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Abstract Biomaterials should be designed to closely
resemble the characteristics and functions of the native
extracellular matrix to provide mechanical support and
signals to direct biological events. Here we have developed
a novel injectable plasma rich in growth factors (PRGF-
Endoret)-based formulation that combines a thermal-
denaturation step of plasma with an autologous fibrin
crosslinking. Rheological and mechanical properties were
evaluated. Additionally, the microstructure and biological
capacity of the biomaterial was also characterized. This
novel formulation exhibited ideal mechanical properties and
a gel-like behavior with the ability to progressively release
its growth factor load over time. The results also suggested
that the novel injectable formulation is non-cytotoxic, bio-
compatible and suitable for cell ingrowth as it is deduced
from the fibroblast proliferation within the scaffold. Finally,
stimulation of both cell proliferation and matrix proteins
synthesis demonstrated the regenerative potential of this
autologous protein based injectable scaffold.

Graphical abstract

1 Introduction

Tissue engineering has promoted the use of 3D scaffolds as
cell and drug delivery vehicles like a possible solution to the
current shortage of transplantable organs. Ideally, bioma-
terials should be designed to closely resemble the char-
acteristics and functions of the native extracellular matrix
(ECM) which not only provides mechanical support for
cells, but also supplies signals that direct several biological
events including cell attachment, proliferation, differentia-
tion and survival [1, 2].

The specific characteristics and functions of each tissue
require versatile and highly tunable biomaterials to be
applied in different applications [3]. However, raw materials
should fulfill the requirements for an ideal tissue engineered
scaffold including: non-toxicity, biocompatibility, con-
trolled biodegradability and appropriate mechanical prop-
erties that mimic those of the replaced tissue [2]. Naturally
occurring biomaterials perform most of the above stated
criteria with the added advantage that minimize the immune
and inflammatory response. Cell-matrix adhesions are
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crucial for cell survival and during cell adhesion and
spreading, mechanical and contractile forces are generated
and transmitted to the matrix. Cells are also subjected to
exogenous forces including chronic loading and fluid shear
stress [4, 5]. Mechanical and rheological properties of
biomaterials are of special interest as they must resemble
the native mechanical environment to withstand and favor
the physiological forces derived from cell activity. In order
to improve their clinical relevance, biomaterials must also
provide a sustained and localized delivery system of bio-
logically active molecules such as growth factors, critical
signaling molecules that play a central role in successful
tissue regeneration [6].

Scaffolds may also be used as either injectable or
transplantable implants. Injectable biomaterials are becom-
ing increasingly popular as they provide a minimally
invasive approach with the ability of filling complicated
shape defect of any size [7–9]. For these injectable mate-
rials, rheological characterization is of great importance as
viscoelasticity is a prerequisite. They have to be sufficiently
deformable prior to or during injection but elastic enough
following injection to resist shear deformation forces once
implanted [10, 11]. Currently, injectable biomaterials are
being applied in diverse areas of tissue engineering [12, 13].

Autologous plasma rich in growth factors (PRGF-
Endoret) is a versatile technology that provides a biological
system of patient’s own mediators that optimize tissue
regeneration. The different PRGF-Endoret-derived endo-
genous formulations [14] enable the clinical use of this
approach in several medical fields ranging from dentistry
and orthopedics to ophthalmology among others [14–16].
Interestingly, PRGF-Endoret provides a three-dimensional,
biocompatible and biodegradable fibrin scaffold that has
been widely used as a hemostatic and sealant agent [17].
Additionally, it works as a growth factor delivery system
and it plays a role as cell carrier for tissue engineering
applications [18, 19]. Some of the fibrin scaffold char-
acteristics include a relative rapid degradation and retraction
which could be an advantage for surgical applications and
cell and growth factor delivery.

However, some other medical applications require shape-
specific scaffolds that maintain structural stability and
mechanical integrity for long periods of time [20]. To
overcome the limitations currently associated with the fibrin
retraction process, we have developed an autologous protein
based injectable scaffold. This is a novel injectable PRGF-
Endoret-based formulation that provides long-term shape
and volume stability for specific applications. This new
biomaterial provides an autologous biodegradable platform
system with the ability to deliver bioactive molecules and
support cells thus enhancing tissue regeneration.

In this study a new injectable PRGF-Endoret-based
hydrogel has been developed to overcome the fibrin

retraction process. The development of this new biomaterial
involves the combination of a thermal-denaturation step of
plasma with an autologous fibrin crosslinking. Additionally,
the mechanical properties and biological capacity of this
new scaffold have been also characterized.

2 Material and methods

The study was performed following the principles estab-
lished in the Declaration of Helsinki amended in 2013.

