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Biological tissues rich in type | collagen exhibit spediiierarchicafibrillar structures together
with remarkablenechanicatoughnessHowever, the role of collagen alone in their mechanical
response at differemtructurallevelsis not fully understoodHere we proposdo rationalize
such challengingnterplayfrom a materials science perspective through the subtle control of
this protein selassemblyin vitro. We rely on a sprayprocessing approado readilyusethe
collagen phase diagram aget apaletteof biomimeticsel-assembledollagen gelsn terms

of suprafibrillar organization Their mechanical responses unvefle involvement of
mechanism®ccurring eitheat fibrillar or suprafibrillar scale Noticeably,both modulus at
early stage of deformations and tensile toughness probe the suprafibrillar organiziilien
durability under cyclic loading and stress relaxation reflect mechanisms at the fibriBgvel.
changing the physieohemical envionment, wemodify theinterfibrillar interactions towards
more biomimetic mechanical responsédhe possibility to maketissuelike materials with

versatilecompositionsand toughnesspensperspectives in tissue engineering.



1. Introduction

Soft matter science and engineering has lpeeticularlyinspired byliving mattef!! to
develop synthetic soft and pV P DnulWrfals using macromolecularand supramolecular
chemistried?® Analogs of metabolic processe®re introducedsuch asstimuli-responsive
motiors,! self-healindg® or mechanicatraining and learningcapabilitied®” By capitalizing
on strategies observed in nature such as the sacrificial bond ¢Shtmpihness and damage
tolerance of conventional synthetic gelswere improved by covalent or physical bond
breaking®!% In parallel, other attempts have been performed by using natural pdfyhiers
mimic more closely the performances of biological materials.

The abundane oftype | collagen irextracellularmatices (ECM) of vertebratesthe
diversity of ultrastructureghat it forms and its functionsin vivd'? testify to the scientific
interesttowards this proteirfrom both fundamentaland applicative points of view.Many
attempts have been made in tiematerialfield to propose collagen gels for tissue repair
By taking advantage af vitro collagenliquid crystal propertieB4 tissuelike ultrastructures
havebeenreproduced'®!® Indeed the phase diagraof collagen moleculem vitro consists
of mesophasestrising from spontaneous sal§semblynodulated by pH and ionic strenfth
which resembl&CM organizationsbove4 wt%. Up to row, four collagen mesophases have
beenidentified nematic(N) justabove4 wt% wherealignmentdomainsresemblehe fibrillar
arrangement in dermigprecholesteric*(P*) around 4.5wt%/*®l as cornealike plywood,
precholesteri¢P) below 8wt% astendonlike crimp morphology and cholestel€) above 8
wt% asbonelike twisted plywoodSuch organizizons were shown to be stabilizeg asol
gel transition triggerethrougha pH increas€® Three dimensionahaterials characterized by
a high densityand subsequerttierarchically ordered collagéibrils are obtainedfollowing
different procedureproposed in the literatufé’! Because of a sharp increase in viscosity
entailed by strong supramolecular interactionsptieeise control of collagen concentratian
highly concentrated collagagelsremainschallenging Yet, the setting of a palette adugh
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collagengels withphysicalbondsis of high importance fothe understanding of the structure
properties relationshiip biological tissuesand more specificallgf their mechanical response.
Noticeably it was shown thasyntheticcollagenmaterial with bondike featuresexhibits
higherstiffnesswith a low rate of minetgorganic/inorganic ratio 94&t%)?* than a collagen
matrix fully mineralized(organic/inorganic ratio 75:2&t%).1??l This providedexperimental
evidence forthe common statement that collagen miarohitecture is the most important
criteria to assessonemechanicaperformanceThe fact that ative collagenrich tissues are
much more complex in compositioga.g. proteoglycansg?® chemical crosslinks evolving with
time,®¥ variability due to the anatomic locatiéth and anisotrop¥®! complexifies the
discrimination of the role of collageat its diverse hierarchical levels

