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Abstract

In light of the importance of collagen, one of thest abundant proteins in mammals,
the preparation of collagen-based scaffolds is iggirnterest in the field of tissue

engineering. However, there is a need to develmiegfies to produce collagen three
dimensional structures with mechanical propertiegable for proper handling and

manipulation. In this work, the feasibility of comimg graphene oxide (GO) with

collagen was explored, with a view to providingustural reinforcement to collagen-

based scaffolds and concomitantly add a positiieence to the cells conduct. We
report a self-assembled GO-collagen (GO-Col) stdffeth a porous network resulting

from preferential interaction of oxygen functiomgbups located on the GO nanosheet



edges with amine groups on the biopolymer chaichSwnjugation was characterized
and explored minutely, as well as its influence tbe structural properties of the
scaffolds that proved to be highly dependent on ke of the medium and the
collagen/GO weight ratio used during the synthesideed, accurate control of those
variables was shown to modulate the repulsion amdling forces within the GO-Col
nanocomposite system, providing the opportunityataricate a wide range of stable
GO-Col scaffolds. The most viable candidate in terof mechanical integrity was
selected and tested together with its reduced eqoentt concerning its stability in
physiological medium under mechanical stimulati®he cytocompatibility of these
two scaffolds was tested by culturing Schwann aatishe materials surfaces for 24 h.
The results indicated that these novel scaffoldsige a useful new approach for the
assemblage of suitable cellular microenvironmehtg tould be explored on tissue

engineering applications.
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1. Introduction

The wide range of commercial, industrial and sdientapplications potentially
provided by two-dimensional carbon nanomateriatsglaced graphene at the forefront
of research in biomedicihend electronics.Graphene is a monolayer of’dpybrid-
bonded carbon atoms arranged to form a honeyconolstste, providing excellent
electrical and thermal conductivities, high mechahstrength and remarkable optical
properties’ Graphene can be directly obtained by using e#hsottom-up approach via
chemical vapor deposition (CVbyr a top-down strategy like mechanical exfoliatidn
graphite; an indirect route involving chemical didtion of graphite to graphene oxide
(GO) followed by reduction is common due to higklgiand low-cost.GO presents a
similar layered structure to graphene, but its carbheets are heavily oxygenated with
hydroxyl and epoxy functional groups on the basah@ and carbonyl/carboxylic acids
groups on the plane edges. These functional grargsesponsible for making the GO
surface highly hydrophilic, which facilitates therfnation of stable aqueous colloft$.

In addition to the formation of graphene-like siseettrough the reduction of GO by
eliminating surface oxygenated moieties originating so-called reduced GO (rGO),
GO also offers the possibility of combining thosgygen-containing groups with
specific functional groups on biomolecules or othelymers. This can be via either
covalent (e.g. nucleophilic substitution) or norvaent (e.g. Van der Waals forces,
electrostatic interaction, hydrogen bonding) methedid can be used to adapt and
improve material§:*°

Recently, GO has received much interest in thel f@fl regenerative medicine and
studies have shown that it can positively influetlce attachment, proliferation and

differentiation of stem cell§'” Lee et al.' reported that the different binding



interactions established between graphene and B@ fvith insulin could influence
the routes of the osteogenic differentiation of emefiymal stem cells (MSCs). They
concluded that ther-n interaction provided by graphene caused suppmessio
adipogenesis due to insulin denaturation, where& Was able to encourage
differentiation of MSCs to adipocytes due to thectlostatic binding interaction. In
other examples, the adhesion, proliferation antedihtiation of induced pluripotent
stem cells (iPSCs) were studied using both graplaedeGO substratéd.The results
showed that the graphene substrate was able taamaiPSCs in an undifferentiated
state for longer periods of time and that prolifiera and differentiation occurred faster
on GO substrates.

