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Current challenges in the biofabrication of stable, cell-seeded fibrin gels are faced with a lack of 
microstructural and mechanical properties, limiting their use as bone extracellular matrix-mimicking 
constructs. While current approaches focus on generating fibrin gels of various fibrinogen and thrombin 
concentrations, i.e. 5–50 mg mL−1 and 1–250 units mL−1, respectively, processes that modulate gel 
fibrillar alignment and mechanical properties have yet to be explored. Herein, it was demonstrated that 
the automated gel aspiration-ejection (GAE) of precursor fibrin hydrogels of low concentration (i.e. 1 mg 
mL−1 fibrinogen and 0.5 units mL−1 thrombin) resulted in their immediate compaction while tailoring 
their fibrillar alignment and mechanical properties for potential target applications. Furthermore, this 
gel microenvironment accelerated the osteoblastic differentiation of seeded mesenchymal stem cells 
and their matrix mineralization, in vitro. Therefore, the ability to modulate the properties of dense fibrin 
constructs through automated GAE may be a novel biofabrication approach for cell delivery in bone 
regeneration.

Introduction
Bone is the second most transplanted tissue after blood [1]. Bone 
defects may be caused by ageing, tumour resection, congenital 
malformation, trauma, fractures, surgery or diseases such as 
osteoporosis or arthritis [2]. Autologous bone grafting, com-
monly from the patient’s iliac crest, represents the gold standard 
for bone replacement. However, the supply of autogenous grafts 
is frequently scarce and a surgical approach is expensive, as well 
as being associated with a number of risks, including donor site 
morbidity, deformity and scarring [2].

Bioengineering approaches to overcome these problems 
include the development of novel biomaterials, protein and 
growth factor delivery, as well as gene or cell therapy [3]. Gene 
therapy and the delivery of proteins or growth factors are pow-
erful only if there are cells in the defect sites able to respond to 
their signals [4]. When defects exceed a critical size, the local cell 

population is not sufficient to repair the injury and additional 
cells must be introduced. To this end, progenitor cells seeded 
into biocompatible and biodegradable scaffolds are grown ex-
vivo and differentiated to mimic the native tissue. Moreover, 
recent advances in biofabrication have allowed for the produc-
tion of reproducible and scalable tissue-like scaffolds used for 
in vitro tissue modelling, drug screening, as well as implantable 
constructs with tailored structural, biological and mechanical 
properties [5–7].

Fibrin is a naturally occurring biomaterial that acts as a scaf-
fold for platelets, neutrophils, macrophages and endothelial cells 
during the formation or regeneration of tissues [8, 9]. Fibrin 
gels rapidly assemble, in vitro by a modified polycondensation 
reaction from fibrinogen, an abundant constituent of blood 
plasma. This occurs when the protease thrombin is activated in 
the clotting cascade, which removes the part of the fibrinogen 
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polypeptides that prevents its spontaneous polymerization [10]. 
As a biomaterial, fibrin has the main advantage of being pro-
duced directly from the patient’s own blood and can be used as 
an autologous scaffold without the potential risk of rejection or 
infection [11]. Fibrin gels have been clinically applied as sealants 
[12] and as coatings on metallic [13] and synthetic polymeric 
[14, 15] implants to improve their biocompatibility. To date, 
fibrin gels have been produced through isolation of fibrinogen 
and thrombin, which are the mixed to generate gels, in vitro. 
The density (fibrin content) of the gels can be modulated by 
varying the fibrinogen and thrombin concentrations, with the 
former value often used to refer to this value. Fibrin gels have 
also been shown to promote the proliferation and osteoblastic 
differentiation of mesenchymal stem cells (MSCs), in vitro [16, 
17]. In particular, fibrinogen and thrombin ranges from 5 to 
50 mg mL−1 and 1 to 250 units mL−1, respectively, have been 
used. It was shown that lower fibrinogen concentrations lead to 
higher MSC proliferation rates, whereas higher concentrations 
lead to their accelerated osteoblastic differentiation. Moreover, 
bioactive molecules [18, 19] and therapeutic cells [20–22] can be 
delivered through their incorporation into fibrin gels. However, 
the lack of control over the gel microstructure and mechanical 
properties poses limitations as scaffolds in cell delivery applica-
tions [11, 23–25].

While the mechanical properties can be improved by 
increasing the fibrin gel concentration, e.g. it has been reported 
that gel Young’s modulus can range from 0.043 ± 0.016 to 
0.974 ± 0.254 MPa by increasing the concentration from 5 to 
50 mg mL−1 [26], the sterile filtration of the resulting gels would 
be extremely difficult [27]. On the other hand, a level of con-
trol over the fibrillar microstructure has been demonstrated by 
stretching the gel thus forcing the fibres to align along the direc-
tion of the applied force. However, this approach relies on the 
constant application of strain on the gel, thus requiring an ad hoc 
apparatus for the gel treatment and reproducing an environment 
which may not resemble the native condition [28]. Alternative 
approaches to improve the mechanical properties of fibrin gel 
consist of using crosslinkers, such as genipin. For example, it 
has been shown that the mechanical properties can be modu-
lated by using different genipin concentrations without affecting 
seeded cell viability [29]. However, the use of crosslinkers did 
not enable control over the final construct fibrillar architecture. 
These drawbacks, along with the degradation of fibrin at high 
temperature, have severely limited its use in the biofabrication 
of bone-like structures [30]. For this reason, up to date, fibrin 
has only been used as coatings [31] or supporting materials [32, 
33] for 3D printed composites used in bone-related applications.