Here we proposea simple manufacturing method to prepamee | collagen gelsis
modelsto studythe intricate interplay betweesollagen fibril to suprafibrillar selassembly
and mechanical response hiological materials.We capitalize on the previously described
process to prepare nafenatured @llagen microparticledy spraydrying?”! to produce3D
tissuelike collagen gels in terms @brillar microstructure Theapproachs bioinspiredrelying
on the secretionof collagenby cells to formthe ECM The different modelsvere validated
thanks totheir biomimetic microstructures arlkar nontlinear mechanical responss large
strain characteristiof fibrillar collagen gel$?® Free ofcovalentcrosslinks and other ECM
components, theoenparisonbetween collagen angklatin gel$ where both the fibrillar and
the suprafibrillar levels arabseng demonstrateshat fibrillar selfassembly promotethe
formation of tough hydrogeldJsing suchtissuelike collagen modelsye probke different
hierarchical levelsvith relevant mechanicéadingthatfurther lead uso infer the role of other
ECM components by comparison witlhe mechanical responselwblogical tissuesOverall,
the work offersa versatileplatform tobetterundersand the structurproperties relation in

collagenbased ECM.



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

Purified acidic (molecula) collagen solutions wengreparedrom rat tail tendons (see
Methods).As depicted inFigure 1a, dense collagemicroparticleswere produced by spray
drying?”! and mixed withacetic acidaqueous solutiariThe rationas in using this method is
that asimple weighing of the collagen microparticl#stermines theoncentration of the gel.
A series of collagen gels was obtained targetinga wide range of concentratioa scan the
phase diagrart® Sevendifferentconcentrationsvere fixedi.e. 1.8, 2.7, 3.6, 4.5, 5.4, 6.3 and
7.2wt% of collagen by taking into account the presence of abouw®@ water in the collagen
microparticled?”! The concentratedollagensolutionswere then seinto asilicone-andglass
cubic centimetemold. In order to induce the sgel transition, the surrounding pwas
increased by ammonia vapehich diffused througtthe silicore mold without changing the
concentrationIncreasing the pH resulted in the precipitation of the collagen molecules into
collagen fibrils by supramolecular selésemblyleading tothe formation of typical cross
striated fibrilsas observedybTransmission Electron Microscopy (TENBigure b). For gels
with concentration abovewt%, thein vitro fibrillogenesisstepfixes as welkhe suprdibrillar
network topology*®! Samplesverethen rinsed iraqueous solveriiefore characterizatioim
order to reactaneutral pH

Thefibrillar microstructure was assessed by TEM observat&mshown in Figuré.c,
at 2.7 wt% fibrils are randomly distributed as expected since the concentration is below the
isotropic/anisotropic transition. Someggregatesare also observed locally At 4.5 wit%,
interestingly, the plywood organizationreported in selfassembled collagen matrices
mimicking the ultrastructure of corré is reproducedNeverthelessthe thickness of the
sample (too low) precludes conclusionitatransparencyFigure S1)And indeed, af.2wt%,
a wavy pattern characteristic of the precholesteric organization is observed in the sample.

suggested by the strong differences in opaafithe matricesKigure S}, the most concentrated



collagen gels exhibit submicrosized heterogeneities due to partially dissolved collagen
microparticles(see also observation by Scanning Electron Microscopy (SEM) in F&fjre
This is also reflectetly the observations of highly orientddmains e.g.alignmentbetween
partially dissolved microparticlg&igure 1c)andcholesteric patterns (Figur&)S

In summary, TEM observations strongly suggest that the phase diagram of collagen
remains unchange LWK WKLV QHZ SURFHVV RI RDifdihg-theV] HODE
reliability of theprocessing strategy
3. Initial Stiffness andTensileToughnessProbe Suprafibrillar Organization

Adapted nechanical testing conditions were developed to explore the mechanical
response of the gels in hydrated state according to the phase diBgyarg.of the samples
was considered as negligibtiring testing timespan (less than%3d. Since the gels are
dissolved at low pH (Figure S4) is worth remindingthat only physical supramolecular
interactiongyoverntheirintegrity from molecular tanacrascopic scaleThe tensile behavias
nonlinear (Figure 2a), exhibitinga Jshapéd stressstraincurvewhich is a common feature of
soft biolagical tissueg? fibrillar collagen gel8® and hydrated collagen fibrils themselW&s
Thus, in addition to TEM observationghis result show that characteristic featuseof
biological ECM are reproducezhly throughcollagen seHassembly in wateandnoticeably,
without requiringwidely used chemical crosslinkers such as aldehy#eBuring theearly
stages of deformation (toe regiomechanical response assigned tdhe unfolding of the
collagen moleculends present in the gap regidfd8 At large strains, straihardening (linear
region) is observed he physical crosslinks, which may break and form again during stretching
of the material, enable gliding at molecular and fibchled?® Figure 2a, insecompare the
tensile response of collagen and gelatin gelsthe case of gelatin, the irreversilpartial
denaturation of the native collagen triple helix into a more random coiled structure prevents the

