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Abstract

Fibrin-based gels are used in clinics as biological glues but their application as 3D
cellularized scaffolds is hindered by processing and stability issues. Silicification of fibrin
networks appears as a promising strategy not only to address these limitations but also to take
advantage of the bioactivity of Si. However, it raises the question of the influence of silica
sources on fibrin self-assembly. Here tetraethoxysilane, aminopropyltriethoxysilane and silica
nanoparticles were used to design hybrid and nanocomposite fibrin-based hydrogels. By
varying the concentration in silica source, we could evidence two regimes of interactions that
depend on the extent of inorganic condensation. These interactions modulated the fibrillar
structure of the fibrin network from more than 500 nm to less than 100 nm. These
nanofibrillar hydrogels could exhibit higher mechanical properties than pure fibrin while
preserving their capacity to support proliferation of myoblasts, opening promising

perspectives for the use of fibrin-silica constructs in tissue engineering.
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1.Introduction

There is increasing evidence that, besides their structural role as particles, coatings, scaffolds
and ceramics, silicon-based materials, including silicates, silica and bioglass, can have a
biological effect on tissue regeneration [1-4]. On this basis, many biohybrid and bio-
nanocomposite systems associating a biopolymer hydrogel with Si-containing phases have
been described [6-13]. An important question is whether the presence of the mineral precursor
— in hybrid materials [14] —, or particles — in composite approaches [15]-, may impact the
biopolymer organization. Indeed, aqueous Si species are hydroxylated and, in most
physiological situations, oligomeric and condensed phases bear a negative charge, making
them prone to interact with a large set of biomolecules via hydrogen bonds and electrostatic
interactions [16-19]. Another point to consider is the influence of the mineral phase on the
cell-matrix interactions. As a matter of fact, there is an increasing body of evidence that
extended domains of hydrated silica are not favorable to mammalian cells adhesion [20,21].
Based on its key role in the wound healing process, the fibrin protein is currently used
in clinics as the main component of biological glue [22-24]. Because fibrin is, similarly to
type | collagen [25-28], an excellent substrate for the adhesion, proliferation and
differentiation of a wide variety of cells, it has also been widely used to design 3D host
scaffolds for tissue engineering [29-35]. It therefore comes as a surprise that, while some
studies have explored interactions between fibrinogen and silica surfaces and nanoparticles
[36-39], fibrin has scarcely been considered as a biopolymer to form Si-containing hybrid or
nanocomposite scaffolds [40]. This particular study evidenced that the interactions of
fibrinogen, the precursor of fibrin, with several organosilanes at very low concentrations (<

0.1 mM) could promote or hinder myoblast proliferation.



In order to understand further silica-fibrin interactions, we have studied here the
formation of silicified fibrin hydrogels with high silica amount, with the aim of understanding
how condensed Si phases could modify fibrin self-assembly and how such modifications
could impact the physical, structural and biological properties of the protein network.
Tetraethoxysilane and aminopropyltriethoxysilane were chosen as precursors for hybrid
materials while silica nanoparticles, whose diameter of ca. 150 nm was selected based on past
investigations [15], were used to prepare nanocomposite hydrogels. Turbidity and rheological
measurements were performed to evaluate the impact of the Si species on fibrillogenesis and
fibrin gel formation on both the short and long term. These data could be correlated to
structural variation in hydrogel nanostructure evidenced by electron microscopy. Insights
about the protein-mineral interactions were gained from infra-red spectroscopy and circular
dichroism studies. Finally, the ability of these silicified hydrogels to promote the proliferation
of myoblasts was checked by viability tests. All these results were discussed taking into
consideration the interplay between inorganic condensation and protein self-assembly and in

the perspective of applying these new scaffolds to tissue engineering.



