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Abstract
Generation of biomimetic and biocompatible artificial tissues is the basic research objective for tissue engineering
(TE). In this sense, the biofabrication of scaffolds that resemble the tissues’ extracellular matrix (ECM) is
an essential aim in this field. Uncompressed and nanostructured fibrin-agarose hydrogels (FAH and NFAH
respectively) emerged as promising scaffold in TE, but its structure and biomechanical properties must be
improved in order to broad their TE applications. Here we generated and characterized novel membrane-
like models with increased structural and biomechanical properties based on the chemical cross-linking of
FAH and NFAH with genipin (GP at 0.1, 0.25, 0.5 and 0.75%). Furthermore, scaffolds were subjected to
rheological (G, G’, G” modulus), ultrastructural and ex vivo biocompatibility analyses. Results showed that all GP
concentrations increased the stiffness (G) and especially the elasticity (G’) of FAH and NFAH. Ultrastructural
analyses demonstrated that GP and nanostructuration of FAH allowed controlling the porosity of FAH. In addition,
biological studies revealed that higher concentration of GP significantly decreased the cell viability. Finally, this
study demonstrated the possibility to generate natural FAH and NFAH with improved structural and biomechanical
properties by using GP. However, further in vivo studies are needed in order to demonstrate the biocompatibility,
biodegradability and regeneration capability of these cross-linked scaffolds.
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Introduction
Generation of biomimetic and biocompatible bio-artificial
tissue-like substitutes is a basic research objective for tissue
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engineering (TE) field. In this sense, the processes of biofabri-
cation and functionalization of biomaterials for the generation
of bio-artificial tissues, are a preferential research target in
this field, since biomaterials are crucial components for bio-
logical and biomechanical properties as well as for their in
vivo integration [1].

In TE the most used biomaterials are hydrogels, which
are constituted by hydrophilic chains in which water is the
dispersion medium. Hydrogels are generally composed by
proteins or polysaccharides [2]. From protein-based hydro-
gels, the most commonly used biomaterials are fibrin, collagen
and gelatin, while chitosan, alginate, cellulose, agarose and
hyaluronic acid represent the most frequently used polysaccharides-
based ones [3].

In general hydrogels are biocompatible and could resemble
the structure, hydration-rate and some biological and physical
properties of the native extracellular matrix (ECM). Hydro-
gels support different cell functions (proliferation, migration
and differentiation) and their hydration-rate allows the diffu-
sion of nutrients and waste materials maintaining an adequate
microenvironment. However, most hydrogels do not have
optimal biomechanical behavior limiting their potential clin-
ical applications [1, 4, 5]. Nowadays, these disadvantages
can be solving by using physical (such as nanostructuration
technique) or chemical methods (such as cross-linkers) that
were used to improve the structural and biomechanical prop-
erties of different hydrogels. These methods allow tuning the
structure and biomechanical properties of hydrogels accord-
ing to specific needs [2, 6–9]. Nanostructuration is a physical
method that induces nano-molecular bonds among the bio-
material fibrillar components improving the biomechanical
forces and increasing the fibers density [9]. In the case of
chemical cross-linkers they induce the formation of molec-
ular interactions (cross-linking) between the biomaterial’s
molecular-units modifying their biomechanical and structural
properties [7, 8, 10].

In recent years, a novel hybrid hydrogel composed of
human fibrin and agarose type VII, fibrin-agarose hydrogel
(FAH), has been used as scaffold to generate new bio-artificial
tissues such as corneas, oral mucosa, skin, peripheral nerve,
cartilage, palate and magnetic scaffolds with promising in
vitro and in vivo results [9, 11–17]. These previous studies
demonstrated that FAH-based bio-artificial tissue-like mod-
els were highly biocompatible, biodegradable and supported
cell functions. In addition, overall biomechanical and struc-
tural properties of this versatile FAH were significantly im-
proved by using nanostructuration technique [2, 8, 9], gen-
erating nanostructured FAH (NFAH). Furthermore, the pro-
tein/polysaccharide hybrid composition of FAH and NFAH
made them suitable targets for chemical cross-linkers [8].

Glutaraldehyde (GL) is probably one of the most efficient
cross-linkers used in biomedicine, but studies demonstrated
some cytotoxic effects of this agent, especially at higher con-
centrations [8, 18]. In our previous study, significant improve-
ments of overall biomechanical properties of FAH and NFAH

were obtained with GL. Although, at higher concentrations
of GL the cell viability and functionally decreased consider-
ably [8]. Despite the improvements obtained with GL, it is
still necessary to find none or less toxic cross-linkers agents
to improve the physical and biological properties of FAH and
NFAH for TE applications. In this context, genipin (GP) ap-
peared as a possible alternative for this issue. For more than a
decade, GP, an iridoid glycoside (C11H14O5), has been ap-
plied as a cross-linker agent to decellularized tissues (Somers
et al., 2008), chitosan, collagen, gelatin, polyethylene glycol
and fibrin hydrogels with some biomechanical improvements
and lower levels of cytotoxicity as compared to GL [19, 20].
In this context, the aim of this study was to generate and char-
acterize novel FAH and NFAH membrane-like scaffolds with
improved structural and biomechanical properties by using
different concentration of GP as cross-linker. Furthermore,
the generated GP cross-linked scaffolds were subjected to
structural, rheological and ex vivo biocompatibility analyses
to confirm their potential usefulness in TE.