selfassembly into hierarchical structures. Therefore, gelatinrgtidsr exhibit a conventional



rubberlike (nonhookean) stresstrain responseThe rigidty of collagen and gelatin gels
increases with their concentration (Figure,2b)thin the investigated concentration range
Discrepancies arenhanced atigher collagen concentratigrgossibly due to local variations
in concentration from the incompledisssolution of collagen microparticles mentioned above
(Figure S1)Besidesthis can also arise from randa@hearing effects owing to injection above
the liquid crystal thresholtHowever, br the same concentration azmmparableomposition,
collagengels exhibithigher stiffness(c.a. by oneorder of magnitudethan gelatin gels In
addition, unlikegelatin gelsfor which elastic modulus scaldmearly with concentration
collagen gels displag norlinear dependencyresumablyassignedo theirfibrillar naturé™!
rather tharto their assembly at higher scale

To go deeper in the understanding of the relationship betweeitinean tensile
response and the gels ultrastructiwether investigations were performed on three gels being
representative of the different organizations in the collagen diagramelyisotropic @.7
wit%), P* (4.5 wt%) andP (7.2wt%). Given the thickness of the mold (f2m), he ammonia
vapors exposure timgas fixedat 3 hoursdetermined experimentally as the minimum time to
obtain samplescale gelation1 mmh?).24 Collagen microparticles dissolution time was fixed
at 30 min in order to enable collagen moleculesastembly within a controlled timesp#s
shown inFigure 2c, the tensile behavior is highly reproducitde the three investigated
concentrationslemanstrating the reliability of ousetup (see Methods)nspired by the non

linear elasticity of soft tissu¢®! the tensile curvewere fittedwith an exponential equation
&Y. L#:15'Y ¥asFs; 1)

whereA (in kPa) and\?g@é,are positive constants s the nominal stress (in kPa) arfdhe

strain \?80 3 defines a characteristic strain at which strain hardening opefaegxponential

fit providesa description of experimental ddita \’{%’O 5 ldentification(Table 1). By comparison

with the two other concentrations, theagt+hardeningor 7.2wt% collagens less pronounced
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within the investigatedstrain The fact thatpartially dissolved microparticlaemainat this
concentratioras observed by electron micropees possiblyredu@sthe relative mobility of
the collagen fibrils.This @uld prevent efficient interfibrillar glidingshifting hardening
processest higher strainmusincreasing\?d’o 8

Measured &lues of stress at break (often definedléismate tensile strength, UTS) are
73.3£21.9 kPa159.4+18.9and173.7+£26.3 kPa &.7,4.5 and 7.2v%, respectively(Figure
2d). Interestingly, the UTS values at 48% and 7.2vt% are higher than that of dense but not
selfassembled collagen gels (1RPa at 12wt% of collageny*® The stress at break of the
collagen gelshow a substantial increalge<0.05 after the isotropic/anisotropic threshdiée
toe modulis (p<0.0001)(Figure 2d)that emphasizethe effectof suprafibrillar assemblylhe
fracture energy on notched specimen appears less sensitive to the isotropic/anisotropic
threshold but increases significantly at higher concentrations (p9@l@dg with toe modulus
(p<0.05) This feature strongly contrasts with the fracture behaviauldferlike materials like
synthetic gels Their thresholdfracture energy scales witE*4%% meaning thaincreasing
rigidity has a detrimental effect on fracture resistaihmertheless, eveaking into account
the great variabilities in toughness in literature and the associated difficulty to make an estimate
independent on geomefrithe toughnessf the collagen gel$40-100 Jm) is rather low
compared tahatexpectedor biological soft tissues (k#i2).2 This may be explained bihe
presence offiierarchical organization &igherlevelsin biologicaltissues, together with other
componentandcovalentcrosslinks. Optimizing the process for promoting anisotropygditer
scale in the collagen get®uld improve their efficiency islowing down crack propagation
like in macroscopicallprganizedissuessuch agendongd®’!

