N
N

N

HAL

open science

Cellulose NanoCrystals-Fibrin Nanocomposite
Hydrogels Promoting Myotube Formation

Kun Wang, Gervaise Mosser, Bernard Haye, Niki Baccile, Patrick Le Griel,
Petra Pernot, Bernard Cathala, Léa Trichet, Thibaud Coradin

» To cite this version:

Kun Wang, Gervaise Mosser, Bernard Haye, Niki Baccile, Patrick Le Griel, et al..
NanoCrystals-Fibrin Nanocomposite Hydrogels Promoting Myotube Formation. Biomacromolecules,

2021, 22 (6), pp.2740-2753. 10.1021/acs.biomac.1c00422 . hal-03227208

HAL Id: hal-03227208
https://hal.science/hal-03227208v1

Submitted on 17 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Cellulose


https://hal.science/hal-03227208v1
https://hal.archives-ouvertes.fr

Cellulose NanoCrystals-Fibrin Nanocomposite

Hydrogels Promoting Myotube Formation

Kun Wang,” Gervaise Mosser,” Bernard Haye,” Niki Baccile,” Patrick Le Griel,” Petra Pernot,®

Bernard Cathala,” Léa Trichet,” Thibaud Coradin®"

+ Sorbonne Université, CNRS, Laboratoire de Chimie de la Mati¢re Condensée de Paris, 75005

Paris, France.

§ ESRF — The European Synchrotron, CS40220, 38043 Grenoble, France

1 INRAE, UR BIA, 44316 Nantes, France.



ABSTRACT. Cellulose Nanocrystals have been widely studied as fillers to form reinforced
nanocomposites with a wide range of applications, including the biomedical area. Here, we
evaluated the possibility to combine them with fibrinogen and obtain fibrin hydrogels with
improved mechanical stability as potential cellular scaffolds. In diluted conditions at neutral pH,
it was evidenced that fibrinogen could adsorb on cellulose nanocrystals in a two-step process,
favoring their alignment under flow. Composite hydrogels could be prepared from concentrated
fibrinogen solutions and nanocrystals amounts up to 0.3 w%. Cellulose nanocrystals induced a
significant modification of initial fibrin fibrillogenesis and final fibrin network structure, and
storage moduli of all nanocomposites were larger than that of pure fibrin hydrogels. Moreover,
optimal conditions were found that promoted muscle cells differentiation and formation of long
myotubes. These results provide original insights on the interactions of cellulose nanocrystals with
proteins with key physiological functions and offer new perspectives for the design of injectable

fibrin-based formulations.
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Introduction

After vessel injury, a key phase of the blood clotting process is the interaction between thrombin
and fibrinogen to form the fibrin clot.! Thrombin cleaves fibrinopeptides from the central domain
of the fibrinogen chain, leading to the formation of fibrin molecules that self-assemble to form
fibrils, leading to clot formation.! In vivo, under the effect of Factor XIII, cross-linking
significantly contributes to increase fiber thickness and clot stiffness.*> However, fibrin gels
resulting from fibrinogen and thrombin mixtures without Factor XIII in vitro show moderate
mechanical properties and fast biodegradability, which limit their range of applications as

biomaterials.®’

To address this point, an increasing amount of studies focus on fibrin-based mixed or

10,11

composite hydrogels incorporating other biopolymers, such as chitosan,®° gelatin,'®!! collagen,'*

1617 or (oxidized) cellulose,'®?° that are used in wound healing, drug delivery, bone

15 alginate,
regeneration and tissue engineering. Among these, oxidized cellulose is of particular interest
because it is, like fibrin, a hemostatic agent that can accelerate blood coagulation by immediately

extracting fluid from the blood and entrapping blood proteins, platelets, red blood cells, and other

active ingredients.?!

Among the various forms of commercially-available cellulose-derived products, cellulose
nanocrystals (CNC) have been widely studied for an impressive range of applications.?>?* CNCs
are mainly produced by acid hydrolysis of cellulose, while controlled oxidation, enzymatic and
ionic liquids treatment also can help the formation of CNC.?>* Different cellulose sources and

hydrolysis conditions endow various dimensions to CNCs. For example, plant-sourced CNCs



present diameters of 5-30 nm and length of 100-500 nm.*® CNC-based composites are promising
candidates for biomedical applications because of their outstanding mechanical stability,
controllable morphology, as well as high biocompatibility and biodegradability.???” Several
composites associating CNCs with proteins, including collagen and gelatin, have been described,
highlighting the ability of these proteins to improve the mechanical properties of the CNC gels.*!"
34 However, to our knowledge, only one study was previously dedicated to the combination of
CNCs with fibrin, for the design small-diameter replacement vascular graft.’> However, CNCs
were oxidized to enhance their interaction with fibrin and, as in many examples of CNC-polymer
nanocomposites,’®*® these materials were prepared as casted films and no example of similar bulk

hydrogels using pristine CNCs was reported so far.

In this context, the present aimed at designing nanocomposite biomaterials where CNCs
could act both as fillers to reinforce fibrin hydrogels and as nanoscale substrates to tune cell
behavior.***" Interactions of fibrinogen with CNCs were first studied in diluted conditions with
the aim of evidencing protein adsorption and its impact on both fibrinogen conformation and CNC
organization. In a second step, nanocomposite hydrogels were prepared and characterized both
from a structural and mechanical perspective. Finally, the fate of mouse myoblasts seeded on these

nanocomposite hydrogels was studied to evaluate their potential for skeletal muscle repair.*!

Experimental Section

Materials. Fibrinogen (Fbg) from bovine plasma (~340 kDa, > 90 % clottable protein,
EMD Millipore) and thrombin from bovine plasma (~38 kDa, 40-60 % protein, 40-300 NIH
units/mg, Sigma) were used. Cellulose NanoCrystals (CNC) were obtained from Celluforce as a

spray dried powder in the sodium salt form. CNCs were produced by sulfuric acid hydrolysis of



bleached kraft pulp. According to Celluforce specifications, the CNCs have a particle cross-section
of 2.3-4.5 nm, particle length of 44-108 nm, crystalline fraction of 0.88 (by X-ray diffraction) and
sulfate content of 246-261 mmol.kg!. Except when noted, all suspensions were prepared in a 20

mM citrate buffer (sodium citrate-HCI, pH 7.2)

Dynamic Light Scattering. The apparent hydrodynamic diameter of CNC, Fbg and CNC
mixed with increasing amounts of fibrinogen was measured by Dynamic Light Scattering
(Zetasizer Nano ZSE, MALVERN) at 37 °C. A 1 mL suspension of CNC (0.025 mg.mL"!) was
studied first, and then 20 pL of fibrinogen (0.05 mg.mL!) was added and left to react for 10 min
before the next measurements. The operation was repeated to obtain Fbg:CNC weight ratio

between 0:1 and 2:1

Zeta Potential Measurements. The zeta potential (&) of pure CNC, Fbg and CNC mixed
with increasing amounts of fibrinogen were measured using a Zetasizer Nano ZSE (MALVERN)
at 37 °C. A 1 mL suspension of CNC (0.25 mg.mL™") was studied first, and then 50 pL of
fibrinogen (0.50 mg.mL"") was added and left to react for 10 min before the next measurements.