Approaches to generating stable dense fibrin gels have 
included plastic compression (PC), which is a cell-friendly 
technique that has been extensively applied on highly hydrated 
collagen gels for the fabrication of compacted constructs with 

a microstructure characterized by randomly oriented fibrils 
and controllable mechanical properties [34–40]. Although the 
PC method has been successfully used on highly hydrated 
fibrin gels and shown to improve their mechanical proper-
ties through compaction while maintaining cell viability, this 
approach has yet to be explored for the production of bone 
mimicking structures and is not automatable [27]. Gel aspira-
tion-ejection (GAE) is an alternative technique that has been 
used to increase the fibrillar density and alignment of collagen 
gels [41, 42]. Moreover, this approach has recently been auto-
mated through the use of a customized instrument in order to 
rapidly and reproducibly fabricate compacted and anisotropic 
collagen mini-tissue building blocks with tailorable proper-
ties such as shape, volume, density, fibrillar alignment and 
mechanical properties [43]. Through this approach, precur-
sor highly hydrated collagen gels are aspirated into blunt-tip 
needles of a predefined lumen size by application of negative 
pressure, and ultimately ejected by reversing the pressure, thus 
producing dense collagen gels that can be used as mini-tissue 
building blocks and assembled to build more complex struc-
tures. Interestingly, gel properties can be predicted by using 
a simple mathematical relationship based on a compaction 
factor occurring during automated GAE biofabrication [43].

In order to overcome the limitations described above 
in generating stable fibrin gels as scaffolds for bone tissue 
engineering, this study applied automated GAE to design 
dense fibrin gels with tailored microstructural and mechani-
cal properties. Automated GAE was applied on precursor 
highly hydrated fibrin gels characterized by low fibrinogen 
and thrombin concentrations, thereby negating the need of 
gels with high fibrinogen concentrations and allowing for an 
easy sterile filtration process for cell-based applications. By 
using needles of different lumen sizes, gels of distinct den-
sities and microstructures were simultaneously generated. 
In addition, the viability, proliferation, remodelling activ-
ity, osteoblastic differentiation and matrix mineralization 
capacity of MSCs seeded in automated GAE-enabled gels 
were compared to those seeded in PC-generated constructs. 
PC-generated constructs were also considered not only as 
a control with a different fibrillar architecture, but also in 
order to assess their potential in bone tissue engineering 
applications.

Results
Characterization of dense fibrin gels

The application of both automated GAE and PC led to the pro-
duction of compacted, dense fibrin gels as a consequence of 
the expulsion of casting fluid from precursor gels. Automated 
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GAE-generated gels, GAE-DF-88% and GAE-DF-95%, were of 
fibrillar densities of 5.53 ± 0.75 and 10.14 ± 1.47 wt%, respec-
tively, while PC-DF gels were characterized by a fibrillar den-
sity of 10.00 ± 1.12 wt%.

In terms of morphology, automated GAE and PC generated 
dense fibrin gels of distinct architectures. At the macroscale, 
PC-DF gels appeared as thin sheets (Fig. 1a) compared to the 
cylinder-shaped GAE-DF gels (Figs. 1b, c) produced by auto-
mated GAE, where the size was dependent on the needle gauge 
number. At the microscale, SEM images displayed a more ran-
dom orientation of fibres in PC-DF, organized in a mesh-like 
structure (Fig. 1a), whereas images of GAE-DF gels displayed 
different extents of fibrillar anisotropy, which in turn depended 
on the compaction factor, or surface area reduction; SAR% 
(Figs. 1b, c). While the fibres in GAE-DF-88% were less com-
pact and randomly oriented (Fig. 1b), those in GAE-DF-95% 
were organized in bundles with a neat preferential orientation 
(Fig. 1c). Fibre orientation, as defined by directionality, was 
quantified from the SEM images (Fig. 1d). The Gaussian dis-
tributions in PC-DF and GAE-DF-88% were broad, indicating 
low fibre directionality, whereas there was a narrower distri-
bution in GAE-DF-95%, indicating a greater extent of fibril-
lar alignment and anisotropy. This extent of fibrillar alignment 
was reflected in the tensile stress–strain curves, which displayed 
distinct mechanical properties for PC-DF, GAE-DF-88% and 
GAE-DF-95%, with the latter presenting significantly higher 
(p < 0.05) ultimate tensile strength (UTS) and apparent modu-
lus values (Fig. 1e). In particular, PC-DF, GAE-DF-88% and 

GAE-DF-95% were characterized by a UTS mean value of 
0.133 ± 0.005, 0.056 ± 0.007 and 0.215 ± 0.048  MPa; and an 
apparent modulus mean value of 0.492 ± 0.114, 0.135 ± 0.028 
and 0.874 ± 0.145 MPa.

Seeded MSC proliferation and osteoblastic 
differentiation in gels

In order to assess the potential of dense fibrin gel gels as scaf-
folds for bone tissue engineering, the function of seeded MSCs 
in both GAE-DF-88% and GAE-DF-95.33% were compared 
to those seeded in PC-DF. The effect of scaffold architectural 
properties on cell viability, proliferation, remodelling activity (as 
measured through cell-induced gel contraction) and osteoblastic 
differentiation was evaluated up to 28 days in culture. CLSM 
images of calcein AM-stained cells showed extensive viability 
where cells were temporally and spatially growing in all gels, 
independent of culturing media (Fig. 2). Cells seeded in GAE-
DF-95% in basal medium appeared to be polarized preferentially 
along the longitudinal axis of the gel up to day 7. In contrast, 
cells seeded in PC-DF and GAE-DF-88% were not preferentially 
oriented within the same time frame.