In summary, the collagen gels exhibit tisdike tensile response related to their

microstructure wher addition of biological componentshould improvetheir mechanical



performanceso reachthat of biological tissued hus,theyoffer a reliable modelipon which
we investigatedurtherthe role ofcollagenin the ECMatdifferenthierarchical fibrillar levels.
4. Long Term Stability and Durability of the Collagen Gels Reflect Mechanisms at the
Fibril L evel

Long-term stability was first experienced by soaking the gelsvieeksto monthsin
sterile milliQ watel(Figure S5)As depicted irFigure 3a, collagen concentration after swelling
remained within 7% differenceof their initial concentrationindicating that the process
preserved gel integrity by providing strong fibrillar interactionis behavior isconsisten
with previous observations dense collagen matrices after letegm storagén physiological
like medial*®%® The thermal stability of the collagen gels was investigated by differential
scanning calorimetry (DSC). As depicted in Figure 3b, gels displayn@otleerm at 52C
characteristic of fibrillar collagen denaturatié$i The estimated values of enthalpy, around 36
40 Jgtfor all concentrations, are commensurable with tfiagbtail tendon (around 549
1.9 physical interactions in the collagen gels at fibril scale appear strong enough to sustain
tissuelike durability, in agreement with their swelling behavior.

Fatiguetests were carried out to ass gel durabilityindercyclic strain An immersion
cell was designedFigure 3c, inset) filled with phosphate buffer saline (PB® control the
long term environment of the gel upon cycling aexd to a mor@hysiological environment.
After being equilibrated in PBfor at least two weekgelswereclampedanddurability was
investigated for 1000 cycles up to a maxirsiahin of 20%. This strain limit was chosen as a
compromise to bsufficiently far from the beginning dfietoe region that appears less sensitive
to viscoelastic effects (Figu&o) andfar from damage mechanisms before failasawell The
total experiment lasted.5 hours For the three concentrationgiQure 3c and Figure S7),
collagen gels exhibitypical fatigue behavior of tendoH$! The first cycle demonstrates

hysteresisfollowed by cycles presentg a slight residual straibut almost closetbops and a



mechanical response walerlappedvithout dramaticsofteningor creeping phenomena over
time. Usually, in synthetic material]sdamage mechanismendbr stress relaxatiooperate
during repeated mechanical cyclinghich result into a dcreaseén stiffnessupon cycling*?!
Here, n contrast, normalized secant modulus of collagen gels initially disggégtd increase
in rigidity (12+3 %, 7+1 % and 42 % at gel concentration.7 wt%, 4.5wt% and 7.2wt%
respectively)up to an optimumbetween 50100 cycles(Figure 3d) It is followed bya
continuougdecreasn rigidity, presumablyue to damage mechanisr8sich behaviomay be
due totraining capabilities as reportéu synthetic gel€”! Noticeably, tendons exhibitisha
behaviorwith a stiffness increase of 18+%4.1*% In fact, the observedeinforcementcould
possiblyarisefrom interactions at fibril scalé* More specifically, itcould be dueto alateral
fusion of fibril units as reported in dense but not sadembled collagen géfsl Such
preeminencef physical interactions at fibril scakeconsistent witltheplotteddissipated strain
energy densitie®r the three concentrations (Figus&): they mergento a master curve after
normalization by the area under the loading c{Rigure3e). An alternativehypothesisvould
be that thenoderate strailoadingis too low to trigger suprabrillar mechanismdNevertheless
potential screening effexinduced by PBS ions in the mediwannot be excludeds they are
likely to occur inphysiological conditionsThereforecovalentcrosslinks in ECM couldhelp
maintain tissueintegrity and mechanicalpropertiestowards cyclic loadinggFigure 3e,
scheme)