The operation was repeated to obtain Fbg:CNC weight ratio between 0:1 and 2:1.

Protein Sorption Experiments. Standard curves for protein quantitation assays were first
measured using fibrinogen solutions in citrate buffer in the 0-0.50 mg.mL™' concentration range
following the protocol of the bicinchoninic acid (BCA) protein Assay kit (Thermo Scientific™
Pierce™). For sorption experiments, samples were prepared by mixing 1 mL of the CNC
suspension (0.25 mg.mL™') with different volumes of fibrinogen (0.50 mg.mL™') to obtain
Fbg:CNC weight ratio between 0:1 and 2:1, was mixed for 10 min. The suspension was then

centrifuged for 1 h at 23,000 rpm and the supernatant titrated for fibrinogen. The same mixture



without centrifugation was used as control. Sorption isotherm was established based on
concentration of fibrinogen remaining in solution after adsorption allowing to calculate the amount

of fibrinogen adsorbed on CNCs.

Circular Dichroism Measurements. The conformation of fibrinogen as such or in the
presence of increasing amounts of CNC was studied by Circular Dichroism (CD) measurements
in the 185-300 nm range in Quartz cuvettes with an optical pass length of 0.1 mm on a JASCO
J810 spectropolarimeter. Samples were prepared by mixing 1 mL of the fibrinogen solution (0.5
mg.mL) with 0 to 900 puL of CNC (1.0 mg.mL") to obtain Fbg:CNC weight ratio between 1:0
and 2.5:1. CD measurements of Fbg solutions mixed with similar volumes of citrate buffer were

performed as controls to evaluate the effect of dilution on Fbg spectrum.

Small Angle X-ray Scattering. SAXS experiments were performed on the BioSAXS
BM29 beamline at the ESRF synchrotron facility (Experiment: MX2311, Grenoble, France) using
12.5 keV energy and a sample-to-detector distance of 2.867 m, imposed by the beamline standard
configuration. The energy is calibrated by measuring the L, and Ly edges of platinum and the
sample-to-detector distance is determined using silver behenate (dyef = 58.38 A).*>* For this
experiment, we employ the automatic sample changer for liquids using the 96-well plates and
about 100 pL of each sample.** The liquid sample is automatically loaded into a 1 mm quartz glass
capillary and ten acquisitions of 1 s each are taken as the sample passes the beam. Individual
frames are systematically controlled for systematic changes and averaged for better statistics.
Eventual changes can be either due to intrinsic sample heterogeneity or radiation damage. The

signal of the Pilatus 2M 2D detector, used to record the data, is integrated azimuthally with PyFAl

to obtain the scattered intensity 1(g) vs. g spectrum (g = 47 Sin 6'/ 1> Where 20 is the scattering



angle) after masking systematically wrong pixels and the beam stop shadow.*> Absolute intensity
units were determined by measuring the scattering signal of water (0.01632 cm™ at 20°C).
Fibrinogen solutions (2-20 mg.mL™!) were first studied and then mixed with 5 mg.mL™!' CNC
suspensions to obtain CNC:Fbg 1:0 to 1:1 ratio for further analysis. Experiments were performed
at 25°C immediately after sample preparation.

Steady Shear Rheology. A 1 mL CNC suspension (0.5 mg.mL!) was mixed with 1 mL
of citrate buffer or fibrinogen solutions at different concentrations (1 mg.mL"!, 0.5 mg.mL"! and
0.25 mg.mL™). Reference samples were obtained mixing 1 mL of citrate buffer with 1 mL of the
same fibrinogen solutions. The apparent viscosity was measured at increasing shear rate by steady
shear experiments in a cone-plate geometry (CP25-1) using a MCR 302 rheometer from Anton

Paar

Cryo-Transmission Electron Microscopy. Cryo-TEM examination of CNC (0.25
mg.mL™"), Fbg (0.50 mg.mL") and mixtures at Fbg:CNC weight ratio of 1:2, 1:1 and 2:1 were
carried out on an FEI Tecnai 120 twin microscope operated at 120 kV and equipped with a Gatan
Orius CCD numeric camera. The sample holder is a Gatan Cryoholder instrument (Gatan 626DH,
Gatan). Digital Micrograph software was used for image acquisition. Cryofixation was performed
using a homemade cryofixation device. Suspensions were deposited on a glow-discharged holey
carbon-coated TEM nickel grid (Quantifoil R2/2). Excess suspension was removed, and the grid
was immediately plunged into nitrogen-cooled liquid ethane before being transferred into liquid
nitrogen. All grids were kept at liquid nitrogen temperature throughout whole experimentation.
Cryo-TEM images were treated and analyzed using Fiji software, available free of charge at the

developer’s web site.



Formation of Fibrin-CNC hydrogels. To prepare nanocomposite hydrogels, 100 pL of
citrate buffer or CNC suspensions (5-30 mg.mL") was mixed with 900 uL of fibrinogen solution
(20 mg.mL"! or 30 mg.mL") dispensed in 12 well-plates and then 2 pL or 8 uL, respectively, of

thrombin (200 U.mL!) was added.

UV-visible Spectrophotometry. Fibrillogenesis was followed by UV-visible absorption
measurements at A = 400 nm at room temperature. For this purpose, the above-described
fibrinogen or fibrinogen-CNC suspensions were first mixed in a 1.5 mL cuvette and the absorbance
was measured. After 30 s, the suspension was transferred to an Eppendorf tube, the above-
mentioned thrombin solution was added and the mixture was transferred back to 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.

Rheological Studies of Hydrogels. The evolution of the rheological properties of the gels
prepared in the same conditions was measured using a MCR 302 rheometer from Anton Paar.
Fibrinogen or fibrinogen-CNC suspensions 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%, ® = 0.5 rad.s™).