2.1 Autologous protein based injectable scaffold
preparation

The autologous protein based injectable scaffold was
obtained as follows. After informed consent was given,
blood from 3 healthy volunteers was harvested into 9-ml
collection tubes containing 0.4 ml of 3.8% (wt/v) trisodium
citrate as anticoagulant. Samples were centrifuged at 580 g
for 8 min (BTI System IV, BTI Biotechnology Institute,
S.L., Álava, Spain) at room temperature. Part of the tubes
were used to draw off the whole plasma column avoiding
the buffy coat and incubated at 76 °C for 12 min, to obtain
the precursor gel of the new scaffold. Meanwhile, 2 ml of
plasma (fraction F2), just also above the buffy coat, was
collected from the remaining tubes. Thereafter, F2 samples
were activated with PRGF-Endoret Activator (Endoret
Dentistry) at a relative rate of 20 µl per 1 ml of gel that is to
be prepared. Immediately after that, the novel scaffold was
created by mixing the precursor gel and the activated F2 in a
ratio of 5:1.

2.2 Characterization

2.2.1 SEM and histology analysis

Scanning electron microscopy (SEM) was employed to
evaluate the 3D structure of the novel injectable scaffold.
Samples were fixed with 2.5% glutaraldehyde and postfixed
with osmium tetroxide (1% OsO4 in 0.1 M cacodylate) and
finally dehydrated through ascending alcohol concentra-
tions. Thereafter, gels were subjected to critical point drying
(Autosamdri 814. Tousimis, Rockville), gold sputter coated
and imaged using an electron microscope (S-4800; Hitachi,
Japan).

The novel injectable PRGF-Endoret formulation was
also histologically stained for hematoxylin and eosin
(H&E). Briefly, scaffolds were fixed in 10% formalin for
24 h. They were then embedded in paraffin and the obtained
blocks were cut into 6 µm slices. Samples were then stained
for H&E (Sigma-Aldrich, St. Louis, MO) and observed with

 7 Page 2 of 14 J Mater Sci: Mater Med  (2018) 29:7 



a Leica DM IRB optical microscope (Leica Microsystems,
Wetzlar, Germany).

2.2.2 Swelling ratio

Scaffolds were incubated for 90 min at 37 °C to allow suf-
ficient crosslinking to occur. After that, scaffolds were
weighed to obtain the initial weight (W0) and then incu-
bated in phosphate buffered saline (PBS) at 37 °C to allow
any swelling to occur. At different time points (24 h, 48 h
and 72 h), samples were removed from PBS and wet weight
was measured (Wx). The swelling ratio was calculated as
follows:

Swelling ratio %ð Þ ¼ Wx �W0ð Þ=W0ð Þ�100

2.2.3 In vitro degradation study

Degradation upon exposure to tissue plasminogen activator
(tPA) was studied over a time period of 12 days by mass
loss. Plasminogen is activated into plasmin through the
action of tPA which finally induces the degradation of
plasmatic fibrin. Briefly, the autologous protein based
injectable scaffolds were prepared as described in Section
2.1 and incubated for 90 min at 37 °C to allow sufficient
crosslinking. Samples were then immersed in PRGF-
Endoret for 24 h at 37 °C. These were then weighed to
obtain the initial weight (W0) and transferred into PRGF-
Endoret containing tPA (0.25 µg/ml [21], AbCam Cam-
bridge, UK) at 37 °C. Weight loss was recorded at timed
intervals (1, 2, 5, 7 and 12 days) and media were renewed at
7th day. Samples immersed in PRGF-Endoret without tPA
were used as non-degradation control.

2.2.4 Rheological properties

A Kinexus ultra+rheometer (Malvern, Malvern, UK) was
used to measure the viscoelastic properties of the auto-
logous protein based injectable scaffold. The novel inject-
able PRGF-Endoret formulation was obtained as described
above. Strain sweeps from 0.01 to 100% at 1 Hz were
performed to establish the linear viscoelastic range (LVR).
Rheological properties were recorded as a function of
oscillatory frequency between 0.1 and 10 Hz and 0.5%
shear strain which was found to be in the LVR. The tem-
perature was held at 25 °C.

2.2.5 Mechanical testing

Mechanical testing of samples were conducted on a
MicroTester 5548 (Instron, Barcelona, Spain) equipped
with a 50 N load cell. Vertical compressive stress force

analysis of the autologous protein based injectable scaffolds
was performed at 2-minute linear descent (2.5mm to 0.9mm)
at room temperature. The Young’s modulus and the max-
imum tension force were obtained after analysis of the
stress-tension curve. The injectability was examined by an
extrusion force test. Force was applied to push the material
through a 25-gauge needle at a rate of 1 mm/s and at room
temperature.

2.3 Growth factor measurements

2.3.1 Growth factor content

The autologous protein based injectable scaffolds were
incubated for 60 min at 37 °C to allow complete activation
of platelets. The hydrogels were then centrifuged at 14000 g
for 15 min to obtain the liquid extract. The supernatant
obtained was stored at −80 °C until use. Enzyme-linked
immunosorbent assay (ELISA) kits were used to evaluate
the concentrations of epidermal growth factor (EGF),
insulin-like growth factor-1 (IGF-I), platelet-derived growth
factor AB (PDGF-AB) and transforming growth factor beta-
1 (TGF-β1) (R&D Systems, Minneapolis, MN) on the
scaffold extracts.

