as
sacriﬁcial biomaterials. The bioink was 3D bioprinted in a printed
PCL frame to accommodate cell alignment patterns after 3 weeks
of maturation and to enable the contractile behavior of the construct (Fig. 5B). In another work, a microﬂuidics extrusion-based
bioprinter was used to construct a cardiac tissue-like enriched
with a vascular network [23]. Brieﬂy, neonatal mice-derived iPSCs
were differentiated into a cardiac phenotype while human umbilical vein cells (HUVECs) were embedded in PEG/ﬁbrinogen containing sacriﬁcial alginate. Results showed that ﬁbrin was crucial
for ensuring the biological features of the multi-cellular bioprinted
structure by stimulating cells to spread and differentiate during
long periods of culture, contributing to a high level of organization
and cardiac functions.
5.1.3. Skin
Engineered skin substitutes have opened new avenues for fabricating multi-layered artiﬁcial skins with the ability to support
dermal ﬁbroblasts and keratinocytes, and thus have opened up alternatives to conventional autograft, allograft and xenograft treatments [90,157]. At present, the fabrication of artiﬁcial skins faces
drawbacks due to the lack of important skin tissue compartments
such as vascularization, hair follicle and pigmentation. Many of
such drawbacks could be overcome by 3D bioprinting technologies [157]. As discussed before, PRP- and PRF-derived ﬁbrin scaffolds have been extensively used for clinical skin grafting, and have
exhibited positive healing results [70,81]. In this light, the 3D bioprinting of ﬁbrin-based skin-like tissues holds promising potential
and has been widely explored recently. Cubo et al. fabricated a dermal substitute using an extrusion-based 3-syringe 3D bioprinter
containing human ﬁbroblasts in DMEM in the ﬁrst syringe, as well
as PRP and crosslinking agent in the second and third syringes, respectively [152]. After polymerization, human keratinocytes were
seeded on the top of the gel to form the dermal monolayer. The
biofabricated skin construct exhibited similar features to that of
human skin in both in vitro and in vivo models. Moreover, small
blood vessels were formed beneath the grafted bioprinted epidermis, meeting a relevant consideration for successful skin engraft-
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Table 1
Recent works describing the applications of ﬁbrinogen-based bioinks in biomedicine.
Bioink/ biomaterial ink composition

Method

Application

Ref.

Fibrinogen/hMSCs spheroids

Extrusion-based bioprinting in a
PEG/alginate/thrombin bath

Mimetic cartilage for tissue replacement and
regeneration

[16]

Fibrinogen/Factor XIII/HA/Rat Schwann cells

Extrusion-based bioprinting in a
thrombin/CaCl2 /polyvinyl alcohol (PVA) solution

Natural guidance of neurite growth aiming
regeneration of injured nerve ends

[137]

Fibrinogen/Human glioma stem cells

Co-axial extrusion-based bioprinting with
gelatin/alginate/ thrombin

Tumor tissue-like ﬁbers for studying tumor
microenvironment in vitro

[145]

Fibrinogen/human smooth muscle cells

Drop-on-demand bioprinting over a bioprinted
layer of sacriﬁcial gelatin

Hollow vessel-like model with the in vivo
arrangement as an in vitro disease model

[148]

Fibrinogen/gelatin/ human neonatal dermal
ﬁbroblasts

Custom-designed extrusion-based bioprinting
within a printed silicone chip

Development of thick vascularized model to
recreate complex tissues

[24]

Fibrinogen/GelMA/HUVECs

Extrusion-based bioprinting with acoustic nozzle
for cell alignment

Improve the performance and functionality of
mimetic neovascular networks

[130]

Fibrinogen/gelatin-furfuryl /hiPSC-derived
cardiomyocytes and human ﬁbroblasts

Extrusion-based bioprinting a heterocellular
lattice grid pattern

Recreate the physiology of a cardiac wall for drug
screening studies

[17]

Fibrinogen/Collagen/pig ﬁbroblasts and
keratinocytes

Inkjet bioprinting multilayers of bioink and
crosslinking agent

Full-thickness skin for treat deep skin injuries

[22]

