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O' nde. P L W Covalent functionalization of type | collagen
:S:} -~ E@\ i - with 1,3-Phenylenediacetic acid (Ph) directly
~“'~ g 84 ,,/, ’ {a( &
T o s |eads to triple-helical hydrogels with controlled

Ph/Lys molar ratio

degree of crosslinking (C), swelling ratio (SR) and denaturdgenperature (), in contrast to

stateef-the-art carbodiimide crosslinking.

Abstract

Chemical crosslinking of collagen is a general strategyefwwoduce macroscale tissue
properties in physiological environment. However, simulbaise control of protein
conformation, material properties and biofunctionality highly challenging with current
synthetic strategies. Consequently, the potéytdilerse clinical applications of collagen-based
biomaterials cannot be fully realised. In order to estaldedfined biomacromolecular systems
for mineralised tissue applications, type | collagen wastiomalised with 1,3-Phenylenediacetic

acid (Ph) and investigated at the molecular, macros@m functional leveldreserved triple



helix conformation was observed in obtained covalent netwadek&\TR-FTIR (Ay/A1450 ~ 1)
and WAXS, while network crosslinking degree (C: 87-99 rfo).eould be adjusted based on
specific reaction conditions. Decreased swelling ratiB: (823-1285 wt%) and increased
thermo-mechanical ¢T 80-88 °C; E: 28-35 kPajmax 6-8 kPa;e,: 53-58 %) properties were
observed compared to statkthe-art carbodiimide (EDCgrosslinked collagen controls, likely
related to the intermolecular covalent incorporatidrthe aromatic segment. Ph-crosslinked
hydrogels displayed nearly intact material integrity and/ @nklight mass decrease £M-11
wt. %) following 1-week incubation in either PBS or simulatedbéidid (SBF), in contrasto
EDC-crosslinked collagen (@ 33-58 wt.%). Furthermore, FTIR, SEM and EDS revealed
deposition of a calcium-phosphate phase on SBF-rettiessampleswhereby an increased
calcium phosphate ratio (Ca/@.84-1.41) was observed in hydrogels with higher Ph coni@nt.
hour material extracts were well tolerated by L929 mous®lflasts, whereby cell confluence
and metabolic activity (MTS assay) were comparable ¢setof cells cultured in cell culture
medium (positive contral) In light of their controlled structure-function propertighese
biocompatible collagen hydrogels represent attractive masysaéms for potential mineralised

tissue applications.

1. Introduction

Biomaterials play a crucial role in regenerative mediegind pharmaceutics and find huge
applications in wound care, orthopaedics and cardiovascular industeesmng others.
Particularly for mineralised tissue applicatipribe design of versatile biomimetic systems
which can be safely implanted in vivo, displaying defined biodegibitya tuneable mechanical

properties, and bioactivity, is a pressing, unmet, cliniceéd towards next generation



therapeutic$. In vivo, such systems should provide a biomimetic interface ts aeld induce
desired biological processes, such as localised recruigmencontrolled differentiation of stem
cells? as well as stimulating the formation of new bonenatural biomineralisatioh Although
synthetic biodegradable polymers, e.g. polyesters, candumésgly tuned aso their chemical
composition and material propertesthey are usually biologically inert and lack
biofunctionality Furthermore, the desigsf defined chemical systems based on building blocks
derived from the organic matrix of tissues represents rdereisting approach for the
establishment of bespoke biomimetic materials with tidi&eearchitecture and compositién.
Collagen is the main protein of the human body, rulingcstire, function and shape of
biological tissues, such as bohalso in light of its unique molecular organisation, cola has
been widely applied for the design of vascular gfaffigrous materials for stem cell
differentiation? biomimetic scaffolds for regenerative medicifleand tissue-like matrices for
bone tissue repall. However, collagen properties are challenging to contrgihipsiological
conditions, due to the fact that collagen’s unique hierarchical organisation and chemical
composition in vivo can only be partially reproduced in vitro. tsy monomeric form, the
collagen molecule is based on three left-handed polypralvans, each one containing the
repeating unit Gly-X-Y, where X and Y are predominantly pel{(Pro) and hydroxyproline
(Hyp), respectively. The three chains are staggered tamother by one amino acid residue and
are twisted together to form a right-handed triple helix (300miength, 1.5 nm in diameter). In
vivo, triple helices can aggregate in a periodic staggeregt to form collagen fibrils, fikes and
fascicles; such structural hierarchies are stabilised viamleot crosslinkinf and can be

mineralised via apatite deposition to form new bone. Heredrixmhierarchical organisation



directly impacts on the distribution and size of nucléatgatite crystals, so that a clear
relationship between internal collagen architecture ame pbysiological state is presént.
Fibrillogenesis can be induced in vitro by exposing triple heliollagen to physiological
conditions. However, hydrogen and covalent bonds stabilisaiggen structures in vivo are
partially broken following isolatioexvivo, so that collagen hierarchical organisation iscée.
As a result, collagen materials display non-cordtié swelling and weak mechanical properties
in physiological conditions; reliable synthetic methods tntherefore be applied in order to
improve hydrogel thermo-mechanical behaviour, without affgctiollagen biofunctionality;
i.e. biocompatibility and bioactivity. Following a bottom-um#yetic approachO’Leary et al.
proposed a self-assembling peptide system capable to recapihgldatele helical and fibrillar
architecture of collagef?. Based on the peptide concentration and peptide sequenteetiyn
collagen-like hydrogels were successfully developed, althougthémeo-mechanical stability
was still not adequate for biomaterial applications. Exipipithe fibrillogenesis process of
native collagen, Nam et al. proposed a heterostructulialgem matrix obtained via layer-by-
layer deposition of collagen solutions at different désif By adjusting the collagen
concentration and the number of layers, mechanical prepexhd cell proliferation could be
controlled, although the degradation behaviour of these ialatar physiological conditions was
not investigated. Collagen fibrillogenesis was also exgdoito replicate the hierarchical
organization of mineralized tissu&s.Here, polyacrylic acid was applied to stabilise an
amorphous calcium phosphate phase during the self-ass@fllyllagen triple helices into
fibrils. In this way, highly-ordered mineralized collagen ricats with improved mechanical

properties were successfully formed, although the matsgfzviour in physiological conditions



was not fully addressed. Recently, dynamic perfusion-flaneralization techniques have also
been proposed to recapitulate the natural mineralizatiavegsim collagen templates,

