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a b s t r a c t

The hypothesis behind this work is that fibrinogen (Fg), classically considered a pro-inflammatory
protein, can promote bone repair/regeneration. Injury and biomaterial implantation naturally lead to
an inflammatory response, which should be under control, but not necessarily minimized. Herein, porous
scaffolds entirely constituted of Fg (Fg-3D) were implanted in a femoral rat bone defect and investigated
at two important time points, addressing the bone regenerative process and the local and systemic
immune responses, both crucial to elucidate the mechanisms of tissue remodelling. Fg-3D led to early
infiltration of granulation tissue (6 days post-implantation), followed by bone defect closure, including
periosteum repair (8 weeks post-injury). In the acute inflammatory phase (6 days) local gene expression
analysis revealed significant increases of pro-inflammatory cytokines IL-6 and IL-8, when compared with
non-operated animals. This correlated with modified proportions of systemic immune cell populations,
namely increased T cells and decreased B, NK and NKT lymphocytes and myeloid cell, including the Mac-
1þ (CD18þ/CD11bþ) subpopulation. At 8 weeks, Fg-3D led to decreased plasma levels of IL-1b and
increased TGF-b1. Thus, our data supports the hypothesis, establishing a link between bone repair
induced by Fg-3D and the immune response. In this sense, Fg-3D scaffolds may be considered immu-
nomodulatory biomaterials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Upon injury and/or biomaterial implantation there is an
gaç~ao e Inovaç~ao em Saúde,
135 Porto, Portugal.
tos).
inflammatory response, which is required for the regenerative
process to begin. This inflammatory response to implantable, and
particularly non-degradable biomaterials, can culminate in a
foreign body reaction, which is related with the failure to establish
a pro-regenerative environment [1]. First generations of materials
applied in clinics aimed at restoration of the physical properties of
the damaged tissues, while minimizing or even avoiding the im-
mune response. Most of the currently used dental and orthopaedic
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implants are examples of biomaterials that still follow that strategy
[2]. However, in terms of biomedical research the paradigm is
shifting from “fighting inflammation” to “modulating inflamma-
tion” [3].

Inflammation, repair and remodelling are the three stages that
compose bone healing [4]. First, a blood clot forms after bone
injury, which provides a temporary matrix for immune cell
recruitment to the injury site. Polymorphonuclear leukocytes
(PMN) quickly migrate to bone injury and interact with damaged
tissue during the first 24 h. Monocytes/Macrophages and lym-
phocytes (NK, T and B cells) are attracted to the injury in the next
days [5]. Although acute inflammation is described as lasting 4 days
and the chronic inflammation to be over in about 2 weeks, immune
cells have an active role throughout bone repair and remodelling
[4,5]. In fact, the balance between cytokines, chemokines and im-
mune cell populations in the injury microenvironment is essential
for tissue regeneration. This can be impaired by infection or chronic
inflammatory conditions, such as autoimmune diseases and the
foreign body response against a biomaterial, and when inflamma-
tion does not resolve and tissue healing is impaired [4,6]. In
agreement, previous work has shown that successful osteointe-
gration of implants correlates with systemic changes in immune
cells [7].

Fibrinogen (Fg) is a blood protein involved in blood clotting.
During haemorrhage, a fibrin clot is formed from Fg cleaved by
thrombin, which prevents extensive blood loss. The Fg-derived clot
is the primordial extracellular matrix (ECM) that supports tissue
regeneration, thus providing Fg with pro-healing properties [8,9].
Two arginine-glycine-aspartate (RGD) motifs were identified in Fg
structure [10], which are relatedwith improved cell adhesion to Fg-
modified materials [11]. Additionally, Mac-1, an important receptor
of activated immune cells, finds numerous binding sites on the Fg
molecule [12]. Also, vascular endothelial growth factor (VEGF), an
important factor for neovascularization, binds Fg with high affinity
[13], what may explain the improved angiogenesis induced by Fg
[7,14].

Clinically, fibrinogen is applied together with thrombin as fibrin
hydrogels that are used as biological adhesives [15]. Beyond their
well-known haemostatic and sealant properties, alternative appli-
cations in tissue engineering have been tested, combining fibrin
with ceramics, cells or other proteins [16e20]. Although the use of
thrombin is a standard in fibrin sealants, it increases the risk of
thrombosis and life-threatening complications.

The strategy of Fg delivery appears to be of paramount impor-
tance to the host response. Soluble Fg does not enhance wound
healing [11], instead elicits autoimmunity and nervous tissue
damage [21]. The pro-regenerative potential of Fg-incorporating
biomaterials has been previously reported by us [7] and others
[22]. We have explored the potential of adsorbed Fg to modulate
immune cell responses and induce regeneration. Materials modi-
fied with Fg led to increased recruitment of mesenchymal stem/
stromal cells (MSC) mediated by different immune cells [23],
downregulation of pro-inflammatory molecules and up-regulation
of bone and angiogenic factors secreted by macrophages [24]. The
degradation of chitosan films by osteoclasts was also accelerated by
Fg adsorption [25]. Most importantly, our previous work showed
that implantation of Fg-modified chitosan scaffolds in a femoral
critical bone defect led to increased angiogenesis and new bone
formation at the defect periphery, together with significant
changes in myeloid and B cell populations in the draining lymph
nodes [7].

Due to the potential revealed by Fg-modifiedmaterials [7,23,24],
whole-Fg scaffolds (Fg-3D) were here produced to assess the hy-
pothesis that, when stabilized in a 3D porous structure, Fg can
promote a pro-regenerative microenvironment, mimicking the
blood clot. Fg-3D scaffolds were produced by freeze drying, without
addition of any exogenous enzymatic compound, and their capacity
to stimulate bone repair was addressed. For that, Fg-3D were
extensively characterized by SEM, ATR-FTIR and NMR, their
degradation profile, cytotoxicity and endotoxin levels were
assessed, following the international standard ISO 10993-5:2009.
Fg-3D scaffolds were then implanted in a load-bearing bone defect
in the rat femur. Local and systemic immune responses were ana-
lysed at two critical time points post-implantation, 6 days and 8
weeks. A combination of flow cytometry and ELISA was used to
investigate the systemic response, while qRT-PCR complemented
the histological analysis of the local response. Bone repair was also
more closely evaluated by micro-CT. By assessing the early and
long-term biological response we aim at understanding the impact
of Fg-3D on the inflammatory response and subsequent influence
on bone tissue repair (Fig. 1).

2. Materials and methods

2.1. Preparation of Fg-3D scaffolds

Fibrinogen 3D scaffolds (Fg-3D)were prepared by freeze-drying,
similarly to chitosan scaffolds previously prepared by our group [7].
A solution of human Fg (fraction I, type III from human plasma; cat.
F4129, Sigma), 70 mg/mL, was prepared in Phosphate Buffered
Saline Solution (PBS) at neutral pH (7.4). The solution was then
casted into 48-well plate (800 mL/well), frozen overnight at �20 �C
in a horizontal surface and freeze-dried at �80 �C for 48 h to pro-
duce scaffolds. These were removed from the plate and cut in the
shape of cylinders with 4 mm diameter and 5 mm height. Scaffolds
were neutralized and disinfected through impregnation under
vacuum in a gradient of ethanol solutions (99.9%, for 10min, 70% for
30 min, 50% and 25% for 10 min each), followed by three 10 min
washes in sterile PBS. Fg-3D scaffolds weremaintained overnight in
sterile PBS at 4 �C protected from light, before further analysis or
implantation.