Seeded MSC-mediated gel remodelling activity was evalu-
ated up to 21 days in basal and osteogenic media. Gel images 
taken immediately after fabrication (day 0) and at day 21 in cul-
ture (Fig. 3a; top and bottom, respectively) revealed different 
levels of contraction, which were dependent on culturing media 
and SAR%. Changes in cell-mediated gel contraction (Fig. 3b; 
left and right panels, respectively) followed a sigmoidal trend, 

Figure 1:   Macro-to-micro-architectural and mechanical properties of dense fibrin gels. Macro-to-microscale images of (a) PC-DF, (b) GAE-DF-88% and 
(c) GAE-DF-95%. While PC-DF and GAE-DF-88% fibres were characterized by more random orientation, GAE-DF-95% fibres appeared to be organized 
in bundles with a preferred orientation. (d) Gaussian distribution of fibre directionality generated from SEM micrographs. Gaussian distribution 
appeared narrower with the increase in SAR%. PC-DF was used as control. (e, left) Representative tensile stress–strain curves of PC-DF and GAE-DF gels, 
(middle) UTS and (right) apparent modulus calculated from the stress–strain curves, indicating significantly greater values in GAE-DF-95% compared 
to GAE-DC-88% (*p < 0.05) and PC-DF (× , p < 0.05), respectively.
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where there was a decrease in gel surface area until day 11 in 
both conditions reaching a stable level of contraction. In basal 
medium, while GAE-DF-88% underwent a prominent level of 
contraction, PC-DF and GAE-DF-95% contracted to a lesser 
extent. In addition, the onset of contraction in GAE-DF-95% 
was delayed to day 7 in culture in basal medium (Fig. 3b; left). 
Under osteogenic medium, contraction in GAE-DF-88%, 
PC-DF and GAE-DF-95% was delayed until days 5, 7 and 9, 
respectively (Fig. 3b; right) and was significantly (p < 0.05) 
lower when compared to that observed in gels cultured in basal 
medium. In contrast, there was no detectable contraction in 
acellular gels over the same period under both media (Fig. S1).

Cell metabolic activity increased in all gels in both basal 
and osteogenic media up to day 14, suggesting an increase in 
MSC proliferation rate. However, at day 21, MSCs cultured in 
basal medium presented significantly (p < 0.05) higher metabolic 
activity compared to those cultured in osteogenic medium. In 
basal medium, the metabolic activity of MSCs at day 21 in all 
gels reached a similar level while the intermediate points showed 
differences indicating different proliferation rates both at days 7 
and 14. In osteogenic medium, MSCs seeded in PC-DF exhib-
ited an increasing trend between days 1 and 21, whereas those 
in GAE-DF-88% and GAE-DF-95% stabilized and decreased 
between days 14 and 21, respectively. In addition, the metabolic 
activity of cells seeded in PC-DF was significantly lower than in 
GAE-DF-88% and GAE-DF-95% at day 14 (Fig. 4a).

q-PCR analysis was performed at days 7, 14 and 21 and 
the levels of expression of Alp, Runx2, Ocn and Col1a1 were 

evaluated as an indicator of osteoblastic differentiation. When 
cultured in osteogenic medium, the levels of expression of all 
four genes were significantly higher than in basal medium, 
suggesting MSC osteoblastic differentiation in all gels. MSCs 
seeded in PC-DF gels and GAE-DF-88% and cultured in osteo-
genic medium did not display statistically significant (p > 0.05) 
differences in the levels of expression of Alp, Runx2 and Ocn 
and Col1a1 at all time points. However, MSCs seeded in GAE-
DF-95% showed a significantly (p < 0.05) higher expression in 
Alp at day 14, and in Runx2 and Ocn at days 14 and 21 compared 
to MSCs seeded in PC-DF and GAE-DF-88% (Fig. 4b).

Protein analysis at day 28 confirmed the osteoblastic differ-
entiation of seeded cells (Fig. 5) along with cell-mediated miner-
alization of the constructs as evaluated through SEM, ATR-FTIR 
spectroscopy and XRD (Fig. 6). Densitometry analysis through 
western blotting revealed the production of OPN in all cell-
seeded gels, in particular under osteogenic medium (Figs. 5a, b). 
There was a greater fold increase in GAE-DF-95% followed by 
GAE-DF-88% and PC-DF (Fig. 5c). SEM micrographs showed 
particle deposition in MSC-seeded PC-DF and GAE-DF-95% 
while no deposition was observed in GAE-DF-88% (Fig. 6a). 
Qualitatively, particle size appeared greater in MSC-seeded 
GAE-DF-95% compared to PC-DF. ATR-FTIR spectroscopy 
revealed absorption bands at 1626, 1511 and 1220 cm−1, which 
represented the characteristic peaks of fibrin, i.e. Amide I, II 
and III, respectively. An increase in the absorption bands related 
to phosphorous groups, which can be correlated with mineral 
deposition, were found in the 1100–1000  cm−1 interval in 

Figure 2:   CLSM images of calcein AM-stained MSCs cultured in PC-DF, GAE-DF-88% and 95% at days 1, 7 and 21 under basal and osteogenic media. 
MSCs were observed to be temporarily and spatially growing in all gels. Scale bar = 150 µm.
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MSC-seeded PC-DF and GAE-DF-95%. XRD diffractograms 
indicated the formation, or an initial transition towards an apa-
tite phase in MSC-seeded GAE-DF-95% only, attributable to the 
presence of a peak around 32° 2θ degree. In contrast, analysis 
of MSC-seeded gels at day 28 in basal medium did not indicate 
mineral deposition (Fig. S2). 

Discussion
This study has demonstrated that automated GAE can be applied 
to produce dense fibrin gels of tailorable microarchitectures and 
mechanical properties. By simply introducing an aspiration step 
on prefabricated precursor gels, automated GAE imparts both 
compaction and anisotropy prior to the ejection of dense fibrin 
gels. Furthermore, the automated GAE-designed gels supported 
the osteoblastic differentiation of seeded MSCs and may repre-
sent a promising strategy to deliver therapeutic cells for bone 
tissue engineering.