Transmission Electron Microscopy. Before observation, fibrin and fibrin-CNC
hydrogels were sequentially fixed with paraformaldehyde, glutaraldehyde and osmium tetroxide 4
wt% and then subsequently dehydrated using ethanol baths, progressively impregnated with
propylene oxide and incorporated in araldite resin prior to sectioning (Leica microtome). Sections
were imaged by TEM on a Tecnai Spirit G2 operating at 120 kV (FEI Company, Philips,

Netherlands). Images were recorded on a Gatan CCD Oriuscamera.



Cell Culture and Seeding on Hydrogels. C2C12 cells were grown in DMEM medium
(high glucose, from Merck) supplemented with 10% fetal bovine serum (from Gibco) and 1%
penicillin/streptomycin at 37°C in a humidified incubator with 5% CO-, and passaged every 2 days.
ImL of cell suspension at passage 14 containing 40,000 C2C12 cells were seeded on the pure
fibrin and composite hydrogels prepared in 12-well plates. After 4, 6, 8 and 10 days, the medium
was discarded and the Alamar Blue reagent (800 uL of a 0.1 mgmL"' solution, from
ThermoFisher) was added to the wells. After 4 h incubation at 37 °C, absorbance values at 570 nm
and 600 nm were measured to obtain the reduction percentage of Alamar Blue.

Fluorescence Microscopy. The ability of seeded cells to differentiate and form myotubes
was also studied. After the formation of gels, 1 mL of growth medium supplemented with 6-
Aminocaproic acid (ACA, from Sigma-Aldrich) (2mg.mL"!") was added on the top of the gels and
renewed after 2 days. After 4 days, the previous growth medium was replaced by 1 mL of
differentiation medium (DMEM supplemented with 2% donor equine serum (from Gibco), 1%
penicillin/streptomycin and 2 mg/mL! ACA). After 7 additional days, gels were fixed with 4%
PFA and cells permeabilized with 0.5 % Triton X-100 for 15 min. After several rinsing with PBS
solution, actin filaments were stained with Alexa Fluor 488 phalloidin and nuclei with 4',6'-
Diamidino-2-phenylindole (DAPI) solution. Staining of myosin heavy chain in differentiated
C2C12 was performed with MF-20 hybridoma mouse IgG2B primary antibody and Alexa Fluor
546 goat anti-mouse I[gG2B secondary antibody (Invitrogen). Gels were imaged with a

fluorescence microscope (Axio Imager D.1, Zeiss) and processed using Image J software.

Myotube number per field of view (approximately 870*%655 um, low magnification) was
assessed on at least 4 (up to 11) different pictures taken from at least 2 different samples for each

type of gel. Myotube density as quantitatively evaluated by the ratio of total myotube area was



done using thresholded images based on myosin staining, and was assessed on least 3 (up to 6)
different pictures taken from at least 2 different samples for each type of gel. Length of individual
myotubes was evaluated either manually or, whenever possible, by means of maximum Feret
diameter analysis. Width of individual myotubes was evaluated either manually or by using the
most relevant option between minimum Feret diameter analysis or minor axis measurement (Fit
ellipse). At least 11 (up to 49) myotubes on at least 4 (up to 11) different pictures taken from at

least 2 different samples were considered for each type of gel.

Statistical Analysis. Data were submitted to analysis of variance (ANOVA), and means
were compared using the test of Tukey. Different letters correspond to statistically-different values
(P <0.05). * represents statistically-different levels. * means P-value< 0.05; ** means P-value <

0.01; *** means P-value <0.001.

Results

Fibrinogen-CNC Interactions in Diluted Conditions. In a first step, we investigated the
interactions between CNC and fibrinogen molecules in suspensions. All studies were performed
in the same buffer (20 mM sodium citrate-HCI, pH 7.2) as the one used later to form composite
hydrogels. Diluted conditions were studied to limit CNC particles aggregation. However,
depending on the considered techniques, minimum concentrations required to obtain reliable
measurements could vary from 0.025 mgmL! to 0.5 mgmL'. In parallel the range of

fibrinogen:CNC weight ratio was kept similar in all experiments and did not exceed 2.5:1.

The ability of fibrinogen to interact with CNCs was first studied by DLS (Figure 1(a)). At
a concentration of 0.025 mg.mL"!, the apparent hydrodynamic diameter of CNC nanoparticles was

165 = 25 nm. Upon successive addition of fibrinogen solutions at 0.050 mg.mL!, the apparent
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hydrodynamic diameter first increased up to 230 = 40 nm for a Fbg:CNC ratio of 0.20:1. Then an
apparent plateau was observed up to Fbg:CNC = 0.32:1. Above this ratio, the apparent
hydrodynamic diameter rose again up to ca. 350 nm and then appeared to slowly increase with
additional fibrinogen amount. No measurable difference in the viscosity were obtained for these
suspensions, in agreement with the highly diluted conditions. Determination of the precise
Fbg:CNC ratio where the second increase stops is not possible due to the measurement error (+ 60
nm) but from Fbg:CNC = 0.50:1 and above, the distribution of hydrodynamic diameter values does
not overlap anymore with that of Fbg:CNC = 0.32:1. It is also important to point out that, although
the error range increased with Fbg:CNC ratio, it was always smaller than + 80 nm, indicating that
well-defined nanoscale objects were present in the mixture. This correlates with the
macroscopically-observed colloidal stability of these suspensions. To support these observations,
the scattering intensity of a Fbg:CNC 1:1 suspension was recorded and found stable over ca. 2 h
before it started to decrease slowly (Supporting Information, Figure S1). Finally, in the fibrinogen
concentration range of these experiments, the protein-only solutions did not yield to a measurable
signal, suggesting that only CNC or CNC-Fbg assemblies contributed to the monitored

hydrodynamic diameters.

Zeta potential () measurements were then performed using 0.25 mgmL! CNC
suspensions and 0.50 mg.mL"! Fbg solutions. In such conditions, ¢ values could be measured for
both components, i.e. -28 + 6 mV for cellulose nanocrystals and -7 + 5 mV for fibrinogen. Upon
successive addition of Fbg to CNC, the average { value increased up - 19 mV for a Fbg:CNC ratio
0f 0.20:1 and then remained constant (Figure 1(b)). On the one hand, the error range, which was
comparable to the { value of Fbg, did not allow to conclude on the significance of these variations.