2.2. Scanning electron microscopy characterization

Cross-sections of 1 mm thickness were cut and mounted with
carbon tape, for scanning electron microscopy (SEM) analysis.
Samples were sputter-coated with gold and observed with a JEOL
JSM-6301F SEM, at 15 kV and magnifications of 30� or 250�.
Twenty-five pores and interconnecting pores were measured in a
representative scaffold to determine the range of pore sizes.

2.3. ATR-FTIR spectroscopy

Previously to FTIR analysis, all samples were dried in a vacuum
chamber overnight at room temperature. ATR-FTIR spectra of Fg
powder, lyophilized Fg scaffolds and after ethanol neutralization
(Fg-3D) were obtained using a FTIR spectrophotometer (Spec-
trumTwo, Perkin Elmer). All samples were submitted to the same
pressure and 16 scans were collected with 4 cm�1 resolution. Peak
analysis was performed through spectra analysis and evaluation of
first and second derivatives.

2.4. NMR analysis

The 13C NMR spectra were recorded using a Bruker Avance III
(9.4 T) spectrometer operating at 400 MHz for proton and a 4-mm
double-bearing magic-angle spinning (MAS) probe. For the 13C
cross-polarization and MAS (CP-MAS) NMR experiments, we used
90� pulse lengths of 3e5 ms, a 2 ms contact time, a 5 s recycle delay
and a spinning rate of 12 kHz. For the 13C Single Pulse Excitation



Fig. 1. Biomimetic Fg scaffolds (Fg-3D) for immunomodulation and bone repair. Fg-3D were produced by freeze-drying without the use of thrombin and implanted in a femoral
bone defect. The biological response induced by Fg-3D scaffolds was evaluated at local and systemic levels. At 6 days post-implantation, the biomaterial promoted a pro-
regenerative microenvironment with granulation tissue infiltration and changes in the proportions of immune cell populations in spleen, draining lymph nodes and blood.
Interestingly, bone defect, including periosteum, was repaired in the animals with Fg-3D, 8 weeks upon injury.
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(SPE) spectra, 90� pulse lengths of 4e5 ms, a 20 s recycle delay and a
spinning rate of 12 kHz were employed.

2.5. Measuring endotoxin levels

Extracts were prepared from 35 mg of Fg-3D scaffolds in 1.4 mL
of endotoxin-free water (40 mL per g of material) by continuous
shaking (250 rpm) at 50 �C for 24 h. Endotoxin levels were assessed
using the Food and Drug Administration (FDA, USA) approved
Endosafe™-PTS system (Charles River, USA). The analysis was per-
formed and certified by an external entity (Analytical Services Unit,
IBET/ITQB, Oeiras, Portugal). Extracts from Fg-3D scaffolds revealed
endotoxin levels of 0.132 EU/mL (EU: unit of measurement for
endotoxin activity), which are far below the recommended FDA
limit (0.500 EU/mL).

2.6. Degradation assay

Fg-3D were incubated at 37 �C with distilled water or heat-
inactivated fetal bovine serum (FBS) to evaluate hydrolysis and
proteolysis at 0.1 mg of scaffold to 1 mL of fluid according to ISO
10993-5:2009 standard. Supernatants were discarded after 6, 24,
48 and 100 h of incubation and remaining scaffolds were freeze-
dried and weighted.

2.7. Evaluation of cytotoxicity

The cytotoxicity of Fg-3Dwas assessed using theMC3T3 cell line
according to the guidelines presented in ISO 10993-5:2009 stan-
dard. In detail, MC3T3 cells were seeded in a 96-well plate at a final
density of 10,000 cells per well in supplemented minimum
essential medium eagle-alpha modification (a-MEM, with 10% v/v
FBS and 1% v/v penicillin/streptomycin) and allowed to adhere for
24 h at 37 �C. Afterwards, the medium was removed and the
experimental conditions were set: control (only basal medium),
direct contact (in presence of Fg-3D) and four conditions using 100,
75, 50 and 25% of Fg extract complemented with a-MEM without
FBS. Extracts were produced by incubating Fg-3D in a-MEM at
100 mg/mL under agitation (100 rpm), for 24 h at 37 �C. After 24 h
the medium and the scaffolds were removed and 300 mL of 10%
resazurin solution in basal medium was added. Supernatants were
transferred to a black 96-well plate 3 h after incubation at 37 �C and
fluorescence was read (excitation l ¼ 530 nm, emission
l ¼ 590 nm). Experiments were done in triplicate and data were
normalized by the control. Conditions that lead to a percentage of
metabolic activity bellow 70% of the control were considered
cytotoxic.
2.8. Animal model

All animal experiments were conducted following protocols
approved by the Ethics Committee of the Portuguese Official Au-
thority on Animal Welfare and Experimentation (DGV). We have
used a critical size bone defect model, adapted from the study of Le
Guehennec L et al. [26], and previously used by our team [7]. Briefly,
three months old maleWistar rats (n¼ 17 per group, 12 for analysis
after 6 days, and 5 after 8 weeks) were operated under general
anaesthesia performed by inhalation of isoflurane. The knees were
shaved and disinfected. An incision was made in the skin, and both
skin and muscle were retracted. After lateral knee arthrotomy, a
cylindrical defect with 3 mm diameter and depth of approximately
4 mm was created using a surgical drill in the anterior wall of the
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lateral condyle of the right femur. Animal care and analgesics
(subcutaneous injection of Buprex-buprenorphine, 0.05 mg/kg)
were provided during post-surgery. Surgery was performed in only
one femur per animal and defects either received Fg-3D or
remained empty. Non-operated animals were used as control.

2.9. Blood, spleen and lymph nodes collection

The number and type of biological samples collected at 6 days
and 8 weeks post-implantation as well as the methods applied in
their analysis are summarized in Fig. S1. Twelve animals per group
were sacrificed 6 days post-injury while five were euthanized at 8
weeks. Unfortunately, three animals from the empty group at 6
days were excluded from the analysis, two due to infection and one
due to non-standard defect size. For tissue collection and eutha-
nasia, animals were anesthetized and kept under general anaes-
thesia by inhalation of isoflurane. Blood was collected by
intracardiac puncture and placed in a tube containing heparin so-
lution (B. Braun) at a 1:10 dilution, to avoid blood coagulation.
Animals were then dissected and the spleen, as well as the inguinal
and popliteal lymph nodes on the side of injury, were collected into
a tube with 2 mL of RPMI supplemented with 10% FBS to maintain
cell viability until processing.

2.10. Bone collection

Immediately after organs collection, the muscle tissue around
the defect regionwas carefully removed and femurs were retrieved.
At 6 days, 7 out of 12 femurs per group were prepared for gene
expression analysis. Briefly, the femur to be analysed was placed in
a Teflon holder and a cylindrical sample including the bone defect
with or without Fg-3D and peripheral bone tissue was cut using a
5 mm diameter driller. Bone cylinders were transferred to 1.5 mL
tubes and gently swirled in liquid nitrogen until completely frozen.
Samples were maintained at �80 �C until RNA extraction. The
remaining five femurs were collected for histological analysis at day
6 and 8 weeks upon injury.

