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Biological tissues rich in type I collagen exhibit specific hierarchical fibrillar structures together
with remarkable mechanical toughness. However, the role of collagen alone in their mechanical
response at different structural levels is not fully understood. Here, we propose to rationalize
such challenging interplay from a materials science perspective through the subtle control of
this protein self-assembly in vitro. We rely on a spray-processing approach to readily use the
collagen phase diagram and set a palette of biomimetic self-assembled collagen gels in terms
of suprafibrillar organization. Their mechanical responses unveil the involvement of
mechanisms occurring either at fibrillar or suprafibrillar scales. Noticeably, both modulus at
early stage of deformations and tensile toughness probe the suprafibrillar organization, while
durability under cyclic loading and stress relaxation reflect mechanisms at the fibril level. By
changing the physico-chemical environment, we modify the interfibrillar interactions towards
more biomimetic mechanical responses. The possibility to make tissue-like materials with

versatile compositions and toughness opens perspectives in tissue engineering.



1. Introduction

Soft matter science and engineering has been particularly inspired by living matter™ to
develop synthetic soft and ‘smart’ materials using macromolecular and supramolecular
chemistries.[2®1 Analogs of metabolic processes were introduced such as stimuli-responsive
motions,™ self-healing or mechanical training and learning capabilities.[®"] By capitalizing
on strategies observed in nature such as the sacrificial bond concept,® toughness and damage
tolerance of conventional synthetic gels were improved by covalent or physical bond
breaking.[>% In parallel, other attempts have been performed by using natural polymers*! to
mimic more closely the performances of biological materials.

The abundance of type | collagen in extracellular matrices (ECM) of vertebrates, the
diversity of ultrastructures that it forms and its functions in vivol'? testify to the scientific
interest towards this protein from both fundamental and applicative points of view. Many
attempts have been made in the biomaterial field to propose collagen gels for tissue repair.**!
By taking advantage of in vitro collagen liquid crystal properties,*4 tissue-like ultrastructures
have been reproduced.[*>*¢! Indeed, the phase diagram of collagen molecules in vitro consists
of mesophases, arising from spontaneous self-assembly modulated by pH and ionic strengtht*’]
which resemble ECM organizations above 4 wt%. Up to now, four collagen mesophases have
been identified: nematic (N) just above 4 wt% where alignment domains resemble the fibrillar
arrangement in dermis, precholesteric* (P*) around 4.5 wt%[® as cornea-like plywood,
precholesteric (P) below 8 wt% as tendon-like crimp morphology and cholesteric (C) above 8
wt% as bone-like twisted plywood. Such organizations were shown to be stabilized by a sol-
gel transition triggered through a pH increase.l*® Three dimensional materials characterized by
a high density and subsequent hierarchically ordered collagen fibrils are obtained following
different procedures proposed in the literature.l’°! Because of a sharp increase in viscosity
entailed by strong supramolecular interactions, the precise control of collagen concentration in

highly concentrated collagen gels remains challenging. Yet, the setting of a palette of tough
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collagen gels with physical bonds is of high importance for the understanding of the structure-
properties relationship in biological tissues; and more specifically of their mechanical response.
Noticeably, it was shown that synthetic collagen material with bone-like features exhibits
higher stiffness with a low rate of mineral (organic/inorganic ratio 94:6 wt%)? than a collagen
matrix fully mineralized (organic/inorganic ratio 75:25 wt%).1?2 This provided experimental
evidence for the common statement that collagen micro-architecture is the most important
criteria to assess bone mechanical performance. The fact that native collagen-rich tissues are
much more complex in composition, e.g. proteoglycans,?® chemical crosslinks evolving with
time,[!! variability due to the anatomic location®® and anisotropy!?®! complexifies the
discrimination of the role of collagen at its diverse hierarchical levels.

Here, we propose a simple manufacturing method to prepare type | collagen gels as
models to study the intricate interplay between collagen fibril to suprafibrillar self-assembly
and mechanical response in biological materials. We capitalize on the previously described
process to prepare non-denatured collagen microparticles by spray-drying®” to produce 3D
tissue-like collagen gels in terms of fibrillar microstructure. The approach is bioinspired, relying
on the secretion of collagen by cells to form the ECM. The different models were validated
thanks to their biomimetic microstructures and their non-linear mechanical response at large
strain, characteristic of fibrillar collagen gels.[?®! Free of covalent crosslinks and other ECM
components, the comparison between collagen and gelatin gels—where both the fibrillar and
the suprafibrillar levels are absent—demonstrates that fibrillar self-assembly promotes the
formation of tough hydrogels. Using such tissue-like collagen models, we probe different
hierarchical levels with relevant mechanical loading that further lead us to infer the role of other
ECM components by comparison with the mechanical response of biological tissues. Overall,
the work offers a versatile platform to better understand the structure-properties relation in

collagen-based ECM.