Other than exploiting the inherent triple helix self-assgnfionctionalisation and covalent
crosslinking, e.g. via N3-Dimethylaminopropyl)N'-ethylcarbodiimide  hydrochloride
(EDC)®? glutaraldehydé™?* hexamethylene diisocyanateand enzymatic treatméfthave
been shown to enhance macroscopic properties and resistarseymatic degradation of
collagen in biological environmefit. However, safe and systematic contial network
architecture has proved to be challenging, whereby occeri@nside reactions may lead to the
formation of potentially-toxic materials with only slightriation in macroscopic properties.
Diimidoestersdimethyl suberimidate (DMS), 3,3’-dithiobispropionimidate (DTBP) and acyl
azde have been employed as alternative crosslinkingtsgessulting in stable materials in
physiological conditions, although reduced material efiagtivas observed® Additionally, both
dehydrothermal and riboflavin-mediated treatments hasenbapplied as physical, benign
stabilisation methods, leading to partial loss of natoa#agen structure and non-homogeneous
crosslinking?’ In an effort to design water-stable composite mater@ifiagen fibrils were
functionalized with a silane moiety, in order to promoteatent links between the inorganic
phase and the fibrous matffk.The resulting materials displayed preserved collagemuib
characteristics and enhanced degradability, although theameah properties were not fully
investigated. From all the aforementioned examples it appedher clear that while the
macroscopic properties may be improyvsgstematic control of material behaviour at different
length scales is only minimally accomplished in the ra@sulcollagen materialsThus, the
establishment of novel synthetic methods ensuring turadilegen functionalisation, preserved

protein conformation together with full biocompatibility abidactivity is necessary in order to



establish reliable collagen systems with defined strudturetion properties for mineralised
tissue repair.

In this work, the design of type | collagen hydrogels waatent lysine functionalisation
with 1,3-Phenylenediacetic acid (Ph) was investigated. rGitiat the collagen displays cell-
binding peptides at the molecular levek investigated whether the incorporation of covalent
crosslinking of collagen triple helices via a stiffoaratic segment could offer a synthetic
strategy to the formation of defined biomacromolecularenms with relevant mechanical
properties and retained biochemical features. Ph wasestlasta novel bifunctional segment, in

order to promote inter-molecular crosslinking of collagemwlecules, unlikely to be

accomplished with current synthetic methﬂ' | This specific functionalisation was aimed to

achieve controlled swelling and enhanced mechanical propertresulting hydrogels, due to
the backbone rigidity and hydrophobicity of the Ph ardaesrsggment. In order to investigate the
effectiveness of this synthetic approach over curreategjies, EDC treatment was selected as
stateef-the-art reference method, since it has been showmamote the formation of water-

stable collagen materials with no residual toxiéitin contrast to aldehyde biomaterial fixatﬁn.

2. Materials and methods

2.1. In-houseisolation of typel collagen from rat tail tendons

Type | collagen was isolated in-house via acidic treatnoémat tail tendons$? Briefly,
frozen rat tails were thawed in ethanol (for about 20 nhingividual tendons were pulled out of
the tendon sheath, minced, and placed in 17.4 mM aceti¢Sigisha Aldrich) solution at 4 °C
in order to extract collagen. After three days extractiba mixture was centrifuged at 20000

rpm for one hour. The pellet was discarded and the crutigeal solution was neutralised with



0.1 M NaOH (Sigma Aldrich). After stirring (overnight, 4 °GQje neutralised solution was
centrifuged (45 min, 10000 rpm, 4 °C). The supernatant volwase measured and an equal
volume of fresh acetic acid (17.4 mM) solution was use®@+solubilise the collagen pellet. The
mixture was then freeze-dried in order to obtain collagea.r&bulting product was analysed via
sodium dodecyl sulphate-polyacrylamide gel electropho(88}s-page) which showed only the

main electrophoretic bands of type | collagén.

2.2. Synthesis of collagen hydrogels

In-house isolated type | collagen (0.8 ¥4)-was dissolved in 10 mM hydrochloric acid
(Sigma Aldrich) under stirring at room temperature, ptonetwork formation via either 1,3-
Phenylenediacetic acid (Ph, VWR International) or (3NRimethylaminopropyl)N'-
ethylcarbodiimide hydrochloride (EDC, Sigma Aldrich). At game timePh was stirred (0°C,
30 min) in sodium phosphate buffer (0.1 M, pH 7.4, 500 pL) atteglemolar ratios to target
collagen lysines (0.5-1.5 COOH/Lys molar raftbHere, a three-fold molar content of EDC and
N-Hydroxysuccinimide (NHS) was addedHS-activated Ph solution was mixed with obtained
collagen solution (1 g), so that the pH of the resulting unétvas 6.5t 19.2 °C (in the case of
1 COOH/Lys molar ratip Reacting mixtures were incubated overnight under gendlkirg at
room temperature, in order to allow for the nucleophilic agiditeaction of collagen lysines to
Ph carboxylic functions to occur. EDC-crosslinked collages sythesisd as statesf-the-art
crosslinked collagen control by mixing EDC with obtained ag®ih solution, as previously
reported.”| Complete gel formation was observed following reactioth either Ph or EDC.
Resulting hydrogels were washed with distilled water and delgdirist aqueous solutions