Strategies to improve the mechanical properties of fibrin 
gels have been explored by altering the fibrinogen and throm-
bin concentrations [44, 45]. However, the challenge in the 
sterile filtration of high fibrinogen concentrations limits their 
cellular applications. Additionally, this approach does not 
allow for the controlled biofabrication of fibrous architectures. 
Fibrin gels characterized by low gel concentrations have been 
used to produce structures resembling those of neural tissues 
[46–48], tympanic membranes [49], as well as models to study 
possible therapies for glioblastoma tumours [50]. However, 
to date, fibrin gels have not been used to produce bone-like 
structures, which may be due to the difficulties in directly 
handling highly concentrated fibrin gels in a controllable 
manner and with architectural properties similar to those 
of the native tissue; a hierarchically organized mineralized 
fibrillar collagen network [51, 52]. While fibrin gels are char-
acterized by a mesh-like fibrous structure [28], their highly 
hydrated nature corresponds to relatively weak mechanical 

Figure 3:   MSC-induced gel contraction of PC-DF, and GAE-DF-88% and GAE-DF-95% up to day 21 in basal and osteogenic media. (a) Macroscopic 
images of gels at days 0 and 21 in culture in basal (left) and osteogenic (right) media. (b) Quantification of gel compaction up to day 21 in culture in 
basal (left) and in osteogenic (right) media. Contraction of GAE-DC-88% was more pronounced than PC-DF and GAE-DC-95%. Extent of contraction 
was lower in osteogenic medium, which stabilized after day 11. Contraction was not observed in acellular gels for either medium condition (Fig. S1). 
*Significantly (p < 0.05) lower contraction when compared to the corresponding sample in basal condition.
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properties, which impacts their physiological relevance as 
bone extracellular matrix (ECM)-mimicking constructs [52]. 
Therefore, the use of fibrin in bone tissue engineering has 
been limited to coatings [31] or supporting [32, 33] materials.

In this study, the structural and mechanical properties of 
automated GAE-generated dense fibrin gels were compared 
to PC-generated gels. These two approaches rely on the con-
trolled expulsion of the casting fluid from precursor gels pro-
duced with a low fibrinogen concentration, while generating 
different fibrillar architectures. PC, which has been widely 
used with collagen gels [34], and successfully applied on fibrin 
gels [27], results in gels characterized by a randomly oriented 
fibrillar structure. In contrast, automated GAE-generated 
gels can be characterized by both, higher densities and dif-
ferent extents of anisotropy, as dictated by the SAR%. These 

observations are in line with those generated in dense collagen 
gels [42, 43] thus confirming that automated GAE and SAR% 
can be successfully applied to other fibrous hydrogels. SAR 
represents a simple yet powerful tool to predict and tailor the 
architectural (fibrillar density and orientation) and mechani-
cal properties of gels in order to meet those of the target tissue. 
Therefore, automated GAE represents an appealing alterna-
tive to modulating either the fibrinogen concentration [16, 
53–55] or extent of fibre alignment through the application of 
uniaxial stress [28]. This densification of the fibrillar network 
results in an increase in contact points between the fibres, 
thereby requiring higher tensile stresses to induce deforma-
tion [42]. Interestingly, tensile stress–strain curves highlighted 
the effects of the distinct fibrous architectures of PC-DF and 
GAE-DF-95%. While both gels were of similar density, the 

Figure 4:   Seeded MSC metabolic activity and osteogenic differentiation. (a) MSC metabolic activity seeded in PC-DF, GAE-DF-88% and GAE-DF-95% and 
cultured up to day 21 in basal and osteogenic media. MSC metabolic activity under basal medium increased up to day 21 in all gels. MSC metabolic 
activity under osteogenic medium reached a plateau and decreased at day 21 in GAE-DF-88% and GAE-DF-95%, respectively. (b) Expression of Alp, 
Runx2, Ocn and Col1a1 genes in MSCs cultured in PC-DF, GAE-DF-88% and GAE-DF-95% at days 7, 14 and 21 in basal and osteogenic media. Under 
basal medium, the expression of Alp in MSCs was higher (p < 0.05) in GAE-DF-95% at day 14 when compared to the other gels. Under osteogenic 
medium, Alp (at day 14), Runx2 (at days 7, 14 and 21) and Ocn (at days 14 and 21) expression was higher (p < 0.05) in MSCs seeded in GAE-DF-95% 
compared to the other gels.
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increased extent of fibre alignment in GAE-DF-95% generated 
higher apparent modulus and strength values, which can be 
attributed to a greater number of fibres recruited along the 
tensile force [56]. Furthermore, considering that the initial 
concentration of fibrinogen in the highly hydrated precursor 
was 1 mg mL−1, the higher modulus value demonstrated by 
GAE-DF-95% post automated GAE (0.874 ± 0.145 MPa), is 
similar to what was previously reported for fibrin gels pro-
duced using an initial fibrinogen concentration of 50 mg mL−1 
(0.974 ± 0.254 MPa) [26]. However, the latter is limited in 
terms of cellular-based applications as its concentration hin-
ders the sterile filtration process, thus emphasizing the novelty 
of GAE as a cell-friendly process for the production of fibrin 
gels with improved mechanical properties.

The fabrication of an endogenous fibrin gel with a native 
bone ECM-like structure that promotes the rapid expansion of 
seeded cells is critical for potential clinical applications [26]. It 
has been demonstrated that the use of molecules found in pro-
visional wound healing types of matrices may better mimic the 
natural process of bone repair [57]. Fibrin, in particular, plays a 
pivotal role in wound healing, acting as a scaffold for cell migra-
tion, adhesion and differentiation [58]. Bulk and local scaffold 
properties can also direct cell behaviour, where cellular activities 
(e.g. attachment, migration and differentiation) can be directed 
by matrix stiffness [59–62]. Previous studies have shown that the 
proliferation and differentiation of seeded MSCs are affected by 
the fibrinogen concentration, which controls the density of the 
fibrin gel [16, 53]. When the fibrinogen concentration is low, the 
resulting fibrin gel is loose and MSC proliferation is high [53], 
whereas when the fibrinogen concentration is high, the gel is 

denser, which in turn decreases MSC proliferation and increases 
osteogenic differentiation [16, 53].