2.11. Bone histological analysis

Femurs were retrieved, fixed, decalcified, dehydrated and
defatted before embedding in paraffin, as previously described
[7,27,28], in five animals per group. Sagittal tissue sections, 3 mm
thick, were mounted on pre-coated poly-L-lysine glass slides and
dried overnight at 37 �C. Prior to the different staining procedures,
the sections were first deparaffinized in xylol (3 � 5 min) and
rehydrated through a decreasing ethanol series (2 � 100% ethanol,
96% ethanol, 70% ethanol, 50% ethanol, distilled water, 3 min each).
Contiguous sections were stained with haematoxylin & eosin
(H&E) and Masson's trichrome (MT) at three depths, and analysed
using a light microscope Olympus CX31 for both studied time-
points. Images were acquired with Olympus DP 25 camera, using
the Cell B software.

The inflammatory response was evaluated at day 6, namely the
presence of PMN and the infiltration of granulation tissue in the
vicinity of the bone defect. Tartrate resistant acid phosphatase
(TRAP) assay (SigmaeAldrich) was performed according to the
manufacturer's instructions. After rehydration, slices were
immersed in a staining solution containing water, acetate, naphthol
and one capsule of fast garnet GBC salt for 1 h at 37 �C in the dark,
and counterstained with acid haematoxylin solution. For alkaline
phosphatase (ALP) staining slices were incubated in a Naphthol AS-
MX phosphate solution containing the Fast Violet B salt (both from
Sigma) for 30 min at 37 �C.
2.12. Micro-computed tomography (micro-CT)

New bone formation was evaluated 8 weeks post-injury using a
high-resolution micro-CT Sky-Scan 1072 (Skyscan, Belgium) at 3B's
Services and Consulting (Caldas das Taipas, Portugal). Images were
acquired using a pixel size of 17.58 mm and an exposure time of
8550 ms. The X-ray source was set at 80 kV and 104 mA. Approxi-
mately 400 projections were acquired over a rotation range of 180�,
with a rotation step of 0.45�. Datasets were reconstructed using
standardized cone-beam reconstruction software NRecon® and
CTvox® software (SkyScan, Belgium). The amount of calcified tissue
was quantified in cylindrical volume of interest (VOI) with 3 mm in
diameter and 114 slices in deepness (2 mm). The VOI was centred
with the defect region (Fig. S2), and bone parameters were quan-
tified using CTan® software (Skyscan, Belgium). Threshold was set
at 70 to define calcified tissue. The mean grayscale within the VOI
was determined to evaluate bone density. Changes in bone archi-
tecture were assessed in the VOI by 3D analysis of bone volume/
tissue volume (BV/TV), trabecular number (Tb$N), trabecular
thickness (Tb$Th) and trabecular separation (Tb$Sp). Parameters
are shown following ASBMR nomenclature [29].

2.13. Local qRT-PCR analysis

Local gene expression of pro-inflammatory cytokines and
growth factors at the defect/implant site was analysed in 7 animals
for each condition 6 days upon injury. N2 shock-frozen bone cyl-
inders were pulverized using a micro-dismembrator (B Braun
Biotech, Germany) at 3000 rpm for 2 min and total RNA was
extracted using Mirvana RNA extraction kit (Invitrogen) immedi-
ately after. RNA was quantified by Nanodrop ND-1000 (Thermo
Fisher Scientific). cDNA was obtained from 1 mg of total RNA with
oligo (dT) primers (Qiagen) using Superscript II kit (Invitrogen)
according to manufacturer instructions. All used primers, listed in
Supplementary Table 1, were designed using Primer 3 software to
be inter-exonic and were obtained from Eurofins Genomics
(Ebersberg, Germany). Primer pairs for IL-1b, IL-2, IL-6, IL-8 (MIP-
2), IL-10, OC, TNF-a and VEGF evaluation were designed and used
previously [18]. Quantitative real time PCR (qRT-PCR) reactions
containing 12.5 mL of SYBR Green PCR Mastermix (Thermo), 2 mL of
5 times diluted cDNA template, 0.5 mL of forward and reverse
primers (100 pmol/mL) and 9.5 mL of RNAse free water were carried
out on a LightCycler 96 (Roche). The reactions were pre-incubated
for 10 min at 95 �C, followed by 40 thermal cycles of amplification
(95 �C for 15 s; 58 �C for 10 s; 72 �C for 30 s), ending with a melting
cycle 95 �C for 30 s; 58 �C for 60 s; 95 �C for 1 s. Relative gene
expression was calculated using the 2�DCt method and normalized
using GAPDH as reference gene.

2.14. Tissue processing and flow cytometry

Peripheral blood mononuclear cells were isolated from blood by
density centrifugation over Lymphoprep (Axis-Shield) at 800 g, for
30 min without brake, at room temperature. Plasma was collected,
spun to remove cell debris and kept at�80 �C until further analysis.
Cells were collected from the interface between plasma and Lym-
phoprep and washed twice with PBS. Lymph node cells were ob-
tained by placing lymph nodes on top of a 100 mmpore cell strainer
and gently crushing with the end of a syringe piston. The strainer
was then washed with PBS. To collect cells from the spleen, half of
this organ was injected with 100 U/ml Collagenase I (Sigma) and
gently crushed with the top of a syringe piston on the top of a
100 mm pore cell strainer. The strainer was then washed with PBS
and red blood cells (RBC) were lysed with RBC lysis buffer (10 mM
Tris, 150 mM NH4Cl, pH 7.4) for 8 min at 37 �C. The cells obtained



D.M. Vasconcelos et al. / Biomaterials 111 (2016) 163e178 167
from each tissue were washed with PBS and transferred to 96-well
U-bottom plates. Cells were incubated for 5 min on ice with 1 ml per
sample of Mouse Anti-Rat CD32 (FcgII Receptor) Monoclonal
Antibody (BD), diluted in PBS, 0.5% BSA, 0.01% sodium azide, to
prevent unspecific binding to Fc receptors. Cell surface staining for
flow cytometry was then performed by incubating for 30min on ice
with the following antibodies diluted in PBS, 0.5% BSA, 0.01% so-
dium azide: anti-rat CD45R-PE (clone HIS24, 4 mg/mL), anti-rat TCR-
PerCP (clone R73, 2 mg/mL), anti-rat CD4-APC (clone OX35, 2 mg/
mL), anti-rat CD4-V450 (clone OX-35, 4 mg/mL), anti-rat CD8-V450
(clone OX-8, 4 mg/mL), anti-rat CD18-FITC (clone WT.3, 2 mg/mL),
anti-rat CD161a-FITC (clone 10/78, 2 mg/mL), anti-rat MHC class II-
AlexaFluor 647 (clone OX-6, 2 mg/mL) and anti-rat CD11b/c-PE-Cy7
(clone OX-42, 4 mg/mL), all from BD. Cells were also stainedwith the
corresponding isotype controls. Samples were thenwashed 4 times
in PBS, followed by fixation in paraformaldehyde 4%, 20 min on ice,
and washed twice with PBS. Samples were acquired on a Flow
Cytometer (FACSCanto, Becton Dickinson) and data was analysed
with FlowJo software. Only samples resulting in more than 10,000
gated events were considered for further analysis.

2.15. Cytokine production

For cytokine evaluation, plasma from each animal was assayed
by ELISA specific for TNF-a, IL-6, IL-17A and TGF-b1 (Legend Max
Rat ELISA kits, BioLegend, CA, USA) and IL-1b (Rat IL-1b Mini ABTS
ELISA Development Kit, Peprotech, NJ, USA) according to the
manufacturer's protocol. Cytokine concentration was calculated
against a standard curve.