2. Experimental
2.1. Synthesis of fibrin-silica hydrogels

Fibrinogen (fbg) from bovine plasma was purchased from EMD Millipore. The pure
fibrinogen solution at 6 mg.mL"! was prepared in a citrate buffer solution (pH 7.2). Fibrin gels
were obtained by adding 0.5 pL of a 200 U.mL" ! solution of thrombin (from bovine plasma)
in phosphate buffer saline (PBS) to 1 mL of the fibrin solution. Pre-hydrolyzed solutions of
tetracthoxysilane (feos) and aminopropyltriethoxysilane (am) were prepared at 10 mM and
100 mM by stirring overnight at room temperature in HCI 102 M (pH = 2). Silica
nanoparticles (np) ca. 150 nm in diameter were obtained using the Stober method and
suspended in citrate buffer at a 100 mM silica concentration from the dried powder.
Fibrinogen-silane initial solutions were prepared at pH 7.2 by mixing 150 uL of the
fibrinogen stock solution (40 mg.mL) with variable amounts of the 10 mM or 100 mM
silane/silica nanoparticles solutions complemented with citrate buffer to a total 1 mL volume
to achieve silane final concentrations of 1, 3, 5, 10 or 50 mM. Fibrin-silane gels were obtained

by mixing the fibrinogen-silane solutions with 0.5 pL thrombin (200 U.mL").

2.2. Kinetics study by turbidimetry

Fibrinogen or fibrinogen-silane/nanoparticles solutions (999.5 ulL) were added into a
1.5 mL cuvette and the absorbance at A = 400 nm was measured. After 30 s, the solution was
transferred to an Eppendorf tube, 0.5 uL of thrombin solution was added and the mixture
vortexed for 15 s before being transferred to a new cuvette, with a fixed duration of the whole
process of 30 s. The time evolution of absorbance was then recorded for the next 29 minutes,

at a rate of 15 measurements per minute.

2.3. Rheological studies



The evolution of the rheological properties of the gels was measured using a MCR 302
rheometer from Anton Paar. Fibrinogen or fibrinogen-silane/nanoparticles with added
thrombin were placed on the sample holder fitted with cone and plate geometry with a fixed
gap width. Measurements were performed at 37°C at constant amplitude and angular

frequency (y = 0.1%, o = 0.5 rad.s™).

2.4. Scanning electron microscopy (SEM) analysis

Selected hydrogels were fixed with 4% paraformaldehyde for 1 h and then with 2.5%
glutaraldehyde in cacodylate buffer for another hour at 4°C. Progressive dehydration was then
performed using successive baths with increasing ethanol content. After drying in
supercritical CO», samples were imaged using a Hitachi S-3400N microscope operating at 6-

10 kV.

2.5. Transmission electron microscopy (TEM) analysis

Selected hydrogels were sequentially fixed with paraformaldehyde, glutaraldehyde
and nuclear red. They were subsequently dehydrated using ethanol baths, progressively
impregnated with propylene oxide and incorporated in araldite resin prior to sectioning (UC7
Leica microtome). 70 nm ultrathin sections were observed on a transmission electron
microscope FEI Tecnai Spirit G2 operating at 120 kV. Images were recorded on a Gatan CCD

Orius camera.

2.6. Fourier transform infrared (FTIR) spectroscopy
Hydrogels were put in the -80°C fridge overnight and then dried using vacuum freeze-

drying (LABCONCO). FTIR spectra were recorded on a FTIR spectrometer ALPHA (Bruker,



Germany) in an Attenuated Total Reflectance (ATR) mode. Samples were directly placed the
diamond crystal and pressed in order to have a good contact between the sample and the

crystal. Every sample was subjected to 64 scans ranging from 4000 to 400 cm ™.

2.7. Circular Dichroism (CD) measurements

Circular Dichroism (CD) spectra for the pure and teos-, am- and np-fibrinogen
solutions without thrombin were recorded in the 185-300 nm range in Quartz cuvettes with an
optical path length of 0.1 mm on a JASCO J810 spectropolarimeter. Mixed silane-fibrinogen
solutions were prepared following the same protocol as for hydrogels preparation except that
no thrombin was added. Mixed nanoparticles-fibrinogen solutions were prepared from 1 mL
fbg (0.05 wt%) with different volumes of np solution (0.1 wt%) in np:fbg weight ratio varying

from 0:1 to 2 :1. Each experiment was performed five times.