of increasing ethanaloncentrations



2.3. Investigation of chemical composition and structural organisation

Attenuated Total Reflectance Fourier-Transform Infra®@R FT-IR) was carried out on
dry samples using a Perkin-Elmer Spectrum BX spotlight sggmttometer with diamond ATR
attachment. Scans were conducted from 4000 to 60Dweith 64 repetitions averaged for each

spectrum. Resolution was 4 ¢nand interval scanning was 2 ¢m

2.4. 2,4,6-Trinitrobenzenesulfonic acid (TNBS) assay
The degree of collagen crosslinking was determined on driagesl networks via

2,4,6-trinitrobenzenesulfonic acid (TNBS) colorimetric as€ayl mg of dry sample were mixed
with 1 mL of 4 wt.-% NaHC® (pH 8.5) and 1 mL of 0.5 wt.-% TNBS solution at 40 °C under
mild shaking. After 4 hours reaction, 3 mL of 6 M HCI solotwere added and the mixture was
heated to 60 °C to dissolve any sample residuals. Soluiens cooled down and extracted
three times with anhydrous ethyl ether to remove non-rédd8S species. All samples were
read against a blank, prepared by the above procedure, exdehteti#Cl solution was added
before the addition of TNBS. The content of free angnoups and degree of crosslinking) (C

were calculated as follows:

molegLys) 2x Abs(346nm)x 0.02
g(collagen 14x10" xbx x

(Equation 1)

C=|1- MOIEYLYS)crossinie x100 (Equation 2)
mOquLys)Collagen

where Abs(346 nm) is the absorbance value at 346 nm, %.4s1the molar absorption
coefficient for 2,4,6-trinitrophenyl lysine (in L/mol- &M b is the cell path length (1 cnX)js the

sample weight, and moles(Lysssinkea@nd moles(Lyghiagen represent the lysine molar content



in crosslinked and native collagens. Two replicas were usedcedch sample composition,

whereby C results were described as average + standard deviatio

2.5. Wide Angle X-ray Scattering

Wide Angle X-ray Scattering (WAXS) was carried out on dsifagen networks with a Bruker
D8 Discover (40 kV, 30 mA, x-ray wavelengtlx 0.154 nm) The detector was set at a distance
of 150 mm coverin@é from 5 to 40°. The collimator was 2.0 mm wide and the ex@osme
was 10 s per frame. Collected curves were subtractedtfrerbackground (no sample loaded)

curve and fitted with polynomial functions.

2.6. Swelling tests
Swelling tests were carried out by incubating dry samples nnL Xdistilled water for 24
hours. Water-equilibrated samples were retrieved, paper-blatie weighed. The weight-based

swelling ratio SR was calculated as follows:

SR= m-m x100 (Equation 3)
my

where gand g are swollen and dry sample weights, respectively. Tlepkcas were used for

each sample composition, so tlsRresults were expressed as average * standard deviation.

2.7. Thermal analysis
Differential Scanning Calorimetry (DSC) temperature scanee veenducted on formed
collagen hydrogels in the range of 10-140 °C with either 10 6rrhfi* heating rate (TA

Instruments Thermal Analysis 2000 System and 910 DiffereStiainning Calorimeter cell



base). The DSC cell was calibrated using indium with 20 °C'rhimating rate under 50

cnt-min* nitrogen atmosphere. 5-10 mg sample was applied in eeasurement.

2.8. Compression tests

Water-equilibrated hydrogel discs (g 0.8 cm) were compressei@t temperature with a
compression rate of 3 mm-rifinstron 5544 UTM). A 500 N load cell was operated up to
sample break. The maximal compressive stregg)(and compression at break,)( were
recorded, so that the compressive modulus (E) was cadubgt fitting the linear region of the
stress-strain curve. Four replicas were employed foln eamposition and results expressed as

average * standard deviation.

2.9. Hydrolytic degradation
The hydrolytic degradation of crosslinked samples was imadstl via 1-week incubation
in PBS (pH 7.4, 25 °C) (Lonza). Retrieved samples were rinséddigtilled water, dried and

weighed. The relative mass changex)M retrieved samples was determined as:

Mg = m-m x100 Equation 4)
my

whereby mand my correspond to the dry sample mass after and before R&fhaition
respectivelyTwo replicas were used for each composition so thaivé described as average +
standard deviation. Another sample replica was used for &tWsis (JEOL SM-35), whereby

any micro-structural alteration was investigated on goliten) recovered samples.



2.10. Bioactivity study

A mineralisation experiment was carried out &d-week sample incubation at 25 °C in
SBF, witha sample weight to SBF volume ratio of 0.07 g 50"l Retrieved samples were
rinsed with distilled water, dried, weighed and analysed VIiRATIR. The relative mass
change (M) in retrieved samples was determined via Equation 4. Folicagwere used for
each composition so thatgMvas described as average * standard deviation. Following gold
coating, sample morphological investigations were dhroet via SEM and EDS (JEOL SM-
35), in order to identify any structural change in recovereshpkes and the chemical
composition of potential mineral phase deposited on theriaate

An additional incubation test in which samples were liated in a calcium chloride
solution (2.5 mM CaGJ pH 7.4, 25 °C) for two days was carried out in order tocegpihe
mechanism of calcium phosphate deposition on Ph-ani&ssli collagen hydrogels, aiming to
elucidate any interaction between solution calcium speaiel the Ph aromatic ring. Retrieved

samples were rinsed in distilled water and dried before-ATHR analysis.