On the other hand, one should notice that the apparent ratio for which the average ¢ value reached

11



a maximum corresponds to the ratio where a first plateau was reached in DLS experiments.
Moreover, the error range never exceeded = 7 mV, which is again in favor of the formation of

well-defined objects rather than uncontrolled aggregation.
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Figure 1. Characterization of diluted solutions and suspensions of Fbg, CNC and Fbg-CNC mixtures in citrate buffer.
(a) Evolution of apparent hydrodynamic diameter, as obtained from DLS, at fixed initial CNC concentration (0.25
mg.mL!) and variable Fbg:CNC weight ratio. (b) Evolution of Zeta potential at fixed initial CNC concentration (0.25
mg.mL™") and variable Fbg:CNC weight ratio (dashed green light indicates the zeta potential of pure fibrinogen). (c)
Adsorption isotherm of fibrinogen on CNC (C. = Fbg concentration at equilibrium, q. = pug of adsorbed Fbg per mg
of CNC). (d) Evolution of CD spectra at fixed Fbg concentration and variable Fbg:CNC weight ratio.
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To obtain more quantitative data on the putative adsorption of fibrinogen on cellulose
nanocrystals, sorption isotherms were performed using the BCA method to determine the
concentration of free protein in solution. A preliminary calibration curve showed a linear
relationship between Fbg concentration and absorbance at 1= 562 nm in the 10-500 pg.mL! range
(Supporting Information, Figure S2). The calculated isotherm evidenced a two-step process
(Figure 1(c)). The amount of adsorbed fibrinogen first increased up to ca. 60 ug of Fbg per mg of
CNC. A plateau was observed and then the amount of adsorbed proteins increased again, reaching
ca. 125 pg.mg’! ie. twice the value at the first plateau. Altogether, these data confirm that

fibrinogen interacts with cellulose nanocrystals in two well-defined successive steps.

To obtain further evidence of fibrinogen adsorption, CD measurements were performed on
Fbg solutions with various added volumes of CNC. Representative spectra are shown on Figure
1(d) and spectra for all samples are provided as Supporting Information, Figure S3. The CD
spectrum of pure Fbg shows three main bands, one positive peak (I; at 190 nm) and two negative
signals (I> at 209 nm and I5 at 220 nm), in agreement with the literature.*® As the volume of the
CNC suspension increased, the intensity of the I band decreased. Such a decrease was also
observed when equivalent volumes of citrate buffer were added, suggesting that it reflects the
dilution of the protein (Supporting Information, Figure S4). However, the relative intensity of the
> and I5 peaks also varied with CNC suspension volume, such a variation being not observed when
only buffer was added. In more details, I» was more intense than I5 for pure Fbg and remained so
until Fbg:CNC ratio 0.7:1. Above this ratio, the two peaks were of comparable intensity, indicating
a conformational change of Fbg that should originate from its interaction with CNC. For each

condition, the CD spectrum is the sum of adsorbed and free fibrinogen spectra so that the above-
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mentioned ratio should correspond to conditions where adsorbed Fbg molecules prevail over those

remaining in solution.

Selected conditions were further studied by Small Angle X-Ray Scattering. Reference
spectra for pure fibrinogen solutions exhibited similar shape and increasing intensity with
increasing protein content (Supporting Information, Figure S5). In sharp contrast, the curves for
CNC suspensions (4 mg.mL™") as such or mixed with increasing amounts of fibrinogen were very
similar both in shape and intensity (Figure 2(a)). On the one hand, the absence of significant
modification of intensity at low ¢ values and of the slope at intermediate ¢ confirms the absence
of extensive aggregation of the CNC, as already suggested by DLS. On the other hand, the limited
variations at high ¢ suggest that fibrinogen molecules, if adsorbed on CNC particles, do not form

a dense layer.

Selected suspensions were also studied by rheology under steady shear (Figure 2(b)). For
pure fibrinogen solutions, apparent viscosity 7 values did not significantly vary with Fbg
concentration in the 0.125-0.500 mg.mL! range and the log-log plot of 7 vs shear rate evidenced
a linear decrease from 100 Pa.s to 0.001 Pa.s, following a Power law model. In contrast, fora CNC
suspension at 0.250 mg.mL"!, the linearity domain was observed up to a shear rate of ca. 100 s™
followed by a smoother decrease and viscosity values were one order of magnitude lower than for
Fbg in the linear region. Such a shear thinning behaviour reflects the ability of CNCs to orientate
under the shearing flow at high rate. For 1:2 Fbg:CNC ratio, the evolution was similar to CNC
alone but viscosity values were slightly larger. For the 1:1 ratio, viscosity values were similar to
those of pure CNC at low shear rates. However, a plateau was evidenced in the 10-30 s! shear rate
domain and then viscosity values became close to those of pure fibrinogen. For the 2:1 Fbg:CNC

composition, a similar transition from a CNC-like behavior at low shear rates to a Fbg-like
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behaviour at higher shear rates was also observed but it occurs at a lower shear rate (ca. 1 s') and
more progressively. Taken together, it would suggest that, above a certain ratio, the presence of
Fbg favors the alignment of CNC particles under the shearing flow. Moreover, once such an
alignment has occurred, CNCs do not contribute significantly to the viscosity of the suspension,

which is mainly determined by the protein content.
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Figure 2. (a) SAXS spectra of pure CNC (4 mg.mL™") and different CNC-fibrinogen mixtures, (b) Apparent viscosity
as determined under steady shear for pure CNC (square), pure fibrinogen (triangles) and fibrinogen:CNC mixtures

(circles)

Suspensions prepared with similar ratio were observed by cryo-TEM. In pure Fbg samples,
fibrinogen molecules were difficult to observe individually due to the concentration and equipment
limitations (Supporting Information, Figure S6). Suspensions of pure CNC showed needles 135 +
20 nm in length, in good agreement with the value obtained from DLS on pure CNC particles (165
+ 25 nm) (Figure 3(a)). It was noticed that these particles tended to be located on the TEM grid
or at the interface between the grid and the frozen water rather than inside the grid holes. For the

Fbg:CNC 1:2 (w:w) samples, cellulose nanocrystals were observed as isolated needles or as star-
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like patterns (Figure 3(b)). No clear modification in CNC organization could be observed for a
1:1 ratio (Figure 3(c)). Finally, for the highest Fbg relative content, linear assemblies of CNC
could be frequently observed (Figure 3(d)). Such an ability of fibrinogen to favor the co-alignment
of CNCs may be correlated to the above-observed decrease of the shear rate value required to reach

the viscosity plateau in mixed suspensions.