2.16. Statistical analysis

Statistical analysis was performed using Prism software. Visual
histogram analysis and Kolmogorov-Smirnov test were used to
evaluate the normal distribution of the studied variables (all
continuous). To compare data from two different groups, Mann-
Whitney U test (or its parametric counterpart Student's t-test)
were used. When comparing three different groups, Kruskal-Wallis
followed by Dunn's Multiple Comparison test (or their parametric
counterpart ANOVA) were used. Statistical significance was
considered for p < 0.05 (*) (**: p < 0.01, ***: p < 0.001).

3. Results

To test our hypothesis that fibrinogen (Fg) can promote bone
repair/regeneration when stabilized as a 3D structure, Fg-3D scaf-
folds were produced, characterized and implanted in a rat femoral
defect. Bone regeneration/repair was evaluated at 6 days (acute
phase of inflammation) and 8 weeks (repair of bone defect) post-
injury, together with the local and systemic immune responses.

3.1. Production and characterization of Fg-3D scaffolds

Fg scaffolds were produced using freeze-drying methodologies,
as previously described for other materials [7]. The influence of the
major steps involved in the preparation of Fg-3D (lyophilization
and ethanol neutralization) on the protein structure was charac-
terized by ATR-FTIR spectroscopy and solid state 13C NMR spec-
troscopy (Fig. 2).

Fg secondary structures are known to comprise segments in a-
helix, b-sheet, b-turn and random coils, which can be evaluated
through the IR spectra fingerprint region (1800e1000 cm�1),
namely the Amide I (1700-1600 cm�1) and Amide II
(1600e1500 cm�1) band regions [30,31]. ATR-FTIR analysis of Fg
powder showed bands at 1644 cm�1 (random coil), 1548 cm�1 (a-
helix), 1532 cm�1 (b-sheet), 1516 cm�1 (tyrosine side chains),
1398 cm�1 (COO� symmetric stretching band and/or the defor-
mation of CH2 and CH3) and 1078 cm�1 (CeO stretching modes of
glycoprotein in the Fg structure) (Fig. 2A). Lyophilized Fg scaffold
presented a relative increase of the peak at 1591 cm�1

(compression carboxylate side chains of amino acids) and at
1610 cm�1 (b-sheet aggregates structure) together with changes
in 1235e1270 band region, which are related with the CeN
stretching in Amide III region. The spectrum obtained for the
neutralized Fg scaffold (Fg-3D) was broadly similar to that ob-
tained for Fg powder. Moreover, the hydration water of Fg was not
modified by the production of Fg-3D, as no significant changes of
the ratios between Amides and hydrogen bonds (Amide I/
3280 cm�1 and Amide II/3280 cm�1 ratios) were observed.
Remarkably, a relevant decrease of intensity of peaks at 1398 cm�1

and 1591 cm�1 were registered in Fg-3D.
Human Fg is a dimeric glycoprotein composed of three pairs of

peptide chains, where all 20 amino acids are present, and the cor-
responding 13C CP-MAS spectrum showed a typical protein profile
(Fig. 2B). Some spectral changes were noted between lyophilized Fg
scaffolds and Fg-3D. Upon scaffold neutralization, the 13C CP-MAS
spectrum revealed a profile with increased resolution, indicating
that there is increased molecular organization in the rigid domains
of the protein for Fg-3D. Concomitantly, the 13C SPE spectrum also
showed better resolved resonances in the neutralized Fg samples,
which points towards increased molecular mobility of the more
mobile protein domains. Moreover, a peak clearly observed at
76 ppm in the CP-MAS spectrum of the lyophilized Fg scaffolds, was
no longer observed upon neutralization.

3.2. Fg-3D scaffolds have interconnected porosity, are degradable
and non-cytotoxic

To determine their structure and porosity, Fg-3D scaffolds were
observed using scanning electron microscopy (SEM), and after
haematoxylin-eosin (H&E) staining by light microscopy (Fig. S3).
Overall, Fg scaffolds presented a uniform porous network with
macroporosity ranging from 104 to 165 mm in diameter and inter-
connecting micropores varying in diameter between 17 and 57 mm
(Fig. 3A and B).

Then, the susceptibility of Fg-3D to hydrolysis and proteolysis
was evaluated through incubation at 37 �C for up to 4 days in water
and in serum (FBS) (Fig. 3C). Fg-3D showed a fast degradation rate
in water (82% of mass loss at 100 h), most of it during the first 6 h
(54% of mass loss). In FBS, Fg-3D degraded less (42% of mass loss at
100 h) but exhibited a similar degradation rate during the first 6 h
(40% of mass loss) to the one observed in water. The cytotoxicity of
Fg-3D was evaluated following the recommendations in the
ISO10993-5 standard. It was estimated by quantifying the meta-
bolic activity of MC3T3 (murine pre-osteoblasts) cells after 24 h in
culturewith scaffolds (direct contact) or with extracts of Fg-3D, and
expressing the results as a percentage relative to tissue culture
plastic control conditions. Higher concentrations of Fg-3D extracts
(75% and 100%) seemed to cause stress to the cells, but the loss of
metabolic activity was less than 30% (Fig. 3D). Moreover, cells in
direct contact with a scaffold or in media containing 25% or 50%
extracts presented a small increase (up to 18%) in their metabolic
activity after 24 h of incubation.

3.3. Fg-3D stimulated bone repair/regeneration

The osteogenic potential of Fg-3D was tested in vivo using a
critical bone defect model in the rat (Fig. 4A). The follow up, was
performed 6 days and 8 weeks post-implantation. A favourable
evolution of the repair process was observed in presence of Fg-3D



Fig. 2. ATR-FTIR and solid-state 13C NMR spectra of Fg at critical stages of scaffolds preparation. (A) Representative ATR-FTIR spectra of Fg powder (blue), lyophilized Fg (red) and
ethanol-neutralized Fg (Fg-3D; green) with the most relevant peaks identified and the Amide I and II band regions details presenting first derivate of IR spectra to clarify the
determination of the wavenumbers of the peaks. (B) 13C solid-state NMR analysis of Fg scaffolds: 13C CP-MAS (top) and SPE (bottom) spectra. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 4B). At 6 days post-injury Fg-3D led to an increased number of
cells relatedwith granulation tissue (GT) infiltration in the centre of
the defect, while few cells and no granulation tissue were detected
in the animals where no biomaterial was implanted (empty). The
images reveal that acute immune response had already subsided, as
PMN were hardly detected in either group. Furthermore, Fg-3D
appear well-preserved and in intimate contact with surrounding
bone, without visible fibrous capsule. After 8 weeks of implantation
new bone tissue had formed, filling in the defects, and Fg-3D were
no longer observable. Moreover, no chronic immune reaction was
detectable. Residual granulation tissue was still identifiable in four
out of five animals implanted with Fg-3D, particularly closer to the



Fig. 3. Structure, degradability and cytotoxicity of Fg 3D scaffolds. (A) Macroscopic view of Fg 3D scaffolds (Fg-3D) (B) Evaluation of the porous structure of Fg-3D by SEM analysis:
general view of Fg-3D showing their porous interconnected structure (left) and high magnification image where large pores (104e165 mm in diameter) and interconnecting pores
(17e57 mm in diameter) were visible (right). (C) Degradation profiles of Fg-3D during 100 h of incubation in water or serum (FBS). Results presented in percentage of remaining
weight according to original weight. (D) Metabolic activity of the cell line MC3T3 incubated with Fg scaffolds (Fg-3D) or extracts. Error bars represent the standard deviation (n ¼ 3/
condition). Kruskal-Wallis test was used to compare the data.