GO has been shown to enhance the bulk propertiesterials such as poly-L-lysitfe
and polycaprolacton¥, forming GO composites that are able to succegsfimic
complex cellular microenvironments. In fact, GO dchsomposites can present a range
of forms including film&®, electrospun fibréd and hydrogefS. From a biomedical
perspective, physically cross-linked hydrogels pagticularly attractive due to their
ability to mimic living-tissue, but also becausetloéir simple synthesis and absence of
potentially toxic chemical crosslinking agents. kwstance, conductive polymers such
as polypyrrole can be self-assembled with GO ireotd form composite hydrogels
with enhanced mechanical, electrical and electnmite propertie$’ In other
examples, electrostatic interactions and H-bonbdetgveen GO and poly(vinyl alcohol)
(PVA) were explored with the purpose of creatingaanGO-PVA composite hydrogels
able to control the release of drugs by adaptieg tel — solution transition to the pH
level of the environment? A similar application was explored by Piabal.,** who
studied the gelation process between GO and gelBtiey concluded that by varying

the pH of the culture medium and consequently tiogopation of the functional groups



of both GO and gelatin, the bonding — repulsiorcdsrof the system could be changed
and therefore the composite hydrogel behavior naiddl Indeed, the protonation of
the functional groups of both GO (oxygen functidtned) and gelatin (oxygen and
amine functionalities) boosted not only the formatiof H-bonds but also the
electrostatic attraction between negatively charG&d sheets and positively charged
gelatin particles, increasing binding forces anssguent maintenance of the gel state.
Comparable GO-protein composite hydrogels wereidated using hemoglobifiand
chitosai® as GO sheets crosslinkers.

Indedd, various proteins have been used to cre@ec@nposite hydrogels, but the
potential of collagen as GO crosslinker has not lyeén thoroughly investigated.
Collagen is the principal extracellular matrix campnt for many tissues and the most
commonly used biomaterial in regenerative mediaipglications’® Collagen is widely
used in tissue engineering since it can easily farnydrogel structure at physiological
pH capable of simulating the extracellular maffixAdditionally, collagen can be
successfully integrated in hybrid networks withestmaterials including GO in order to
enhance the biocompatibility and biodegradabilityhe system. For example, GO was
successfully used as reinforcement agent in a gmtlgelatin composite film for
enhanced wound healifi§.In other reports, GO was combined with poly(laciie
glycolic acid) and collagen in order to improve thgdrophilicity and mechanical
properties of a composite electrospun scaffold lol@paf improving attachment,
proliferation and myogenic differentiation of C2C4Reletal myoblasts. A different

strategy was followed by Kang al.,*

who covalently bonded the carboxylic groups
located on the surface of GO flakes to the amimectfanal groups positioned on a
collagen sponge via a carbodiimide crosslinkewds reported that the GO addition

promoted osteogenic differentiation of human MS@set only by enhancing the



mechanical properties of the scaffold, but alsoitproving its ability to adsorb
proteins in the medium. The mechanical and bioklgicoperties of collagen scaffolds
were also modulated by adding either GO or rGOirgst resulting in changes to
surface structure, compressive strength and cghomth® It was reported that the
dissimilar bioactivities of the final scaffolds veersignificantly influenced by the
specific properties of each additive, therefore,-G& scaffolds and their reduced
counterparts present an interesting opportunitgémtrolling cell-material interactions.
In this work the electrostatic interactions betwemgatively charged GO nanosheets
and positively charged collagen polymeric chairspoasible for the formation of a
self-assembled hydrogel were pioneeringly studieg K-ray photoelectron
spectroscopy (XPS) and Atomic Force Microscopy (AFRMalysis. Our experimental
studies showed that the structural network stgolitthe nanocomposite was dependent
on the medium pH and the collagen/GO weight/weighv) ratio used during the
hydrogel synthesis. Therefore, by varying thosecermental parameters it was possible
to synthesize a wide range of GO-Col nanocompdsjtirogels. Evaluation of their
mechanical and swelling properties after lyophtima showed that a stable
nanocomposite was obtained using pH 2 and a 24%genl/GO w/w ratio. The
potential for this optimized GO-Col nanocomposité &s reduced counterpart to act as
scaffolds for tissue engineering able to be medahnstimulated under in vitro

conditions was evaluated.