(a) fbg:ene 0:1

(c) tbg:enc 1:1

Figure 3. Cryo-TEM images of (a) pure CNC and Fbg-CNC mixtures at Fbg:CNC weight ratio of (b) 1:2, (¢) 1:1 and

(d) 2:1 (scale bar = 100 nm). Red arrows highlight star-like (b) and aligned (d) patterns of CNCs

Fibrin-CNC Hydrogels. In a second step, fibrin-CNC hydrogels were prepared by mixing
fibrinogen and cellulose nanocrystals in citrate buffer and then adding thrombin to trigger fibrin

formation, fibrillogenesis and gel formation. Initial fibrinogen concentrations of 20 mg.mL"!' and

16



30 mg.mL"! were fixed as a compromise between high content to maximize mechanical properties
of the gels and low content to obtain homogeneous suspensions with a measurable lag time (i.e.
delay between thrombin addition and gel formation). For CNC suspensions, a maximum
concentration of 30 mg.mL™! could be achieved while the suspension remained homogeneous and
with practical viscosity. Mixtures were obtained by adding 100 uL of CNC to 900 pL of fibrinogen
so that the final CNC concentration was 3 mg.mL"! and therefore the maximal Fbg:CNC ratio was

ca. 10:1 (w:w).

The kinetics of fibrillogenesis was followed by monitoring absorbance at A =400 nm, i.e.
turbidimetry measurements, at 25°C. As shown on Figure 4(a), the pure Fbg solution at 20 mg.mL"
! supplemented with 100 pL citrate buffer has an initial low absorbance which, after thrombin
addition, increases after 1 min and stabilizes at ca. 2.7 after 30 min. When a 5 mg.mL"' CNC
suspension was added, the initial absorbance was ca. 0.8 and increased as soon as thrombin was
added. Such an increase was slower than in the absence of CNC and absorbance reached ca. 2.2
after 30 min but without a plateau. For other conditions, the initial absorbance systematically
increased with CNC content. Thrombin addition led to a small increase of absorbance which then
only moderately evolve, or even remained constant for the highest CNC concentration.
Absorbance after 30 min also increased with initial cellulose nanocrystals content but remained
smaller than that of pure fibrinogen. Control experiments performed without fibrinogen indicated
that the absorbance of CNC suspensions increased with concentration but was always smaller than
that of fibrinogen-CNC mixtures, and did not evolve with time (Supplementary Information,
Figure S7). For a 30 mg.mL™! fibrinogen concentration, the initial absorbance was slightly higher
than for the 20 mg.mL"! and the increase of absorbance occurred immediately after thrombin

addition (Figure 4(b)). In the presence of CNCs, initial absorbance values were also systematically
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higher than at 20 mg.mL"! and increased with CNC concentration. In terms of kinetics, the lowest

CNC content preserved the initial fast increase in absorbance and observation of a plateau. For

higher CNC contents, a similar trend as for the 20 mg.mL"! fibrin gels was observed but with a

shift in the effect of nanocrystals concentration, i.e. the 20 mg.mL™' CNC suspension added to the

30 mg.mL! Fbg solution had a similar effect as the 10 mg.mL' CNC suspension added to the 20

mg.mL"!' Fbg solution. It can however be noticed that, in these conditions, the final absorbance

values decreased with increasing CNC content and were much closer to that of the pure 30 mg.mL"

! fibrin hydrogel. Altogether, the presence of CNCs does have a clear, apparently inhibitory effect

on fibrillogenesis and the extent of such an effect depends both Fbg concentration and Fbg:CNC
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Figure 4. Time evolution of (a,b) absorbance at A = 400 nm and (c,d) storage modulus of fibrinogen solutions at (a,c)
20 mg.mL"! and (b,d) 30 mg.mL") after addition of CNC suspensions (0.5-3 mg.mL"' final concentration) and

thrombin. Dark lines correspond to pure fibrinogen solutions after thrombin addition

The same mixtures were further studied by rheological measurements at 37°C, which were
run until a plateau in storage modulus G’ value was reached. For the pure fibrin gel at 20 mg.mL"
!, G’ increased steeply for ca. 2h and then more smoothly until a plateau was reached after 10 h,
reaching a maximum value of 1.1 kPa (Figure 4(c)). In the presence of 0.5 mg.mL"! CNC, the
increase was slightly delayed and slower and the G’ value stabilized after 22 h at 1.75 kPa.
Increasing further CNC concentration extended the initial delay, slowed down the G’ increase rate
and lengthened the time required to reach the plateau. However, while the presence of 1 mg.mL"!
CNC led to a maximum G’ value of 2.8 kPa, i.e. more than twice that of the pure fibrinogen
solution, larger cellulose content resulted in a progressive decrease of the storage modulus value
at the plateau, which nevertheless remained superior to that of pure fibrinogen. Pure fibrin
solutions at 30 mg.mL"! showed a quite similar behavior as 20 mg.mL™! ones, with a comparable
maximal G’ value (1.4 kPa) but a shorter delay required to reach the G’ plateau (Figure 4(d)). The
presence of 0.5 mg.mL! and 1.0 mg.mL™! CNC slightly slowed down G’ evolution but the final
value significantly increased (ca. 2.5 kPa). The presence of 2 mg.mL™! and 3 mg.mL! CNC
delayed further the increase in G’ but the maximal values were also larger, reaching ca. 4 kPa. To
confirm this evolution, an additional composition was studied (1.5 mg.mL) resulting in an

intermediate G’ value between those of the 1 mg.mL™! and 2 mg.mL™!' composites.

Structure of the hydrogels was investigated by TEM. For pure fibrin gels at 20 mg.mL",
large fibers, several microns in length and up to ca. 200 nm in width were observed (Figure 5(a)).
In the presence of 1 mg.mL' CNC, a dramatical decrease in fibrin fiber size was seen, especially

in width that was below 100 nm (Figure 5(b)). At 2 mg.mL' CNC, even smaller fibers were
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observed (Figure 5(c)). A similar evolution was observed for gels at 30 mg.mL™ fibrin
concentration (Figure 5(d-g)). Moreover, as the size of fibrin fibers decreases with increasing
CNC content, they seem to form aggregates of increasing size. Higher magnification images
clearly evidence the change from large fibers in pure fibrin gels (Figure 5(h)) to small and thin
aggregated ones in the presence of 3 mg.mL' CNC (Figure 5(i)). Moreover, for the latter samples,
CNC needles could be visualized within the fibrin aggregates. However, it was not possible to

draw any conclusion on CNC organization, and especially on their possible alignment, within the

hydrogels.