2.11. Extract cytotoxicity study

A cytotoxicity assay was conducted on freshly synthesisédnel-treated collagen
hydrogels following European norm standards (EN DIN ISO stan#i@®@®93-5). 0.1 mg of
hydrogel sample was incubated in 1 mL cell culture mediumbg2go's Modified Eagl
Medium, DMEM) at 37 °C. After 72-hour incubation, sampberact was recovered by
centrifugation and applied to 80% confluent L929 mouse fibstdlaultured on a polystyrene
96-well plate Dimethyl sulfoxide (DMSO) was used as negative control, while ctdture

medium was used as positive control. Cell morphology wasitored using a transmitted light



microscope (phase contrast mode, Zeiss, Germany) and coutilea eolorimetric cytotoxicity
assay (CellTiter 96® ARousAssay, Promega), in order to quantify the number of viedlls in
proliferation.In the presence of phenazine methosulfate (PMS), 3dimbthylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-24-sulfophenyl)-2H-tetrazolium (MTS) is bioreduced by cell®in
a formazan product that is soluble in tissue culture mmedirhe conversion of MTS into
agueous, soluble formazan is accomplished by dehydrogenasaesnfound in metabolically
active cells. Thus, the quantity of formazan product aasmed by the amount of 490 nm

absorbance is directly proportional to the number of livielgsen culture.

3. Results and discussion

Collagen hydrogels were prepared via lysine functionalisatith Rh as stiff, aromatic
segment (Scheme 1), aiming at establishing a reliablenatiiee synthetic strategy for the
design of collagen-based, bone tissue-like scaffolds. Wwinlip nucleophilic addition of lysine
terminations to NHS-activated carboxylic functions of Ph;oaalent network consisting of
newly-formed, hydrolytically-cleavableamde bond net-points, was expected. Complete gel
formation was observed following incubation of collagetutsmn with Ph-containing mixture.
Freshly-synthesised hydrogels were thoroughly washed wititiedisivater in order to remove
any non-reacted moiety and dehydrated with increasing etkahdglon series for subsequent
characterisation. In the following, molecular arcHiiee, macroscopic properties, and material
functionalities in obtained hydrogels will be described aothgared to the staiaf-the-art
EDC-crosslinked collagen materials. Sample are coded adlRgenXXX-YY, where XXX
indicates the type of system (either Ph or EDC-basekije YY identifies the molar ratio of

either Ph carboxylic functions or EDC to collagen lysines.
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Scheme 1. Formation of collagen hydrogels via lysine functioretien with a bifunctional aromatic segmeRh is
NHS-activated in presence of EDC (1.) prior to reactioth wbllagen (2.). Lysine functionalisation occurs via
nucleophilic addition to activated carboxylic functioresulting in the formation of a covalent network.

3.1. Chemical and structural analysisin covalent networks
ATR-FTIR spectral analysis was carried out in order tplaxe the chemical composition

and molecular conformation in resulting collagen netwoftksllagen displays distinct amide

bands via FTIR, whit can provide information oits triple helix structuf€F*> These are: (i)

amide A and B bands at 3300 and 3087 craspectively, which are mainly associated with the
stretching vibrations of N-H groups; (ii) amide | and Il barats1650 and 1556m *, resulting
from the stretching vibrations of peptide C=0 groups as vgeft@m N-H bending and €N
stretching vibrations, respectivel§ii) amide 1l band centered at 1240 €massigned to the-C

N stretching and NH bending vibrations from amide linkages, as well as wagging \oiniao f
CH, groups in the glycine backbone and proline side chainsh Bfathe previously-mentioned
amide bands are exhibited in FTIR spectra of both Ph- &@&osslinked samples, whereby
no detectable band shift is displayed compared to thergpeot native type | collagen (Figure
1). This observation suggests that the collagen tripledietirganisation can be preserved in
formed covalent networks. Other than qualitative findingsunchanged band positions,IRT
absorption ratio of amide 1l to 1450 chband (A/Aw4s0 Was determined in both crosslinked

and native collagens, as well as in gelatimakenatured collagen control sample, in order to



guantify the degree of triple helix preservation followingwark formation. As in the case of
native type | collagen, all systems proved to show andanmatio close to unity
(Ain/A1s50= 1.01-1.14), while a lowered amide ratioy(A1450= 0.89 was found in the case of
the gelatin sample. These results provide evidence efptleserved triple helix integrity
following functionalisation of native collagen, which wast observed in the case of gelatinaas
representative sample of denatured collagen.

1650 : 1650
- ;]550 1 11550
. | . |
. | 1450 y || [ 1450
' l\ ‘ 1240 ' { | 1240
p - |

I |

|

Absorbance /a.u.
:;:’
__}

Absorbance /a.u.
/€

3200 2800 2400 2000 1600 1200 800 3200 2800 2400 2000 1600 1200 800
Wavenumber lcm™ Wavenumber lcm™

Figure 1. Exemplary ATR-FTIR spectra of Ph— left) and EDC- (-, right) crosslinked collagens. Native
collagen () and gelatin () spectra are displayed as controls in both plots.