2. Experimental methods
Synthesis of the GO-Col hydrogels
A GO aqueous dispersion (4.0 mg Tlwater dispersion: Graphenea) was directly

mixed with rat tail type | collagen (2.16 mg fhiprotein in 0.6% acetic acid: First Link



Ltd, West Midlands, UK) and then rapidly shaken16rs to form a hydrogel. Different
collagen/GO w/w ratios were used. Before shakihg, gH level of the reaction was
controlled by adding a few drops of 1 mol diNaOH solution into the GO suspension
until the desired pH value was reached (2, 4 ofb¢& pH values were confirmed by pH
test strips (Filtres Fioroni Company, Ingré, Frgn&everal combinations were tested
and the final GO-Col hydrogels were identified @sb* where a is the pH of the
medium andb is the weight % of collagen relative to GO usedirdy the hydrogel
synthesis. For example, 2.24 GO-Col indicates aiumeg@H of 2 and a collagen weight

% of 24 relative to GO.

Preparation of the GO-Col scaffolds

After synthesis, the GO-Col hydrogels were freedeed by lyophilisation (Telstar
lyoQuest HT-40, Beijer Electronics Products AB, Mak, Sweden) at -80 °C in order
to obtain three dimensional (3D) porous structufdee lyophilized samples were then
washed in MilliQ water for 12 h to neutralize thgstem and remove any impurities.
Finally, the samples were freeze-dried again aadekulting 3D structures were named
“a.b GO-Col scaffolds’.

The 2.24 GO-Col scaffold composition was selected firther studies since this
composition exhibited the most appropriate strudtuntegrity. It was renamed as
simply GO-Col scaffold. A reduced version of thisafold (rGO-Col scaffold) was
prepared by immersion in a hydrazine solutio;tti_(IlnL'l of MilliQ water) for 24 h and
intensively washed with MilliQ water to remove anydrazine residues before freeze-

drying.

Materials characterization



A digital instrument MultiMode Scanning Probe Misoope (SPM) with a Nanoscope
[IIA controller in contact friction mode was usea the AFM measurements. The zeta
potential and the particle size of GO and collag@spensions at different pH values (2,
4, 6 and 8) were measured using a Zetasizer NaB0 ZRalyser (Malvern Instruments,
Malvern, UK). The conformational changes of collageith increasing pH were
evaluated by an UVmini-1240 UV/visible scanning cpgphotometer (Shimadzu
Scientific Instruments, Kyoto, Japan).

Both the swelling properties of scaffolds and thetnuctural resistance in water were
evaluated by immersing the samples into MilliQ wateroom temperature for periods
of 1 h and 24 h. The swelling ratio was calculateth the following equation:

(W — Wy)
Wa

Swelling ratio (mg/mg) =
where W and W, are the weights of the scaffolds at swollen ang shates,
respectively. Triplicate measurements were cawigdor every sample.

The compressive properties of the scaffolds inahg wet states were tested using a
Shimadzu MMT-101N (Shimadzu Scientific Instrumerdgoto, Japan) with a load cell
of 100 N. The cylindrical shaped samples were cesged at a rate of 2 mm riliap

to the maximum limit. Three specimens with dimensi® mm diameter x 5 mm of
thickness were used for each test condition. Thepcessive moduli of the samples
were calculated by the analysis of the stressainstiurves, specifically, from the slope
at low strain (0-15 %). For fatigue tests, the speas immersed in Dulbecco’s
Modified Eagle’s Medium (Sigma-Aldrich Corporationyere submitted to a 0.2 Hz
sinusoidal compression of 5 % strain load up to0R0€ycles at room temperature. The

stress amplitude was calculated with the followaggation:

(Umax - Umin)
2

Stress amplitude (Pa) =



wherecmax andomin are respectively the maximum and minimum stregsldemeasured
during one cycle.

XPS was used to characterise the elemental conposit the samples. XPS spectra
were acquired in an ultra high vacuum (UHV) systeith a base pressure of 2x19
mbar. High resolution spectra were recorded at abamission take-off angle and with
a pass-energy of 20 eV, which provides an overatrumental peak broadening of
about 0.5 eV. XPS spectra were calibrated in bopdinergy by referencing to the first
component of the C 1s core level at 284.5 eV (€. pomplementary, the chemical
structure of the scaffolds were analysed via a#dtsul total reflectance fourier
transform infrared (ATR-FTIR) in a Bruker Tensor Ef-IR spectrometer (Bruker
Corporation, Massachusetts, USA). The spectra wererded between 4000 and 400
cm?, with a resolution of 4 cthand 256 scans.