1. Methods
1.1 Generation of uncompressed and nanostruc-

tured fibrin-agarose hydrogels
In this study, FAH and NFAH were elaborated by following
well-described protocols [8, 9, 12, 16]. To prepare 30 ml FAH,
we mixed 22.8 ml human plasma, 2.25 ml PBS and 450 µl
of an anti-fibrinolytic (Amchafibrin, Fides-Ecofarma, Valen-
cia, Spain). Once the solution was mixed, 3 ml of 2% CaCl2
(to promote the gelation) and 1.5 ml melted of 2% type VII-
agarose (Sigma-Aldrich, Steinheim, Germany) were added,
carefully mixed and placed into 6-wells plates (3.5 cm diame-
ter with 5 ml in each) and leaved to jellified during 1 h under
standard culture conditions (37ºC and 5% CO2).

To fabricate NFAH, constructs were carefully removed
from each well plate and subjected to plastic compression
techniques following previously described and standardized
procedures [8, 9]. Briefly, we placed the FAH between a cou-
ple of nylon filter membranes with 0.22 µm pore size (Merck-
Millipore, Darmstadt, Germany) and compressed them be-
tween a pair of sterile Whatman 3 mm absorbent pieces of
paper below a flat glass surface. We applied uniform mechan-
ical pressure (500 g, homogeneously distributed) for 3 min
and, as results, we obtained a high-density membrane-like
NFAH (film) with approximately 50-60 µm thickness.

1.2 Genipin cross-linking and experimental groups
To improve the structural and biomechanical properties of
FAH and NFAH, constructs were subjected to chemical cross-
linking with GP at 0.1%, 0.25%, 0.5% and 0.75% (w/v) di-
luted in PBS in bath water at 37ºC (0.1 M, pH 7, 2-7, 4). In
this study, constructs were submerged in 5 ml of GP solutions
for 72 hours at 37ºC in darkness. After this period, cross-
linked constructs were washed during 24 hours with PBS.
In the present work eight experimental groups were defined
based on the type of hydrogel (FAH or NFAH) and four GP
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concentrations. Not cross-linked FAH and NFAH were used
as control. Finally, all experimental and control groups were
analyzed in triplicate throughout this study (n=3 in each).

1.3 Scanning electron microscopy
For these analyses, GP cross-linked FAH and NFAH and con-
trols were fixed in 2.5% glutaraldehyde cacodylate-buffered
and postfixed in 1% osmium tetroxide. After fixation, samples
were dehydrated in increasing concentrations of acetone (30-
100%), subjected to critical point dry, mounted on aluminum
stubs and coated with gold according to routine procedures [9].
Samples were analyzed with a FEI Quanta 200 environmental
scanning electron microscope (FEI Europe, Eindhoven, The
Netherlands).

1.4 Quantitative analysis of biomaterial’s porosity
In this study the porosity and fibers density was determined
in cross-linked and control scaffolds through the analysis of
SEM images with Image J software (National Institutes of
Health, USA) as previously described [8, 14, 21]. Briefly,
6 SEM images from three independent samples (from each
biomaterials condition) were processed in Image J with the
threshold function by default setting and selecting the dark
background (obtaining black/white SEM images). In set mea-
surements tolls we selected the “area fraction” function and
then automatically calculated the percentage of black and
white elements present in a specific area. The percentage of
black areas in each image corresponded to the fiber-free area,
thus the biomaterials’ porosity. The fibers density, which was
represented in white, was calculated as the difference between
total analyzed area and the percentage of porosity (black). See
representative modified images in Supplementary material
(Fig S. 1). Finally, results were expressed as mean ± standard
deviation (SD) values for both variables in the experimental
and control groups.

1.5 Rheological characterization
In order to demonstrate the impact of GP cross-linking on
scaffolds’ biomechanical properties all scaffolds generated
were subjected to a stationary and dynamic rheological anal-
ysis as described previously [8, 22, 23]. Briefly, hydrogels
of 5 mm thickness and 30 mm diameter were analyzed in a
Haake MARS III rheometer (Thermo Fisher Scientific, USA).
Stationary rheological analyses were used to determine the
rigidity modulus (G), whereas the analyses carried out under
dynamic state displayed the elastic and viscous modules (G’
and G” respectively). Cross-linked and controls scaffolds
were analyzed in triplicate and under the same environmental
conditions (37 ± 1 ºC).