2.3.2 Immunohistochemical analysis

The main growth factors present in the autologous protein
based injectable scaffolds were histologically analyzed.
Briefly, samples were fixed in 10% formalin for 24 h fol-
lowed by paraffin embedding and sectioning (4 µm).
Immunohistochemical examination was performed using
the following primary antibodies: EGF (Abcam), IGF-I
(Santa Cruz Biotechnology, Heidelberg, Germany), PDGF-
AB (Santa Cruz Biotechnology) and TGF-β1 (Abcam).
After overnight incubation at 4 °C (IGF-I and TGF β1) or 1
h at room temperature (EGF and PDGF-AB), primary
antibody staining was revealed using Peroxidase Substrate
Kit (DAB) (Vector laboratories, Peterborough, UK).

2.3.3 Growth factor release kinetics

The release kinetics of several growth factors from the
novel injectable PRGF-Endoret formulation was determined
by ELISA assays. Briefly, autologous protein based inject-
able scaffolds were added to a 6-well plate and incubated
for 90 min at 37 °C to allow sufficient crosslinking to occur.
After that, Dulbecco’s modified Eagle’s medium (DMEM)/
F-12(Gibco-Invitrogen, Grand Island, NY, USA) was added
and samples were maintained at 37 °C in a humidified 5 %
CO2 atmosphere. After 3, 5 and 24 h and 7 days of incu-
bation, medium was centrifuged at 500 g for 10 min and the
obtained supernatant was distributed in aliquots and stored
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at −80 °C until use. Quantification of EGF, IGF-I, PDGF-
AB and TGF-β1 (R&D System) was performed according
to the manufacturer’s instructions.

2.4 In vitro cell studies

2.4.1 Cell culture

Two primary human dermal fibroblasts cultures were iso-
lated as previously described [22]. Fibroblasts were cultured
in complete medium: DMEM/F-12 supplemented with 15 %
fetal bovine serum (FBS) (Biochrom AG, Leonorenstr,
Berlin, Germany), 2 mM glutamine and 50 μg/mL genta-
micin (Sigma-Aldrich). Cells were maintained at 37 °C in a
humidified 5 % CO2 atmosphere. Cells between the fifth
and the sixth passages were used in the experiments.

2.4.2 Cytotoxicity evaluation

Autologous protein based injectable scaffolds were incu-
bated for 90 min at 37 °C to allow sufficient crosslinking to
occur. After that, the biomaterials were immersed in com-
plete medium for 24 h at 37 °C to obtain their leachates.
After this period, cells seeded at 20000 cells/cm2 were
incubated with the scaffold leachates for 24 h at 37 °C in a
humidified 5 % CO2 atmosphere. Cell viability was mea-
sured using the WST (tetrazolium salt, 4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate)
colorimetric assay (Sigma-Aldrich). The cytotoxicity was
defined as the relative viability (%), without hydrogel lea-
chate in culture media considered as 100% viability.

2.4.3 Cell encapsulation

Primary human dermal fibroblasts were encapsulated in the
new scaffold. Briefly, cells pellets were resuspended in the
F2 fractions just before activating and mixing with their
corresponding precursor gels. 1 ml of encapsulated cells
(170000 cells/ml) was added to the wells of 12-well plates.
Plates were maintained at 37 °C allowing for crosslinking.
After 90 min, 2 ml of complete medium were pipetted into
the wells and incubated at 37 °C in a humidified 5 % CO2

atmosphere. The culture medium was renewed the next day
and every 72 h for 7 consecutive days.

2.4.3.1 Three-Dimensional cell culture Cell proliferation
inside the cell-gel constructs after 1, 4 and 7 days was
evaluated using the WST colorimetric assay (Sigma-
Aldrich). At each time point, each cell-gel construct was
incubated with WST reagent at 37 °C for 4 h. Absorbance at
450/620 nm was directly proportional to the number of
living cells. Autologous protein based injectable scaffolds
without cells were used as controls.

SEM and histology analysis was also performed on the
cell-gel constructs at day 7 as already described above.

2.4.3.2 Live/dead assay Viability of encapsulated cells at
day 1, 4 and 7 after culture was assessed using a live/dead
cell imaging kit (Molecular Probes-Life technologies,
Grand Island, NY, USA), according to the manufacturer’s
instructions. After 30 min incubation at room temperature,
live and dead cells were imaged with a fluorescent micro-
scope (Leica DM IRB) with excitation filters of 488 nm
(green, live cells) and 570 nm (red, dead cells).

2.4.4 Proliferation assay

The bioactivity of gel extracts was determined by assess-
ment of primary human dermal fibroblasts proliferation.
Cells were seeded at a density of 9000 cells/cm2 on 96-well
optical-bottom black plates and maintained in culture
medium containing 0.2% FBS for 24 h. The medium was
then replaced with serum-free medium supplemented with
either 0.2% FBS, as a control of non-stimulation, or 20%
gel extract for 72 h. Cell proliferation was assessed by
Cyquant cell proliferation assay (Molecular Probes-Life
technologies) according to the manufacturer’s protocol.