The microstructure of the scaffolds was evaluatgdgua scanning electron microscope
(SEM) Hitachi SU 70 (Hitachi High-Technologies Coration, Krefeld, F.R.,
Germany) and the dimensions of the pores were rdeted by direct analysis of ten

SEM pictures.

Cytocompatibility of the scaffolds

Scaffolds with a cylindrical shape, dimensions 6 rfdiameter) x 4 mm (thickness),
were tested. Samples were washed in sterile cutteidia Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco) supplemented with 10% (v/v)etal bovine serum (FBS)
(Gibco) and Penicillin Streptomycin (10000 U/mLfd.iTechnologies) for 15 minutes.
Each material was placed in a well of a 48-welltoland seeded with 1x10at

Schwann cells (SCL 4.1/F7) suspended in f0Cculture media. Cells were added to

the top of the materials and incubated for 30 naswt 37C and 5% C@to allow the



cells to settle, then an additional 500 culture media was added prior to incubation for
a further 24 h. Live/dead analysis was performadguSytda1-9 (5uM) and Propidium
lodide (PI) (20pug/mL) and samples were viewed immediately afteinstg. The cell
survival and death was determined by calculatirgaberage of three random fields of
view per sample using a fluorescence microscopedlleMIRB) with a 20x objective,
where each field of view had an area of 0.23°n8tatistical analysis was performed
using Graphpad Prism 6.0 (GraphPad Software, Ban Diego, CA) with one-way

ANOVA.

Fluorescence microscopy and SEM were used to dealgall attachment and
morphology. The actin filaments and nuclei wereféscently stained using phalloidin
conjugated to Alexa Fluar 488 and PI, respectively. Specimens were briefiglved in
phosphate buffered saline solution (PBS) then fixaernight at 4°C in 4 %
paraformaldehyde. Cell permeabilisation was peréatrasing 0.5% Triton-X (Sigma-
Aldrich Corporation) for 20 minutes then washedeéhitimes with PBS. A 2.5 %
solution of phalloidin methanolic stock solutionfd.Technologies) in PBS was added
to each specimen for 20 minutes at room temperatuaedark environment. After three
washes with PBS, the specimens were counter-staisety 20pug/mL Pl for 10
minutes at room temperature. Specimens were wdasheelin PBS before viewing and
capturing images using a Zeiss Axio Lab Al fluoesse microscope equipped with an
AxioCam ICml camera (Zeiss AX10, Germany). Imagéshe phalloidin and PI

staining were superimposed using ImageJ (versid®v)..

Additional samples were prepared for SEM by fixatio 3% glutaraldehyde for 24 h
followed by sequential dehydration in 50 %, 70 %,% and 100 % ethanol for 10

minutes each and lastly drying in hexamethyldisiteez for 2 minutes. Following this,
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samples were carefully mounted on aluminum stubsgusarbon tape. The specimens
were then sputter-coated with gold and imaged uSiEY Philips XL30 FEG-SEM;
FEI, Eindhoven, Netherlandsyith an accelerating voltage of 10 kV and a wogkin

distance of 10 mm.

3. Resultsand discussion

3D sdlf-assembly of the GO-Col hydrogels

The GO-Col hydrogels were successfully prepared sbif-assembly of initially
randomly dispersed GO sheets and collagen in aguaedium. As mentioned eatrlier,
the collagen and GO solutions were directly mixed éhen shaken vigorously for a
few seconds in order to get a homogeneous hydrtigeias noticed that the gelation
process only occurred at specific collagen/GO weigtios and it was dependent of the
pH of the medium (see Figure S1 in Supporting Imfation). Indeed, a uniform and
consistent gelation only occurred for collagen / ®@w %) ranges between 18 and 24
for pH 2; 12 and 24 for pH 4; 6 and 12 for pH 6whks also observed that although
some of GO-Col mixtures lost some of their fluidignd become viscous for
collagen/GO weight ratios below their particulataggjen range, a robust 3D network
was not formed since those samples were not alade the tube inversion test. On the
other hand, when collagen/GO weight ratios highantthe particular gelation range
were used, the GO sheets precipitated into setietalogeneous hydrogel clusters due
to the excess of collagen adsorbed on their susfaeeakening the crosslinking effect.
The 3D self-assembly process behind the formatiaheoGO-Col composite hydrogels
is intimately related to the manipulation of thewerk of repulsive and attractive forces
among the acidified GO sheets and collagen molscwkich present, respectively, a
typical GO flake morphology and a fibrillar confoatron according to the AFM