This study evaluated the osteogenic differentiation of seeded 
MSCs in automated GAE-generated gels and compared these to 
MSCs seeded in PC-DF gels. Previous work on collagen, demon-
strated that SAR values corresponding to 88 and 95% improved 
the osteoblastic outcomes of seeded MSCs [42]. Furthermore, a 
SAR value higher than 95% may be detrimental to cell viability 
when seeded in collagen [43]. For this reason, the same SAR 
values were used in this work with fibrin. Moreover, PC-DF and 
GAE-DF-95% provided a platform to investigate the osteogenic 
differentiation pathway in gels characterized by similar density, 
but different fibrillar architectures (i.e. random oriented versus 
anisotropic). While MSCs were found to adhere and proliferate 
in all gels, cells seeded in GAE-DF-95% were oriented axially 
along the fibrin bundles as dictated by the aspiration direction. 
This type of cell polarization was not observed in neither PC-DF 
nor GAE-DC-88%, where cells appeared randomly oriented. 
Therefore, cell polarization appeared to be dictated by SAR as 
has also been demonstrated in dense collagen gels [43]. How-
ever, by day 21, cell polarization was no longer observed due to 
widespread cell proliferation.

No qualitative gel degradation was observed after 21 days 
in culture, attributable to the addition of aprotinin, a proteinase 
inhibitor that prevents fibrinolysis, and commonly used to delay 
fibrin-based scaffold degradation [63, 64]. However, fibrinoly-
sis is likely to also have been delayed due to the deposition of 
nascent ECM components from seeded cells, which has been 
demonstrated to hinder fibrinolytic enzyme action, thus stabiliz-
ing the fibrin network [65, 66]. Seeded MSC remodelling activity 

Figure 5:   OPN production in seeded MSCs. (a) Representative Western blot of OPN accumulation, (b) densitometry quantification and (c) fold change 
from basal to osteogenic media cultures of seeded gels.
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not only induces gel contraction but also results in the secre-
tion of ECM components to support cell survival, proliferation 
and differentiation [67]. Cell-induced gel contraction has been 
reported in fibrin [54], where cells exert mechanical forces on 
the surrounding fibrillar network to reach physiological protein 
concentrations [68]. In this study, the onset and extent of cell-
induced gel contraction was dependent on fibrin fibrillar den-
sity, which appeared to be delayed in gels with higher density, 
similar to previous findings on plastically compressed [69–71] 
and automated GAE-generated [43] dense collagen gels.

It is known that scaffold remodelling does not occur when 
the matrix stiffness exceeds cellular contractile forces, and the 
fibrin gel density has been shown to affect the extent of cellular 
contractility [28, 54, 55]. In this study, the increased stiffness in 
denser constructs counteracted the cellular contractile forces 
and decreased the extent of contraction. Lower cell-induced 

contraction was also observed in gels cultured in osteogenic 
medium. This may be due to the reduced proliferation and 
migration of seeded MSCs [69]. Indeed, MSC metabolic activity 
was higher when cultured in basal medium, reflecting a higher 
proliferation rate of undifferentiated cells [72–74]. Furthermore, 
MSC metabolic activity at day 14 in both basal and osteogenic 
media was higher when seeded in GAE-DF-88% compared to 
the other gels, echoing previous findings where the prolifera-
tion of cells, such as fibroblasts and MSCs, seeded in fibrin gels 
decreased with increased fibrinogen concentration and therefore 
fibrin density [26, 27, 53]. In contrast, the lower proliferation 
rate of MSCs seeded in PC-DF and GAE-DF-95% may be due 
to their accelerated differentiation as a consequence of increased 
construct densities [16, 53]. Indeed, the expression profiles of 
Alp, Runx2, Ocn and Col1a1 genes were investigated to assess the 
effects of fibrin gel density and anisotropy on MSC osteoblastic 

Figure 6:   Cell-mediated mineralization. Characterization of mineral deposition at day 28 in osteogenic medium. (a) SEM micrographs showing particle 
deposition in PC-DF and GAE-DF-95% (highlighted by white arrows and in insert), cells (highlighted by white *) and fibrous matrix (highlighted by 
white X). (b) ATR-FTIR spectra of the as-made, acellular and cell-seeded gels revealed increased intensities of absorption bands corresponding to 
phosphate groups in cell-seeded PC-DF and GAE-DF-95%. (c) XRD diffractograms of the as-made, acellular and cell-seeded gels showed amorphous 
patterns for all PC-DF and GAE-DF-88% while the presence of a peak at 32 2θ degree, which can be associated with an early stage of transition towards 
a crystalline apatite phase, was observed in GAE-DF-95% only. The diffraction pattern of hydroxyapatite is used as reference. SEM micrographs, ATR-
FTIR spectra and XRD diffractograms of samples cultured in basal medium are provided in Fig. S2.
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differentiation. Alp is an early marker in the osteogenic path-
way, and is implicated in bone formation and mineralization 
[75]. Runx2 is a marker associated with the osteoblast lineage, 
which activates and regulates the expressions of Col1a1 [76] and 
osteoblast-specific gene Ocn. Ocn, in turn, is a tissue-specific 
gene expressed only by mature osteoblasts [77], while Col1a1 
gene expression is expressed when cells secrete their own ECM 
that is dominated by type I collagen, which templates mineral 
formation and regulates mineralized tissue homeostasis, thus 
promoting the differentiation and growth properties of osteo-
blast-like cells [78].

Osteoblastic differentiation in vitro is characterized by a 
temporal pattern of gene expression, where in the early stages, 
cells grow and synthetize type I collagen to support proliferation 
and matrix formation. On the other hand, an upregulation of 
Alp indicates the cessation of cellular growth and the maturation 
of the deposited ECM. At longer times in culture, proteins with 
a high affinity to the mineral phase in bone such as osteocalcin 
are expressed at the onset of mineralization [77]. Interestingly, 
at day 14 in basal medium the expression of Alp in MSC-seeded 
GAE-DF-95% was higher than those seeded in PC-DF and 
GAE-DF-88%, suggesting that this gel architecture affected gene 
expression. Furthermore, while all four genes were expressed 
by MSCs in osteogenic medium, and although the densities in 
PC-DF and GAE-DF-95% were similar, an accelerated osteo-
blastic differentiation was observed in MSCs when seeded in 
GAE-DF-95%, which may be attributed to their distinct fibril-
lar alignment. While it has been shown that fibrin gel density 
modulates MSC osteoblastic differentiation [16, 53] and MSCs 
seeded in aligned fibrin gels expressed enhanced osteoblastic 
outcomes compared to those seeded in randomly oriented gels 
[28], the results in this study suggest a synergic effect of both 
fibrillar density and alignment.