2. Setting a Palette of 3D Biomimetic Collagen gels as Tissue Analogues

Purified acidic (molecular) collagen solutions were prepared from rat tail tendons (see
Methods). As depicted in Figure la, dense collagen microparticles were produced by spray-
drying®?”! and mixed with acetic acid aqueous solution. The rationale in using this method is
that a simple weighing of the collagen microparticles determines the concentration of the gel.
A series of collagen gels was obtained by targeting a wide range of concentration to scan the
phase diagram.™®! Seven different concentrations were fixed i.e. 1.8, 2.7, 3.6, 4.5, 5.4, 6.3 and
7.2 wt% of collagen, by taking into account the presence of about 10 wt% water in the collagen
microparticles.?”l The concentrated collagen solutions were then set into a silicone-and-glass
cubic centimeter mold. In order to induce the sol-gel transition, the surrounding pH was
increased by ammonia vapor which diffused through the silicone mold without changing the
concentration. Increasing the pH resulted in the precipitation of the collagen molecules into
collagen fibrils by supramolecular self-assembly, leading to the formation of typical cross-
striated fibrils as observed by Transmission Electron Microscopy (TEM) (Figure 1b). For gels
with concentration above 4 wt%, the in vitro fibrillogenesis step fixes as well the suprafibrillar
network topology.!*®! Samples were then rinsed in aqueous solvent before characterization in
order to reach a neutral pH.

The fibrillar microstructure was assessed by TEM observations. As shown in Figure 1c,
at 2.7 wt% fibrils are randomly distributed as expected since the concentration is below the
isotropic/anisotropic transition. Some aggregates are also observed locally. At 4.5 wt%,
interestingly, the plywood organization reported in self-assembled collagen matrices
mimicking the ultrastructure of corneal®® is reproduced. Nevertheless, the thickness of the
sample (too low) precludes conclusion on its transparency (Figure S1). And indeed, at 7.2 wt%,
a wavy pattern characteristic of the precholesteric organization is observed in the sample. As

suggested by the strong differences in opacity of the matrices (Figure S1), the most concentrated



collagen gels exhibit submicron-sized heterogeneities due to partially dissolved collagen
microparticles (see also observation by Scanning Electron Microscopy (SEM) in Figure S2).
This is also reflected by the observations of highly oriented domains, e.g. alignment between
partially dissolved microparticles (Figure 1c) and cholesteric patterns (Figure S3).

In summary, TEM observations strongly suggest that the phase diagram of collagen
remains unchanged with this new process of matrices’ elaboration, thus confirming the
reliability of the processing strategy.

3. Initial Stiffness and Tensile Toughness Probe Suprafibrillar Organization

Adapted mechanical testing conditions were developed to explore the mechanical
response of the gels in hydrated state according to the phase diagram. Drying of the samples
was considered as negligible during testing timespan (less than 3 %). Since the gels are
dissolved at low pH (Figure S4), it is worth reminding that only physical supramolecular
interactions govern their integrity from molecular to macroscopic scale. The tensile behavior is
non-linear (Figure 2a), exhibiting a J-shaped stress-strain curve which is a common feature of
soft biological tissues,?! fibrillar collagen gelst®! and hydrated collagen fibrils themselves!®!.
Thus, in addition to TEM observations, this result shows that characteristic features of
biological ECM are reproduced only through collagen self-assembly in water and noticeably,
without requiring widely used chemical crosslinkers such as aldehydes.®?! During the early
stages of deformation (toe region), mechanical response is assigned to the unfolding of the
collagen molecule ends present in the gap regions.[?8l At large strains, strain-hardening (linear
region) is observed. The physical crosslinks, which may break and form again during stretching
of the material, enable gliding at molecular and fibril scales.!?®! Figure 2a, inset compares the
tensile response of collagen and gelatin gels. In the case of gelatin, the irreversible partial
denaturation of the native collagen triple helix into a more random coiled structure prevents the

self-assembly into hierarchical structures. Therefore, gelatin gels rather exhibit a conventional



rubber-like (non-hookean) stress-strain response. The rigidity of collagen and gelatin gels
increases with their concentration (Figure 2b), within the investigated concentration range.
Discrepancies are enhanced at higher collagen concentrations, possibly due to local variations
in concentration from the incomplete dissolution of collagen microparticles mentioned above
(Figure S1). Besides, this can also arise from random shearing effects owing to injection above
the liquid crystal threshold. However, for the same concentration and comparable composition,
collagen gels exhibit higher stiffness (c.a. by one order of magnitude) than gelatin gels. In
addition, unlike gelatin gels for which elastic modulus scales linearly with concentration,
collagen gels display a non-linear dependency presumably assigned to their fibrillar nature!®!
rather than to their assembly at higher scale.