Given that the triple helix absorption ratio was detasdibased on the intensity of amide
bands and given that these bands are present in allrpretgirdless of their conformation state,
WAXS was applied in order to further confirm the protein confaionain resulting networks
WAXS has been previously applied in order to elucidate informatimut the packing features
of collagen in terms of distances between collagerecutés in the lateral plane of the collagen
fibril (intermolecular lateral packing) and distancesaB&n amino acids along the polypeptide
chain (helical rise per residu&?®’ Figure 2 displays WAXS spectra of linear intensity vs.
scattering vector resulting from type | collagen andm@amCollagen-Phl and Collagen-EDC60

As expected, WAXS spectrum of type | collagen displaysethnain collagen peaks, identifying



the intermolecular lateral packing of collagen molesud ~ 1.1 nm, @ ~ 8°), the isotropic
amorphous region (d ~ 0.5 nm@2- 20°) and the axial periodicity (d ~ 0.29 nn® 2 31°) of
polypeptide subunits (Gly-X-Y) along a single collagen chaimil&ly, the sample Collagen-
Ph1 reveals a similar WAXS spectrum, so that the 1.1 nm ga&sponding to the triple helix
packing is still present following network formation. lontrast to that, the spectrum of EDC-
crosslinked sample shows detectable alterations compari@ twne of native collagen. Here,

the peak related to intermolecular lateral packing of caflagelecules is less pronounced
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Figure 2. WAXS spectra of samples Collagen-Phi)( Collagen EDC60-) and in-house isolated type | collagen
(—)-

These WAXS observations are not in agreement with usviATR-FTIR results,
suggesting an alteration in the native collagen packiitpPi@-crosslinked samples. At the same

time, a preserved collagen conformation is confirmed inlaGeh-Ph samples. This is an



interesting result, since aromatic residues are expdcdegartially destabilise the collagen
trimers due to their inability to form hydrogen bonds, @emdy observed in the case of 4-vinyl
benzyl chloride (4VBC)-functionalised type | collagépHowever, amide bonds are formed
following reaction of collagen lysines with NHS-activateét, potentially mediating hydrogen
bonds among collagen molecules. Consequently, despiteprisence of destabilising Ph

aromatic moieties, triple helix structure can stilldseserved in resulting collagen networks.

3.2. Network architecturein triple-helical collagen hydrogels

Following elucidation of protein conformation, network atetiure was investigated in
resulting materials by both quantifying the degree of crdgs (C) via TNBS assay and by
assessing the swelling ratio (SR). Here, it was of intei@stinderstand whether network
architecture, i.e. crosslinking density, could be adfusta systematic variation of molecular
parameters, i.e. Ph/Lys molar ratio, so that hydrogel priepeould be controlled.

As observed in Table 1, collagen-Ph samples displayegher degree of crosslinking (87-
99 mol.-%) compared to statd-the-art EDC-crosslinked collagen (25-68 mol.-%), despite the
fact that a much lower Ph-Lys, compared to EDC/Lys, m@#to was applied. Here, a slight
increase of Ph content (0.5 to 1.5 [COOH]/[Lys] ratio) in¢hesslinking mixture led to nearly-
complete functionalisation of collagen lysines (> 99l.#%6). In order to explain the different
yield of crosslinking density in Ph- and EDC-based systéhesnetwork architecture in both
systems must be carefully considered. In Ph-crosslinkedgeni| the employment of Ph as
bifunctional segment is likely to promote crosslinking oflagn molecules separated by a

distancﬁl On the other hand, EDC-mediated functionalisation resultee formation of zero-

length net-points, whereby only intramolecular crosslinke dikely established]™




Consequently, steric hindrance effects are likely to @xple decreased degree of crosslinking
observed in collagen-EDC, while an increased functionadisa8 promoted in collagen-Ph,

sanples.

Table 1. Degree of crosslinkingd), swelling ratio (SR) and denaturation temperatuggificollagen hydrogels, as
determined via TNBS assay, swelling tests, and DSC sirathgspectively

Sample ID C/mol.-%| SR /wt.-% | Ty /°C

Collagen-Ph0.5| 88+3 |1285+450 80

Collagen-Phl1 | 87 +14 | 1311 +757, 80
Collagen-Ph1.5 > 99 823 +140, 88
Collagen-EDC10 25+6 | 1392+82| 68
Collagen-EDC20 37 +13 | 1595+374 76
Collagen-EDC30 341 1373 +£81| 78
Collagen-EDC40 68 +3 |1374+182 80
Collagen-EDC60 60 *1 1106 + 82| 80

In order to further confirm TNBS findings, hydrogel swelling gatias also investigated.
Comparing the whole set of sample compositions, the isgaiatio of sample collagen-Ph1.5
was found to be significantly lower compared to all other ER€el samples (Table 1). This is
in agreement with TNBS results, suggesting nearly compiatetibnalisation of collagen
lysines for this composition. As for the other Ph-cioksld samples (collagen-Ph0.5/1),
swelling ratios were similar to each other, which is again suggdry TNBS results, describing
a similar degree of crosslinking. Either C or SR resuleyefiore confirmed that network
architecture and crosslinking density was successfully adjust®h-based collagen systems,
whereby collagen molecules were covalently functiondlisgth preserved triple helical

conformation (Figure )3



Figure 3. Network architecture in triple-helical collagen sysser@ollagen is Ph-functionalised in diluted acidic
conditions, resulting in intermolecular crosslinking ofil@gén triple helices. Formed hydrogels highlight preserved
triple helical organisation, while macroscopic propert&s be controlled by variation in network architecture

3.3. Thermo-mechanical properties of collagen hydrogels

Thermo-mechanical analysis was carried out on collageroggtl in order to investigate
whether variation of molecular parameters could inducgng®s in macroscopic properties.
Thus, DSC was performed aiming at investigating the thertahbllisy of formed hydrogels in
physiological conditions and combined with compressimtistén order to study the material
mechanical behaviour in agueous environment.