D.M. Vasconcelos et al. / Biomaterials 111 (2016) 163e178 169
surface of the defect, and surrounded by newly formed bone tissue
and bonemarrow. The newly formed bonewasmostly woven bone,
presenting a disorganized structure and enriched in collagen (blue
stained fibres). Mature bone was also observed, with a distinctive
trabecular organization, oriented along the lines of stress. The new
trabecular bone formed in the defect region was functional, since
bonemineralization regions, with ALP activity, and bone resorption
pits with osteoclasts (TRAP positive cells; Fig. 4C) were observed,
indicating that bone was going through remodelling. Bone
remodelling is a dynamic process, requiring coupling between bone
apposition and resorption processes, and Fg-3D seems to control
the initial immune response to injury, while supporting bone
repair/regeneration.

In order to further confirm the new bone formation observed by
histological analysis, we performed micro-CT analysis. This
corroborated the induction of new bone formation and additionally
revealed periosteal repair in femurs implanted with Fg-3D, at 8
weeks post-injury (Fig. 5A). In detail, the quantification of calcified
tissue in the original defect region (dashed line) revealed that two
out of three animals of the Fg group showed higher bone density
and bone volume than animals with empty defects (Fig. 5B and C).
Moreover, all injured animals showed higher trabecular bone sep-
aration (Tb$Sp) and trabecular number (Tb$N), when compared to
the non-operated animal (Fig. 5D and E). Importantly, Fg-3D-
treated animals showed a tendency to present a higher trabecular
bone thickness (Tb$Th) compared to empty animals (p ¼ 0.1,
Fig. 5F), which is likely related to the bone remodelling that is still
occurring 8 weeks post-injury. Together, histological analysis and
micro-CT evaluation showed that Fg-3D supported bone repair
with formation of new and thicker bone trabeculae, which
contributed to the closure of the bone defects.
3.4. Fg-3D modulates cytokine production

In order to understand the mechanisms involved in stimulation
of bone repair/regeneration induced by Fg-3D, the expression
levels of inflammatory and pro-regenerative related genes at the
bone defect site were evaluated 6 days after injury. Bone/implant
cylinders were cut to include the bone defect with the implant and
some of the surrounding tissue and then analysed for gene
expression. Regarding inflammatory cytokines, a significant up-
regulation of both IL-6 and IL-8 (p < 0.05), but not of IL-1b, was
observed for both empty defects and Fg-3D, in comparison with
non-operated animals (NO; Fig. 6AeC). Other cytokines that could
be involved in regulation of an immune response, IL-2, IL-4, IL-10,
TNF-a and IFN-g, were not detected. Gene expression of growth
factors involved in angiogenesis and bone remodelling was also
analysed. Similar levels of osteocalcin (OC) were observed for all
tested groups (Fig. 6D). A tendency for transforming growth factor
beta 1 (TGF-b1) up-regulation in operated animals was registered,
though not statistically significant (Fig. 6E). On the other hand,
VEGF was up-regulated in operated rats whose defect remained
empty comparatively to NO animals (p < 0.01; Fig. 6F), but there
were no statistically significant differences to the Fg-3D group. This
difference in the extent of reactive angiogenesis, that is part of the
response to injury, may be explained by the stronger inflammatory
response in empty animals, that is dampened in Fg-3D implanted
animals.

The systemic concentration of TNF-a, IL-1b, IL-17a, IL-6 and TGF-
b1 was evaluated in the plasma, since they are crucial mediators of
immune responses and regenerative processes. No detectable
levels of TNF-a, IL-17a and IL-6 were found in plasma for any of the
animals. Systemic levels of IL-1b (Fig. 6G) were significantly
decreased for the Fg-3D group at 8 weeks post-implantation, when



Fig. 4. Histological evaluation of bone repair upon Fg-3D scaffolds implantation. (A) Photographs of a bone defect left empty and implanted with Fg-3D (black arrow). (B) His-
tological images of Masson's trichrome stained slices of 6 days empty (left column) and Fg-3D filled (middle column) defects; and 8 weeks Fg-3D implanted (right column) defects.
Arrowheads point to PMN. (C) Histological view of bone remodelling in progress at 8 weeks with tartrate resistant acid phosphatase (TRAP) positive cells (arrowheads, left image)
and alkaline phosphatase (ALP) positive regions (asterisk, right image). B indicates the bone tissue, BD the bone defect area, GT the infiltrating granulation tissue, BM is the bone
marrow, NB notes new bone, while WB corresponds to woven and MB to mature bone.
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compared to Fg-3D at 6 days and with a strong tendency to be
decreased, when compared to the Empty at 8 weeks (p ¼ 0,0521)
and the NO (p ¼ 0,0600) groups. Also, systemic levels of TGF-b1
(Fig. 6H) were significantly higher for empty-defect animals at 6
days post-injury and for Fg-3D animals at 8 weeks post-
implantation, both when compared with NO animals. The time-
dependent modulation of TGF-b1 production is likely involved in
the wound healing processes, and its sustained increase up to 8
weeks in the animals implanted with Fg-3D may contribute to the
regenerative response observed.



Fig. 5. Evaluation of bone regeneration at defect region 8 weeks post-implantation. (A) X-ray images and 3D reconstruction of non-operated (n ¼ 1), versus injured femurs, left
empty (n ¼ 3) or implanted with Fg-3D (n ¼ 3): sagittal plane X-ray images indicating the centre of the original defect that is pointed at the intersection of green and red lines (top
row) and 3D reconstruction of femurs indicating the cylindrical volume of interest (dashed line) with 3 mm in diameter (Ø) and 2 mm in deepness (bottom row), where the
following parameters related to bone architecture were quantified. (B) mean grayscale in a pixel intensity scale from 0 to 255. (C) percentage of bone volume (BV) relative to total
tissue volume (TV). (D) trabecular bone separation (Tb.Sp) in mm. (E) trabecular bone number (Tb$N). (F) trabecular bone thickness (Tb$Th) in mm. Data is presented as dot plots,
with the mean as a horizontal line and standard deviation as whiskers. MannWhitney test was used to compare the data. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

D.M. Vasconcelos et al. / Biomaterials 111 (2016) 163e178 171
3.5. Implantation of Fg-3D leads to sustained alterations in
systemic immune responses

In order to evaluate the impact of Fg-3D on the systemic im-
mune response, blood, spleen and draining lymph nodes were
recovered to study the proportions of the different immune cell
populations. Representative plots of the flow cytometry analysis
illustrating the gates and surface markers used to evaluate the
different immune populations are presented in supplementary data
(Fig. S4).