To go deeper in the understanding of the relationship between non-linear tensile
response and the gels ultrastructure, further investigations were performed on three gels being
representative of the different organizations in the collagen diagram, namely isotropic (2.7
wit%), P* (4.5 wt%) and P (7.2 wt%). Given the thickness of the mold (~2 mm), the ammonia
vapors exposure time was fixed at 3 hours, determined experimentally as the minimum time to
obtain sample-scale gelation (~1 mm h).[24l Collagen microparticles dissolution time was fixed
at 30 min in order to enable collagen molecules self-assembly within a controlled timespan. As
shown in Figure 2c, the tensile behavior is highly reproducible for the three investigated
concentrations demonstrating the reliability of our set-up (see Methods). Inspired by the non-

linear elasticity of soft tissues,?®! the tensile curves were fitted with an exponential equation:

o(e) = A (exp(e/enara) — 1) 1)

where A (in kPa) and &;,,,4 are positive constants, o is the nominal stress (in kPa) and ¢ the
strain; €54, defines a characteristic strain at which strain hardening operates. The exponential
fit provides a description of experimental data by ¢;,,,.4 identification (Table 1). By comparison

with the two other concentrations, the strain-hardening for 7.2 wt% collagen is less pronounced
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within the investigated strain. The fact that partially dissolved microparticles remain at this
concentration as observed by electron microscopies, possibly reduces the relative mobility of
the collagen fibrils. This could prevent efficient interfibrillar gliding shifting hardening
processes at higher strains thus increasing €44

Measured values of stress at break (often defined as ultimate tensile strength, UTS) are
73.3+21.9 kPa, 159.4+18.9 and 173.7+26.3 kPa at 2.7, 4.5 and 7.2 wt%, respectively (Figure
2d). Interestingly, the UTS values at 4.5 wt% and 7.2 wt% are higher than that of dense but not
self-assembled collagen gels (100 kPa at 12 wt% of collagen).[*®l The stress at break of the
collagen gels show a substantial increase (p<0.05) after the isotropic/anisotropic threshold, like
toe modulus (p<0.0001) (Figure 2d) that emphasizes the effect of suprafibrillar assembly. The
fracture energy on notched specimen appears less sensitive to the isotropic/anisotropic
threshold but increases significantly at higher concentrations (p<0.001) along with toe modulus
(p<0.05). This feature strongly contrasts with the fracture behavior of rubber-like materials like
synthetic gels. Their threshold fracture energy scales with E-*2351 meaning that increasing
rigidity has a detrimental effect on fracture resistance. Nevertheless, even taking into account
the great variabilities in toughness in literature and the associated difficulty to make an estimate
independent on geometry, the toughness of the collagen gels (40-100 J m™) is rather low
compared to that expected for biological soft tissues (kJ m2).[%¢! This may be explained by the
presence of hierarchical organization at higher levels in biological tissues, together with other
components and covalent crosslinks. Optimizing the process for promoting anisotropy at higher
scale in the collagen gels could improve their efficiency in slowing down crack propagation,
like in macroscopically organized tissues such as tendons.’]

In summary, the collagen gels exhibit tissue-like tensile response related to their

microstructure where addition of biological components should improve their mechanical



performances to reach that of biological tissues. Thus, they offer a reliable model upon which
we investigated further the role of collagen in the ECM at different hierarchical fibrillar levels.
4. Long Term Stability and Durability of the Collagen Gels Reflect Mechanisms at the
Fibril Level

Long-term stability was first experienced by soaking the gels for weeks to months in
sterile milliQ water (Figure S5). As depicted in Figure 3a, collagen concentration after swelling
remained within 7 % difference of their initial concentration, indicating that the process
preserved gel integrity by providing strong fibrillar interactions. This behavior is consistent
with previous observations of dense collagen matrices after long-term storage in physiological-
like media.l*®%] The thermal stability of the collagen gels was investigated by differential
scanning calorimetry (DSC). As depicted in Figure 3b, gels display an endotherm at 52 °C
characteristic of fibrillar collagen denaturation.® The estimated values of enthalpy, around 36-
40 J gt for all concentrations, are commensurable with that of rat tail tendon (around 54 J g°
1.1 physical interactions in the collagen gels at fibril scale appear strong enough to sustain
tissue-like durability, in agreement with their swelling behavior.