Figure 5. TEM images of fibrin and fibrin-CNC hydrogels (a) pure fibrin at 20 mg.mL!, (b) fibrin 20 mg.mL": cnc 1
mg.mL", (c¢) fibrin 20 mg.mL"": cnc 2 mg.mL'; (d) pure fibrin at 30 mg.mL", () fibrin 30 mg.mL"": cnc 1 mg.mL"!,
() fibrin 30 mg.mL": cnc 2 mg.mL"'; (g) fibrin 30 mg.mL": cnc 3 mg.mL"! (scaler bar = 1 um). Higher magnification
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images of (h) pure fibrin at 30 mg.mL"!, (i) fibrin 30 mg.mL"': cnc 3 mg.mL"! (scale bar = 500 nm). White arrows (a-
g) highlight fibrin fibers and red arrows (i) point towards CNCs.

The possibility to use fibrin-CNCs hydrogels as 2D substrates for muscular cells growth
and differentiation was finally studied. C2C12 cells were first deposited on fibrin and composite
hydrogels in a DMEM medium supplemented with 10 % fetal bovine serum. Proliferation was
followed by Alamar Blue test (Figure 6). On all gels a slow increase of cell population during 4
days was observed followed by an acceleration of cell metabolism. No difference in cell growth
was observed between pure 20 mg.mL™! and 30 mg.mL"! hydrogels. A significant increase in
proliferation was noticed when 0.5 mg.mL' CNC were present within 20 mg.mL! gels but further
cellulose nanocrystal addition did not lead to further improvement. In contrast, the presence of

CNC within 30 mg.mL"! gels did not induce any modification of C2C12 cells proliferation.
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Figure 6. Evolution of C2C12 proliferation on fibrin-CNC composite gels as monitored by Alamar Blue test (a) fibrin

20 mg.mL""; (b) fibrin 30 mg.mL"'. Different letters correspond to statistically-different values (P < 0.05).

The ability of the different hydrogels to favor C2C12 differentiation was then studied. For

this purpose, cells were cultured for 4 days in a serum-rich DMEM medium as previously
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described and then for 7 additional days in a low serum (2% donor equine serum)-DMEM medium.
Almost all substrates displayed very high cell densities as evidenced by phalloidin labeling with
clear formation of myotubes as evidenced by MF20 positive staining (Figure 7). The only
exception was the fibrin 20 mg.mL™' - CNC 3 mg.mL"! hydrogels where little cell adhesion was

observed (Supporting Information, Figure S8).

Figure 7. Fluorescence images of C2C12 cells cultured for 4 days in serum-rich and 7 days in low-serum DMEM

within (a) pure fibrin at 20 mg.mL-1, (b) fibrin 20 mg.mL"': CNC 1 mg.mL"!, (c) fibrin 20 mg.mL"": CNC 2 mg.mL"
', (d) pure fibrin at 30 mg.mL"!, (e) fibrin 30 mg.mL"': CNC 1 mg.mL"!, (f) fibrin 30 mg.mL"' : CNC 3 mg.mL"".

(Blue: DAPI, green: actin, red: MF20). Scale bar = 100 pum.

Quantitative analysis evidenced that myotube number and total myotube area are much
higher on pure fibrin gels at 30 mg.mL"!' compared to pure fibrin at 20 mg.mL"! (Figure 8). For
the gels at 30 mg.mL™! there is no significant change in myotube number and density upon CNCs
addition, whereas for the gels at 20 mg.mL"! myotube number significantly increases upon CNCs

addition for the concentrations up to 1 mg.mL"!, and tends to decrease from 1 to 2 mg.mL"".
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Myotube density also tends to display a peak around 1 mg.mL' CNC although the variation was
not statistically significant. For both considered parameters, the values corresponding to the

maxima at 20 mg.mL"! fibrin-1 mg.mL"' CNC are similar to those on 30 mg.mL™" at any CNC

concentration.
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Figure 8. Average myotube number per field of view and relative substrate area covered by myotubes, depending on
substrate type.

Analysis of individual myotubes morphology on pure fibrin gels at 20 mg.mL"! and 30
mg.mL! reveals no strong difference regarding length and width average values (Figure 9). Still,
the highest length value is about 530 um at 20 mg.mL™' (N=11) (Figure 9(a)) whereas at 30

mg.mL! 25% of the myotubes present a length range between 550 and 1250 um (N=34) (Figure
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9(b)). Upon addition of CNC in 20 mg.mL™"! fibrin gels myotube length tends to increase with a
significant difference between pure fibrin and composite hydrogel with 2 mg.mL"' CNC (Figure
9(a)). On these composite hydrogels myotube width reduction is observed, with a significant
difference between pure fibrin and composite hydrogel with 1 and 2 mg.mL"' CNC. For the 30
mg.mL"' fibrin-based composite gels, morphology analysis also reveals longer
and thinner myotube distribution upon increasing CNC concentration (as already observed on Fig.
7(f)). The difference regarding observed length values is highly significant between 30 mg.mL"!
fibrin-3 mg.mL"!' CNC and every other type of 30 mg.mL"! fibrin-based gels (Fig. 9(c)). The width
values decrease in 30 mg.mL! fibrin-based gels is more generally observed upon CNCs addition,
with multiple significant differences between the different types of gels (Fig. 9(d)). Noteworthy
myotubes longer than 1 mm can be observed on almost every type of fibrin-CNC composite
hydrogels. In particular, on the fibrin 20 mg.mL!-CNC 2 mg.mL™! composite hydrogels 25% of
the myotubes are longer than 800 um (N= 24), and on fibrin 30 mg.mL!-3 mg.mL™! hydrogels
(N= 25), 25% of the myotubes are longer than 880 pum (with respective maximal values of

approximately 1100 pm and 1600 um).
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Figure 9. Boxplot analysis of myotube morphological parameters depending on substrate type. Every displayed bullet
on the left-hand side of the boxplots represents an actual data. Black: pure fibrin; red: fibrin + 0.5 mg.mL"' CNC;
green: fibrin + 1 mg.mL! CNC; purple: fibrin + 2 mg.mL-' CNC; light blue: fibrin + 3 mg.mL-! CNC (for 30 mg.mL"

! fibrin gels only).