2.4.5 Hyaluronic acid and type I collagen synthesis

The biological effect of the new injectable PRGF-Endoret
extract was also evaluated on the synthesis of extracellular
matrix proteins. Dermal fibroblasts were seeded on 6-well
plates until reaching confluence. Cells were then incubated
for 7 days with the corresponding treatments: culture
medium with 0.2%FBS or culture medium with 20% scaf-
fold extract. Treatments were renewed on the third day.
Conditioned culture media were collected at day 3 and 7,
centrifuged for 10 min at 500 g and stored at −80 °C until
use. Additional wells were kept without cells to determine
the initial amount of hyaluronic acid (HA) added with each
treatment. ELISA kits (Corgenix, Broomfield, CO) were
used to determine the HA concentration in conditioned
culture media.

The quantification of type I collagen was performed by
Western blot. At day 7, total protein was extracted and
western blot analysis was performed as previously descri-
bed [23]. The blots were incubated with primary antibody
against type I collagen (Santa Cruz Biotechnology) over-
night at 4 °C and with the secondary antibody (horseradish
peroxidase-conjugated goat anti-mouse) (Santa Cruz Bio-
technology) for 1 h at room temperature. Blots were then
developed by chemiluminescence with Supersignal West
Pico substrate (Thermo Scientific-Pierce Biotechnology,
Rockford, USA) using an image analyzer (Chemidoc image
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analyzer, Bio-Rad Laboratories). The Stain-Free technology
was used as loading control method [24].

2.5 Statistical analysis

Statistical analysis is based on two-tail unpaired t-test for
the cytotoxicity evaluation, proliferation assay and hya-
luronic acid synthesis. Type I collagen synthesis and the
degradation study data were analyzed via Mann-Whitney
test. Repeated measures analysis of variances was used to
evaluate the swelling ratio and growth factor release
kinetics and Kruskal-Wallis for data derived from 3-D cell
culture. Results are reported as mean ± standard deviation.
The significant level was set as p< 0.05. All data were
analyzed using GraphPad InStat 3.10 software.

3 Results

3.1 Morphology and microstructure analysis

Starting from a translucent yellow plasmatic fraction, the
autologous protein based scaffold was prepared and extru-
ded through a 25 gauge needle. The newly formed bioma-
terial showed a yellowish gel opaque appearance with the
capacity to maintain a three-dimensional shape (Fig. 1a). To
observe the inner structure, H-E stained cross sections were
analyzed under a light microscope. As it is shown in
Fig. 1b, high molecular weight plasmatic proteins formed
solid thermal aggregates enclosed by a stable fibrin net-
work. The surface of this enzymatic-free crosslinked

scaffold was further analyzed using scanning electron
microscopy (SEM). High magnification images evidence a
fibrin mesh that totally fits the three-dimensional gel
deposits of polymerized proteins, thus providing irregular
shaped spaces with interconnected fibers suitable for cell
ingrowth (Fig. 1c–d).

3.2 Absorption ability and enzymatic degradation rate

The new injectable PRGF-Endoret formulation showed an
hydration level of 91± 1%. The swelling ratio test was used
to evaluate the saline absorption ability of the new scaffold.
Results demonstrated that the scaffold was able to sustain a
saline binding behavior up to 72 h and a total of 15% ±
2 swelling ratio was achieved (Fig. 2a). This saline binding
ability could be attributed to both the hydrophilicity and the
three-dimensional maintenance of the biomaterial structure
[25].

The new hydrogels were also incubated with tPA, the
enzyme that catalyzes the conversion of plasminogen to
plasmin, to evaluate the potential of the new formulation to
be degraded upon exposure to enzymes found in vivo. We
compared the weight loss of samples incubated in PRGF-
Endoret with those incubated in PRGF-Endoret supple-
mented with tPA enzyme (Fig. 2b). The biostability of the
fibrin crosslinked protein gel was noticeably high as 63% of
the initial weight was still measurable at day 12. The control
group without fibrinolytic enzyme showed only a slight
biodegradation response maintaining a stable weight per-
centage of 87 after 12 days.