Thermal stability of collagen is dictated by its denaiaratemperature (g, which is
related to the unfolding of collagen triple helices intod@mly-coiled chains; dTis therefore

expected to be highly affected by the presence of covaletipaints among collagen

molecules] 4 Figure 4 (left) depicts exemplary thermograms of nati®b; and EDC-

crosslinked type | collagens, all describing an endothetmeiartal transition in the range of 67-
88 °C. In the case of native type | collagen, such erdotic transition was recorded at around

67 °C, which is in agreement with previous reports describingrandl denaturation of collagen

Vs 6{0)

at 55-67 °C (using similar heating ra}gg” |although decreased values (at ca. 34 °C) were also

obsened at lowered heating rates (i.e. ®21°C'min™ heating ratg*®> Considering the influence



of DSC heating rate on the peak position of collagen deai@nrtemperature (58100 °C at
0.5>5 °C-min),*® the endothermic transitions recorded in this study ardy likeidentify the
thermal denaturation of collagen. In order to elucidate plost further, ATR-FTIR was
recorded on a DSC-treated sample, aiming to confirm thablikerved thermal transition was
not related ta decomposition process. As observed in Figure 4 (righitR-4&TIR spectrum still
shows the main collagen peaks following DSC analysis, giving stipgpcevidence that no
decomposition process occurred in the sample. These int@siggahus confirmed that the
obtained DSC thermograms effectively displayed an enduotbdransition ascribed to collagen
denaturation. These findings provided further evidence gbrbgerved integrity of triple helices
in formed hydrogelsas already pointed out by ATR-FTIR (Figure 1) and WAXS)(Fe 2).
Remarkably, the collagen denaturation temperature is shifwerds higher temperature in
crosslinked compared (68-88 °C) to native collagen (67 °CpkesniTable 1), whereby a slight
influence of DSC heating rate oy Was also observed (Figure 4, Jef€onsidering previous
composition-dependent changes in network architecture, wariafi Ty seems to be directly
related to changes of crosslinking degree in the hydrogel netwidr&se results give supporting
evidence that covalent net-points were established during d¢sidimmation, so that collagen
triple helices were successfully retained and stabilisethaRebly, Ph-crosslinked collagen
proved to display higher denaturation temperatures with cesp&DC- (T;: 82 °C, C: 50 mol.-
%)Ijglutaraldehyde- @78 °C, C:51 mol%)lj and hexamethylene diisocyanateq: (14 °C,
C: 48 moI.%Ij crosslinked collagen materials. This indicates thatirtberporation of Ph as a
stiff, aromatic segment superiorly stabilises collagenemdés in comparison with current

crosslinking methods.
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Figure 4. Left: DSC thermograms of samples Collagen-Ph1.5, (Collagen-EDC60-(-) and type | collagen ()
obtained with 10 °C-mih heating rate. An additional thermogram of sample Collagenvisl acquired with
1°C-miri* heating rate-(). All samples describe a triple helix denaturation by adotrermic transition a67-88

°C. Right: ATR-FTIR spectrum of sample Collagen-Ph1 foll@gMPSC analysis; the main peaks of collagen can
still be observed in the spectrum.

Besides thermal analysis, mechanical properties of coli&dehydrogels were measured by
compression tests. Samples described J-shaped strgsmession curves (Figure 5), similar to
the case of native tiSSLﬁsHere, shape recovery was observed following load remavab
nearly 50% compression, suggesting that the established wbuatevork successfully resulted
in the formation of an elastic material, as obserwehear biopolymer network¥.On the other
hand, EDC-crosslinked collagen showed minimal mechanicakepties, whereby sample failure
was observed even after sample punching. Consequently, qusatiiata of mechanical
properties on collagen-EDC samples could not be acquirezse findings support the idea that
the collagen functionalisation with Ph is effective fbe formation of collagen materials with
enhanced mechanical properties.

Compressive modulus (E: 28+BB5+9 kPa) and maximal stress of Ph-crosslinked samples
(omax 6x2>8%4 kPa) were measured in the kPa range, while compressioneai By:

53+5>58+5 %) did not exceed 60% compression (Figure 6). The ragabimpressive modulus



was therefore measured to be almost 20 times higher casnjmapeeviously-reported collagen-

based materiﬁ
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Figure 5. Compressive stress-strain plot of hydrogel Collagen-Rimppessed up to sample break describing a
J-shaped curve, typical of native tissues. Shape recagerpbserved following compression up to nearly 50%.

At the same time, there was little variation in mecbtanproperties among the different
compositions. Given the unique organisation of collagenhigrarchical level, e.g. triple helix,
fibrils or fibres, at which covalent crosslinks are idwoed, is crucial in order to study the

influence of crosslinking on the mechanical propertiesalibgen. Olde Damink et al. observed

no variation of mechanical properties in dermal sheep lorksd collage f.“‘“nl This was

explained based on the fact that crosslinks were maitdgduced within rather than among
collagen molecules. This hypothesis may be supported beabeghanical findings, although it
is not in line with TNBS, swelling and thermal analysis diast likely, the variation of Ph
feed ratio among the different compositions 55 [COOH]/[Lys] ratio) was probably too
low to result in significant changes in mechanical progertror these reasons, a wider range of
Ph concentrations may be advantageous in order to isktalyldrogels with varied mechanical
properties. In that case, investigation via AFM will be insteatal in order to explore the

hierarchical levels (i.e. triple helices, fibrils orbrfes) at which covalent crosslinks are



introduced; here, tapping m ould be employed in order to scan the material sudace
explore whether any collagen structural assemblpresent following covalent crosslinking.
Subsequently, force-volume measurements could givenmafiton on the local elasticity of

resulting crosslinked patterns.
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Figure 6. Compressive modulusE), maximal compressive stress. (), and compression at break)( of
Ph-crosslinked collagen hydrogels.