Discussion
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Properties of nanocomposites are strongly dependent of interactions between fillers and
matrix. Therefore, in a first step we investigated the interactions of fibrinogen with CNC in diluted
conditions. The medium selected for this study was the citrate buffer (citrate-HCI, 20 mM citrate,
pH 7.2) used afterwards to form hydrogels. It insures near neutral pH conditions where both
fibrinogen, whose reported isoelectric point is ca. 5.5, and CNC, that bears sulfonate surface

t,48

groups resulting from the sulfuric acid treatment,™ are expected to be negatively-charged, as

confirmed by measured £ values.

Upon addition of increasing amounts of fibrinogen to CNC, an increase in apparent
hydrodynamic diameter was measured. Such an increase occurred in two steps and could be
correlated to fibrinogen adsorption by the isotherm established by titration of free proteins using
the BCA technique. Zeta potential measurements also suggested that fibrinogen adsorption
occurred as ¢ values increased upon initial fibrinogen addition as a result of the higher { value of
the protein compared to that of CNC. However, the small difference between these two values and
the relatively high error range of measurements did not allow to fully conclude on this point nor
to confirm the two-step process. Meanwhile, Cryo-TEM evidenced that presence of low amount
of fibrinogen leads to the formation of some star-shaped aggregates while higher amounts induced
local linear organizations of CNCs. It is important to point out that, for rod-like particles,
application of the Stokes-Einstein relation to DLS data leads to an apparent hydrodynamic
diameter only, corresponding to a sphere whose diameter is equivalent to the rod length.*® Thus,
the increase in apparent hydrodynamic parameter could correlate well with the local formation of
linear CNC aggregates but provides no information on the width of these aggregates, as long as it
remains significantly smaller than their width. In this context, SAXS measurements confirm the

absence of wider aggregates.’® However, the presence of linear aggregates could not be evidenced
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by this technique as the expected repetition motif would correspond to a CNC particle length, ca.

150-200 nm, that would lie in a ¢ value range much smaller than the one investigated here.

Viscosity measurements provide additional information. Fibrinogen solutions show a
shear-thinning behavior while pure CNC suspension exhibited a two-step regime, both agreeing
with the literature.’'>> This two-step regime corresponds to the increased orientation of CNC
particles with increasing shear rate until maximal alignment is achieved. The resulting apparent
viscosity is then close to that of pure water and is constant upon further shear rate increase. Upon
fibrinogen addition to CNC, this plateau still appears but as an intermediate regime between a
CNC-like behavior and a fibrinogen-like one and at a shear rate that decreases with increasing
protein concentration. This suggests that fibrinogen favors CNC alignment and that, once all
nanocrystals are aligned, the viscosity of the mixture is determined by its protein content. It is
important to point out that the viscosity at high shear rate of the Fbg:CNC 0.5:0.25 (w:w) mixture
is very close to that of the pure fibrinogen solution at the same initial concentration, in agreement

with the moderate sorption capacity (ca. 10 wt%) of CNC towards fibrinogen.

Interactions between fibrinogen and CNC are expected to be weak. Both colloids being
negatively charged in the conditions of adsorption, repulsive electrostatic interactions are
expected, all the more as the ionic strength is low.>® Thus, hydrogen bonds and Van der Waals
interaction must be responsible for protein adsorption that is therefore mainly energetically-driven
by entropy, as reported in the literature.* Also in agreement with previous studies,*® Isothermal
Titration Calorimetry experiments showed that the adsorption process produced low heat rates (ca.
2 uW-0.5 pcal.s™) that were not significantly different from that generated by fibrinogen or CNC
dilution (Supporting Information, Figure S9). Nevertheless, these interactions were effective

enough to induce modification of fibrinogen conformation, as indicated by CD measurements. The
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observed variations in the relative intensity of the I» and Iz peaks are reminiscent of those observed
for fibrinogen adsorbed on hydrophilic self-assembled monolayers, indicating a surface-induced
protein refolding (i.e. increase of B-sheet vs. a-helix ratio).® Importantly, such a modification was
observed up to a 1:1.4 (i.e. 0.7:1) ratio Fbg:CNC ratio situated in the second plateau of the DLS
curve. This strongly suggests that the observed two-step adsorption process does not correspond
to the formation of a double layer of fibrinogen on the CNC surface. CD data also indicated that
beyond a ca. 1:1 ratio, free fibrinogen largely prevailed over adsorbed ones whose spectrum was
no longer apparent. Thus, it is expected that such mixtures containing an excess of fibrinogen

compared to CNC should exhibit a preserved ability to form a gel by fibrillogenesis.

The fact that fibrinogen conformation is modified upon interaction with CNCs can explain
the observed variation in fibrillogenesis progress as monitored by turbidimetry measurements. For
both fibrin concentrations, increase in turbidity upon thrombin addition was slowed down upon
CNC addition and the final absorbance at 400 nm of the composite gels was always smaller than
that of pure fibrin gels. This contrasts with a previous report using microdispersed oxidized
cellulose showing a similar slowing down of fibrillogenesis but an increase in final absorbance.>’
Importantly, here, the impact of CNCs at a given concentration was more significant for the lowest
fibrin concentration (compare 1 mg.mL™' CNC blue lines on Figure 4(a) and 4(b)). This can be
explained considering that, for a fixed CNC amount, the number of adsorbed fibrinogen molecules
is the same in both systems but more free proteins able to form the fibrin network are remaining
in the 30 mg.mL"! suspension compared to the 20 mg.mL"!. However if we assume a 0.1 g.g’!
sorption capacity of CNC towards fibrinogen, 2 mg of CNC should retain 0.2 mg of fibrinogen,
i.,e. 1 % of the fibrinogen content. Such a low variation is unlikely to account for observed

modification of turbidimetry curves. As a matter of fact, TEM images indicate a very strong
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decrease of fibrin fiber size in the composite hydrogels, even at the lowest CNC concentration
(compare Figure 5(a) and (b) and Figure 5(d) and (e)). Noticeably, if such a decrease in fiber size
can explain the decrease of the final turbidity of the gel, it is again difficult to attribute it only to
the small decrease in available fibrinogen content. Therefore, CNCs should influence fibrin gel

formation through an additional manner.