In order to probe timelependent deformation mechanisms at a strain level 5,20
collagen gels were submitted to stresimxation testsAs plotted in Figure S;ollagen gels
exhibit atissuelike viscoelastic respons®! When plotted on a letpg scale, the three
concentrations show a similar decay with tirffégure 3f), with a slope equal tao=-
0.081+0.006 This value is comparable tihnoseobtained for tendonén=-0.051to -0.113

stretched aphysiologicalstrains(2-6 %, within the toe regior}”! Besidesstresstime curves



normalized by peak stress at all concentrations collapse into a mastefFigwe3g), which
suggestshat strain accommodatiaould proceedyy the same dynamics aptesumaly same
mechanism Therefore, it appears th@} suprafibrillar structure has little influence on stress
relaxation behaviore. time-dependent phenomenarelikely to occur at fibril scale, angli)
pure collagen mates seem to display intrinsitscousdissipation mechanismegardless of
the presence afther ECM componentsn biological tissueghis behavior is mogtrobably
modulated by the surrounding nébrillar matrix rich in polysaccharides such as
glycosaminoglycansGAGS) (Figure 3g, schemgvhich interact with the fibrisurface84°!

In summary, the timelependent response of the collagen ggpears to reflect
mechanisms at the fibril scale as schematically illustrated in Figure 3. It highlights the need for
covalent crosslinks and/or other ECM componeaitg GAGS) in the mechanical performances
of biological tissuesOne step furtherwe decided to modifthe physical interactions dhe
fibril scalein orderto probe their influence on the mechanisahavior
5. Tuning Interfibrillar Interactions Towards M ore Biomimetic M echanicalResponses

First, we exploredhe influence oPBS ionc specien thetensilebehavior of gels at
4.5wt% andcomparedt to that of pig corneaCollagen gelsvereimmersedandequilibrated
in PBS aftein vitro fibrillogenesisin ammonia vaporat standard conditions (8. Unlike gels
equilibrated in milliQ water, they ammore compliantn the toe regio thus closer to the
behavior of pig corneéFigure 4a). In fact, sich collagen gels have a lower concentration at
equilibrium (around 2.Wt%), indicating that they tend to swell more than gels stored in milliQ
water. Besids, their tensile behavior is close to that afolagen gel aR.7 wt% stored in
milliQ water. Interestingly, collagen gels synthesized by fibrillogenesis in PBS and stored in
PBS also tend to bmore compliantTheirconcentration at equilibriuns around 3.7vt%. In
addition,DSC thermogramgFigure 4B show that the use gfhosphate buffeleadsto two

endothermal peaks (T=4& and T=52C) versusone at52 °C in milliQ water.This suggests
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that phosphate ions adsorbed onto fibrils weakgarfibrillar interactions by recruiting water
molecule$% and/or modifyingthe surface charge of fibrikhus increasng macroscopic gel
swelling together with osmotic effectdnterestingly SEM observationsreveals an
heterogeneity in fibrithickneswhen PBS is use@Figure 4¢ suggesting that each endothermal
peak is assigned to a different fibril population namely lower thickae82°C (white star)
and higher thickness at 48 (white arrow) (Figure 4t). This isin ageement with previous
works in the literature reporting th@t phosphat@nd sodiunons influence fibril morphology
in low concentrated collagen géls and (i) at specific ionic strength dense collagen gels
exhibitstwo fibril populations in terms ahicknesg®? This indicates thaeven aftein vitro
fibrillogenesis,potential ioninduced structural modifications during storagé participate in
gel softeningSuch phenomenas likely to occursincesodium ionsare describetb modulate
mechanical properties afaturally crosdinked ECM.2®l By evidencing thathe mechanical
response is drivehereby both the homogeneity in fibril size and the nature of ionic species
(Figure 4b, schemeays reportedn vivo[?353 we show that it is possible to discriminate the
implication of collagerat the fibril scalen the mechanical response of biological tissues.

It is worth mentioning thathangingthe exposure time to ammonia vapfssn 3 h, to
15 h and 48h using the same initial collagen concentration (Wi86) resulted inslight
differences in the nottinearstressstrainrespons€Figure 4d)ut almost identical toe modulus
(Figure S10)As reportedn Table 2, \?E,’@éincreases withincreasing timesf fibrillogenesis
suggestinghat interfibrillar gliding at the origin of straumardening becomes less efficient.
Besides, thenthalpy of denaturaticincreasesis well(Figure 4e), fromd7+2 Jg?, to 672 J
gtand 715+0.5J g after 3h, 15h and48 h ammoniaexposure timesespectivelyBoth tend
to show a reinforcement of supramolecular interactions. In fact, different stages of aggregation

during selfassembly process of collagen molecules into fibrils are identifieditrol>

including micofibrils.®® Thus, & constant collagen concentration, an increase in fibril
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thickness possibly occurs with increasing times of fibrillogen@sigure 4de, schemepns
previously observe®

Finally, the stressstrain response of pig corneghibitsdramatic norinearity: low toe
modulus followed by linear modulus thatemains orders of magnitude greater than that of our
collagen gels. Thistrainhardeningcould be explained bfy) the presence ofheadditionahon
fibrillar matrix in the cornea €.g. proteoglycans) promoting stiffneg8 and/or (i) a
suprafibrillar organization at larger scale in cornea, while our gels are composed of locally
anisotropic domainsandomly distributed in the bulk.