Fibrinogen/gelatin/alginate/Mouse ﬁbroblasts

Extrusion-based bioprinting using gelatin and
alginate as the rheological and structural
components

Fabrication of a full skin model applicable to
surgical reconstruction

[149]

Fibrinogen/gelatin/alginate/Human glioma stem
cells

Extrusion-based bioprinting with multiple
crosslinking steps

Brain tumor model for drug screening

[150]

Fibrinogen/alginate/genipin/hiPSC-derived neural
progenitor cells

LOP technology for in situ crosslinking of ﬁbrin

3D model of a spinal cord to assess drug safety
and toxicity

[20]

Fibrinogen/alginate/genipin/hiPSC aggregates

LOP technology for in situ crosslinking of ﬁbrin

Bioink for supporting neural differentiation and
fabrication of neural tissue

[21]

Fibrinogen/alginate/genipin/Human glioblastoma
cells

LOP technology for in situ crosslinking of ﬁbrin

Glioblastoma model to represent the in vivo
tumor system

[126]

PEG-ﬁbrinogen/alginate/Mice iPSC-derived
cardiomyocytes and HUVECs

Co-axial microﬂuidics extrusion-based bioprinting
for in situ crosslinking

Vascularized functional 3D cardiac tissue for
translational applications

[23]

PEG-ﬁbrinogen/alginate/Rat myoblasts

Co-axial microﬂuidics extrusion-based bioprinting
for in situ crosslinking

Artiﬁcial skeletal muscle tissue to reconstruct
damaged muscle parts

[136]

Fibrinogen/gelatin/HA/glycerol/Human amniotic
ﬂuid-derived stem cells, Rat chondrocytes, and
myoblasts

Extrusion-based bioprinting for deposition of
multiple layers of supporting PCL frame and
cell-laden bioink

Mechanically robust and vascularized tissues for
translational applications

[61]

Fibrinogen/gelatin/HA/glycerol/Rat ventricular
cardiomyocytes

Extrusion-based bioprinting for deposition of
multiple layers of supporting PCL frame and
cell-laden bioink

Contractile cardiac tissue with cellular
organization for pharmaceutical purposes

[151]

Fibrinogen/gelatin/HA/glycerol/Human dental
pump stem cells

Extrusion-based bioprinting for deposition of
multiple layers of supporting PCL frame and
cell-laden bioink

Patient-speciﬁc dentin-pulp complex for tooth
engineering

[59]

PRP-derived ﬁbrinogen

Extrusion-based bioprinting using a trifurcated
connector containing PRP, human ﬁbroblasts and
crosslinking agent in each syringe

Bilayered dermo-epidermal skin for
therapeutically and industrial applications

[152]

PRP-derived ﬁbrinogen/Alginate

Extrusion-based printing with sequential ﬁber
deposition

Vascularized model to induce healing response in
cardiovascular and musculoskeletal tissues

[153]

ment. In another work, a bi-layered skin of 5 mm-thickness was
bioprinted using human ﬁbroblasts and human keratinocytes embedded in a ﬁbrinogen/gelatin/alginate bioink to construct dermal
and epidermal layers, respectively [149]. The bioprinted skin presented similar characteristics to the human skin at macro- and
micro-molecular levels while ﬁbrin was shown to be crucial for
the structure and maturation of the cells. The authors also demonstrated the ability of the extruded ﬁbrinogen to form a complex
adult size ear (8 cm), which retained its 3D shape throughout
the culture period (Fig. 6A). As an example of in situ skin 3D
bioprinting, this technique was used for covering a wound in a
mouse model using aminiotic ﬂuid-derived stem cells embedded
in ﬁbrinogen/collagen [158]. In this study, thrombin and the bioink