2.8. Myoblast cells encapsulation and 3D growth

C2C12 cells were grown in DMEM medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin at 37°C in a humidified incubator with 5% CO3, and
passaged every 2 days. 1 mL of pure or silane/silica-fibrinogen solutions were mixed with
1mL of cell suspension at passage 14 containing 40,000 C2C12 cells, placed into wells of a
12-well plate, and then supplemented with thrombin to form gels. This procedure allowed to
obtain hydrogels with final concentrations of fibrinogen and silanes/silica of 6 mg.mL™* and
10 mM, respectively. To check the effect of silanes/silica at a final concentration of 50 mM, if
we used the same procedure, it would have been necessary to prepare initial silane/silica np

solutions at 500 mM. However, such solutions were highly unstable upon neutralization.



Therefore an alternative protocol was developed for the preparation of 50 mM am and np
gels, involving mixing 1 mL of 100 mM np or am, 300 uL of fbg (40 mg.mL™), 200 pL of
citrate buffer and adding 500 pL of the cell suspension containing 40,000 C2C12 cells .

After the formation of gels, 1 mL of growth medium was added on the top of the gels.
After 4, 6 and 8 days, the medium was discarded and 800 uL of the Alamar Blue reagent (0.1
mg.mL? from ThermoFisher) was added to wells. After incubation at 37 °C for 4 h, the
supernatant was collected and the fluorescence emission at 585 nm was used to calculate the

percentage of reduction of Alamar Blue.

3. Results
3.1. Turbidimetry and rheological studies

The impact of tetraethoxysilane (teos), aminopropyltriethoxysilane (am) and 200 nm-
silica nanoparticles (np) on the self-assembly of fibrin was first studied by turbidimetry, i.e.
monitoring solution absorbance at 400 nm (ODaoo), and rheology (storage modulus G’ and
loss modulus G”) (Fig. 1 and Fig. S1, Supplementary data). These two methods are highly
complementary as the former allows the monitoring of the fibrin gel setting on the short term
(0-30 min) while the latter provides information on the further maturation of the network (0-
24 h).

For the pure fibrinogen (fbg) solution, the initial absorbance was low (ODago = 0.08)
and remained stable for 1 min after thrombin addition. After this delay, turbidity increased
rapidly and then much more slowly to reach a plateau at ODasgo = 2.30 after 30 min. In the
presence of 1 mM teos, the initial absorbance was not modified but the delay before rapid
increase of turbidity was slightly longer and the final absorbance also slightly increased
(ODago = 2.36) (Fig. 1(a)). At 3 mM, the initial absorbance was higher and the initial delay

was even more lengthened but final absorbance was similar to pure fbg. At 5 mM, initial



absorbance slightly increased further (ODsoo = 0.11) but the initial delay was very
significantly shorter and the final absorbance decreased. Finally, at 10 mM teos, the initial
absorbance of the fbg/silane mixture was very high (ODasoo > 2) and evolved to a very small
extent after thrombin addition. Larger teos concentrations fully inhibited the gelation process.
Such a non-monotonous variation of fbg self-assembly course with teos concentration was
also observed on rheological measurements (Table S1, Supplementary data). For the pure
protein/thrombin system, the storage modulus G’ increased for ca. 7 h and reach a plateau at
ca. 185 Pa. At 1 mM teos, the initial slope of G’ increase was similar but both the time to
reach plateau and the final G’ were slightly higher (9 h, 210 Pa) (Fig. 1(b)).

At 3 mM, the initial slope was much smaller, the time required to reach stabilization
was ca. 18 h and G’ was ca. 150 Pa. At 5 mM teos had a similar effect to 3 mM but the
stabilization time was further increased and the maximum G’ value further decreased to ca.
120 Pa. A very different situation was observed for 10 mM for which an initial steeper
increase of G’ was measured for ca. 2h, followed by a second slower growth phase, the
maximum G’ value of ca. 175 Pa being reached after 10 h. Altogether, turbidimetry and
rheology converge in showing that 1 mM teos concentration had a limited impact on fibrin
self-assembly whereas 10 mM had a profound effect on the process. However, the clear
impact of intermediate concentrations, and especially 3 mM, on the rheological properties of
the gel could not be expected from their relatively minor influence on the turbidimetry curves,
suggesting an evolution of teos/fibrin interactions with time.