Fatigue tests were carried out to assess gel durability under cyclic strain. An immersion
cell was designed (Figure 3c, inset), filled with phosphate buffer saline (PBS) to control the
long term environment of the gel upon cycling and tend to a more physiological environment.
After being equilibrated in PBS for at least two weeks, gels were clamped and durability was
investigated for 1000 cycles up to a maximal strain of 20 %. This strain limit was chosen as a
compromise to be sufficiently far from the beginning of the toe region that appears less sensitive
to viscoelastic effects (Figure S6) and far from damage mechanisms before failure as well. The
total experiment lasted 1.5 hours. For the three concentrations (Figure 3c and Figure S7),
collagen gels exhibit typical fatigue behavior of tendons.*! The first cycle demonstrates

hysteresis, followed by cycles presenting a slight residual strain but almost closed-loops and a



mechanical response well-overlapped without dramatic softening or creeping phenomena over
time. Usually, in synthetic materials, damage mechanisms and/or stress relaxation operate
during repeated mechanical cycling which result into a decrease in stiffness upon cycling.[*
Here, in contrast, normalized secant modulus of collagen gels initially display a slight increase
in rigidity (12+3 %, 7+1 % and 4+2 % at gel concentrations 2.7 wt%, 4.5 wt% and 7.2 wt%
respectively) up to an optimum between 50-100 cycles (Figure 3d). It is followed by a
continuous decrease in rigidity, presumably due to damage mechanisms. Such behavior may be
due to training capabilities as reported in synthetic gels.[®"] Noticeably, tendons exhibit such a
behavior with a stiffness increase of 18+11 %.[4%l In fact, the observed reinforcement could
possibly arise from interactions at fibril scale.[**l More specifically, it could be due to a lateral
fusion of fibril units as reported in dense but not self-assembled collagen gels.*® Such
preeminence of physical interactions at fibril scale is consistent with the plotted dissipated strain
energy densities for the three concentrations (Figure S8): they merge into a master curve after
normalization by the area under the loading curve (Figure 3e). An alternative hypothesis would
be that the moderate strain loading is too low to trigger suprafibrillar mechanisms. Nevertheless,
potential screening effects induced by PBS ions in the medium cannot be excluded, as they are
likely to occur in physiological conditions. Therefore, covalent crosslinks in ECM could help
maintain tissue integrity and mechanical properties towards cyclic loadings (Figure 3e,
scheme).

In order to probe time-dependent deformation mechanisms at a strain level of 20 %,
collagen gels were submitted to stress-relaxation tests. As plotted in Figure S9, collagen gels
exhibit a tissue-like viscoelastic response.[*l When plotted on a log-log scale, the three
concentrations show a similar decay with time (Figure 3f), with a slope equal to n=-
0.081+0.006. This value is comparable to those obtained for tendons (n=-0.051 to -0.113)

stretched at physiological strains (2-6 %, within the toe region).[*’! Besides, stress-time curves



normalized by peak stress at all concentrations collapse into a master curve (Figure 3g), which
suggests that strain accommodation could proceed by the same dynamics and presumably same
mechanism. Therefore, it appears that (i) suprafibrillar structure has little influence on stress-
relaxation behavior i.e. time-dependent phenomenon are likely to occur at fibril scale, and (ii)
pure collagen matrices seem to display intrinsic viscous dissipation mechanisms regardless of
the presence of other ECM components. In biological tissues, this behavior is most probably
modulated by the surrounding non-fibrillar matrix rich in polysaccharides such as
glycosaminoglycans (GAGs) (Figure 3g, scheme), which interact with the fibril surface.[3:4°]
In summary, the time-dependent response of the collagen gels appears to reflect
mechanisms at the fibril scale as schematically illustrated in Figure 3. It highlights the need for
covalent crosslinks and/or other ECM components (e.g. GAGS) in the mechanical performances
of biological tissues. One step further, we decided to modify the physical interactions at the
fibril scale in order to probe their influence on the mechanical behavior.
5. Tuning Interfibrillar Interactions Towards More Biomimetic Mechanical Responses
First, we explored the influence of PBS ionic species on the tensile behavior of gels at
4.5 wt% and compared it to that of pig cornea. Collagen gels were immersed and equilibrated
in PBS after in vitro fibrillogenesis in ammonia vapors at standard conditions (3 h). Unlike gels
equilibrated in milliQ water, they are more compliant in the toe region thus closer to the
behavior of pig cornea (Figure 4a). In fact, such collagen gels have a lower concentration at
equilibrium (around 2.7 wt%), indicating that they tend to swell more than gels stored in milliQ
water. Besides, their tensile behavior is close to that of a collagen gel at 2.7 wt% stored in
milliQ water. Interestingly, collagen gels synthesized by fibrillogenesis in PBS and stored in
PBS also tend to be more compliant. Their concentration at equilibrium is around 3.7 wt%. In
addition, DSC thermograms (Figure 4b) show that the use of phosphate buffer leads to two