3.4. Degradability and bioactivity in vitro
SBF incubation is a weknown method to test a material’s ability to form a

hydroxycarbonate apatite (HCA) layer in ollagen is known to trigger bone-like apatite
deposition in vivo during bone formatiprso it was of interest to investigate collagen hydrogel
behaviour in SBF as an osteogenic-like medium. The coitzasge was therefore quantified and
the presence of calcium/phosphorous elements in retfisamples assessed in order jo (i
clarify any occurrence of degradation and mineral deposdiah (ii) determine the chemical
composition of any potentially nucleated phases. This irgeg&in was then coupled to a
degradation study in PBS in order to investigate the stabilitpllagen hydrogels in a calcium-

free medium.
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Figure 7. SEM on samples CollagdPhl (a), Collagen-Ph1.5 (b ollagen-EDC10 (c) and Collagen-EDC60 (d),
following 1-week incubation in PBS (pH 7.4, 25 *gtrieved EDC-crosslinked samples present damaged surface
providing supporting evidence of hydrolytic degradation takirarelin these materials. The extent of surface

damage seems to be directly related to the degree ofickoss. In contrast to that, Ph-crosslinked samplegsak
no detectable damage on their surfaces.

A slight mass decrease (averaged mass loss ~ 8 wt.-%) waveabse PBS-retrieved
collagen-Ph samples, indicating minimal hydrolytic degradathad occurred (Table 2), in
contrast to EDC-crosslinked samplesg(30 wt.96). The latter high change in mass was also
reflected by SEM of partially-degraded EDC controls (Figyrevhereby a crack-like formation
was observed following PBS incubatidn.contrast to that, the collagen-Ph1.5 sample described
the lowestmass loss and a nearly-intact material microstructoo@firming that increased
Ph/Lys feed molar ratio led to networks with increased stirdgng degree (Table 1).

Interestingly, no specific fibrillar pattern was obseriredesulting collagen samples. This likely



suggests that Ph-mediated covalent crosslinking hinderastitction of collagen fibres, so that
a triple helical architecture is expected in formetwoeks (Figure 3), as evidenced by ATR-

FTIR (Figure 1), WAXS (Figure 2) and DSC (Figure 4) analyses.

Table 2. Mass change (M in retrieved samples following 1-week incubation in &itRBS or SBFThe negative
mass change describes a mass loss in recovered sakgllesdlie to hydrolytic degradation of the material in the
tested conditions. EDS Cal/P ratio is presented for sartrplted in SBF.

Mgr Iwt.-%
Sample ID Cal/P
PBS SBF

Collagen-Ph0.5| — (10£8) | —(5%9) 1
Collagen-Phl | — (10£5) 5+5 0.84
Collagen-Ph1.5| —(5+8) | —(11+5)| 1.41
Collagen-EDC1Q - (38+ 30) | — (48 £ 13)| 1.26
Collagen-EDC60 —(33+4) | - (58 +£19)| 1.09

Besides PBS, gravimetric analysis in SBF-treated sampdesirmed similar trends,
although one sample, collagen-Phl, displayed a slight massase, suggesting deposition of a
nucleated phase on the material. SEM on retrieved Bédbaamples revealed nearly-intact
material surfaces, confirming that a covalent network witlspsesent at the molecular level
(Figure 8). Other than Ph-based systems, a much highes lmss (averaged mass loss ~ 53
wt.-%) was observed in EDC-crosslinked collagen, supportingdCS&nfindings. Furthermore,
small (up to 1 um) micro-pores were observed on the rettisample surface, which is likely to
be related to the material degradation, similarly to tlse cd PBS-retrieved samples (Figure 8).

Following gravimetric and morphological investigations, REnd EDS were carried out on
SBF-retrieved samples in order to explore the chemaabposition of retrieved samples.Figure

9 describes the spectra of the collagen-Phl.5 samplectaid after SBF incubation.



(©) (d)
Figure 8. SEM on samples collagdPil and collagen-EDC10 prior to (a, b) and following (c, d) 1-weeklation
in 25 °C SBF, respectively. Minimal surface damagebiseoved in retrieve®h-crosslinked samples (c), while the
formation of pores is displayed iresulting EDC-crosslinked samples (d), likely ascribed t® tiydrolytic
degradation of treematerials.

Main amide bands are detected in both collagen spectrangrihat collagen composition was
not affected following in vitro bioactivity test. Here, adulital bands at 1078, 1030 and 970%cm
were observed in spectra of SBF-incubated hydrogels. Thasds are characteristic of
phosphate species associated with ap&ti. the same time, a slight shift is described by the
Amide Il band in FTIR spectrum of SBF-incubated sampleomarison to freshly-synthesised
hydrogel. Given that the Amide Il band is located in $hene region as the C=C band (1540
cm?) of Pharomatic ring, this shift may suggest a specific intevaddetween the introduced Ph
segment and calcium species of nucleated piiaHais hypothesis is also suggested by the shape

of this peak, which is broader compared to the same peak HTIR spectrum of a



freshly-synthesised sample. In order to further explbee rble of the Ph aromatic ring in
templating calcium nucleation, the collagen-Ph1.5 samg@ls incubated in a simple calcium
containing solution (2.5 mM Cag}! Interestingly, in the resulting ATR-FTIR spectrum on the
recovered sample (Figure 9), the 1540'qmeak was absent, in contrast to native type | collagen
spectrum. This observation may give further evidence afitanaction between calcium species
present in solution and the aromatic Ph ring presetftarcollagen network. Although further
studies are needed to confirm this point, these results gughygo hypothesis that introduced
aromatic moieties may act as a preferential sitmatzium phosphate nucleation.