1.6 Ex vivo biocompatibility
In this study human skin fibroblasts were used to determine
ex vivo biocompatibility of the different constructs generated.
Cells were isolated from skin biopsies of healthy donors as
described previously [15]. Fibroblasts were expanded until
passage 5 with DMEM (supplemented with 5% antibiotics

cocktail solution and 10% fetal bovine serum, all from Sigma
Aldrich, Germany) under standard culture conditions. In order
to determine the biocompatibility ex vivo, cells were seeded
on top of each construct (104 cells/construct or chamber),
kept under standard culture conditions during 48h and then
subjected to the following tests: (i) Live/Dead® (LD) cell
viability assay, (ii) Determination of mitochondrial dehydro-
genase activity (WST-1) and (iii) DNA quantification assay.
As technical positive controls, cells were cultured at the same
density on top of non-cross-linked constructs and in chamber
slides (2D) for 48h. In addition, cells cultured in chamber
slides for 48h and then incubated with 2% Triton X-100 were
used as technical 2D negative control. Furthermore, all analy-
ses were performed in triplicate, unless otherwise is indicated.

For LD cell viability assay we followed the manufac-
ture recommendations (Viability/Cytotoxicity kit, Molecular
probes, Eugene, Oregon, USA) and previous studies [8, 16]
. Briefly, the culture medium was removed from constructs
and chamber slides followed by three washed with PBS (5
min each) and finally samples were incubated with working
solution (acetomethoxy-calcein and ethidium bromide) for
30 min. After that the solution was removed, samples were
washed in PBS and viable (green fluorescence) and dead cells
(red fluorescence) were analyzed by fluorescence microscopy
(Nikon Eclipse Ti-U fluorescence and light inverted micro-
scope, Nikon, Tokyo, Japan). Furthermore, the cell density in
each GP cross-linked FAH and controls (FAH and 2D positive
control) was determined as the number of cells/analyzed area
(total area: 101.5 x 104 µm2).

The metabolic activity of fibroblast was quantitatively de-
termined with the water-soluble tetrazolium salt-1 (WST-1)
colorimetric assay following the manufacturing (Cell Pro-
liferation Reagent WST-1, Roche Diagnostics, Mannheim,
Germany) and previously described recommendations [8, 23].
Finally, the nuclear membrane permeability, which is consid-
ered a feasible test of irreversible cell damaged, was evaluated
by the quantification of DNA released into the culture medium
as described previously [8, 22, 23]. In this sense, the culture
media was harvested from each condition, placed in Eppen-
dorf tubes and the DNA was quantified by using a NanoDrop
2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific).
The DNA was quantified in four independent samples from
each experimental condition, and three measurements were
made in each (n = 12 each). In addition to the controls de-
scribed above (2D positive and negative), we determined the
DNA content in the culture medium and these values were
subtracted from the results obtained from each experimental
condition and control.

Finally, all quantitative results obtained from the ex vivo
biocompatibility analyses were expressed as mean ± standard
deviation (SD) values, which in the case of WST-1 and DNA
were normalized with their respective controls.
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1.7 Quantitative and Statistical Analysis
To determine statistically significant differences between the
comparison of different variables obtained from each experi-
mental condition and control, all variables (values) were first
subjected to the Shapiro-Wilk test for normality. In this sense,
student’s t-test was used to compare area fraction (porosity)
and fiber density values, while values of WST-1, DNA, cell
density and G, G’ and G” modules were compared with Mann-
Whitney test. In addition, the Kendall rank correlation test
was used to determine the statistically significant positive or
negative correlations between WST-1 and DNA values. All
data were analyzed with SPSS 16.00 and values p¡0.05 were
considered statistically significant in two toiled test.

Figure 1. Macroscopic and SEM structural analysis of
FAH, NFAH and GP cross-linked scaffolds. A) Shows the
representative macroscopic appearance of NFAH (control)
with their characteristic white color and one of the most
adequate and representative GP cross-linked NFAH (GP 0.5)
of this study with their typical colorimetric blue reaction. B)
SEM representative images of FA-based hydrogels, where it
is possible to identify their characteristic porous and fibrillar
pattern, which was modified by the nanostructuration process
and in function of the use of different concentrations of GP.
Scale bar= 20 µm.

2. Results
2.1 Colorimetric reaction and structural scanning

electron microscopy
The macroscopic appearance of FAH was characterized by
a homogeneous white color, whereas, after the cross-linking

with GP the characteristic colorimetric blue reaction was ob-
tained (Fig. 1A).

The qualitative structural SEM characterization revealed
the typical randomly oriented fibrillar and porous pattern of
FAH and NFAH, which was preserved with slight structural
modifications in GP cross-linked hydrogels (Fig. 1). This
analysis confirmed that the nanostructuration technique in-
creased the fiber density and reduces the scaffolds’ porosity of
FAH and NFAH. Interestingly, the increase of GP concentra-
tion (from 0.25% to 0.75%) induced some structural changes
in both FAH and NFAH. These changes were characterized
by an increase of the scaffold’s fiber density and a reduc-
tion of the FAH, and especially NFAH’s porosity. Finally,
this analysis demonstrated that the nanostructuration of FAH
followed by the cross-linking with GP 0.25-0.75 resulted in
more dense and less porous scaffolds as compared to FAH
and cross-linked FAH (Fig. 1).