endothermal peaks (T=43 °C and T=52 °C) versus one at 52 °C in milliQ water. This suggests
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that phosphate ions adsorbed onto fibrils weaken interfibrillar interactions by recruiting water
molecules®™! and/or modifying the surface charge of fibrils thus increasing macroscopic gel
swelling together with osmotic effects. Interestingly, SEM observations reveals an
heterogeneity in fibril thickness when PBS is used (Figure 4c) suggesting that each endothermal
peak is assigned to a different fibril population namely lower thickness at 52 °C (white star)
and higher thickness at 43 °C (white arrow) (Figure 4b-c). This is in agreement with previous
works in the literature reporting that (i) phosphate and sodium ions influence fibril morphology
in low concentrated collagen gels®®Y and (ii) at specific ionic strengths, dense collagen gels
exhibits two fibril populations in terms of thickness.[®?! This indicates that, even after in vitro
fibrillogenesis, potential ion-induced structural modifications during storage can participate in
gel softening. Such phenomenon is likely to occur since sodium ions are described to modulate
mechanical properties of naturally cross-linked ECM.2®l By evidencing that the mechanical
response is driven here by both the homogeneity in fibril size and the nature of ionic species
(Figure 4b, scheme) as reported in vivo,[?®5%1 we show that it is possible to discriminate the
implication of collagen at the fibril scale in the mechanical response of biological tissues.

It is worth mentioning that changing the exposure time to ammonia vapors from 3 h, to
15 h and 48 h using the same initial collagen concentration (4.5 wt%) resulted in slight
differences in the non-linear stress-strain response (Figure 4d) but almost identical toe modulus
(Figure S10). As reported in Table 2, g;,,,.4 increases with increasing times of fibrillogenesis
suggesting that interfibrillar gliding at the origin of strain-hardening becomes less efficient.
Besides, the enthalpy of denaturation increases as well (Figure 4e), from 47+2 J g%, to 67+2 ]
gland 71.5+0.5 J g* after 3 h, 15 h and 48 h ammonia exposure times, respectively. Both tend
to show a reinforcement of supramolecular interactions. In fact, different stages of aggregation
during self-assembly process of collagen molecules into fibrils are identified in vitro®

including microfibrils.® Thus, at constant collagen concentration, an increase in fibril
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thickness possibly occurs with increasing times of fibrillogenesis (Figure 4d-e, scheme) as
previously observed.[!

Finally, the stress-strain response of pig cornea exhibits dramatic non-linearity: low toe
modulus followed by a linear modulus that remains orders of magnitude greater than that of our
collagen gels. This strain-hardening could be explained by (i) the presence of an additional non-
fibrillar matrix in the cornea (e.g. proteoglycans) promoting stiffness,?® and/or (ii) a
suprafibrillar organization at larger scale in cornea, while our gels are composed of locally
anisotropic domains randomly distributed in the bulk.

In summary (Figure 4f), modifying fibrillogenesis and post-fibrillogenesis conditions
enable us to propose a palette of concentrated collagen matrices (diamonds) with mechanical
properties close to those of biological tissues (circles). Like non-self-assembling processing
approaches in the literature (triangles), our system is highly versatile and exhibits higher
stiffnesses than other self-assembled collagen matrices (squares). Besides possible processing
improvements (e.g. dissolution time of microparticles), going beyond 7.2 wt% in collagen
concentration opens perspectives to reach mechanical performances closer to those of tendons
or blood vessels.

6. Conclusion

We have set a range of tough collagen matrices characterized by different fibrillar
microstructures, which geometries follow that described in the molecular collagen phase
diagram. They qualitatively exhibit mechanical responses mimicking those of biological
tissues, enabling to discriminate the implication of intra- and interfibrillar interactions, and of
suprafibrillar assembly. Adding organic additives (such as polysaccharides, non-collagenous
proteins) or mineral to mimic more closely various biological tissues will open perspectives for

a better understanding of the structure-property interplay in collagen-based ECM. Noticeably,
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their use as cell culture substrates could provide local information for tissue-adapted cell

behavior.7]
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7. Experimental section