In summary(Figure 4f) modifying fibrillogenesis and po$ibrillogenesisconditions
enable ugo propog a palette of concentrated collagen matri@ggamonds)with mechanical
propertiesclose tothoseof biological tissuegcircles) Like nonsel-assembling processing
approaches in the literatuf&riangles) our systemis highly versatile and exhibits higher
stiffnesses than other sa§sembled collagen matricgssjuares)Besides possible processing
improvements €.g dissolution time of microparticl@sgoing beyond7.2 wt% in collagen
concentratioropens perspectiveée reachmechanical performances closethoseof tendons
or blood vessels.

6. Conclusion

We have set a range tdugh collagen matgescharacterized by differerftbrillar
microstructures which geometriesfollow that describedin the molecular collagen phase
diagram They qualitatively exhibit mechanical resporsenimicking those of biological
tissues enabling to discriminatthe implication of intra and interfibrillar interactionsand of
supufibrillar assemblyAdding organic additives (such as polysaccharides-calagenous
proteins) or mineral to mimic more closely various biological tissukspen perspectives for

a better understaialg of the structurgropery interplayin collagerbased ECMNoticeably,
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their useas ell culture substratesould provide local information for tissuadapted cell

behavior®”]
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7. Experimental section

Synthesis ofoncentratectollagen gelsCollagen solutions were extracted and purified from
rat tail tendons following a procedure described elsewh@r@ollagenmicroparticleswere
formed by using a Biichi B290 mini spedyier following a procedure described elsewti&?e
The resulting cdagen powder was weighed to determine the final concentréti8mv(% to

7.2 wt%) and mixed with acetic aciat low concentrationTwo protocols were used for gel
synthesisFor the frst series of gelshe solution was placed in a syringe and injectéal an
homemade silicoe mold (15x25x2mm?®) through a 26G needle.Fibrillogenesis was
performed by increasing pH up tel® units by ammonia vapor diffusidéfi ovemight. Then,
gels werdirectlyplaced in sterile phosphate buffer and stored at 4/4€ the otheseriesthe
solution was centrifuged for 2 minutes &0P0g at 4°C in order to remove air bubbles. The
solution was then spread in trelicone mold (same dimensions) by using a st
Fibrillogenesis was performed by increasing pH up-1®@nits by ammonia vapor diffusiéf

for 3 h, 15h or 48h. Then, gls were thoroughly rinsed with sterile milliQ watersterile PBS
until the surrounding pH stabilized around @nits, and further stored in sterile milliQ water
or sterile PBSat 4°C. For thefibrillogenesisin PBS, specifically designed immersion molds
were used, consisting in two 3Winted plastic frames coveredtvi3.5kDa dialysis membrane
sandwiching a 2mm thick silicore spacer. After centrifugation, collagen solutions were
carefully spread in the mold in sterile conditions. After sealing, the immersion mold was place
for 4 days in a PBS bath af@. Collagergels were then removed and stored in sterile BBS
4°C.

Mechanical characterization®echanical tests were performed with an Instron tensile testing
machine (models 5565 and 5965) equipped with & 1@ad cell (with relative uncertainty of
0.16%) andBluehill software. @Is were punched at the following dimensionsn2ix 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 pearondition) at room temperature using hommeade clamps recovered with white
Velcro-like grips, at a strain rate of 0.66. The deformation was followed using a video
extensometer (relative uncertainty of 0%/1at full scale), by putting two separated white dots
onthe 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
concentratioa An optimal tightening torque was determined @N m, to hold the sample

by preventing slippge and without damaging it. Negligible slippage was observed after
analysis. Such conditions were used for tensile tests fotlleecollagen gels series and gelatin
gels(2 to 3 specimen per conditiorgressrelaxation tests were performed at room temperature
on hydrated samplg8 specimen per condition loading ramp at 0.6 was imposed from 0