Figure 2. Graphical representation of the rheological
characterization of FAH, NFAH and GP cross-linked
scaffolds. Up: rigidity modulus, representing the initial slope
of the shear stress vs. shear strain curve obtained under
stationary conditions. Left: Elastic (storage) modulus,
corresponding to the mean value of the linear viscoelastic
region of amplitude sweeps at constant frequency of 1 Hz.
Right: Viscous (loss) modulus corresponding to the mean
value of the linear viscoelastic region of amplitude sweeps at
constant frequency of 1 Hz.

When we performed quantitative analyses of scaffolds’
porosity and fibers density we confirmed the findings observed
by the qualitative structural analyses (Table 1). This analysis
demonstrated that the nanostructuration of FAH to generate
NFAH significantly reduced the porosity (from 65.27% to
49.24%) and increased the fiber density (34.73% to 50.76%),
with a difference of 16.03% for both parameters (p¡0.05 for
both). The detailed analysis of the impact of GP cross-linking
into the structural properties of FAH showed that the increase
of GP-concentration decreased the overall porosity (from
65.27% to 41.63%) and proportionally increased the fibers
density (from 34.73%-58.37%) of FAH in a 23.64%. Most
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Scaffolds CTR GP 0.1% GP 0.25% GP 0.5% GP 0.75%

POROSITY (%) FAH 65.27 ±
5.23

56.22 ±
4.183a,e

53.48 ±
10.71a,e

46.03 ±
5.22a,b,c,e

41.63 ±
4.94a,b,c,d

NFAH 49.24 ±
4.53e

48.75 ±
3.73

46.88 ±
2.70

40.77 ±
3.29a,b,c

39.69 ±
7.15a,b,c

FIBERS
DENSITY (%)

FAH 34.73 ±
5.22

43.78 ±
4.183a,e

46.51 ±
10.71a,e

53.97 ±
5.22a,b,c,e

58.37 ±
4.94a,b,c,d

NFAH 50.76 ±
4.53e

51.25 ±
3.73

53.11 ±
2.70

59.23 ±
3.29a,b,c

60.31 ±
7.15a,b,c

Table 1. Quantitative and statistical results of scaffolds’ porosity and fibers density. In this table values corresponds to the
percentage of porosity and fibers density of each biomaterials generated, and this values are shown as the mean ± standard
deviation values. Statistical comparisons were made with Student’s t-test and p¿0.05 were considered statistically significant.
Letters indicate the significant differences for each comparison: a=Indicate significant differences of each experimental
condition as compared to their non-cross-linked control (CTR). b=Indicate significant differences between GP 0.25; 0.5; 0.75%
vs. GP 0.1% in each. c=Significant differences between GP 0.5% and 0.75% vs. GP 0.25% in each. d=Significant differences
between GP 0.5% vs GP 0.75% in each. e=Significant differences between FAH vs NFAH for controls and each experimental
condition.

differences between FAH and cross-linked FAH were statis-
tically significant, except for comparison between GP 0.1%
and GP 0.25% (p¿0.05). Similarly, the cross-linking of NFAH
with GP also induced a reduction of scaffolds porosity ac-
companied by a proportional increase of fibers density in a
9.55% (Table 1). These differences were statistically signifi-
cant when GP 0.5% and 0.75% were compared to control, GP
0.1% and GP 0.25%, but differences between GP 0.25% vs.
GP 0.1% and GP 0.5% vs. GP 0.75% were not statistically
significant (p¿0.05). Finally, this analysis confirmed that GP
cross-linked NFAH were significantly less porous and denser
than FAH for GP at 0.1 to 0.5% (p¡0.05). Curiously, differ-
ences between FAH and NFAH cross-linked with GP 0.75%
were not statistically significant (p¿0.05) (Table 1).

2.2 Rheological characterization
Stationary state characterization of cross-linked scaffolds and
controls revealed the increase of G values (rigidity modu-
lus) due to the nanostructuration technique, GP cross-linking
and by the combination of both (cross-linked NFAH) (Fig.
2 and Table 2). First, this analysis revealed that the nanos-
tructuration of FAH to generate NFAH significantly increased
G values (p¡0.05) in 468.5 Pa (starting from 31.5 to 500 Pa).
When ascending concentrations of GP were used with FAH,
G values were significantly increased as compared to con-
trols (p¡0.05), and maximum G values (470 Pa) were obtained
with GP 0.75% (Fig. 2 and Table 2). However, differences
between FAH-GP 0.5% vs. FAH-GP 0.75% were not statis-
tically significant (p¿0.05). Interestingly, the combination of
nanostructuration with GP cross-linking resulted in the genera-
tion of cross-linked NFAH with significantly superior (p¡0.05)
G values as compared to non-cross-linked and cross-linked
FAH (Fig. 2 and Table 2). The increase of these values from
500 Pa (NFAH) to 7000 Pa (NFAH GP 0.75%) was related to
the increase GP concentration, and most of these differences
were statistically significant (p¡0.05), except the comparison
between NFAH-GP 0.5% vs. NFAH-GP 0.25% (p=0.081).