Synthesis of concentrated collagen gels: Collagen solutions were extracted and purified from
rat tail tendons following a procedure described elsewhere.'l Collagen microparticles were
formed by using a Biichi B290 mini spray-drier following a procedure described elsewhere.[?’]
The resulting collagen powder was weighed to determine the final concentration (1.8 wt% to
7.2 wt%) and mixed with acetic acid at low concentration. Two protocols were used for gel
synthesis. For the first series of gels: the solution was placed in a syringe and injected into a
home-made silicone mold (15x25x2 mm?®) through a 26 G needle. Fibrillogenesis was
performed by increasing pH up to 9-10 units by ammonia vapor diffusion(*®l overnight. Then,
gels were directly placed in sterile phosphate buffer and stored at 4 °C. For the other series: the
solution was centrifuged for 2 minutes at 26000 g at 4 °C in order to remove air bubbles. The
solution was then spread in the silicone mold (same dimensions) by using a spatula.
Fibrillogenesis was performed by increasing pH up to 9-10 units by ammonia vapor diffusion(*®]
for 3 h, 15 h or 48 h. Then, gels were thoroughly rinsed with sterile milliQ water or sterile PBS
until the surrounding pH stabilized around 6-7 units, and further stored in sterile milliQ water
or sterile PBS at 4 °C. For the fibrillogenesis in PBS, specifically designed immersion molds
were used, consisting in two 3D-printed plastic frames covered with 3.5kDa dialysis membrane
sandwiching a 2 mm thick silicone spacer. After centrifugation, collagen solutions were
carefully spread in the mold in sterile conditions. After sealing, the immersion mold was placed
for 4 days in a PBS bath at 4 °C. Collagen gels were then removed and stored in sterile PBS at
4°C.

Mechanical characterizations: Mechanical tests were performed with an Instron tensile testing
machine (models 5565 and 5965) equipped with a 10 N load cell (with relative uncertainty of
0.16 %) and Bluehill software. Gels were punched at the following dimensions: 20 mm x 5 mm

x 2 mm. For the first series of collagen gels, tensile tests were performed on hydrated samples
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(3 specimen per condition) at room temperature using home-made clamps recovered with white
Velcro-like grips, at a strain rate of 0.06 s*. The deformation was followed using a video
extensometer (relative uncertainty of 0.11 % at full scale), by putting two separated white dots
on the sample. After the first series, new clamps were engineered with a striated surface to avoid
slippage. Their efficiency was verified by using the extensometer with collagen gels at various
concentrations. An optimal tightening torque was determined at 7 cN m™, to hold the sample
by preventing slippage and without damaging it. Negligible slippage was observed after
analysis. Such conditions were used for tensile tests for the other collagen gels series and gelatin
gels (2 to 3 specimen per condition). Stress-relaxation tests were performed at room temperature
on hydrated samples (3 specimen per condition). A loading ramp at 0.6 s was imposed from 0
% to 20 % strain, then the sample was held at 20 % strain for 400 s. Drying of the collagen
samples was considered as negligible during this time span (less than 3 % weight loss). Cyclic
tests were performed by placing the striated clamps holding the sample in a home-designed
chamber containing phosphate buffer at room temperature. Collagen samples were equilibrated
at least two weeks in phosphate buffer prior to the test (2 to 3 specimen per condition). Cyclic
loading was performed at a strain rate of 0.06 s, up to 20 % deformation, down to 0 N, during
1000 cycles. The mean buoyancy was subtracted from the measured force induced by the
sample by running the test without sample for 10 cycles (minimum condition set at initial
sample length), keeping the same volume of phosphate buffer in the chamber. All data were
analyzed using IgroPro software. The toe modulus of the collagen gels was measured by a linear
fit within the first 20 % deformation. The linear modulus of the collagen gels was measured by
a linear fit within the last 10 % of the stress-strain curve before failure. The elastic modulus of
the gelatin gels was calculated by a linear fit within the first 10 % deformation of the stress-

strain curve.
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Comparative statics: analyses were based on Student’s t-test with two-tailed distribution. A p-
value < 0.05 was considered statistically significant.

More information about other materials (gelatin gels, pig cornea) and characterizations (DSC,
TGA, collagen gel concentration, swelling and dissolution, SEM and TEM preparation and
observations) can be found in the Supporting Information.
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a Dense collagen Collagen microparticles dissolved Highly concentrated
microparticles in acetic acid solution 3D collagen gels

— & O°
) o © —4 Sol-gel
%0 ) transition
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Spray-drying of dilute Centrifugation of concentrated Ammonia vapors diffusion
collagen solution collagen solution

@ 30-300 nm

Fibril scale Suprafibrillar scale

Figure 1. a) Schematic of the process for setting highly concentrated collagen gels. First, an
acidic collagen solution (molecular form) is spray-dried to form dense collagen microparticles.
The microparticles are mixed with acetic acid aqueous solution and set into a 3D mold after
centrifugation to remove air bubbles. The sol-gel transition is induced by ammonia vapors,
leading to a pH increase that precipitates collagen molecules into b) cross-striated fibrils (TEM
micrograph), thus stabilizing the 3D collagen gel; c) At suprafibrillar scale, fibrillar patterns
resembling those of collagen mesophases in solution (inset in pink) are observed, namely
isotropic (top left), precholesteric* (bottom left) and precholesteric (right). Partially dissolved