% to 20% strain, then the sample was held at2Gtrain for 400s. Drying of the collagen
samples wasansidered as negligible during this time span (less titangight loss). Cyclic
tests were performed by placing theiatedclamps holding the sample in a hoghesigned
chamber containing phosphate buffer at room temperature. Collagen samples wisratsglil

at least two weeks in phosphate buffer prior to the(Begi 3 specimen per conditiorgyclic
loading was performed at a strain rate of G®6up to 20% deformation, down to N, during
1000 cycles.The meanbuoyancywas subtractedrom the measured force induced by the
sampleby running the test without sample for 10 cycles (minimum condition set at initial
sample length)keeping the sameolume of plosphate buffer in the chambdl data were
analyzed using IgroPro softwaikhetoe modulusf the collagen gelwas measured by a linear

fit within the first 20% deformationThelinearmodulus of the collagen gels waeasuredby

a linear fit within the last0 % of the stresstrain curve before failurdhe elastic modulus of
the gelatin gels was calculated by a linear fit within the firsed@eformation of the stress

strain curve.
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Comparative statics DQDO\VHYV ZHUH E BésHash RQtabed/ KBiBLGON. A\p
value < 0.05 was considered statistically significant.

More information aboubther materialsgelatin gelspig cornea) and characterizations (DSC
TGA, collagen getoncentration,swelling anddissolution,SEM and TEMpreparation and
observationscan 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
I - °°
) o © —4 Sol-gel
%0 ) transition
o I~
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 concentreddidgengels. First, an
acidic collagen solution (molecular form) is spidyed to form dense collagenicroparticles
The microparticlesare mixed withacetic acid aqueous solutiamdsetinto a 3D moldafter
centrifugation to remove air bubbleEhe solgel transition is induced by ammonia vapors,
leading to a pH increase that precipitates collagen moleculds)iatossstriated fibrils (TEM
micrograph), thus stabilizing the 3D collagen;gglAt suprafibrillar scalefibrillar patterns
resembling thosef collagen mesophases in solution (ingetpink) are observednamely
isotropic(top left), precholesterictbottom left)and precholesteri@right). Partially dissolved

collagen micropatrticles (whiterosg are observed in the most concentrated samples.
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Figure 2. a) Representative stressrain curves showingshaped tensileehavior ofthe first

series ofcollagen gels from 1.&1t% to 7.2wt%, compared to that of a gelatin gel av8%6
(inset); b) Nordinear increase ofinear modulus offirst series ofcollagen gels against
concentration, in contrast to that of gelatin delashedines serve as a guide to the ey&)
Collagen gels at 2.W#t%, 4.5wt% and 7.2wt% after 3h exposure to ammonia vapors show
reproducible tensile behaviathe exponential fit is in good agreement with gteessstrain
curves; g Toe modulisand UTSof collagen gels &.7wt%, 4.5wt% and 7.2vt% significantly
increasewith thdr respective fracture energy (related to the strain energy required to propagate
a crack across sample wid#)ove the isotropic/anisotropic threshotd<0.05, ** p<0.001,

**% n<0.0007.
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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 BB&@wing little influence of concentration

on denaturation temperatyi® Fatigue behavior of a collagen gel at w86 resembling those

of collagenrich tissues (inset: immersion chamber filled with PBS specifically designed for
cyclic tests) d) Secant mdulus at 10% deformation of collagen gels atvit% 4.5wt% and

7.2 wt% submitted to cyclic testing indicates a gelhforcement of the gels before damage

occurstthe gel at 2. Wt% appears to have a more variable behagjXormalizeddissipated
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strain energy density corresponding to the area of the loops during ®gting of collagen

gels at 2.&t%, 4.5wt% and 7.2wt% normalized by the area under each loading gurhe
schemehighlightsthe possiblerole of crosslinks in ECM deduced frontycling; f) Log-log

plot of stresgelaxation behavior of collagen gels showing the same-diependency for all
concentrations; )gStressrelaxation curves normalized by peak stress collapse into a master