were layer-by-layer deposited by a three-axis inkjet bioprinter until the wound was fully covered by the bioprinted patch. After two
weeks of the in situ surgery, the wound was found to be completely healed. Histological analysis also revealed the formation of
blood vessels, even in the model treated with a non-bioprinted ﬁbrin/collagen gel, highlighting the ability of this composition to induce angiogenesis in skin wounds.
5.1.4. Vasculature
Vascularization is a major consideration in engineering functional organs, as the regeneration capability of a tissue is directly
reliant on angiogenesis, and almost all tissues in the body are
highly vascularized [159]. Moreover, vasculature have a vital role
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Fig. 5. A) Bioprinting a mimetic spinal cord tissue. (i) Schematic illustration of the bioprinting process. (ii) Microscopic image of an iPSCs-derived neuroaggregate and (ii)
Immunostaining of the neuroaggregate showing the expression of neuronal markers (red for β -tubulin III, blue for ChaT and green for GFAP). Scale bar = 50 μm. Reproduced
from MDPI [20]. B) Bioprinting of cardiac tissue. (i) Customized three-syringe extrusion-based bioprinter. (ii) Images of bioprinted structures in the form of string and patch.
(iii) Appearance of the beating cardiac patches with time. (iv) Immunoﬂuorescent images of the bioprinted strings and patches on day 4 and weeks 2 and 3 (red for α -actinin,
green as connexin and blue for cell nuclei). Reproduced with permission from Elsevier [151].

in enabling gas exchange, delivering nutrients to cells, and removing metabolic waste from tissues [130]. Therefore, it is essential to consider the engineering of the vessels when fabricating a
mimetic tissue. As discussed previously, engineering blood vessels
remains a challenge due to the small diameter (i.e., few micrometers to millimeters), hollow structure and hierarchical organization of the vessels. These issues have been recently explored and
minimized by 3D bioprinting [24,114]. For instance, by manipulating endothelial cells during bioprinting, angiogenesis and vascular
maturation could be effectively increased through increased cellcell interactions. Recently, Sriphutkiat et al. [130] used an acoustic nozzle coupled to an extrusion-based bioprinter to accumulate and align HUVECs embedded in ﬁbrin-GelMA, and observed
morphological changes, the formation of capillary-like structures
and the in vitro generation of a neovascular network. Additionally,
another study found ﬁbrin gel to favor HUVEC sprouting, attachment and elongation. Thick vascularized tissues-on-a-chip were
fabricated using a custom-designed extrusion-based 3D bioprinter
to bioprint gelatin/ﬁbrinogen/human neonatal ﬁbroblasts within a

microﬂuidics device [24]. Pluronic F127 was used as a sacriﬁcial
biomaterial to form a hollowed structure within the chip, allowing
endothelial cells to migrate out and form interconnected channels,
resulting in a vascularized tissue. In a similar approach, sacriﬁcial
gelatin was used in bioprinting thin capillaries using a custommade drop-on-demand 3D bioprinter [148]. Structures that resemble small arteries were bioprinted in a mold by depositing small
drops of gelatin/endothelial cells, followed by deposition of ﬁbrinogen/human smooth muscle cells bioink for constructing the
surrounding layer. The vascular-like channels were cultivated in
a microﬂuidic bioreactor with a continuous ﬂow for three weeks,
and maintained their capillary structures and vascularized activity
throughout this time. Finally, a study used a mixture of PRP and
alginate as a patient-speciﬁc ink to 3D print a ﬁbrin-alginate network rich in growth factors (e.g. vascular endothelial growth factor,
VEGF), which showed to be capable of enhancing MSC angiogenesis (Fig. 6B) [153]. The authors also veriﬁed that HUVECs cultured
on PRP/alginate formed more nodes and tubular structures in vitro,
as compared to cells treated with only alginate. Consequently, the
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Fig. 6. A) Bioprinting a bi-layered mimetic skin. (i) Schematic illustration of the extrusion-based bioprinting process. (ii) Histological characterization of the bioprinted skin
after 26 days of culture showing dermis and epidermis. (iii) An 8-cm ear bioprinted with the ﬁbrin-based bioink. Reproduced with permission from Wiley [149]. B) Use
of autologous ﬁbrinogen for vasculature bioptinting. (i) Schematic of the PRP extraction and incorporation with alginate for ink preparation. (ii) Macroscopic images and
microscopic images of structures of different shapes bioprinted using the PRP/alginate ink. Reproduced with permission from Wiley [153].