collagen microparticles (white cross) are observed in the most concentrated samples.
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Figure 2. a) Representative stress-strain curves showing J-shaped tensile behavior of the first
series of collagen gels from 1.8 wt% to 7.2 wt%, compared to that of a gelatin gel at 8 wt%
(inset); b) Non-linear increase of linear modulus of first series of collagen gels against
concentration, in contrast to that of gelatin gels (dashed lines serve as a guide to the eye); c)
Collagen gels at 2.7 wt%, 4.5 wt% and 7.2 wt% after 3 h exposure to ammonia vapors show
reproducible tensile behavior, the exponential fit is in good agreement with the stress-strain
curves; d) Toe modulus and UTS of collagen gels at 2.7 wt%, 4.5 wt% and 7.2 wt% significantly
increase with their respective fracture energy (related to the strain energy required to propagate
a crack across sample width) above the isotropic/anisotropic threshold (*p<0.05, ** p<0.001,

***n<0.0001).
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Figure 3. a) Limited swelling of the collagen gels after several weeks in milliQ water; b)
Thermal behavior of the collagen gels probed by DSC showing little influence of concentration
on denaturation temperature; c) Fatigue behavior of a collagen gel at 4.5 wt% resembling those
of collagen-rich tissues (inset: immersion chamber filled with PBS specifically designed for
cyclic tests); d) Secant modulus at 10% deformation of collagen gels at 2.7 wt% 4.5 wt% and
7.2 wt% submitted to cyclic testing indicates a self-reinforcement of the gels before damage

occurs— the gel at 2.7 wt% appears to have a more variable behavior; €) Normalized dissipated
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strain energy density corresponding to the area of the loops during cyclic testing of collagen
gels at 2.7 wt%, 4.5 wt% and 7.2 wt% normalized by the area under each loading curve; The
scheme highlights the possible role of cross-links in ECM deduced from cycling; f) Log-log
plot of stress-relaxation behavior of collagen gels showing the same time-dependency for all
concentrations; g) Stress-relaxation curves normalized by peak stress collapse into a master

curve. The scheme highlights the possible role of GAGs in ECM during stress accommodation.
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Figure 4. a) lonic strength and type of ionic species influence tensile response; b) Storage media

can induce fibril morphological modifications as evidenced by DSC; Both are illustrated in the

scheme; ¢) SEM micrograph of collagen gels initially at 4.5 wt% synthesized by fibrillogenesis

in ammonia vapors and stored in water (left) or PBS (middle) or synthesized by fibrillogenesis

in PBS (right); d) Non-linearity of the tensile response is modulated by the exposure time to

ammonia vapors; €) Collagen gels exposed longer to ammonia vapors exhibit higher enthalpy

of denaturation; The scheme below (d-e) illustrates possible modifications during fibril
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precipitation; f) Palette of mechanical properties of our collagen gels (diamonds) compared to
that of soft biological tissues (circles)!!3°8%51 and other collagen processing approaches

(triangles and squares)[18:3366671 within physiological loadings.
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Table 1. From stress-strain response of collagen gels: measured toe modulus Etee (first 20 %
deformation), linear modulus Ejin (last 10 % deformation), ultimate tensile stress, and &, ;4,4

obtained as fitting constant from equation (1).

Collagen gel NH3 3h
concentration
Eice Ein uTsS Enard
[kPa] [kPa] [kPa]
7.2 Wt% 220.1+14.6 319.1+43 173.7+26.3 1
4.5 wt% 159.3+20.6  438.7+125.8  159.4+18.9 0.36
2.7 wt% 66.1+2.8 162.4+39.7 73.3£21.9 0.5

Table 2. From stress-strain response of collagen gels at 4.5 wt% exposed to different ammonia
times: measured toe modulus Ewe (first 20 % deformation), linear modulus Ejin (last 10 %

deformation), ultimate tensile stress, and ¢;,,,.4 Obtained as fitting constant from equation (1).

Collagen NH; 3h NH; 15h NH; 48h
gel
concen-
tration
Etoe Eiin g;ard Eroe Eiin g;ard Etce Eiin gliard
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa]

4.5 wt% 159.3+20.6  438.7¥125.8 0.36 131.4+19.1 235+97.1 0.53 105+17.6 135.74#55.5 1.1

27



Supporting Information
Biomimetic Tough Gels with Weak Bonds Unravel the Role of Collagen from Fibril to
Suprafibrillar Self-Assembly

Milena Lama, Biravena Raveendranathan, Julie Brun, Francisco M. Fernandes, Cédric
Boissiere, Nadine Nassif,* and Alba Marcellan*

| | | » Collagen
l I I concentration

Figure S1. Macroscopic aspect of selected collagen gels. The gels appear transparent at 3 wt%

and 5 wt%, and with opaque domains at 8 wt%.