Rheological studies allow for monitoring the evolution of the gels beyond their initial
setting. A first information is that, although turbidity measurements have suggested that
fibrillogenesis may have been strongly inhibited in the presence of high amounts of CNC, all
mixtures ultimately formed a gel with G’ values similar or greater than pure fibrin gels at the same
concentration. As a matter of fact, the observed trends in turbidity are well-correlated with the time
required to observe the increase in storage modulus and the rate of this increase. As pointed out
above, only a small fraction of fibrinogen molecules (ca. 1 %) are directly interacting with CNC
particles’ surface. Thus, the major part of them are still available to react with thrombin, fibrillate
and form a hydrogel. However, on the long-term, the maximal G’ values do not reflect these initial
processes. Especially, for the 30 mg.mL™! fibrin gels and nanocomposites, the highest modulus is
obtained for the highest CNC amount whose formation is also the most delayed. To understand
this point better, it is interesting to note that, because the fibrinogen molecules are ca. 10 times
shorter than CNC particles and assuming in first approximation that (i) they have a similar diameter
and (2) they have a comparable density, a 20:2 or 30:3 w:w nanocomposite composition
corresponds in fact to a ca. 1:1 v:v ratio, i.e. volume fractions of the two components in these gels
are comparable. From this perspective, CNCs occupy a significant fraction of the network and
should therefore impact both its structure during fibrin percolation and maturation and contribute

significantly to its mechanical behavior, especially in their efficiency to act as reinforcing fillers.
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While the latter explains the increase in G’ value with CNC content, the former should be
considered further to understand the striking decrease in fiber size. One plausible explanation
would lie in a confinement effect: it is possible to consider that fibrillogenesis can occur only in
spaces delimited by CNC arrangements. Such a confinement should not only limit the local amount
of fibrinogen molecules but also limit fibrin fibril length due to CNC particles acting as physical
barriers preventing their extension. Thus, the higher the CNC amount, and therefore the higher

their volume fraction, the smaller this space is and the more confined fibrillogenesis is.

The influence of CNC addition on the interaction of fibrin hydrogels with muscle cells was
then studied. In proliferation conditions, there is no influence of substrate properties on cell
viability as evidenced by Alamar blue test. In contrast, in differentiation conditions, the density of
myotubes depends on fibrin concentration as well as on CNC concentration for 20 mg.mL"! fibrin-
based composite substrates. Myotubes morphological parameters also vary depending on substrate
properties. In particular a substantial proportion of myotubes longer than 800 um is observed
following addition of highest values of CNC concentrations, which is a remarkable result for in
vitro culturing conditions.*® In particular, achieving > 1 pum long myotubes from C2C12 cell

differentiation often involves surface patterning approaches that were not required here.>

On fibrin gels at 20 mg.mL!' myotube density values are consistent with gel stiffness
variation, the highest storage modulus value at 1 mg.mL! CNC corresponding to the highest
myotube number and density. On pure fibrin gels at 30 mg.mL! rheological measurements display
a G’ value similar to the one at 20 mg.mL"!, but the storage modulus keeps increasing upon CNC
addition. The observation of differing values regarding myotube number and density between 20

mg.mL"! and 30 mg.mL"! pure fibrin gels, and of rather constant values for the same parameters
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upon CNC addition to 30 mg.mL! fibrin gels, enables to infer that gel stiffness is not the only

factor influencing myotube phenotype.’

In particular, gel structure examined by TEM exhibited a decrease in the size of fibrin fibers
with increasing CNC content, and simultaneous formation of fibrin aggregates of increasing size.
The formation of myotubes relies on the contacts established between the myoblasts necessary for
subsequent differentiation and fusion, and therefore depends on cell-based matrix contraction and
remodeling.®! The increase of fibrinogen aggregation of thinner fibers upon addition of CNCs
might be detrimental to C2C12 interactions with fibrin, leading to a decrease in their differentiation
capability. This structural change might therefore counterbalance the effect of gel stiffness increase
in the case of 30 mg.mL"! fibrin-based composite hydrogels,®* and explain poor adhesion of cells

on 20 mg.mL"! fibrin — 3 mg.mL"! CNC gels in differentiation condition.

An additional parameter that might be considered to explain myotube phenotype on
composite hydrogels is the ability of fibrinogen to favor co-alignment of CNCs, as evidenced by
cryo-TEM, DLS and shear flow experiments. Stacking of CNCs inside the composite hydrogels
might thus provide nanopatterning cues for the cells that form myotubes following aligned CNCs.
Myotube maturation and orientation have already been shown to be favored by alignment of
nanoscaled fibres.> In particular, Dugan et al. showed that myoblasts could sense surface
topography related to spin-coating of CNCs with a high degree of orientation.®* The obtained
myotubes were aligned along the CNCs and presented more elongated shapes when compared to
glass control. In this system contact guidance could be induced by features of only 10-20 nm. The
presence of aligned CNCs inside the composite gels might thus explain length increase and width

decrease of myotubes upon addition of CNCs.
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Finally, one interesting outcome of the effect of CNC addition to fibrinogen is that it delays
the time necessary to form a stable hydrogel after thrombin addition. Since fibrinogen and
thrombin react with each other very rapidly, surgical fibrin glue is usually prepared from two
different syringes that are mixed directly in the wound bed.! We hypothesized that the presence of
CNCs would allow to obtain fibrinogen/thrombin mixtures stable enough to be prepared and
extruded before gelation. Preliminary experiments following standard protocols®® did confirm this
hypothesis, demonstrating that fibrinogen-CNC-thrombin mixtures constitute injectable

formulations (Supplementary Information, mov-fbg and mov-fbgenc)

Conclusions

This work aimed at designing CNC-reinforced fibrin nanocomposite hydrogels using unmodified
cellulose nanocrystals and concentrated fibrinogen solutions with potential applications as
biomaterials. Although fibrinogen adsorption on CNC was not electrostatically favored in neutral
pH conditions, it did occur in non-negligible amounts (ca. 100 mg.g™!). One of the most interesting
consequence of such an adsorption is that CNCs decrease the viscosity of diluted fibrinogen
solutions and that fibrinogen favors the alignment of CNCs under flow. Moreover, although CNCs
has a strong influence on fibrin gel formation, both in terms of kinetics and nanostructures, the
obtained hydrogels could show an improvement of storage modulus (up to 4-fold) and formation
of long myotubes, up to 800 um. Taken together, these results suggest that CNC-fibrinogen
mixtures have a strong potential as injectable formulations for the in sifu formation of

nanocomposite hydrogels favoring muscular tissue regeneration.
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