Fig. 1 Macroscopic view of the
autologous protein based
injectable scaffold a. H-E
stained cross sections b and
SEM microstructure analysis c-d
show how thermal shock
derived gel deposits are closely
integrated with the fibrin
network rich in growth factors,
resulting in a three-dimensional
scaffold with bioactive potential.
Magnified image of the fibrin
rich area of the autologous
protein scaffold (AP-scaff)
observed in image C d. Scale
bars: 50 µm for B and 4 µm for C
images. Fibrin network ( ) and
gel deposits ( ) (color figur
online)
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3.3 Rheological and mechanical properties

With the aim of determining the biomechanical suitability
of the new hydrogel to behave as a three-dimensional
scaffold, the novel biomaterial was subjected to shear stress
and compression forces after being extruded through a high
gauge needle (25 G). Once the linear viscoelastic range of
the protein gel was settled (Fig. 3a), key rheological para-
meters such as “storage modulus” (G´), “loss modulus”
(G´´), and “complex modulus” (G*) were determined at
0.5% shear strain within an oscillatory frequency of 0.1–10
Hz (Fig. 3b, c). The elasticity (Tan δ) and the “viscosity
complex” (η) of the biomaterial were also evaluated
(Fig. 3d, e). The storage and loss modulus ranged from
1061± 400 Pa to 1735± 629 Pa and from 184± 64 Pa to
298± 111 Pa respectively. These results evidence the vis-
coelastic nature of the gel and its ability to partially recover
its original shape after deformation. The total energy
needed to deform the biomaterial (complex modulus),
reached values from 1077± 404 Pa to 1761± 638 Pa
showing a high stiffness once extruded. The new scaffold
showed a gel-like behavior as tan (δ) values remained
between 0.176± 0.03 and 0.172± 0.01. The viscosity
complex (η) ranged from 1715± 643 Pa.s to 28± 10 Pa.s
suggesting that it resembles a pseudoplastic hydrogel with
the ability to remain in the injection site after extrusion,
rather than spreading out [26]. Table 1 highlights the
rheological properties at standard values at 1 Hz and 0.5%
shear strain.

Increasing vertical compression forces were applied over
the new biomaterial with the aim of determining its
mechanical strength. The tension force generated during
progressive non-confined pressing resulted in an increase
from 4± 7 Pa to 803± 261 Pa (Fig. 3f, g). Table 1 sum-
marizes some of the mechanical characteristics of the
hydrogel. Results showed that the new hydrogel is a highly
cohesive scaffold suggesting that it might behave as a long
standing gel deposit once implanted in the living tissue. The
injectability was also measured using a 25 gauge needle,
resulting in a median extrusion force and maximum load

that enables the hydrogel to be easily applied with precise
dosage (Table 1).

3.4 Growth factor content and release kinetics

The growth factor content of the novel hydrogel was
quantified in order to determine its biologic potential. An
overview of the microscopic location of some of the key
morphogens for tissue regeneration was firstly examined.
As it is shown in Fig. 4a, EGF, IGF-I, PDGF-AB and TGF-
β1 are mainly distributed over the crosslinked fibrin net-
work. The immunohistochemical results reveal that these
growth factors are located around platelet aggregates and
along the numerous protein binding domains of the auto-
logous fibrin mesh. Colorimetric assays corroborated these
findings as high concentrations of growth factors were
quantified in the extracts of gels obtained from different
donors (Fig. 4b). Additionally, the release kinetics of
growth factors from the autologous protein based injectable
scaffold was studied (Fig. 4c). EGF and TGF-β showed a
sustained release percentage ranging from 30± 1% after 3 h
to 55± 1% at day 7 and 28± 6% after 3 h to 58+ 4% at day
7 respectively (p< 0.05). Alternatively, PDGF-AB and
IGF-I seemed to reach a plateau starting from 34± 1% and
31± 4% at 3 h to 49± 2% and 48± 2% at 24 h respectively
(p< 0.05).

3.5 Biocompatibility assays and three-dimensional cell
culture

The biocompatibility of the novel PRGF-Endoret based
scaffold was evaluated. Human dermal fibroblasts were
cultured with scaffold leachates and after in vitro cyto-
toxicity measurements, no reduction in the viability per-
centage was observed when comparing with the control
group (Fig. 5a). Additionally, cells were encapsulated
within the protein gel and cultured in three-dimensional
arrangement during consecutive days. Cell growth was
analyzed at day 1, 4 and 7 inside the biomaterial and as it is
shown in Fig. 5b, a significant increase in cell number was

Fig. 2 Swelling ratio of the
autologous protein scaffold (AP-
scaff) maintained in PBS during
72 h a. Biodegradation rate of
AP-scaff after incubation in
PRGF-Endoret with or without
tissue plasminogen activator
during 12 days b. *Statistically
significant differences compared
to AP-scaff incubated for 1, 2
and 5 days in PRGF-Endoret
supplemented with tPA
(p< 0.05)
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Fig. 3 Rheological and mechanical characterization of the autologous
protein scaffold (AP-scaff). Definition of the viscoelastic linear range
(LVR) of AP-scaff prior to the rheological and mechanical parameter
measurements a. Amplitude sweep data showing the “storage modulus”
(G´) and the “loss modulus” (G´´) as a function of oscillatory frequency (Hz)