Figure S2. Scanning electron micrograph of a collagen gel at 8 wt%: partially dissolved

collagen microparticles are observed (left), together with aligned fibrillar domains (right).
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Figure S3. TEM micrograph of a collagen gel at 6.3 wt%: arched patterns reminding that of

cholesteric organization are observed.

Dissolution
in AAO,5M
(collagen gel
8wt%)

Figure S4. Full dissolution of a piece of collagen gel at 8 wt% in acidic conditions, showing

the reversibility of the physical interactions.
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Figure S5. Collagen gels reach equilibrium swelling in milliQ water after 2 weeks.
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Figure S6. Influence of the tensile strain rate on the toe modulus of the collagen gels.
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corresponding to the area of selected loops.
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Figure S9. Biomimetic stress-relaxation behavior of collagen gels showing good

reproducibility.
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Experimental section

Synthesis of gelatin gels: Type A gelatin (bloom number 300, MW between 50 000 g mol™ and
100000 g mol?) was purchased from Sigma Aldrich. A desired amount of gelatin
corresponding to the final gel concentration (between 3 wt% and 23 wt%) was weighed and
mixed with the appropriate volume of milliQ water. The gelatin solution was stirred for at least
2 hours at 55°C. After full dissolution, the solution was placed in a 2 mm thick mold recovered
with parafilm, left at room temperature for 2 hours and put in the fridge to induce gelation. The
gelatin gels were equilibrated at room temperature for 1 hour prior tensile testing.

Pig cornea: The cornea was removed from a 3 months-old pig by a surgeon. Under general
anesthesia and in sterile conditions, the cornea at its junction with the sclera was cut at 360°
and stored first in balanced salt solution (ophthalmic irrigation solution), then in Cornea Cold.
Differential scanning calorimetry: Experiments were performed with a TA Q-20 machine. The
heating rate was set at 5 °C min! and the temperature range from 20 °C to 80 °C. About 20 mg
piece of collagen gel (2 to 3 specimen per condition) was quickly blotted with Kimtech paper
to remove excess water, weighed and placed in a sealed aluminum pan. An empty sealed
aluminum pan was used a reference.

Thermogravimetric analysis (TGA): Experiments were performed with a SDTQ600 machine.
After setting the balance to zero, a collagen sample (about 40 mg) was cut, and quickly blotted
with Kimtech paper to remove excess water. The sample was then put in a platinum pan, next
to an empty platinum pan as reference. A heating rate of 5°C min™* was used, from room
temperature to 650 °C under air for complete degradation of collagen.

Collagen gel final concentration: Pieces of the collagen gel (2 to 3 specimen per condition)
were cut and prepared for TGA according to the protocol described above. After performing
the experiment, water content in wt% was determined from the TGA curve at 200°C. Indeed,

the thermal decomposition of a collagen gel with air takes place in two steps!*: physisorbed
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water evaporates until 200°C, then, until 600°C collagen is mainly degraded into water and
carbon dioxide.

Weighing of samples for swelling measurements: Straight after synthesis, small pieces of
collagen gels (=70 mm?3) were cut and weighed (3 specimen per condition). Then, the pieces
were placed in an Eppendorf in sterile milliQ water and weighed at desired time intervals after
removing excess water by blotting with Kimtech paper.

Transmission electron microscopy: The collagen gel pieces (2 specimen per condition) were
fixed in glutaraldehyde solution (2.5 %). After washing in cacodylate/saccharose buffer
solution, they were post-fixed in osmium tetroxide solution (2 %). After washing, the samples
were dehydrated through ethanol baths (from 50 % to 100 % ethanol). Then, they were
embedded in araldite resin for ultrathin sectioning (~70 nm) performed with an Ultracut 7
(Leica), the sections were further deposited on copper grids. Observations were carried out by
using a FEI TECNAI G2 Spirit Twin electron microscope operating at 120kV.

Scanning electron microscopy: The collagen gel pieces (2 to 3 specimen per condition) were
fixed in glutaraldehyde solution (2.5 %). After washing in cacodylate/saccharose buffer
solution, they were dehydrated through ethanol baths (from 30 % to 100 % ethanol).
Supercritical CO> drying was performed by a CPD-300 (Leica). Dried samples were cut into
pieces, put on carbon tape covering sample holders, covered with a gold layer (15 nm).
Observations were carried out by using a FEG Magellan 400 FEI Thermofisher microscope
operating at 3 KV and 25 pA.

Collagen gel dissolution: A piece (~100 mm?) of collagen gel at 8 wt% was put in acetic acid

(0.5 M) and stirred for 24 hours until full dissolution (1 specimen).
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