The same remark applies in the presence of am but a higher concentration of this
silane, compared to teos, seems necessary to observe a significant impact on fbg behavior
(Fig. 1(c,d)). This is consistent with the fact that gels can be obtained at 50 mM with am
whereas teos inhibited fibrin gel formation above 10 mM. From the turbidity curves, for

concentrations from 1 mM to 10 mM, initial absorbance was not modified, initial delays were



slightly decreased and maximum absorbances were similar or slightly smaller than for pure
fbg. At 50 mM, the delay was significantly smaller and the turbidity increase was much more
abrupt, resulting in a clear increase in maximum ODaop. Meanwhile, maximum G’ was
slightly higher than pure fbg at 1 mM, decreased at 3 and 5 mM and then increased again at
10 and 50 mM, up to 325 Pa (compared to 185 Pa for pure fbg). The times required to reach
maximum G’ value also varies non-monotonously with increasing am content (Table S1,
Supplementary data).

Considering silica nanoparticles, gels could also be obtained up to 50 mM np addition.
The most striking evolution of turbidity curves was the progressive increase in initial
absorbance with increasing np concentration. However, the final ODasgo did not increase
proportionally and the difference between maximal and initial absorbance decreased with
increasing np concentration (Fig. 1(e)). In parallel, except for 1 mM np, there was a
shortening of the initial delay and increase of the initial slope from 5 mM to 10 mM. The
evolution at 50 mM was more complex to analyze, with a limited initial increase of ODaoo
followed by a slow evolution. When rheology measurements are considered, all np-containing
hydrogels had higher maximum G’ values than pure fbg, reaching more than 350 Pa at 50 mM
(Fig. 1(f)). These composite gels also showed similar or longer times to reach G’ plateau

compared to the reference fbg hydrogel, with some minor variations with np content.

3.2. Electron microscopy studies

Hydrogel structure was examined by SEM after fixation and supercritical drying (Fig.
2). For pure fbg sample, a network of long fibers with diameters 150 £ 50 nm was observed
(Fig. 2(a)). For teos at 5 mM, large fibers (> 250 nm) coexisted with much thinner ones (<
100 nm) (Fig. 2(b)). At 10 mM, these thin fibers coexisted with even larger fibrous structures

that apparently consisted of fibers glued together by an amorphous material (Fig. 2(c)). With

10



am at 5 mM and 10 mM, fibers were thinner than fbg (100 £ 40 nm) (Fig. 2(d,e)). At 50 mM,
a clear morphological change was evidenced with much larger fibrous structures (> 400 nm in
diameter) that look unsheathed as for teos at 10 mM but, compare to this condition, the
overall network appeared more homogeneous (i.e. absence of thin fibers) (Fig. 2(f)). In the
case of np, at 5 mM, long fibers were observed, but again much thinner than for fbg (90 + 20
nm) (Fig. 2(g)). Silica nanoparticles, either isolated or forming pearl necklace-like structures
along the fibrin fibers, were also imaged. With increasing np concentration, no clear
modification of the fibrous fibrin network could be evidenced but, at 50 mM, large aggregates
of silica nanoparticles were observed (Fig. 2(h,i)).

Selected samples were also examined by TEM (Fig. 3 and Fig. S2, Supplementary
data). For the fbg sample, fibrin fibrils, ca. 150 nm in width were clearly visualized (Fig.
3(a)). In the presence of teos at 10 mM, fibrillar objects with various diameters, either larger
or narrower than reference fibrin fibers, were imaged (Fig. 3(b)). While the presence of silica
could be ascertained at lower magnification by the observation of a typical granular material
(Fig. S2, Supplementary data), it was not possible to clearly distinguish a mineral phase at
the vicinity of the fibrils at higher magnification. For am at 10 mM, the most striking
observation was the presence of much thinner (< 100 nm) and often shorter fibrils (Fig. 3(c)).
In contrast, fibrils significantly larger than in the fbg sample were observed in the presence of
50 mM am (Fig. 3(d)). However, it was again not possible to unambiguously identify the
presence of a silica phase.