at 0.5% shear strain b. A plot of the magnitude of “complex modulus” (G*)
vs. frequency (Hz) at 0.5% shear strain c. Flow curve showing the “visc-
osity complex” (η) and the elasticity spectra (Tan δ) of the biomaterial as a
function of oscillatory frequency (Hz) at 0.5% shear rate d–e. Mechanical
tension force slope of AP-scaff during non-confined pressure test (Pa) f–g
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observed at day 7 when compared with the first day of
culture (p< 0.05). The viability of cells co-cultured within
the novel biomaterial was also analyzed using live/dead dye
staining and visualized under fluorescence microscope
(Fig. 5c). Living cells fluoresced in green while dead cells
were visualized in red fluorescence. Merged images showed
that fibroblasts dispersed uniformly throughout the surface
and cavities of the novel biomaterial and exhibited good
morphology. A noticeable increase in cell growth and
colonization area was observed between days 1 and 7 of co-
culture, with good biocompatibility and hardly any detect-
able cell death. Histological and SEM microphotographs
were taken after 7 days of cell-gel co-culture (Fig. 5d). H-E
stained cross sections revealed fibroblastic shape cells
attached to fibrin rich surfaces of the scaffold where the
crosslinked network fits the numerous spaces between gel
deposits. From SEM images of the scaffold surface it could
be observed heterogeneous and multi-layered structures of
polymerized proteins coated with fibrin fibers where cells
were capable to adhere and grow. These cells showed to
proliferate inside the macro-porous spaces that were suitable
for in vitro colonization after fibrin network crosslinking
occurred. These results suggest that the new hydrogel is
non-cytotoxic, biocompatible and suitable for cell ingrowth.

3.6 Bioactivity evaluation

The regenerative potential of scaffold extracts was deter-
mined by cell proliferation and biosynthetic activity
assessment. As it is shown in Fig. 6 a, b, cell proliferation
was significantly enhanced after 72 h of culture as 1.3 fold
increase in total DNA was observed when compared to
control group (p< 0.05). Moreover, the expression of two
key extracellular matrix proteins such as HA and type I
collagen was analyzed by ELISA and Western blot,
respectively. After 7 days, treated cells showed significantly

higher levels of HA when compared to non-treated cells
(p< 0.05) (Fig. 6c). Similarly, the biosynthesis of
procollagen type I after 7 days of culture, showed to be
significantly increased in gel-extract treated fibroblasts
(p< 0.05) (Fig. 6d, e).

4 Discussion

Plasma rich in growth factors technology (PRGF-Endoret)
is based on the withdrawal of a small volume of the
patient´s own blood which is afterwards centrifuged and
activated in order to obtain an autologous clot enriched in
proteins and growth factors [27]. However, from the bio-
mechanical point of view, this technology is limited by the
natural fibrin retraction process resulting in a transient
membrane once implanted on the receptor tissue. In order to
open up new application areas, the use of longer lasting
three-dimensional biomaterials has gained an increasing
clinical importance with several approaches that combine
platelet derived proteins and structural scaffolds to prolong
the fibrin´s short-temporary nature, thus enhancing its
overall mechanical properties. Such constructs include
platelet rich plasma loaded poly-lactide-ethylene-glycol-
lactide gels [28], platelet rich plasma loaded chitosan-
gelatin sponges [29], fibrin hydrogels functionalized with
cartilage extracellular matrix (ECM) [30] or platelet rich
plasma-hyaluronic acid based blends [31]. Nevertheless,
these approaches require exogenous agents and chemical
cross-linkers that may hinder the regenerative potential of
autologous growth factors and increase the risk of immune
reactions.

The present study evaluates a protein based injectable
hydrogel that combined with the platelet enriched plasmatic
fraction leads to a tunable platform that serves as a long-
lasting scaffold for tissue regeneration. This gel-type matrix
is based on the thermal polymerization of plasmatic proteins
and the biologic cross-linkage of fibrin fibers. Similar pro-
teinaceous biomaterials have been already used in various
therapeutic approaches including tissue engineering, drug
delivery, adhesion barriers and wound dressings [32, 33].
Heat-aggregated protein chains have proved to stand as
solid gels with strong mechanical properties due to the
formation of hydrogen bonds between newly formed beta-
sheets, transformation of alpha helices to random coils and
the presence of disulfide bonds among exposed cysteine
groups [34–36]. To our knowledge this is the first 100%
autologous injectable scaffold based on an endogenous
protein gel enriched in growth factors that may be used with
regenerative purposes.