Previous works have demonstrated that the expression 
of Ocn stabilizes upon the onset of matrix mineralization 
[73, 79–81]. However, at day 21 in osteogenic medium, cells 
seeded in all gels exhibited a higher level of Ocn expression 
compared to day 14, thus suggesting that mineral deposition 
was not occurring at this time point. For this reason, expres-
sion of OPN was investigated at day 28 as a late marker of 
mineralization and osteoblast-mediated mineral deposition 
[82]. Interestingly, OPN was also detected in basal medium, 
suggesting that the dense fibrin gels may recapitulate the prop-
erties of the native microenvironment [41]. Moreover, under 
osteogenic medium, the fold change in OPN was higher in 
MSCs seeded in GAE-DC-95%, thus supporting the hypoth-
esis that the higher density and extent of anisotropy better 
supported their osteogenic differentiation and mineraliza-
tion. Indeed, while phosphate-based mineral deposition was 
detected in both PC-DF and GAE-DF-95%, a clear peak at 
32 2θ degree was observed only in the latter. This peak is one 

of the dominant peaks within the diffractogram of apatite, 
and its presence suggests the possible initial transitioning of 
the mineralized matrix towards a more mature crystalline 
structure in GAE-DF-95%, thus supporting their accelerated 
osteoblastic differentiation.

Conclusions
Biofabricated dense fibrin gels with well-defined microstruc-
ture and mechanical properties were enabled through automated 
GAE, a technique that simultaneously controls construct fibrillar 
content and alignment. It was shown that the aspiration of pre-
cursor gels characterized by a low concentration (i.e. 1 mg mL−1 
fibrinogen and 0.5 units mL−1 thrombin) through a capillary 
offered advantages, in terms of both compaction and modula-
tion of the fibrillar structure, thereby enabling the design of dif-
ferent levels of anisotropy. In particular, GAE-DF-95% displayed 
mechanical properties similar to those of previously reported 
fibrin gels characterized by high concentrations (i.e. 50 mg 
mL−1 fibrinogen and 250 units mL−1 thrombin). Furthermore, 
the ability of the GAE-DF gels to support seeded MSC adhesion, 
proliferation and modulate their osteoblastic differentiation 
depending on their properties, in vitro, has potential in bone 
tissue engineering applications. For example, the densities and 
fibrillar alignment levels of native tissues can be mimicked and 
replicated through this approach. Gels with native-like struc-
tures can then be used not only to model physiological pro-
cesses such as bone formation and/or remodelling, but also to 
replicate pathological conditions. Moreover, while more detailed 
pre-clinical studies with resolution techniques and animal mod-
els are needed to confirm these in vitro observations, it can be 
postulated that automated GAE offers promise as a novel bio-
fabrication approach in the development of endogenous gels for 
cell delivery in bone regeneration.

Materials and methods
Preparation of precursor highly hydrated fibrin 
hydrogels

Fibrinogen powder (Type I-S, 65–85% protein, Sigma-Aldrich, 
Canada) was dissolved in phosphate buffered saline (PBS) solu-
tion to a final concentration of 1 mg mL−1 and mixed with 0.5 U 
mL−1 thrombin solution (40–300 NIH units/mg protein, Sigma-
Aldrich, Canada). Aliquots of 1.5 mL were then subdivided into 
a 48-well plate mould (Corning Costar, USA) and incubated 
at 37 °C for 20 min to induce the polycondensation reaction 
of fibrinogen and gelation and produce the precursor highly 
hydrated fibrin hydrogels, which were then subjected to either 
automated GAE or PC, as described below.
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Automated GAE‑generated dense fibrin gels

Automated GAE was applied on as cast, cylindrical precur-
sor highly hydrated fibrin hydrogels to generate dense fibrin 
(GAE-DF) gels (Fig. 7, Video S1). A syringe pump (GeSim 
mbH, Germany) filled with an incompressible fluid (e.g. water, 
PBS, culture media) necessary for gel ejection was used to apply 
pressure differentials. Needle gauge numbers of 8G and 12G (of 
diameters 3.43 and 2.16 mm, respectively) were attached to the 
syringe pump through a Luer lock connector. The flow direction 
and rates were controlled through the instrument software. The 
automated GAE process was initiated by gently positioning the 
attached needle at the concentric surface centre of the precur-
sor gels. Aspiration was applied by setting a positive flow rate of 
0.25 μL s−1, thus generating negative pressure and drawing the 
precursor gels into the needle, while expelling the excess casting 
fluid. Once the gel was almost fully drawn into the needle, the 
positive flow rate was stopped. Next, a negative flow rate of 2 μL 
s−1 generating positive pressure was applied to controllably eject 
the compacted DF gels.

Plastic compression‑generated dense fibrin gels

Plastic compression was applied to generate dense fibrin (PC-
DF) gels, as previously described [34]. Briefly, precursor gels were 

subjected to a 1 kPa compressive stress for 5 min to expel the cast-
ing fluid and generate PC-DF gels (Fig. 7).

Determination of gel compaction factor and fibrin 
fibrillar density

The compaction factor in generating GAE-DF gels was defined as 
the surface area reduction (SAR%), which is the ratio between the 
cross-sectional surface areas of the precursor gel (SAi) and needle 
(SAf) used in automated GAE and calculated according to Eq. (1) 
[43] as follows:

Using Eq. (1), needle gauge numbers of 8G and 12G resulted 
in SAR values of 88 and 95%, respectively.