Dynamic state analyses of the G’ (elastic modulus) and G”
(viscous modulus) showed similar trend with G values. In this
regard, NFAH showed significantly higher G’ and G” values
(p¡0.05) as compared to FAH (Fig. 2 and Table 2). The cross-
linking of FAH with ascending concentrations of GP resulted
in an increase of G’ (from 36 Pa to 610 Pa) and G” (8.9 Pa
to 124 Pa) values when GP 0.1% to GP 0.5% were used (Fig.
2 and Table 2), and all these values were significantly higher
than non-cross-linked FAH (p¡0.05). Curiously, the use of
GP 0.75% resulted in a slight and not significant reduction
of G’ and G” values as compared to GP 0.5% (p¿0.05). Fi-
nally, these analyses demonstrated that the GP cross-linking
of NFAH resulted in a significant increase of G’ and G” values
as compared to non-cross-linked NFAH and cross-linked FAH
(Fig. 2 and Table 2) (p¡0.05). In the case of G’ values, they
increased in function of GP concentration, but G” values in-
creased from GP 0.1% to GP 0.5% and a significant decrease
was observed when GP 0.75% was used (p= 0.372).

2.3 Ex vivo biocompatibility
The functional and morphological analysis carried out with
L/D assay demonstrated that viable cells (green fluorescence)
were able to grow and attach to the FAH and cross-linked
FAH (Fig. 3). In cross-linked FAH elongated and stellated
cells were observed attached to the surface with compara-
ble morphology to the 2D positive control. Interestingly, the
cross-linking of FAH with GP at 0.1%, 0.25% and 0.5% did
not affect the attachment of the cells to the scaffold surface.
Furthermore, cells showed a comparable morphology to the
FAH and 2D positive control (Fig. 3A). Nevertheless, the
cross-linked of FAH with 0.75% GP resulted in an important
decrease of the number of attached cells (Fig. 3). In this
analysis we did not observe any dead cells (red fluorescence)
in FAH and cross-linked FAH, probably because dead cells
do not attach to the scaffolds and they were removed during
the washing. However, dead cells were evident in the 2D neg-
ative control (2% Triton X-100) (Fig. 3A). The quantitative
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Scaffolds CTR GP 0.1% GP 0.25% GP 0.5% GP 0.75%

G (Pa)
FAH 31.5 ± 2.3 84 ± 8a,e 65 ± 4a,b,e 490 ± 9a,b,c,e 470 ± 120a,b,c,e

NFAH 500 ± 60e 2700 ± 300a 4000 ± 800a,b 5100 ± 1000a,b 7000 ± 600a,b,c,d

G’ (Pa)
FAH 36 ± 7 93 ± 8a,e 74 ± 8a,b,e 610 ± 40a,b,c,e 570 ± 160a,b,c,e

NFAH 1130 ± 220e 3400 ±400a 3900 ± 400a,b 7400 ± 1000a,b,c 10600 ± 1700a,b,c,d

G”(Pa)
FAH 8.9 ± 1.7 25 ± 3a 10.3 ± 1a,b,e 124 ± 8a,b,c,e 121 ± 19a,b,c,e

NFAH 350 ± 90e 560 ± 40a, e 900 ± 140a,b 2600 ± 600a,b,c 2200 ± 60a,b,c,d

Table 2. Rheological static and dynamic statistical results. Quantitative results for each rheological test are shown as mean ±
SD values. P¡0.05 were considered statistically significant for Mann-Whitney non-parametric test, and comparison between
groups are indicate as follow: a=Indicate significant differences of each experimental condition as compared to their
non-cross-linked control (CTR). b=Indicate significant differences between GP 0.25; 0.5; 0.75% vs. GP 0.1% in each.
c=Significant differences between GP 0.5% and 0.75% vs. GP 0.25% in each. d=Significant differences between GP 0.5% vs
GP 0.75% in each. e=Significant differences between FAH vs NFAH for controls and each experimental condition.

analysis of the cell density confirmed a significant decrease
(p¡0.05) of these values when cells were seeded on FAH and
GP cross-linked FAH as compared to the 2D positive control
(Fig. 3B). When we compared these values between experi-
mental conditions, significantly higher values were observed
in FAH as compared to FAH cross-linked with GP 0.25-0.75%
(p¡0.05), but not between FAH and FAH-GP 0.1 (p=0.209).
Curiously, although a slight decrease of the cell density was
observed between GP 0.1 to 0.5 cross-linked hydrogels, these
differences were not statistically significant (p¿0.05). Finally,
the use of GP 0.75% resulted in significantly lower values
than the other GP cross-linked FAH (Fig. 3B).