Finally, samples obtained with 10 mM np showed thin fibers either forming large
aggregates with silica nanoparticles or dispersed in the surrounding medium (Fig. S2,
Supplementary data). Increasing np concentration to 50 mM led to an increase in size of the
nanoparticle/fibrin aggregates while some isolated even thinner fibrils could still be observed

(Fig. 3(e)). Altogether, TEM confirmed the morphological evolution of the fibrils as a
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function of silica source and concentration previously observed by SEM. However, except for

nanoparticles, it was not possible to evidence any close fibrin-silica interface.

3.3. FTIR studies

To further investigate the fibrin-silica interface, the freeze-dried hydrogels were
analyzed by ATR-FTIR spectroscopy. For fibrin alone, typical peaks of proteins were
observed [41]. In the 3650-3000 cm™ wavenumber range, a broad band including N-H
stretching of Amide A/Amide B (ca. 3300 and 3100 cm™) and typical signatures of Amide |
(1640 cm™), Amide 11 (1520 cm™®) and Amide 111 (1240 cm™) were found [42,43]. The Amide
I and 11 bands correspond to complex vibrations involving CO and NH and are very sensitive
to protein conformation. It must be noticed that teos and silica have no reported vibration
band in this wavenumber domain, so any change observed should sign for a modification of
fibrin structure. As shown on Fig. 4(a), an increase of the Amide | intensity (relative to
Amide I1) was observed as a function of added teos concentration. This can be attributed to a
protein conformational change. In the presence of 1 and 5 mM teos, no major change could be
evidenced except the presence of a new band near 3740 cm, attributed to Si-OH [44]. For 10
mM teos, new bands appeared, a broad one between 1150 and 1000 cm, attributed to the Si-
O-Si, and a narrow one near 460 cm™ corresponding to O-Si-O bending, both indicating teos
condensation and silica formation. Changes were also expected for bands at 928 and 896 cm™
(i.e. non-bridging Si-O and Si-O-Si bending) but no clear conclusion could be drawn as fbg
also presents bands in this region.

A quite similar evolution was observed for am at 1 and 5 mM (Fig. 4(b)). In
particular, it must be pointed out that the amine groups of am are expected to introduced some

additional contribution near 1600 and 1500 cm™ [45], preventing to attribute modifications in
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the Amide I/amide Il band ratio to conformational modification of fibrin only. Compared to
teos, am introduced at 10 mM did not lead to a strong increase of absorbance in the 1150-
1000 cm region, suggesting that silane condensation remains limited at this concentration. In
contrast, a very intense peak was obtained in this region for the 50 mM am content. In
addition to the Amide band increase, important changes can be observed on the spectrum
obtained at this concentration of am: increase of the bands at 3000, 1392, 1328, 1150-1000,
930 and 900 cm™. As previously mentioned, the band between 1150 and 1000 cm™ can be
attributed to the Si-O-Si stretching, whereas the band around 900 cm™ can be associated to
non-bridging Si-O groups. Noticeably, the concentrations at which significant silane
condensation was ascertained by FTIR, i.e. 10 mM and 50 mM for teos and am, respectively,
correspond to the conditions where turbidimetry and rheological measurements indicated a

strong perturbation of fibrin self-assembly.

In the case of nanoparticles, the silica network is already condensed, as signed by the
peaks at 1200-1000, 930 and 800 cm™ (Fig. 4(c) and Fig. S3, Supplementary data). As
observed for teos, as a function of np addition and from 5 mM, new bands appeared between
1150 and 1000 cm™* and at 460 cm™* evidencing the presence of silica, but no conformational
change could be evidenced. For an addition of 50 mM np, a modification of the Amide

I/Amide Il relative intensity indicated a change in protein conformation.