curve.The schemaighlightsthe possiblerole of GAGs in ECM during stressccommodation
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Figure 4.a)lonic strength and type of ionic species influence tensile respoyS®rage media
can induce fibril morphological modifications as evidenced by [ER(Eh are illustrated in the
schemeg) SEM micrograph of collagen gels initially at 4% synthesized by fibrillogenesis
in ammonia vapors and stored in water (left) or PBS (m)duatisynthesized by fibrillogenesis
in PBS ¢ight); d) Nortlinearity of the énsile response is modulated by éaure time to
ammonia vapors) Collagen gelexposed longeto ammonia vapors exhiltiigher enthalpy

of denaturation The scheme below @) illustrates possible odifications during fibril
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precipitation;f) Palette of mechanical properties of @oilagen gelg¢diamonds)ompared to
that of soft biological tissuegcirclesj'®58%% and othercollagen processing approaches

(triangles and squaré®)®366:67lwithin physiological loadings
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Table 1.From stresstrain response of collagen gatseasured toe moduluso&(first 20 %
deformation), linear modulus k. (last 10 % deforntson), ultimate tensile stress, an‘@oéx

obtained as fitting constant from equat{@n

Collagen gel NH3 3h
concentration
Etoe Eiin uTs Yo ax
[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 stressstrain response of collagen gels atwWt% exposed to differe@mmonia
times: measured toe moduluso&(first 20 % deformation)Jlinear modulusE;n (last 10%

deformation), ultimate tensile stressd %épbtained as fitting constant from equation (1)

Collagen NH; 3h NH; 15h NH; 48h
gel
concen-
tration
Etoe EI|n %JO ax E!oe EIin %J() ax Etoe EIin % ax
[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+17.6 135.7+£55.5 1.1
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Supporting Information
Biomimetic Tough Gels with Weak Bonds Unravel the Role of Collagen from Fibril to
Suprafibrillar Self -Assembly

Milena Lama, Biraven&aveendranathan, Julie Brun, Francisco M. Fernandes, Cédric
Boissiere, Nadine Nassif,* and Alba Marcellan*

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 att®:wpartially 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.

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.

Figure S6 Influence ofthe tensile strain rate on the toe modulus of the collagen gels.
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Figure S7. Fatigue behavior of collagen gels at 2.7 wt% (left) and 7.2 wt% (right).

Figure S8 Dissipated strain energy density of collagen gels at 2.7 wt%, 4.5 wt% and 7.2 wt%

correspoding to the area of selected loops.
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Figure S9 Biomimetic stresselaxation behavior of collagen gels showing good

reproducibility.

Figure S1Q Toe and elastic moduli of collagen gels exposed to different ammonia times,

compared to that of pig cornegp€0.05).
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Experimental section

Synthesis of gelatin gel§ype A gelatin (bloom number 300, MW betweend®0 g mot and
100000 g mot) was purchased from Sigma Aldrich. A desired amount of gelatin
corresponding to the final gel concentration (betweevi%d 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 t@perature 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 mostlts pig by a surgeon. Under general
anesthesia andhisterile 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 calorimetryExperiments were performed with a TAZQ machine. The
heating rate was set at 5 °C nhiand 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 selalesham pan. An empty sealed
aluminum pan was used a reference.

Thermogravimetric analysis (TGAExperiments 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 was used, from room
temperature to 650 °C under air for complete degradation of collagen.

Collagen gel finalconcentration: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 twol'stegbs/sisorbed
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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 measuremeBtsaight afer synthesis, small pieces of
collagen gels (~70 mhwere 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 wklimtech paper.

Transmission electron microscopyhe collagen gel pieces (2 specimen per condition) were
fixed in glutaraldehyde solution (2.5 %). After washing in cacodylate/saccharose buffer
solution, they were podixed in osmium tetroxide solution @). 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 orpeogrids. Observations were carried out by
using a FEI TECNAI G2 Spirit Twin electron microscope operating at 120kV.

Scanning electron microscopyhe collagen gel pieces (2 to 3 specimen per condition) were
fixed in glutaraldehyde solution (2.5 %). Aftevashing in cacodylate/saccharose buffer
solution, they were dehydrated through ethanol baths (from 30 % to 100 % ethanol).
Supercritical CQdrying was performed by a CPEDO (Leica). Dried samples were cut into
pieces, put on carbon tape covering sanmp&lers, 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 dissolutionA piece (~100 mr) of collagen gel at 8 wt% was put in acetic acid

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