After activation, platelets aggregate and plasmatic fibri-
nogen progressively evolves into an organized fibrin net-
work. The microstructure analysis of the autologous

Table 1 Rheological and mechanical properties of the autologous
protein based injectable sacaffold

Rheological properties Elastic modulus (G’) (Pa) 1373± 498

Viscous modulus (G”) (Pa) 225± 84

Complex modulus (G*) (Pa) 1391± 505

Tan δ 0.164± 0.013

Complex viscosity η* (Pa.s) 221± 80

Mechanical properties Maximum tension force
(KPa)

0.9± 0.2

Young’s modulus (KPa) 1.4± 0.4

Mean extrusion force (N) 12.1± 2.7

Maximum load 38.2± 15.8

Maximum tension force is given from a 2-minute linear descent
(2.5 mm to 0.9 mm) at 38% strain and at room temperature.
Rheological properties were determined at 1 Hz, 0.5% shear strain
and 25 °C
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scaffold evidenced the presence of three-dimensional pro-
tein-gel deposits interconnected with numerous fibrin
threads. As it has been reported in other studies, irregular
sized microporous spaces were also observed after protein
matrix formation, providing a suitable adhesion surface and
colonization niches for cell ingrowth [37, 38]. Fibroblastic
attachment, proliferation and long term adaptation demon-
strated that the new hydrogel can support cell growth with
high metabolic activity and viability due to both the sus-
tained delivery of growth factors and its structural support.
In fact, other reports have outlined the ability of these type

of injectable biomaterials to act as a localized delivery
systems of previously loaded cell populations throughout an
in situ solidification process into the desired tissue bed [39].
Our results suggest that the porous lamellar matrix spaces
within the scaffold increased the nutrient absorption capa-
city thus allowing an optimal environment for tissue
regeneration [40]. It is hard to reproduce the conditions that
scaffolds encounter when implanted into living tissues,
however, in vitro degradation studies can serve to accu-
rately evaluate the potential of this type of biomaterials. In
this context, tPA is an enzyme found in vivo that has been

Fig. 4 Histological and quantitative analysis of growth factor content
and release kinetics from the new hydrogel. Representative micro-
graphs of EGF, IGF-I, PDGF-AB and TGFβ1 immunolabeled auto-
logous protein scaffold samples at 40x magnification a. Total growth
factor content analysis obtained from extracts of the new biomaterial b.

Release kinetics of different growth factors from the injectable
hydrogel incubated at 37 °C during 3, 5 and 24 h and 7 days.
*Statistically significant differences compared to 3 h. # Statistically
significant differences compared to 5 h. $ Statistically significant dif-
ferences compared to 24 h. (p< 0.05). Scale bars: 50 µm
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previously used in clot lysis assays [21]. After subsequent
days of enzymatic biodegradation, results revealed that the
hydrogel may act as a long-term scaffold once implanted in
the living tissue. This type of biomaterials may be suitable
for medical applications that involve a sustained released of
growth factors and bioactive proteins. Additionally, these
scaffolds meet the appropriate requirements to provide
shape and volume stability for long periods of time. The
absence of cytotoxicity also offers a biologic advantage
over other exogenous biomaterials due to the lack of waste
molecules that are usually leached out [41].

Injectable three-dimensional scaffolds that are minimally
invasively injected into the living tissue are subjected to the
interplay and sum of shear stress and vertical compression/
stretching forces. From a rheological point of view, these
biomaterials should be viscous enough at high shear rates to
be accurately delivered through a therapeutic needle while
elastic enough to maintain a suitable structure for long-
standing tissue regeneration [42]. The prevalence of the
storage over the loss modulus observed might be a direct
consequence of the crosslinking at the molecular level that
macroscopically is translated into a viscoelastic behavior of
the material that tends to maintain its original shape rather
than creeping and spreading like a viscous fluid [43].

An optimal rheological profile with suitable viscosupple-
mentation has been related to the present PRGF-Endoret
based hydrogel as a thinning phenomenon was observed
due to progressive polymeric chain disentanglement and
stress axis alignment after shear rate application [31].
Additionally, the independency of the angular viscosity
toward frequency sweeps confirmed that the elastic com-
ponent of the biomaterial keeps it as a stable gel deposit
once extruded with no expected undesired flow beyond the
application space [44]. These rheological results further
prove the injectability of the new scaffold at room tem-
perature, and in situ gel forming potential for in vivo
applications [28]. From a mechanical point of view, the
progressive cohesiveness displayed by the autologous gel,
not only evidenced the natural stiffness of the biomaterial
but also the strong inner adhesion forces that avoid particles
to separate from the original deposit during the tissue
regeneration period [11].

The transient fibrin mesh derived from PRGF-Endoret
technology has proved to bind several key growth factors
released by the alpha granules of the patient´s own platelets
[45]. Likewise this fibrin membrane, the new scaffold has
showed to act as a delivery system that offers a sustained
supply of plasmatic and platelet derived proteins, cytokines