3.4. Circular Dichroism studies

To check these hypotheses, the conformation of fibrinogen in the presence of silanes
or nanoparticles was studied by Circular Dichroism (Fig. 5). For pure fibrinogen, the typical
CD spectrum of this protein was obtained featuring one positive peak (I @ A1 = 190 nm) and
two negative signals (I. @ A2= 209 nm and Is @ Az = 220 nm) [46], with I> being more

intense than Is. No significant change in the relative intensity of the two negative signals was
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observed in the presence of teos at 1 mM and 3 mM. However, at 5 mM, the decrease of I»
intensity relative to 13 was observed. This modification of intensity ratio was even more
pronounced for teos at 10 mM. In the presence of am, a modification of the shape of the I>
peak was observed for a silane concentration of 5 mM and 10 mM but the change in the
relative intensity of I, and I3 peaks appeared significant only at 50 mM. Taken together, these
data support the existence of critical silane concentrations (10 mM for teos and 50 mM for
am) where significant changes in fibrinogen concentration occur. In the case of nanoparticles,
a progressive decrease of I intensity relative to I3 with increasing np:fbg ratio was observed
and, for the highest investigated ratio, Iz has become more intense than I>. This confirms the
above hypothesis that interactions of fibrinogen with silica nanoparticles can also modify its

conformation.

3.5. Proliferation of C2C12 myoblasts

Proliferation of C2C12 myoblast cells within the hydrogels prepared at 10 mM teos, am or
np was studied over 8 days by the Alamar blue test. As seen on Fig. 6, cells grew regularly in
pure fibrin, am- and np-containing scaffolds. In the case of teos, a low initial proliferation rate
was observed over the first 6 days and then myoblast population increased much markedly but
was still smaller than for pure fibrin.

Noticeably, attempts were made to grow C2C12 cells in the presence of 50 mM am
and np. However, as described in the experimental section, the protocol required to achieve
such a silica concentration in the hydrogels in the presence of cells imposed a lowering of the
volume of added buffer solution. This apparently resulted in a much lower proliferation of
cells in the fibrin-only reference (Fig. S4, Supplementary data). In these conditions, the
presence of am and np had only a minor and short-term positive influence on proliferation

over 8 days.
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4. Discussion

The process of fibrin self-assembly as induced by thrombin addition is occurring in
two steps [47-49]. In a first stage, thrombin cleaves one peptide located on the central E
region of the protein. During this stage, only protofibrils are formed and the solution turbidity
should remain stable and low. In a second stage, a second peptide is cleaved, leading to the
full conversion of fibrinogen into fibrin, and the self-assembly process to form fibrils is
triggered, resulting in an increase of turbidity [50-52]. The time between thrombin addition
and beginning of turbidity increase is termed clotting or lag time and the slope of the turbidity
curve indicates the kinetics of self-assembly [53]. A plateau is reached when all fibrin
molecules are part of the hydrogel network. The final absorbance increases with the density
and diameter of the fibrin fibrils, which depend on initial fibrinogen concentration and several
other parameters such as pH or ionic strength [54-57]. Beyond the gel setting, maturation of
the fibrin network occurs over several hours, leading to an evolution of the visco-elastic
properties of the hydrogel as monitored by rheological measurements.

In the case of teos, up to 3 mM, neither the initial nor the final ODaoo values were
strongly modified compared to fbg, suggesting that little interactions existed between
fibrinogen and hydrolyzed teos and that the structure of the fibrin network at the time of gel
setting was similar to the pure fbg sample. However, on the longer term, G’ value was
significantly lower for 3 mM teos than fbg, suggesting a modification of the inter-fibrillar
interactions. At 5 mM, turbidity increased as soon as thrombin was added and the final
absorbance was slightly lower than the reference. This indicates significant interactions
between fibrin molecules and hydrolyzed silane, impacting on the fibrin network structure.
These interactions have a clear influence on the maturation of the hydrogel, with a much

longer time required to reach the plateau and a final G’ value nearly half that of pure fbg. At
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this stage, FTIR and CD demonstrated a modification of the conformation of fibrin while
SEM indicated a heterogeneous population of thin and large fibers. However, no condensation
of teos could be evidenced. At 10 mM, mixing fibrinogen with pre-hydrolyzed teos led to an
instant reaction, with a large increase of the initial optical density. Very importantly, thrombin
addition did not lead to an important increase in absorbance but a hydrogel was formed, with
ultimate G’ value lower than pure fbg but higher than 5 mM teos. In the meantime, teos
condensation was evidenced by FTIR and silica nanoparticles were also observed together
with fibrin fibers of various size in TEM and SEM images. Altogether, it seems that at such
concentrations a hybrid fibrin-silica network was formed where both phases contributed to the
structural and mechanical properties of the hydrogels. The fact that the self-assembly process
of fibrin still occurred suggests that the conformational change indicated by FTIR and CD did
not correspond to protein extensive denaturation but rather to its enhanced aggregation. This
is supported by the observation of large fibers and is in agreement with a previous report
showing that teos at low concentration (< 1 mM) can favor fibrinogen aggregation [40].