developed methods propose autologous ﬁbrinogen-based bioinks
as promising clinical alternatives for bioprinting vascularized structures.
5.2. Bioprinting of hard tissues
Connective tissues are the hardest found in the human body
due to their supportive role, which provides structure and strength
to the body, in addition to protect soft tissues. Their Young’s modulus is greater than 1 MPa, reaching ~5 MPa for cartilage, 25-93 MPa
for ligaments, and ~10 GPa for bone [154]. Although mimicking
these tissues requires biomaterials with high mechanical strength,
soft ﬁbrin can act stimulating cell survival in this stiff microenvironment. In addition, its mechanical properties can be tuned to
better recapitulate hard tissues.
5.2.1. Cartilage
Since a stiff microenvironment is highly stressful for cells, cartilage engineering methods involve the combination of a stiff biomaterial having native tissue-relevant mechanical properties and

a soft material for enabling cell survival [160]. We recently targeted this challenge by fabricating a cartilage tissue-like with spatially organized mechanical properties [16]. The cartilage tissuelike construct was stiff at the macroscopic level to simulate cartilage stiffness, but maintained softness at the cellular level to
preserve cell viability. To construct this structure, hMSC spheroidladen ﬁbrinogen bioink was bioprinted using an extrusion-based
bioprinter in a support bath composed of PEG/alginate and supplemented with thrombin. Results showed the softness (~2.5 kPa)
and highly diffusive capacity of ﬁbrin, which contributed to high
cell viability and chondrogenesis over a 21-day culture within
the stiff (~3 MPa) microenvironment. In another approach, mechanical strength and cell survival were both assured by bioprinting alternating layers of PCL and ﬁbrinogen/collagen/chondrocyte
bioink [161]. PCL was printed using electrospinning technique,
while the bioink was deposited over the PCL layer using an inkjet
printhead. The construct presented a Young’s modulus comparable to that of native cartilage (~2 MPa) while it also favored
cell spreading and chondrogenesis both in vitro and in vivo. Similarly, an ear-shaped tissue was fabricated by bioprinting alternat-

Please cite this article as: B.A.G. de Melo, Y.A. Jodat, E.M. Cruz et al., Strategies to use ﬁbrinogen as bioink for 3D bioprinting ﬁbrin-based
soft and hard tissues, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2020.09.024

JID: ACTBIO

ARTICLE IN PRESS

[m5G;September 21, 2020;13:34]