The proportions of the different immune cell populations were
analysed at 6 days post-implantation, in blood (BL), spleen (SP) and
lymph nodes (LN) (Fig. 7). The response induced by the bone injury
itself (empty group), when compared with NO animals was mild,
and by comparison, the Fg-3D implanted group showed some sig-
nificant differences to NO and in some cases also to empty animals.
In BL and SP, empty and Fg-3D groups followed the same tendency
for the most abundant subsets, increased T cells and decreased B
cells (Fig. 7A). While in BL the reductionwas also significant for NK,
NKT and myeloid cells, particularly for Fg-3D implanted animals, in
SP these populations did not show significant differences (Fig. 7A
and B). On the other hand, in draining LN the response of empty and
Fg-3D groups was in opposite directions, at least for the most
abundant T and B cell populations. Empty defects led to increased B



Fig. 6. Cytokine levels upon Fg-3D implantation. Local relative mRNA expression levels, normalized by GAPDH expression, were determined for non-operated animals (NO; n ¼ 7),
animals with empty defects (Empty; n ¼ 6) and Fg-3D implanted animals (n ¼ 7) for the following targets: (A) IL-1b, (B) IL-6, (C) IL-8, (D) osteocalcin (OC), (E) transforming growth
factor beta 1 (TGF-b1) and (F) vascular endothelial growth factor (VEGF). Systemic concentrations of (G) IL-1b and (H) TGF-b1 were determined in the plasma of NO, empty and Fg-
3D animals at 6 days (n ¼ 11/group) and 8 weeks (n ¼ 7 empty group, n ¼ 5 Fg-3D) post-injury by ELISA. Results are presented as box and whiskers graphs (box represents median
and quartiles while whiskers represent min to maximum values); *p < 0.05 and **p < 0.01. Mann Whitney test was used to compare the data.
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cells and decreased T cells, while the Fg-3D implanted group
remained closer to NO and significantly different from empty in the
B cells. Additionally, the percentage of T cells with downregulated
TCR (TCRdim), which can be correlated with T cell activation, was
lower in the SP of animals with Fg-3D, when compared with NO
animals. The proportions of CD4þ T cells and CD8þ T cells were
similar between different groups in BL, LN and SP.

We then examined the cells expressing Mac-1 (CD11b/cþ/
CD18þ), the receptor for Fg [12,32], and found that Mac-1 expres-
sion was significantly decreased in the BL, LN and SP of animals
implanted with Fg-3D, in comparison with animals with an empty
defect (Fig. 7C). CD4 and CD8 co-receptors are reported to enhance
FcR responses in myeloid cells [33], so we analysed if myeloid cell
decrease preferentially occurred within CD4 or CD8 positive pop-
ulations. The results obtained indicate that implantation of Fg-3D
led to a reduction in the percentages of CD4þ cells amongst
CD11b/cþ cells in all assessed tissues from animals with Fg-3D
when compared with animals with empty defect (Fig. 7B). A sig-
nificant decrease of the percentage of CD8þ cells, within the CD11b/
cþ population, in animals of the Fg-group, was also found, but only
in SP. Furthermore, the percentage of positive cells for MHC class II
(MHC-II), a molecule expressed mainly on the surface of antigen
presenting cells, was also analysed (Fig. 7C). Fg-implanted animals
presented lower percentages of MHC-IIþCD11b/cþ cells, in BL, LN
and SP in comparisonwith NO group. In addition, the percentage of
MHC-IIþ cells within CD11b/cþ cells showed also a tendency to
decrease in empty and Fg-3D groups when compared to NO ani-
mals, but differences were only statistically significant in the BL,
when comparing Fg-3D with NO groups. Overall, these results
clearly show that implantation of Fg-3D impacts the host response
at systemic level, involving different immune cell populations and
their activation status.

The systemic immune cell populations were also analysed at 8
weeks post-implantation, by looking at the percentages of B cells, T
cells and myeloid cells (Fig. 8). These cell populations had been
found to be altered in the BL and LN in response to Fg-modified
implants in this late time point [7]. In this study it was inter-
esting to observe that the decreased frequencies of B cells and
myeloid cells in the BL at 6 days were still observed 8 weeks after
injury in the Fg-3D group. In the LN of animals with Fg-3D, the
percentage of B cells was still decreased 8 weeks post-injury, while
the percentage of T cells is increased (79.28% in NO vs. 85.50% in Fg-
3D). In parallel to the ongoing process of bone repair observed at 8
weeks in the Fg-3D group, the changes induced by Fg-3D in



Fig. 7. Characterization of systemic immune cell populations. At 6 days post-implantation immune cells in blood (BL), draining lymph nodes (LN) and spleen (SP) were analysed by
FACS. (A) Main lymphoid populations: percentage of B cells (CD45R þ TCR-), T cells (TCR þ CD161a-), NK cells (CD161a þ TCR-), NKT cells (CD161a þ TCRþ), TCRdim T cells and CD4þ

and CD8þ T cells. (B) Myeloid populations and subpopulations: percentage of myeloid cells (CD11b/c þ CD161a-TCR-), CD4þ in CD11b/c þ cells, and CD8þ in CD11b/c þ cells. (C)
Percentage of Mac-1þ cells (CD18þ/CD11b/cþ), MHC-II þ CD11b/c þ cells and MHC-IIþ within CD11b/c þ cells. NO - non-operated (n ¼ 6), empty (n ¼ 10) and Fg-3D (n ¼ 12).
Results are presented as box and whiskers graphs (box represents median and quartiles while whiskers represent min to maximum values); *p < 0.05, **p < 0.01 and ***p < 0.001.
Kruskal-Wallis test (or ANOVA when data distributions were normal) were used to analyse the data.
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immune cells populations in BL and LN are still detectable, sug-
gesting a relation between the two biological events.
4. Discussion

In this study, we have found that scaffolds made of fibrinogen
(Fg-3D) promote bone repair and impact the inflammatory and
immune responses both at local and systemic levels. We have
observed a pro-regenerative local environment, with a resolving
inflammatory response and granulation tissue formation at 6 days
after implantation of Fg-3D. This translated to extensive bone
repair at 8 weeks post injury. Importantly, bone tissue healing
observed in the presence of Fg-3D was correlated with significant
changes in the systemic immune cell balance. We believe that this
is a crucial aspect of the response to biomaterials, that has been
generally overlooked in other studies.

To the best of our knowledge, the current study is the first one
describing the preparation of pure Fg scaffolds by freeze-drying,
without using exogenous enzymes. Here, we present a bio-
mimetic approach where Fg lyophilized scaffolds are neutralized
using ethanol in order to reduce their solubility, easing their
manipulation and implantation. Neutralization using ethanol re-
sembles the application of methanol in the development of 3D
matrices of fibroin [34]. Previously, other groups [18,19,35,36] have



Fig. 8. Evaluation of long-term effect of Fg-3D implantation on immune cell populations at a systemic level. Percentage of B cells (CD45R þ TCR-), T cells (TCR þ CD161a-) and
myeloid cells (CD163þ) in blood (BL) and draining lymph nodes (LN) of non-operated (NO, n ¼ 6), and implanted with Fg-3D injured femurs (Fg-3D, n ¼ 5) at 8 weeks post-
implantation. Results are presented as box and whiskers graphs (box represents median and quartiles while whiskers represent min to maximum values); *p < 0.05 and
**p < 0.01. Mann Whitney test was used to compare the data.
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prepared solutions of Fg and exogenous thrombin, leading to
polymerization into fibrin networks, carried out outside the animal.
Ethanol precipitated porous Fg scaffolds, further crosslinked with
genipin have also been produced by microsphere templating, and
compared to thrombin polymerized ones [37]. However, the au-
thors proceeded to more extensive in vitro and in vivo character-
ization only with the thrombin polymerized materials [38].