In the case of am, only minor modifications of the turbidity curves were observed up
to 10 mM. At 50 mM, the initial OD4oo Was not increased but the lag time was much shorter,
the slope was much larger and the plateau slightly higher than the reference. This would
suggest that am does not interact strongly with fibrinogen but rather with fibrin and only at a
significantly larger concentration than teos. This is supported by the CD measurements that
show that, even at 50 mM, the conformational change of fibrinogen is less important than for
teos at 10 mM. Noticeably, FTIR also allowed for correlating this concentration with the
extended condensation of am, and also to an increase of the G’ value, again pointing towards
the formation of a hybrid hydrogels. However, whereas teos led to a heterogeneous
distribution of fiber diameters, am leads to relatively homogeneous populations consisting of

either nanofibrils (< 100 nm in diameter) at 10 mM or microfibrils (> 500 nm) at 50 mM.
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Importantly, in the case of np, only nanofibrils were observed, either forming the
protein network or within aggregates with silica nanoparticles. CD values clearly point out
that fibrinogen and np were interacting without thrombin addition, but such interactions do
not prevent fibrin gel formation. Moreover, the increase of G’ with np content suggests that
nanocomposites are formed. CD measurements also support the idea that fibrinogen and silica
nanoparticles have significant interactions, which induce some conformational modification
of the protein. However, CD data at low np:fbg ratios also indicate that excess (i.e. non-
interacting) proteins preserve their initial structure.

Therefor two situations occur: compared to reference fibrin fibers ca. 150 £ 50 nm in
diameter, either much narrower (<100 nm) nanofibrils or significantly larger (> 400 nm)
microfibers were obtained. A decrease in diameter is usually associated with a decrease in
fibrinogen concentration [57]. As a significant amount of fibrinogen can be adsorbed on the
surface of nps, this should deplete the solution in available protein, thus explaining why the
thinnest fibers were observed in the presence of silica nanoparticles. In parallel, an increase in
fibrin fiber diameter would indicate favored aggregation of fibrinogen and/or fibrin [57,58].
In this context, a recent study showed that hydrophilic organosilanes such as teos and am can
favor fibrinogen aggregation [40], which would explain why large fibers are obtained for the
two silanes. It is however worth noting that 10 mM teos induced the simultaneous formation
of both nano- and microfibrils while am led only to the former population at low
concentration while the latter only formed at high concentration. This points out that
organosilanes can play both roles, in a way that depends on their condensation extent but also
on the nature of organic groups. In particular the ammonium function of am may not only
modify the ionic strength of the medium but also interact with the protein via electrostatic

interactions, both of which being able to influence fiber thickness [58]
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The influence of such modifications on the mechanical properties of the hydrogels was
also two-fold. In the case of teos and am, below what FTIR suggests to be a threshold
concentration for condensation, G’ values were lower than pure fbg and decreased with
increasing silane amount whereas similar or even larger moduli were obtained above this
threshold. This supports the hypothesis that the presence of silane interferes with the
formation of the fibrin network but that the resulting loss of structural cohesion can be
balanced by the formation of a continuous mineral network. In the case of np, it was noticed
that despite the formation of narrower fibrils, G’ values were always larger than pure fbg.
This suggests that fibrin(ogen)/silica aggregates can act as reinforcing agents compensating
the decrease of self-assembling proteins amount forming the proteinous fibrillar network.