B.A.G. de Melo, Y.A. Jodat, E.M. Cruz et al. / Acta Biomaterialia xxx (xxxx) xxx

ing layers of PCL and auricular chondrocytes embedded in a ﬁbrinogen/gelatin/HA/glycerol/Pluronic F127 solution using extrusionbased bioprinting technology [61]. PCL was selected to add structural strength and long-term stability to the construct, while the
ﬁbrinogen-based bioink was added to protect cells from physical
stress. The creation of such a structure with alternating microchannels facilitated the delivery of nutrients to cells, and led to the production of cartilaginous ECM within 5 weeks of maturation.
5.2.2. Bone
Several groups have explored the potential of 3D bioprinting
for engineering bone tissues and replacing defects caused by traumas and injuries. 3D bioprinting presents an advantage here due to
its unlimited capacity in fabricating computer-aided design (CAD)generated structures that can be obtained from medical images
and bone fractures [61]. A soft biomaterial, such as ﬁbrin, has been
limitedly used for 3D bioprinting bone-like tissues, as most studies use stiff hydrogels to mimic the tissue’s mechanical robustness.
However, Kang et al. has reported the ability of a ﬁbrinogen-based
bioink in stimulating the formation of a vascularized bone tissue
in vivo [61]. This approach is similar to one which was employed
for bioprinting the aforementioned ear-shaped construct using an
alternating extrusion of PCL and ﬁbrinogen/chondrocytes. The results exhibited long-term in vivo construct stability (~5 months),
angiogenesis and osteogenesis capabilities . Other studies have 3D
printed PCL and PLGA patterns, and have placed cells-laden ﬁbrinogen among the microchannels of the structure to ensure both
mechanical strength and cell viability [162,163]. In a different approach, ﬁbrin was used as a substrate for the inkject bioprinting of
BMP-2, an osteoinductive factor with ﬁbrin-binding domains, and
was immobilized to the substrate [164]. hMSCs cultured on the
bioprinted pattern responded to the BMP-2 gradient, differentiating into the osteogenic lineage. These results showed that ﬁbrin is
a substrate that stimulates cell viability due to its biocompatibility
and softness, which, when combined with a stiff biomaterial, can
enhance bone regeneration.
6. Conclusion and future prospects
3D bioprinting of biologically favorable structures presents a
promising potential for replication and translation of biomimetic
tissues in the future. Fibrin is a native biopolymer with cell
speciﬁcity, rapid crosslinking capacity, biodegradability and tunable
properties, all of which present remarkable advantages for 3D culture and scaffolding of a wide range of soft and stiff tissues, such
as brain, cardiac, skin, vasculature, cartilage, and bone. Although
the rheological properties of ﬁbrinogen are not favorable for creating convoluted standalone 3D geometries, the printability limitations of ﬁbrinogen have been overcome by a series of strategies.
A combination of this material with mechanically relevant biomaterials, such as gelatin, PEG, and alginate has been successful in
replicating the structural organization, mechanical properties, and
biological features of native tissues. Besides, crosslinking the bioink
amid the bioprinting process and spatially controlling the extruded
3D bioprinted structure through embedded bioprinting have also
been successful in bringing printability to ﬁbrinogen-based bioinks
and the possibility to biofabricate ﬁbrin-based structures through
different approaches. For instance, the manipulation of cell migration and alignment using extrusion-based bioprinter coupled
with an acoustic nozzle could create ﬁbrin patterns for speciﬁc applications [130]; multi-steps bioprinting could fabricate heterogeneous and complex architecture, such as hollow structures, using
ﬁbrinogen-based bioinks [24]; and microﬂuidics technology could
improve printability and resolution of bioprinted ﬁbrin structures
[136].
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Despite these advantages, there are shortcomings to ﬁbrinogenbased bioprinting. For example, the soft nature of the biopolymer is not directly applicable to all biomimetic tissues, especially when it comes to the 3D bioprinting of hard tissues. Moreover, its short-term stability compared to other biopolymers might
bring additional complexities to the 3D biofabrication process of
the biomimetic tissues. As these shortcomings are addressed by
emerging advances in biomaterial preparation and biofabrication
techniques, ﬁbrinogen-based bioinks unravel new possibilities in
wound healing and tissue regeneration. For instance, ﬁbrinogenbased bioinks can be used for in situ drug delivery [165], autologous ﬁbrinogen can be used as bioink for patient-speciﬁc
regenerative medicine [153], and personalized cell-laden ﬁbrin
patches could be fabricated in situ, with speciﬁc cellular composition and in geometries that match the injury proﬁle [22]. Furthermore, due to the tunable mechanical properties of ﬁbrin, a
wide range of biomimetic tissues with speciﬁc stiffness could be
fabricated, including those with spatially controlled mechanical
strength [16]. In the biological level, ﬁbrinogen can be functionalized with biomolecules in order to improve cell response and functionality of ﬁbrin gels in vivo [47].
Finally, given that ﬁbrin is the only biomaterial approved by
the FDA for use as a sealant, hemostat and adhesive, and currently has extensive clinical use [166], development of translational
biomimetic tissues could be accelerated by ﬁbrin-based 3D bioprinted soft and stiff tissue-like structures and shed light on regenerative tissues and bioengineered organs.
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