Our rationale for not using thrombin was to develop a new,
simpler and cheaper biomaterial, without the problems associated
with the use of exogenous thrombin. As reviewed by LewWK et al.,
thrombin delivery may elicit adverse immune reactions and the co-
injection of thrombin increases the risk of thrombosis [39]. How-
ever, as thrombin is present at injury settings, we investigated if it
could further stabilize Fg-3D structure. FTIR analysis of Fg-3D
performed before and after incubation with thrombin, revealed
similar spectral profiles (Fig. S5), indicating that added thrombin
does not lead to significant changes in the molecular conformation
of Fg. Although we cannot completely rule out that host endoge-
nous thrombin can contribute to further stabilize the Fg-3D
structure, we believe that any contribution of endogenous
thrombin would be advantageous for the biomaterial and its inte-
gration with the surrounding tissue.

The spectrum obtained here for Fg powder was in agreement
with previous studies [30]. The findings obtained for lyophilized Fg
scaffolds are in line with the reversible changes in secondary
structure of proteins induced by lyophilization, namely increasing
b-sheet content and decreasing a-helix content, previously re-
ported by others [40]. Upon neutralization, Fg-3D presented an IR
spectrum similar to Fg powder but the detailed Amide I and Amide
II band structure of neutralized Fg scaffolds suggested a slight in-
crease of b-sheet content, consistent with the transition from a-
helix to b-sheet described for fibrin formation [31]. In fact, similar
peaks, albeit less intense, were observed when our Fg solution was
polymerized using thrombin (Fig. S5).

On the other hand, the reduction observed in the intensity peak
in carboxylate side chains in Fg-3D may explain their lower solu-
bility in comparison to the lyophilized Fg scaffolds or Fg powder. Fg
carboxyl groups participate in fibrin formation (polymerization
pocket “a” is located at carboxyl region), and may affect cell
adhesion (cellular integrins interacts with carboxyl-terminal RGD)
[41,42]. Moreover, NMR spectroscopy revealed that the peak at
76 ppm in the CP-MAS spectrum is no longer visible after Fg scaf-
folds neutralization. This peak at 76 ppm in the CP-MAS spectrum
may arise from the small amounts of carbohydrate moieties that
bind to Fg, that is, N-acetylglucosamine, mannose, galactose, N-
acetylneuraminic acid. The fact that this peak is no longer visible
after neutralization suggests that the sugars moieties in neutralized
Fg scaffolds become significantly more mobile, while the rigid
glycoprotein domains become more organized or crystalline.
Notably, no significant conformational changes are observed in the
rigid protein environment, since the conformation-dependent
carbonyl region in the CP-MAS spectra remains unchanged (peak
at 173 ppmwith shoulders at 175, 177 and 180 ppm), probably due
to the large bandwidth noted.

Fg-3D scaffolds presented an interconnected porous network,
similar to the one obtained for chitosan scaffolds produced using
similar methodology [7]. The macro pores observed in Fg scaffolds
likely support cell migration, bone ingrowth and capillaries for-
mation while micro pores favour a suitable hypoxic microenvi-
ronment for the cartilage formation that occurs during
osteogenesis, as described for other biomaterials [43]. The in vitro
degradation of Fg-3D mostly occurred during the first 6 h and was
faster in water than in presence of FBS. This behaviour was most
likely due to a protective role of calcium ions and residual thrombin
present in FBS towards the Fg-3D [44]. The results obtained when
culturing pre-osteoblastic cells with Fg-3D extracts indicate that
the material was not cytotoxic, according to the ISO10993-5
standard.

When Fg-3D scaffolds were implanted in a femoral bone defect,
the histological evaluation performed 6 days post-injury revealed
that the scaffold structure was still present. It is possible that a
fraction of the fibrinogen in Fg-3D could be polymerized by the host
thrombin present at defect region. However, any potential poly-
merization was not extensive, as the porous scaffold structure is
still similar to non-implanted materials (Fig. 3B and Fig. S1), and
different from the endogenously formed fibrin mesh identified in
the empty defects. Moreover, the histological findings support that
Fg-3D eased cell migration and induced granulation tissue infil-
tration, correlating with a decrease in the size of the defect area.
Importantly, in the context of bone healing, granulation tissue re-
places hematoma during the early stage of bone repair [45,46].
Previous reports showed that Fg cell-binding domains can promote
migration [11] and proliferation [47] of human fibroblasts, a key cell
population involved in granulation tissue formation and wound
healing [48].

Eight weeks upon implantation, newly formed bone was
detected, presenting bone marrow cavity-like morphology. In some
animals residual highly vascularized soft tissue could still be
observed in the centre of the defect, which may be related with the
fact that bone repair occurs from the periphery to the central region
of the defect [49]. No trace of the Fg-3Dwas observed 8weeks post-
implantation, suggesting scaffold biodegradation by fibrinolysis
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without impairing tissue regeneration. When compared to our
previous results, using chitosan-based materials modified or not by
Fg adsorption, in the same animalmodel and at the same time post-
implantation [7], the outcome here reveals a much more advanced
stage of bone formation and repair, with complete degradation of
Fg-3D material and its replacement with new bone, in the vast
majority of the defect area.

Bone repair was further characterized by micro-CT, revealing
that animals implanted with Fg-3D were at an early stage of bone
healing, having formed compact bone tissue in the defect region.
This compact bone is expected to be gradually remodelled to
trabecular bone. Mature bone is structurally more porous and
presents lower percentages of calcified tissue, as observed in the
micro-CT of the non-operated animal, whose bone parameters
were in agreement with the literature [50,51]. Importantly, Fg-3D
implanted, but not empty defect, animals presented periosteal
repair, which is reported to have a positive effect on biomechanics
and bone healing, as it constitutes an important reservoir of bone
cell precursors [52,53]. The bone repair process described here is in
line with what has been found in vivo after implanting fibrin glue
combined with cells or calcium phosphate particles in a critical
rabbit calvarial bone defect model [35,54]. Conversely, a previous
study in the mouse calvarial defect reported that fibrin porous
scaffolds, produced by sphere templating and thrombin polymeri-
zation, only promoted new bone formation when modified to
incorporate calcium phosphate [38]. Interestingly, although their
evaluation was at 45 days post-implantation, by that point the
fibrin material was already undetectable at implant site. In the
current study Fg-3D scaffolds were implanted alone, relying on the
host cells to promote self-regeneration of bone tissue.

The local gene expression results indicate a mild inflammatory
response in empty animals that is not augmented when Fg-3D are
present. Our findings on the local immune response indicate that
the bone injury seems to be the driving force underlying the in-
crease of IL-8, IL-6 and IL-1b. Cytokines such as IL-4 and IL-10,
which have anti-inflammatory roles were not detected 6 days
post-injury at the mRNA level. This is in line with a previous report
on bone injury in a sheep model, where the highest mRNA IL-10
levels were found 24 h post-osteotomy followed by decreasing
levels of this cytokine until the end of the experiment (60 h) [6].
The slight increase of IL-8 levels locally detected may be related to
the chemoattraction of PMN, which were histologically identified.
A significant increase of IL-6 mRNA levels was observed in the bone
defect of both operated groups, while plasma IL-6 levels were
bellow detection in all groups (data not shown). IL-6 is a pleiotropic
cytokine and its role in bone healing, namely in the early stage, is
believed to be related with angiogenesis and osteoclastogenesis,
whose malfunction delays bone maturation [55]. Interestingly,
augmented levels of local and systemic IL-6 and IL-8 concentrations
have been found in patients with bone trauma [56]. Other pro-
inflammatory cytokines such as IL-17a, associated with graft
rejection and autoimmunity, or TNF-a, highly related with exacer-
bated inflammation and infection, were not detected in the plasma
of these animals (data not shown). Of note, the presence of Fg-3D
significantly homogenized the host response, dampening the im-
mune reaction. This can be confirmed by a lower coefficient of
variation of the Fg-3D implanted group, for the majority of the
different molecules evaluated by gene expression analysis, FACS
and ELISA (Supplementary Table 2).