Complementing FTIR, EDS analysis was carried out in rotdefurther characterise the
chemical composition of hydrogel nucleated phase following $BEbation. In doing thjs
complete sample washing with water was crucial in ordeemave superficial deposition of
magnesium, sodium and chlorine ions. The presencel@ficaand phosphorous elements was
observed in all samples, although with a low Ca/P atoatio (Ca/P 0.84-1.41, Table 2). This
suggests that the mineral phase laid down on the matarface was most likely constituted of
amorphous rather than crystalline calcium phosphate, wimaii be expected due to the
relatively short incubation (1 week) at 25 °C. The amorphwisre of the hydrogel nucleated
phase is also supported by the broad phosphate peaks inspé&tRa of resulting samples

(Figure 9.
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Figure 9. ExemplaryATR-FTIR spectra of sample Collagen-Ph1.5 directly afteth®gis {-), following 2-day
incubation in 2.5 mM Caglsolution (—), and after 1-week incubation in SBF medium)( SBF-retrieved samples
display additional peaks at 970 and 1030*¢cdistinctive of phosphate phase deposition, while disappeacdrhe
peak related to aromatic bands (at 1540 i observed after incubation in either Ca@l SBF solutions

The collagen-Ph1.5 sample displayed the highest Ca/Picatatio (Ca/P ~ 1.41) compared to
all other samples. This finding may provide further evidesfce selective mechanism of apatite
nucleation in hydrogels crosslinked with increased Phetwnas suggested by FTIR (Figune 9
Here, incorporated aromatic rings are expected to astlastive sites of calcium-phosphate
nucleation following chelation with calcium ions from SBEimilady to the interaction
mechanism observed in cortical bone between calcium ionglgodsaminoglycan sulfate and
carboxylate group® Although further investigations with longer time at bodyperature are
required in order to elucidate the role of Ph in guidindrixaucleated phase interaction, this

study provides experimental evidence that these systenmd poomote calcium-phosphate



nucleation in vitro and therefore may be suitable asantplfor the regeneration of mineratise

tissues.

3.5. Cytotoxicity study

Material cyto-compatibility was investigated by extract cykatity assay following
European guidelines for medical device testing. Samplebesined with the lowest and highest
Ph feed ratio were tested, in order to investigate whetimgtoxic compound could be released
from formed hydrogels to cell culture medium following gdenincubation Cell morphology
was monitored at 24 and 48 hours following cell culture i Isample compositions as well as
in positive (DMEM) and negative controls (DMSO); thesdservations were then
complemented with MTS assay quantitative data of cellitya after 48 hours. As pictured in
Figure 10, L929 mouse fibroblasts appeared confluent when cultuedtien sample extracts
cell culture medium, suggesting that sample extracte weil tolerated by cells. On the other
hand, cell death was observed in the case of cell culturBMSO. These morphology
observations were in agreement with MTS assay resi@teribing the metabolic activity of vital
cultured cells (Figure 11)nterestingly, measured formazan content was highenancase of
cells cultured in both samples extracts compared to é#ke of cell culture in DMEM and

DMSO.



(f)

Figure 10. Cell morphology of L929 mouse fibroblasts cultured at diffetene points during 48-hour culture in
sample extracts, DMEM as positive control and DMSO gstine control. (a, ¢): morphology of cells cultured in
Collagen-Ph0.5 following 24 (a) and 48 (c) hours cell culture; (b, nddrphology of cells cultured in
Collagen-Ph1.5 following 24 (b) and 48 (d) hours cell culture){edrphology of cells cultured in DMEM (e) and
DMSO (f) following 48 hours cell culture.



This suggests that both types of sample extracts were r@ntto L929 cells, so that cell
confluence and metabolic activity were not decreased a@ahga cells cultured in cell culture
media (positive contral)Given that the samples tested identified the two cortipnsextremes

in terms of Ph feed ratio, both cell morphology and Mé&$&ults suggest that the sample extracts
are well-tolerated by L929 cells, so that a non-toxic cowaletwork could be expected
following the crosslinking reaction. In light of the ebged sample biocompatibility, next steps
will focus on in vitro investigations of these materialshwspecific cell types, including stem
cells.
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Figure 11. Formazan absorbance following MTS assay on L929 cells 48tdour cell culture. Cells cultured on
both Collagen-Ph0.5 and Collagen-Ph1.5 sample extracts shoglest labsorbance compared to cells cultured in
cell culture medium (DMEM) and dimethyl sulfoxide (DMSa@ighlighting full hydrogel biocompatibility.

4. Conclusions

Triple-helical hydrogels were successfully formed via fuoralisation of type | collagen
with Ph as novel, bifunctional segment, and comparedtateof-the art EDC-crosslinked
collagen. Resulting materials were characterised aghfeir protein conformation, network
architecture, thermo-mechanical properties, degradabilitypachvity and cytotoxicity.

Functionalisation with the aromatic segment provided fdrtmation of a triple helical covalent



network with tunable crosslinking density and swelling ratio, ebgrenhanced macroscopic
properties were obtained compared to systems with EDC-taddiatramolecular crosslinks.
Consequently, resulting Ph-based systems displayed onlynatimass loss following 1-week
incubation in either PBS or SBF, wdtiinucleation of an amorphous calcium phosphate phase
was initiated in retrieved samples. The presence et aromatic ring in resulting networks
proved is likely to promote an interaction with calciumapg present in solution, so that
specific site for calcium phosphate nucleation may peeed. L929 cell culture revealed no
sign of cytotoxicity following 48-hour incubatian sample extract, whereby cell confluence was
observed as in the case of culture in cell culture amdFurthermore, the metabolic activity of
cells cultured in the sample extracts was not decdeasth respect to the one observed
following cell culture in DMEM Patrticularly based on their bioactivity and full bioco niipiéity,

these materials have significant appeal for applicaiionsineralised tissue regeneration.
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