Fig. 5 Biocompatibility assays demonstrated that the new biomaterial
has no cytotoxic effect as no reduction in the viability percentage was
observed when comparing with the control group a. Encapsulated cells
within the protein gel were able to proliferate during consecutive days
inside the autologous protein scaffold (AP-scaff) b. Representative
fluorescence microphotographs of encapsulated fibroblasts proliferat-
ing in a three-dimensional arrangement during 7 days. Live cells in
green and dead cells in red. c Histological H-E stained cross section of

cell colonies proliferating inside AP-scaff (d left) and representative
SEM microphotograph showing cell adhesion to the protein and fibrin
surface of the hydrogel (d right), both after 7 days of culture.
*Statistically significant differences compared to 1 day (p< 0.05).
Scale bars: 100 µm for c images, 200 µm for H-E stained d image and
10 µm for SEM d image. Proliferating fibroblasts ( ), fibrin
network ( ) and gel deposits ( ) (color figur online)
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and morphogens that ultimately promote local tissue
regeneration. The fibrin network spaces between gel
deposits of the biomaterial sequester growth factors such as
EGF, IGF-I, PDGF-AB and TGFβ1 via heparin sulfate
domains thus being able to provide a gradual release of
bioactive molecules [46]. These proteins are reported to be
involved in reepithelization processes, stimulate cell
migration, and present a potent mitogenic role [47]. Results
of the present study have shown that the extracts, rich in
growth factors, of the protein based injectable scaffold
promote cell proliferation and ECM deposition via type I
collagen and HA biosynthesis. Collagen is one of the major
constituents of extracellular matrix and provides structural
support to resident cells in both soft and hard tissues. These
findings are consistent with other studies that demonstrate
the high proliferative activity of different cell phenotypes
cultured with platelet derived autologous products [22, 48–50].
Other reports have also showed the structural remodeling
potential of plasma rich in growth factors by means of
procollagen carboxiterminal peptide neoformation, pro-
alpha1/2 collagen chain expression, glucosaminoglican
production, elastin fiber reorganization and co-regulation of

matrix metalloproteases and tissue inhibitor metallopro-
teases [51–53].

Our findings demonstrated that the new hydrogel not
only might be a suitable scaffold for cell ingrowth and
mechanical support, but also behave as a biologically active
structure able to release a wide range of autologous growth
factors involved in tissue regeneration. Numerous studies
have tried to shed some light on the biomolecular
mechanisms of platelet derived products in the main stages
of the wound healing process. Anti-fibrotic tissue regen-
eration and reduction of the inflammatory phase for exam-
ple, have been associated with reduced Smad2/3
phosphorylation and attenuation of NFκB pathway respec-
tively after growth factor therapy [54, 55]. Moreover,
platelet rich plasma has shown to activate several
anti-apoptotic regulators such as Bcl-2 protein, thus exert-
ing an important cell death preventive effect [56]. Other
studies suggest that PRGF-Endoret enhances an antioxidant
activity by the overexpression of the antioxidant response
element (ARE) via Nrf2 nuclear factor upregulation, ending
up in a reduction of local reactive oxygen species (ROS)
[57]. Increased bioactivity of platelet rich plasma treated

Fig. 6 Representative phase
contrast microphotographs of
fibroblast proliferation after 72 h
of cell culture with the new
biomaterial extract a.
Fluorimetric analyses revealed
that fibroblasts cultured with the
autologous scaffold (AP-scaff)
extract reached a higher
proliferation rate compared to
the control group b.
Immunoenzymatic and western
blot results showed that cells
cultured with the extract of the
new hydrogel, synthetized
higher amounts of structural
molecules like hyaluronic acid c
and type I collagen after 7 days
respectively d-e. *Statistically
significant differences compared
to control group (p< 0.05).
Scale bars: 200 µm
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cells could also be related with the ERK/Akt pathway acti-
vation and CDK4/Cyclin D1 overexpression as well as
CDK1/2, PLK1 and E2F1 transcription factor gene upregu-
lation [58, 59]. Recent reports have additionally outlined the
pivotal role of some of the molecules released after platelet
activation, such as HGF and VEGF, in the contribution of
angiogenesis and the activation of surrounding endothelial
cells to establish new blood vessels from pre-existing vas-
culature [60]. In contrast to the safety profiles of other three-
dimensional scaffolds, the new hydrogel might offer a pre-
ventive effect against common bacterial contamination, as
cationic antimicrobial peptides, collectively known as plate-
let microbicidal proteins, are released after platelet degra-
nulation [61, 62]. Several studies have underlined the role of
platelet derived products as antibacterial agents due to the
presence of molecules such as platelet factor 4, connective
tissue-activating peptide III, platelet basic protein, thymosin
beta 4, fibrinopeptide A/B and RANTES that play a role
inhibiting the synthesis of bacterial survival proteins [63, 64].

5 Conclusion

Here, we report a protein based scaffold derived from plasma
rich in growth factors technology. This biomaterial is clearly
aimed at clinical practice as it provides an autologous, safe
and easy to prepare in situ formulation. The nature of this
hydrogel is based on the thermal polymerization of plasmatic
proteins and the natural crosslinkage of the fibrin network
that occurs after platelet activation. Additional in vivo reports
will be needed to fully characterize the functionality of this
new biomaterial. Clinical studies will assess the efficacy and
safety of this tunable platform that may improve the regen-
erative potential of current cell therapy and growth factor
delivery approaches. However, present results conclude that
this new biomaterial has desirable mechanical properties for
cell ingrowth in three-dimensional arrangement while pro-
vides a sustained release of bioactive molecules that pro-
motes surrounding tissue regeneration.
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