Fibrin fibrillar density of the gels (n = 3) was determined 
through their dry-to-wet weight ratio (n = 5) [34]. The as-made 
gels were freeze-dried overnight at − 104 °C and 14 mTorr (Bench-
Top K VirTis, USA). Weight percent of fibrin in the gels was cal-
culated according to Eq. (2) [34] as follows:

(1)SAR =

(SAi− SAf)

SAi
100

(2)Fibrin fibrillar density =

W
[

dry
]

W[wet]
× 100.

Figure 7:   Fabrication of dense fibrin gels. Precursor gel is cast into a 48-well plate mould at 37 °C for 20 min. Following, the precursor gel is processed 
either through automated GAE or plastic compression. Processing through automated GAE of precursor gel (top row) is performed with a system 
consisting of a syringe pump connected to different gauge number needles through Luer locks. The aspiration of the gel into the needle rapidly expels 
the casting fluid, which is then controllably ejected (Video S1 provides more information about the process). Processing through plastic compression 
(bottom row) is performed by placing the precursor gel between two meshes, then a load is applied atop to rapidly expel the casting fluid which is 
absorbed by the blotting paper placed underneath.
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Culturing of seeded MSCs in GAE‑DF and PC‑DF gels

Passage 9 mouse C57BL/6 bone marrow-derived MSCs (Life 
technologies; Gibco, Canada) were incubated at 5% CO2 and 
grown to 80% confluency at 37 °C. The expansion and growth 
medium consisted of Dulbecco’s modified essential medium 
F12 (DMEM/F12, Life technologies; Gibco, Canada) supple-
mented with 10% foetal bovine serum (FBS, HyClone, Can-
ada) and 5 μg mL−1 gentamicin antibiotic (Life technologies, 
Canada). Precursor fibrin gels were processed by transferring 
1.5 mL of fibrin solution seeded with MSCs at a density of 
2 × 105 cells mL−1 into a 48-well plate and cast in an incubator 
with 5% CO2 atmosphere at 37 °C for 30 min. MSC-seeded 
GAE-DF with SAR of 88% and 95% were compared to those 
seeded in PC-DF. Culturing was carried out in either growth 
medium (basal) or in osteogenic differentiation medium that 
consisted of DMEM/F12 supplemented with 50 μg mL−1 of 
ascorbic acid, 10 mM β-glycerophosphate and 1 μM dexa-
methasone (all suitable for use in tissue culture system, Sigma-
Aldrich, Canada) for up to 28 days. Both basal and osteogenic 
media were supplemented with 0.1 U mL−1 aprotinin (Sigma-
Aldrich, Canada) and changed at 2-day intervals.

Seeded MSC viability

Confocal laser scanning microscopy (CLSM; Carl Zeiss 
LSM510, Germany) was used to image seeded MSC viability 
and morphology at days 1, 7 and 21 in culture. Seeded cells 
were stained with 2 μM calcein AM solution (i.e. in PBS or 
culture media) (Life Technologies, Canada) and incubated at 
37 °C for 15 min prior to viewing. Excitation and emission 
wavelengths of 490 and 530 nm, respectively, were used to 
visualize the stained cells by plane scanning. The resulting 
emissions from the stain were detected for image assembly.

Determination of cell‑induced gel contraction

Cell-induced contraction of gels was assessed on free-float-
ing gels (n = 3) to allow for unconstrained contraction. Cell-
induced contraction was assessed up to 21 days in culture 
under basal and osteogenic media. Samples were imaged with 
a camera (Canon rebel T3) and the results quantified using 
ImageJ (NIH, USA) with the Fiji open-source plug-in [83]. 
The initial surface area, as measured from the image of each 
individual sample was considered equal to its 100%. Then, 
further images were captured at 3-day intervals, and their cor-
responding surface areas were measured and compared with 
the initial surface area value to determine the extent of gel 
contraction. Acellular gels were used as control.

Seeded MSC metabolic activity

The alamarBlue® assay (Life Technologies, Canada) was used 
to investigate the metabolic activity of seeded MSCs as an indi-
cator of cell viability and proliferation [84]. Specimens (n = 3) 
were incubated for 4 h under darkness in 5% CO2 and 37 °C in 
growth medium with 10% alamarBlue® reagent. Post incubation, 
100 μL aliquots of media were collected in triplicate. Fluores-
cence intensity was measured with a Mithras LB940 Multimode 
Microplate Reader (Berthold Technologies, Germany) equipped 
with a 555/580 nm filter pair, as an expression of cellular reduc-
tion according to the resazurin indicator. Analysis was carried 
out at days 1, 7, 14 and 21 and plotted against the florescence 
intensity, which was proportional to the magnitude of meta-
bolic activity. Fluorescence intensity from acellular gels were 
subtracted from values obtained for cell-seeded gels.

Seeded MSC gene expression

Quantitative polymerase chain reaction (q-PCR) was conducted 
to amplify alkaline phosphatase (Alp), runt-related transcription 
factor 2 (Runx2), osteocalcin (Ocn) and collagen type I alpha 1 
chain (Col1a1) transcripts as indicators of MSC osteogenic dif-
ferentiation. Primer sequences and amplicon sizes are provided 
in Table 1. Specimens (n = 3) cultured in both basal and osteo-
genic media were subjected to the PureLink® RNA kit (Life Tech-
nologies, Canada). This generated RNA transcripts that were 
reverse transcribed to cDNA by qScript™ cDNA synthesis kit 
(Quanta Bioscience Inc.) as per the manufacturer’s instruction. 
PerfeCTa® SYBR® Green FastMix®ROX (Quanta Bioscience Inc.) 
q-PCR master mix and primer pairs (300 nM each) were pre-
pared for entry into the 7900HT q-PCR thermocycler (Applied 
Biosystems, USA). Cycling conditions were as follows: an ini-
tial denaturation of 95 °C for 10 min, followed by 40 repeats of 
95 °C of denaturation for 15 s and an annealing/extension phase 
of 45 s. Using the 2−ΔΔCt method, data were normalized to the 
expression of Gapdh and calibrated to the day 1 time point.

TABLE 1:   Primer sequences and amplicon size used for q-PCR.