The biochemical analysis of cells metabolic activity car-
ried out with WST-1 assay showed significantly higher values
(p¡0.05) in FAH group than the cross-linked FAH groups (Fig.
4). When we compared cells cultured on top of FAH and
cross-linked FAH with 2D positive and negative controls all
differences were statistically significant (p¡0.05). The analy-
sis of cross-linked FAH revealed decrease of these values in
function of the increase of GP concentrations (Fig. 4). Most
of these differences were significant (p¡0.05), except the com-
parison between FAH-GP 0.25 vs. FAH-GP 0.5 (p=0.566).

The spectrophotometric analysis of DNA release (irre-
versible nuclear membrane damage) revealed the impact of
the concentration of GP in the cell viability (Fig. 4). In 2D
positive controls, DNA was not released into the culture media
(0%), while 100% of DNA was released in the 2D negative
control (2% Triton X-100). In this study, cells cultured into
FAH and cross-linked FAH showed significant higher val-
ues than the 2D positive control (p¡0.05) and significantly
lower than the 2D negative control (p¡0.05). Interestingly,
the increase of GP concentration resulted in a progressive
and significant increase of the percentage of DNA released
(p¡0.05) from cells. In this study, maximum values of DNA
released were found in GP .075%. However, there were no

significant differences between FAH-GP 0.5 vs. FAH-GP 0.75
(p=0.401). Although the use of GP resulted in a significant
release of DNA, these values represented less than 15% of
the total DNA as compared to the 2D negative control (Fig.
4). Finally, Kendall’s rank correlation test showed a negative
correlation between WST-1 values and DNA-release values
(p=0.000 and correlation coefficient r= -0.323).

3. Discussion
In this study we have developed two different tissue–like mod-
els composed of FAH and NFAH biomaterials subjected to the
action of different concentrations of GP. The structural pattern,
the mechanical behavior and the biocompatibility were inves-
tigated in these tissue–like models to determine their potential
use in tissue engineering and regenerative medicine.

Concerning the possible mechanism of action of GP with
our hybrid FA-based hydrogels, it could be supported by pre-
vious studies where the interaction of GP with fibrin [24] and
agarose [25] was demonstrated. In the case of fibrin, it was
suggested that two carbonyl functional groups of GP could
react with free primary amines present in fibrin stablishing
covalent bonds between fibrin macromolecules, with a char-
acteristic visible colorimetric dark blue reaction [24]. Fibrin’s
GP cross-links impart increased biomechanical properties and
attenuate the enzyme-mediate in vitro degradation [24]. In the
case of agarose, it was suggested that GP could react with an
small fraction of amino acid and therefore free amines present
within agarose (around 0.25%) [25]. These interactions re-
sulted in an increase of both the thermal stability and swelling
ability of agarose hydrogels which was accompanied by the
colorimetric blue reaction [25]. In this context, our FAH and
NFAH were successfully cross-linked with GP and the typical
dark blue colorimetric reaction was obtained. Concerning
the mechanism of action, surely GP mainly interacted with
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Figure 3. Human fibroblast behavior in FAH and GP
cross-linked FAH. A) Live/Dead cell viability assay showing
viable cells in green and dead cells in red, which are evident
in cells treated with Triton X-100 (2D negative control).
Scale bar= 100 µm. B) Quantitative results of the number of
cells (or cell density) in controls (FAH and 2D positive) and
GP cross-linked FAH. Values are shown as mean ± standard
deviation of the cell number by analyzed area (101.5 x 104
µm2). P¡0.05 were considered statistically significant for
Mann-Whitney non-parametric test, and comparison between
groups are indicate as follow: a= Indicate statistically
significant differences vs. 2D positive control (2D Pos.). b=
Indicate statistically significant differences between GP
cross-linked hydrogels vs. FAH. c= Indicate statistically
significant differences between FAH-GP 0.25-0.75 vs.
FAH-GP 0.1. d= Indicate statistically significant differences
between FAH-GP 0.5 and 0.75 vs. FAH-GP 0.25. e= Indicate
statistically significant differences between FAH-GP 0.5 vs.
FAH-GP 0.75.

the free amines of fibrin and less with the small fraction of
amino acid that could be present in the agarose, because our
FA-based hydrogels were composed by 70% of fibrin and only
0.1% of agarose.