From a biomaterial perspective, the presence of am or np at 10 mM allowed for
C2C12 proliferation in a comparable extent to pure fbg whereas teos at the same
concentration was detrimental to cell growth. The fact that the silicification process had no
detrimental effect on cell behavior indicates that at these concentrations, neither the amino-
silane nor the nanoparticles exhibit significant cytotoxicity towards the considered cells.
Moreover, the modification of the structural features of the hydrogel, especially the formation
of a nanofibrillar network, had no impact on cell adhesion. This is in agreement with recent
results highlighting the benefits of nanofibrillar fibrin in tissue engineering [59,60]. In
contrast the extended silica network formed by condensed teos does have a strongly negative
impact on cell behavior within the hydrogels. This is in good agreement with previous reports
devoted to collagen-based hybrid and nanocomposites suggesting that extended silica area
present on protein surface are detrimental to cell adhesion and proliferation [20,21] whereas
dispersed nanoparticles or amino-silane grafting may be more favorable [61,62]. It is also
interesting to point out that while hydrogels containing 50 mM am and np could be easily

prepared, their in situ cellularization could be achieved only by a modification of the
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synthesis protocol due to the poor stability of the silane/silica precursor solution at neutral pH.
This resulted in a marked decrease of cell proliferation inside the pure fbg prepared in similar
conditions. Therefore, such silica-rich hydrogels are not adapted to 3D immobilization but
may be of interest as scaffolds allowing cell infiltration and colonization.

Finally, it is important to emphasize that CD analyses have permitted to study the
interactions between fibrinogen and silica sources whereas SEM, TEM, FTIR and rheological
studies allowed for characterization of the fibrin-based hydrogels. However, once fibrinogen
molecules have been converted to fibrin monomers by thrombin addition, these fibrin
monomers stack as protofibrils which then assemble as fibrils [63]. Therefore, silica sources
may also interact with these intermediate protofibrils. Another point to consider is the
possible interaction of silanes and nanoparticles with thrombin. It has been reported that
thrombin adsorption on porous silica nanoparticles could promote its clot forming ability by
protecting it against anticoagulating factors. [64]. However, no specific study has examined
the influence of organosilanes on thrombin, at least to our knowledge. Altogether, while
interactions between silica sources and fibrinogen, and especially the clear difference between
non-polymerized and polymerized silica, can explain some of our observations, other
parameters would need to be investigated in more details to fully explain the here-reported

morphological variations of fibrin fibers.

5. Conclusions

Fibrin-based hybrid and nanocomposite hydrogels were prepared over a large range of
Si compositions that could show improved rheological properties while preserving the protein
ability to support the proliferation and differentiation of muscle cells. It was possible to

evidence an interplay between (organo)-silane condensation and fibrin self-assembly that
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resulted in the modification of the nanostructure of the protein network. From a fundamental
perspective, these results represent an original contribution to the understanding of the multi-
faceted role that silicon species may play in physiological processes, especially in tissue
formation and regeneration. More specifically, considering the key role of fibrinogen and
fibrin in the coagulation cascade, it would be of great interest to look for a possible
contribution of the natural or supplemented silicon content of blood on the clotting process. In

parallel, these silicified scaffolds must now be evaluated in vivo for muscle tissue repair.
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Captions

Fig. 1 Variation of absorbance at A =400 nm (a,c,e) and of storage modulus G at 37° (b,d,f),
as a function of time, of fibrinogen fbg solutions after thrombin addition in the presence of
(a,b) teos, (c,d) am and (e,f) np at different concentrations (in mM). All experiments were

made in triplicates and the curves show the resulting average data.

Fig. 2 SEM images of freeze-dried fibrin-based hydrogels. Scale bar: 2 um

Fig. 3 Selected TEM images of freeze-dried fibrin-based hydrogels. Scale bar : 500 nm.

Fig. 4 (a-c) FTIR specta of freeze-dried hydrogels obtained from (a)fbg, (b)fbg-teos, (c) fbg-

am and (d) fbg-np Spectra have been normalized to the Amide II band.

Fig. 5 Circular dichroism spectra of (a) teos-fibrinogen and (b) am-fibrinogen mixtures at
various silane concentrations and (c) of silica nanoparticles-fibrinogen mixtures at various

np:fbg weight ratios.

Fig. 6 Evolution of C2C12 proliferation within fibrin and fibrin-10 mM teos, fibrin-10 mM

np and fibrin- 10 mM am hydrogels as monitored by Alamar Blue test. Error bars indicate

standard deviation.
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