Gene Primers
Amplicon size 
(base pairs)

Gapdh (+) 5′—AAG GGC TCA TGA CCA CAG TC—3′ 111

(–) 5′—CAG GGA TGA TGT TCT GGG CA—3′
Alp (+) 5′—GGG AGA TGG TAT GGG CGT CT—3′ 117

(–) 5′—AGG GCC ACA AAG GGG AAT TT—3′
Runx2 (+) 5′—ATC CCC ATC CAT CCA TCC CTC CA—3′ 168

(–) 5′—CTG TCT GTG CCT TCT GGG TT—3′
Ocn (+) 5′—GAC AAA GCC TTC ATG TCC AAG C—3′ 129

(–) 5′—AGC AGG GTC AAG CTC ACA TAG—3′
Col1a1 (+) 5′—GAC GCC ATC AAG GTC TAC TG—3′ 154

(–) 5′—ACG GGA ATC CAT CGG TCA—3′
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Protein analysis (Western blot)

The protein extracts (200 µL) from samples (n = 3) were ethanol-
precipitated and resuspended in NuPage LDS Loading Buffer 
(Life Technology), as previously described [85]. The total protein 
in the extracts was determined by a Pierce Coomassie (Brad-
ford) Protein Assay Kit (Thermo Fisher Scientific Inc., Canada). 
The proteins were separated on 10% LDS polyacrylamide gels 
and electrotransferred to an Amersham proton 0.2 nitrocel-
lulose membrane (Hybond-P, GE Healthcare, Canada). The 
membranes were blocked with 3% skim milk and probed with 
antibodies against mouse osteopontin (OPN) (R&D Systems, 
USA) at 1:1000 dilution. An appropriate secondary antibody 
(R&D) Systems, USA) at a 1:1000 dilution was used. All mem-
branes were developed using a Western Lightning Plus-ECL 
(PerkinElmer Life Sciences) and LAS 4000 Image Quant system 
(General Electric). Densitometric calculations were carried out 
using ImageLab software (Bio-Rad). The samples were normal-
ized to Actin and to the background of the blot.

Scanning electron microscopy (SEM) and image 
analysis

SEM was used to investigate the microstructure of gels as well as 
mineral deposition in MSC-seeded gels. Acellular gels were fixed 
in 4% paraformaldehyde for 30 min (cell-seeded gels overnight) 
followed by dehydration through a graded series of ethanol solu-
tions, and by chemical drying using 1,1,1,3,3,3-hexamethyldisi-
lazane (Sigma-Aldrich, Canada). SEM analysis was performed 
on Pt sputter-coated samples (Leica Microsystems EM ACE600 
High Resolution Coater, Austria) with a Field Emission-SEM 
(FEI Inspect F-50 FE-SEM, The Netherlands) at 5 kV and 10 mA 
with a working distance of 10 mm.

SEM generated images were analysed for fibril directionality 
through ImageJ (NIH, USA) with the Fiji open-source plug-
in [83]. The analysis was carried out using the directionality 
analysis tool within the applet and selecting the “local gradient 
orientation” algorithm. The analysis provided a histogram with 
a dominant Gaussian distribution of fibre directionality analysed 
from 4 independent SEM images.

Mechanical analysis

Tensile testing was carried out on gel specimens (n = 5) 
mounted into the grippers of a Univert mechanical testing 
instrument (CellScale Biomaterials, Canada) [34]. Wet speci-
mens were first clamped to the upper plastic gripper of the 
instrument which was then lowered until the other extrem-
ity of the gel landed inside the bottom gripper that was then 
closed, thus securely fixing the specimen without applying 
any strain. Tests were performed with a 10 N load cell and a 

controlled displacement rate of 0.1 mm s−1. The initial load 
versus displacement data were processed to generate corre-
sponding stress–strain curves by using the needle internal 
diameter (3.43 and 2.16 mm corresponding to 8G and 12G, 
respectively) or PC-DF roll diameter (2 mm) as the nomi-
nal diameter of each gel, respectively. The ultimate tensile 
strength (UTS) and apparent modulus were calculated as 
the maximum stress point and the slope of the linear region, 
respectively, of the stress–strain curves.

Attenuated total reflectance‑fourier transform 
infrared spectroscopy (ATR‑FTIR)

ATR-FTIR spectroscopy was used to characterize the struc-
tural properties of as-made gels as well as the mineralization 
potential of acellular and MSC-seeded gels at day 28 in culture. 
Samples were fixed overnight in 4% paraformaldehyde, rinsed 
twice in PBS and finally washed three times in deionized water 
(DIW) before freeze-drying overnight at − 104 °C and 14 mTorr 
(BenchTop K freeze-dryer). Spectra were collected (Spectrum 
400, PerkinElmer, USA) using a resolution of 2 cm−1, an infra-
red range of 4000–650 cm−1 and 64 scans. Spectra were then 
corrected with a linear baseline and normalized (absorbance 
of Amide I at 1643 cm−1 = 1.5) using Spectrum software (Perki-
nElmer, USA). Changes in absorption bands related to phospho-
rous species have been considered as an indication of mineral 
deposition [41].

X‑ray diffraction (XRD)

XRD was used to characterize the as-made as well as the min-
eralization potential of acellular and MSC-seeded gels at day 
28 in culture. Samples were fixed overnight in 4% paraformal-
dehyde, rinsed twice in PBS and finally washed three times in 
DIW before freeze-drying overnight at − 104 °C and 14 mTorr 
(BenchTop K freeze-dryer). The XRD patterns were generated 
using a Bruker D8 Discover (Germany), a range from 6° to 60° 
2θ at 40 kV and 40 mA. Three frames of 23° were recorded for 
9 min and merged during data post processing. The Interna-
tional Centre for Diffraction Data (ICDD) database was used 
to identify the phase composition.

Statistical analysis

Fibre dispersion angles in gels were statistically compared using 
ordinary one-way analysis of variance. Statistical analysis on all 
other analyses was performed using a multiple t test with a sig-
nificance level p < 0.05.
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