Our study demonstrated that GP cross-linked tissue-like
FAH and NFAH preserved the porous and randomly oriented
fibrillar pattern observed in non-cross-linked FAH and NFAH.
There exists however significant differences among those pat-
terns when different concentrations of GP were used. Scaf-
folds’ porosity is an important issue in tissue engineering
because it favors cell attachment, migration and proliferation.
In this context, it was demonstrated that cell migration veloc-
ity across biomaterials was closely related to the pore size
and their interconnected 3D organization [5]. In addition,
biomaterials porosity has an impact on cell behavior and vi-
ability. Previous studies conducted with highly dense and
compacted collagen hydrogels demonstrated that this 3D pat-

tern compromised the diffusion of O2, thus the cell functions
and viability [26]. Similarly, highly dense and multilayered
3D organization of FAH resulted in a partial compromised
of cell viability and functionally ex vivo [9]. These studies
demonstrated that and adequate scaffold porosity is essen-
tial to provide a suitable microenvironment for nutrients and
wastes diffusion, which are critical for the normal cell func-
tions and tissue regeneration in vivo [?, 9, 13].

Our structural analyses demonstrated that FAH were the
most porous scaffolds with lower fibrillar density. In contrast,
the NFAH and especially the GP cross-linked scaffolds re-
sulted in a significant reduction of the scaffolds’ porosity and
an increase of the fibers densities. These results demonstrate
that using different concentrations of GP (between 0.1-0.75%)
it is possible to modulate the degree of porosity and fibers
densities of FAH and NFAH. Curiously, the action of GP into
the structural properties of FAH (a difference of 16.03%) was
more evident than in NFAH (a difference of 9.5%). These re-
sults could be explained by the lower compression capability
of NFAH as compared to FAH [2,8]. GP as other cross-linked
agents induce molecular interactions into the scaffolds’ fibers
that result in different degrees of shrinkage. In addition, the
nanostructuration technique is a physical method that induces
a comparable effect [2]. Therefore, the range of shrinkage and

Figure 4. Ex vivo results of quantitative biocompatibility.
Graphic and numeric representation of normalized values for
WST-1 assay and DNA release for each 2D controls, FAH
and GP cross-linked FAH. Numeric values are shown as
mean ± SD, P¡0.05 were considered statistically significant
for Mann-Whitney non-parametric test, and comparison
between groups are indicate as follow: a= Indicate significant
differences of each experimental condition as compared to
CTR +. b= Indicate significant differences of each
experimental condition as compared to CTR -. c= Indicate
significant differences between GP cross-linked FAH vs.
FAH in each. d= Indicate significant differences between GP
0.25; 0.5; 0.75% vs. GP 0.1% in each. e= Indicate significant
differences between GP 0.5 and 0.75% vs GP 0.25% in each.
f= Indicate ignificant differences between GP 0.5% vs GP
0.75%.
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swelling capability of NFAH is reduced [8]. Similar findings
were described by the use of other cross-linking agents [18,27].
Finally, based on these results the combination of a variable
concentration of GP and/or nanostructuration techniques al-
lowed an efficient control of the porosity in FAH scaffolds.
Consequently, a correlation between the biomaterial and the
cell type to be used in the elaboration of artificial tissues
is possible [5, 28] . This will contribute to select the more
appropriate structural properties for the specific application.
Although GP has demonstrated to improve the biomechanical
properties of different biomaterials [10, 20], it is important
to investigate the effects of GP on the biomechanical proper-
ties of FAH and NFAH. Previous studies of our group have
been demonstrated that it is possible to modulate the biome-
chanical properties and hydration rate of FAH by varying the
agarose content and with the nanostructuration technique [2].
However, the biomechanical properties obtained through this
approach resulted in lower values than those reported in lit-
erature for some native tissues (cartilage or skin) [2, 27, 29]
limiting the biomedical applications of these FAH-based scaf-
folds.

The steady-state rheological analysis carried out in this
study showed that the rigidity modulus (G) of FAH and NFAH
was significantly improved with the use of different concen-
trations of GP as compared to non-cross-linked tissue-like
scaffolds and to previously described results [2, 8]. Similarly,
the dynamic state rheological analysis demonstrated that GP
significantly improve the elastic modulus (G’) and the viscous
modulus (G”) of both hydrogels, especially in the NFAH. In-
terestingly, our results demonstrated that the cross-linking of
FAH and NFAH with GP resulted in four times higher elastic
and viscous modulus (G’ and G” respectively), indicating that
these new tissue-like cross-linked scaffolds have clearly better
elastic properties. Based on the structural and rheological
characterization, it is possible to conclude that the rational
combination of GP and nanostructuration technique is a feasi-
ble approach to generate customized scaffolds with improved
biomechanical and structural properties. The cross-linking of
NFAH with GP 0.5% resulted in comparable biomechanical
properties than the obtained with the use of GL 0.25% [8],
thus GP resulted to be an efficient alternative to the use of
GL within FA-based hydrogels. This new generation of cus-
tomized scaffolds could be designed with specific dimensions,
porosity and rheological properties for tissue-specific appli-
cations (e.g. skin, cornea) or for the generation of different
kind of biomedical devices such as membranes and conduits
for peripheral nerve repair [13, 27, 30].