Although at 6 days no significant differences were observed in
local IL-1b mRNA levels or systemic protein levels, a significant
reduction of IL-1b in plasma was found at 8 weeks post-
implantation for Fg-3D group. These findings are in line with the
literature as the first peak of IL-1b, induced by the initial immune
response, is expected to occur 24 h after the injury and a second
peak 3weeks later [57]. At later stage, IL-1b is reported to bemainly
produced by osteoblasts during bone remodelling [57]. In this
sense, the lower concentration of IL-1b in the plasma of the animals
implanted with Fg-3D should be likely related to the stage of bone
repair observed at 8 weeks post-implantation.

TGF-b1 has been reported as an instrumental player in a
balanced bone remodelling [58]. The results obtained showed a
tendency for TGF-b1 increase at early time-points locally at mRNA
level, and systemically at the protein level. Interestingly, its protein
levels in plasma remained high for Fg-3D implanted animals at 8
weeks post-implantation, when compared with NO animals. This is
in line with our previous results showing an increase in plasma
levels of TGF-b1 at 8 weeks post-implantation, when bone regen-
eration was promoted using Fg-modified chitosan implants [7].
Additionally, TGF-b1 is considered an immunoregulatory factor due
to its effects on immune cell populations. Regulatory T cells pro-
duce TGF-b1 and IL-10 to inhibit other T cell populations [59], and
TGF-b1 signaling in T cell affects bone metabolism [60]. The func-
tion of B cells may also be modulated by TGF-b1 [61]. Moreover,
TGF-b1 induces and regulates the recruitment of myeloid cells,
namely monocytes [62,63], and is produced by the pro-healing M2
macrophages.

Angiogenesis is expected to occur during bone repair involving
the angiogenic factor VEGF, whose production is reported to be
stimulated in presence of Fg [14]. The mRNA levels of VEGF were
significantly higher in the empty group than in NO animals, while
Fg-3D animals showed intermediate expression levels. The peak of
local up-regulation of VEGF expression has been seen to occur
between 24 and 36 h after bone defect surgery followed by a
decrease [6], and high VEGF production may be linked to
inflammation.

Overall, the data obtained suggests that the bone defect induced
amild inflammatory response, which was not potentiated by Fg-3D
implantation. The short-term evaluation at 6 days post-injury is a
snapshot that allows evaluating the transition from acute inflam-
mation to chronic inflammation. Thus, it cannot be excluded that
some early biological events might have been missed, namely
infiltration of neutrophils, T cells and B cells and occurrence of a
peak in the local levels of cytokines (e.g. IL-1b and TNF-a) [5,6,64].

How key immune cell populations present in blood (BL), spleen
(SP) and draining lymph nodes (LN) react to the critical bone injury
and to the implantation of Fg-3D was of paramount importance to
understand the host response to Fg-3D. In our previous work Fg-
adsorbed chitosan scaffolds prepared by freeze-drying were eval-
uated using the same animal model. Fg-adsorbed scaffolds led to a
different systemic response with heighten percentage of B cells and
myeloid cells (defined as CD163þ cells) with a decrease in the
percentage of T cells in the draining LN [7] at 8 weeks. Interestingly,
here the systemic immune response in Fg-3D implanted animals
showed a decrease in the percentage of myeloid cells, B cells, NK
and NKT cells and higher T cell proportional representation, may be
related to bone tissue response to injury. The increased percentages
of circulating and SP T cells in Fg-3D group and the concomitant
decrease in the proportion of B cells in BL, LN and SP could be part
of the new equilibrium within lymphoid populations to support
bone debris scavenging, needed in these initial stages of bone
repair. Previous reports have noted a local increase in Tcells starting
24 h after fracture which is maintained until 21 days, as part of
dynamics of immune cell infiltration in to the lesion site as
elegantly described by [5]. Scaglione et al. reported an increase in
circulating lymphocytes and platelets 4 days after subcutaneous
biomaterial implantation, while circulating monocytes decrease
[65]. In agreement with these findingswe also observed an increase
in T cells and decrease in myeloid cells 6 days after implantation.
Other studies showed that augmented CD8þ T cells correlated with
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a poorer bone healing, which can be reverted upon depletion of
CD8þ T cells [66,67]. Importantly, we did not find significant dif-
ferences in CD8þ T cells, being the CD4þ T cells the predominant
subset identified as expected. Moreover, Elisseeff's group recently
proposed a pro-regenerative biomaterial through the modulation
of the adaptive immune response. In this study, hypertrophic
draining lymph nodes, accompanied by IL-4 expression, were
observed in the animals with functional muscle tissue restore.
Additionally, CD4þ Th2 T cells were identified as the main subset
involved in this systemic response while B cells and CD8þ T cells
were suggested to be potentially involved [68].

In terms of immune cell activationmarkers, a decrease of TCRdim

T cells with an increased proportion of splenic T cells of animals
with Fg-3D may be correlated with reduced activation of T cells in
this secondary lymphoid organ. This change in splenic T cell pop-
ulation was accompanied by a decrease in the proportion of CD45R
expressing B cells, which could also be related with the loss of
CD45R expression during differentiation to plasma cells, in
response to the human Fg, upon a T-cell dependent immune
response, as previously described in mice [69]. As we are
implanting human Fg in rat we cannot exclude the possibility of an
immune response from the rat against the human protein, espe-
cially when considering that the homology percentages between
human and rat fibrinogen varies from 52% to 66% [70]. However, the
perfect integration of Fg-3D scaffolds in bone, the reduced immune
cell infiltration at 6 days, and the absence of fibrous capsule at 8
weeks, all argue against a strong immune response in this sense.
The decreased percentage of MHC-IIþ cells within the CD11b/cþ

population may reflect reduced levels of expression, which by
becoming lower than the detectable minimum appear as negative.
An increase of the percentage of CD8þ, CD161þ and MHC-IIþ cells
was observed in other studies, namely in graft rejection [71,72].
Therefore, the systemic decrease of the percentage of blood cells
expressing MHC-II and CD11b/c in animals with Fg-3D scaffold
might be related with a good integration of the implant in the bone.

Together, our findings support the pro-regenerative potential of
Fg-3D and the systemic impact of injury and biomaterials implan-
tation. Upon Fg-3D implantation, bone defect closure was faster
and with periosteal repair, and promoted a more controlled bio-
logical response in comparison to the empty group. In future, new
studies are required to acquire a comprehensive understanding
how Fg-3D support bone healing and impact the immune system.
This study is the first identifying the key immune cell populations
and mediators, calling for further studies on the mechanisms and
the role of these cell populations on establishing the pro-
regenerative microenvironment.

5. Conclusions

The results discussed above show that Fg-3D scaffolds provided
a temporary support and promoted a pro-regenerative microenvi-
ronment, which led to periosteal bone repair after 8 weeks of im-
plantation. The significant changes observed draw attention to the
systemic nature of response to injury and the potential for immu-
nomodulation upon biomaterial implantation. The current study
constitutes a basis for the development of Fg-based biomaterials,
exploring Fg immunomodulatory properties for regenerative
medicine.
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