Although GP is generally accepted as a low toxicity cross-
linking agent, especially compared to GL [24], some authors
have described dose-dependent toxic effects of GP in different
biomaterials in tissue engineering [19, 31, 32]. The evaluation
of the ex vivo biocompatibility carried out at the morpholog-
ical, biofunctional and biochemical levels (L/D, WST-1 and
DNA release) demonstrated a concentration-dependent cyto-
toxicity of GP in human cells cultured in the GP cross-linked

scaffolds.

The analysis of attached viable cells with L/D demon-
strated that FAH and GP-cross-linked FAH supported cell
attachment. However, quantitative analysis demonstrated a
reduction of the cell density when fibroblasts were seeded
on top of FAH and in GP cross-linked FAH. The reduction
observed in non-cross-linked FAH could be explained by that
fact that agarose reduces the cells adhesion function [33]. In
the case of GP cross-linked FAH the decrease was in func-
tion of the GP-concentration used and differences among GP
0.1-0.5% were not statistically significant, and only a sig-
nificant decreased was observed in FAH cross-linked with
0.75% of GP. These results are in agreement with previous
studies were a decrease of the number of cells was observed in
GP-cross-linked collagen hydrogels [34]. Curiously, no dead
or spheroid-shape cells were observed in our study, which
were observed when FAH were cross-linked with GL [8], or
within GP-cross-linked fibrin hydrogels [35]. The absence of
dead or spheroid cells in the present study could be related
to the inability of dead cells to attach to the scaffold surface
and therefore, they were removed during the washing pro-
cess. In relation to the metabolic activity and cell membrane
integrity (viability), this study demonstrated an impact of
GP-concentration on these values. WST-1 confirmed a close
relation between the increase of the GP-concentration and a
significant decrease of the cell metabolic activity. However,
cells seeded on top of non-cross-linked FAH also showed a re-
duction of these values as compared to 2D culture conditions.
The quantification of the DNA released into the culture media,
which it is considered a feasible method to determine irre-
versible cell-membrane damage due to exposure of cytotoxic
agents [8, 23], suggest a concentration-dependent cytotoxicity
of GP, especially when GP was used at 0.75%.

Overall in vitro biocompatibility characterization of our
GP cross-linked FA-based hydrogels suggests a concentration-
dependent cytotoxic effect of GP. In this context, the reduction
of the viable cells density and metabolic activity and the in-
crease of the DNA-released, especially when GP 0.75% was
used, could be related to a concentration-dependent cytotoxic-
ity of GP as previously suggested [19, 31, 32]; to a continuous
release of active GP-molecules (which could interact with cell
surface and cytoskeletal proteins) from the biomaterial [36],
especially at higher concentration has occurred with GL [8]; or
because GP-covalent molecular bonds could compromise the
fibrin’s motif related to the cell attachment. However, DNA
quantitative analysis disclosed that the percentage of DNA
released in FAH cross-linked with GP 0.75% was significantly
lower (13.6%) than the negative control, where cells were ex-
posed to an cytotoxic agent (100%), demonstrating a partial
cytotoxic effect of GP at this higher concentration. If we com-
pare the in vitro biocompatibility of FAH cross-linked with
GP or GL, GP was considerably more biocompatible, even
at higher concentrations. The best GL-cross-linked FA-based
hydrogels resulted to be more cytotoxic than all concentra-
tions of GP used in this study. Indeed, with the use of GL the
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percentage of DNA released closely reach to the 80% [8]. Fur-
thermore, this study was conducted with fibroblast obtained
from primary cultures, and it is well-known that primary cul-
tures are more sensible to toxic agents and changes on their
microenvironment as compared to specific cell lines. Finally,
the partial cytotoxic effect of GP should be considered within
the structural and biomechanical properties of the scaffolds
generated. However, degradation and in vivo studies are still
needed in order to demonstrate the suitability of these novel
cross-linked FAH and NFAH in tissue engineering.

In conclusion, this ex vivo study demonstrated that the
generation of different scaffolds based on the use of FAH by
using two bio-fabrication processes -GP cross-linking and
nanostructuration- allowed us to generate versatile tissues-like
scaffolds with customized structural properties (porosity and
fiber density) and biomechanical properties. Furthermore, GP
turned out to be an efficient cross-linking agent to significantly
improve the stiffness, elasticity and viscosity of FAH and
NFAH. In addition, our biocompatibility analyses confirmed
a partial concentration-dependent cytotoxic of GP, especially
at 0.75%, when the cell function and viability started to be
compromised. Finally, based on our structural, rheological
and biocompatibility characterization of GP cross-linked FA-
based hydrogels, the use of GP concentrations between 0.1%
to 0.5% demonstrated to be effective enough to improve the
biomechanical properties and maintain an acceptable degree
of in vitro biocompatibility, especially NFAH cross-inked with
0.5%. Finally, GP resulted to be an efficient alternative to the
use of GL to generate mechanically stable and biocompatible
FA-based hydrogels for different tissue engineering applica-
tions. However, further studies are still needed to elucidate the
regenerative potential, biocompatibility and degradation-rate
of these biomaterials in vivo.
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