analysis (see Figure 1 a-b). Indeed, it is the loi#ipaof the positively charged collagen
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chains to act as crosslinkers between the GO shiegtoriginates the hydrogel (see
Figure 1c), which, after lyophilization, allows tliermation of a stable microporous
foam (see Figure 1d). The development of GO bagedolyels originated by several
supramolecular interactions including hydrogen hogd?coordination?, electrostatic
interaction andrt-n stacking was reported by other groups, openingpthesibility to
prepare composite hydrogels using biomacromolecseghysical crosslinkers of GO
sheetg 2% 3233

In the present work, XPS analysis (see Figure llejvad us to confirm that such
interactions were mainly governed by ionic bondsveen the highly electronegative
charged oxygen functional groups (carboxylic acls}50 and the protonated amine
groups presented on collagen. The spectra showmeiteft part of Figure 1e shows a
comparison between the normalized C 1s core ledetained for GO, collagen and
GO-Col samples. These individual XPS spectra of & collagen are presented
respectively in Figures S2a and S2b in the Supmprtnformation, for a better
visualization. GO presents the main characteristimponents at 284.5 eV (C-C) and
286.5 eV (C-0) followed by a broad component cateat 287.6 eV that can be
associated with other oxygen species such as CxDG€=0.° In the case of
collagen, its spectrum can be fitted by three ncammponents centered at 284.5 eV (C-
C), 285.7 eV (C-N) and 287.6 eV (C=8)Importantly, in GO the highest intensity
corresponds with the second component while in ¢ase of collagen the first
component, at lower binder energy (BE), dominatesspectra. In the spectrum of the
GO-Col hydrogel (see Figure le) two broad featoezdered at 284.5 eV and 286.5 eV
are present with similar intensities. These twomfaatures are aligned (see the green
arrows in Figure leleft spectra) with the main peaks detected foraggh and GO

samples, respectively. Therefore, by directly conmgaGO, collagen and GO-Col XPS

12



spectra altogether, the relative increase of thensity of the first component (lower
BE) with respect to the second one in the GO-Cekspm strongly suggest that the
collagen has successfully interacted with the GQrimaFurthermore, since nitrogen
species are characteristic of collagen, N 1s cevellcharacterized by XPS can bring
some light on the interaction between collagen@@d As expected, N 1s XPS spectra
of collagen revealed the typical C-N peak centeake399.6 eV (see Figure le, right
spectra)® After the self-assembly process with GO, an addéi peak appeared at
401.5 eV, which is attributed to the ionic bond$ween the protonated amine groups
from collagen and the anionic carboxylic groupsTfr&O° This result confirms the

electrostatic nature of the bonds between GO slaeetsollagen molecules.
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Intensity (a.u.)

Intensity (a.u.)

Binding Energy (eV)

Figure 1. AFM images of individual components of the hydioge) GO sheets and (b)
collagen; c) Representative photographic image haf hydrogel, together with a
schematic representation of the proposed self-ddgent the GO sheets with the
collagen molecules due to the establishment oéwfit non-covalent chemical bonds;
d) Photograph of GO-Col scaffold after lyophilizatiand the respective SEM image
showing the microporous network; e) High resolutkiS of C 1s core level (left) of

GO nanosheets (light blue), collagen (black) and@iD(red); high resolution XPS of
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N 1s (right) obtained for collagen (black) and GOFQed) samples. The intensity of

XPS spectra were normalized for doing a clear corspa.

In order to better understand the nature of thea@@collagen interactions that prompts
de formation of the hydrogel, several GO and cellagolutions were prepared at
different medium pH values (see Figure 2a-b). Téta potential results confirmed that
GO presents an increasingly negative charge fopbheange from 2 to 8 (see Figure
3c). This can be explained by the deprotonatiothefcarboxylic groups positioned on
the edges of the sheéfsSimilarly, for pH values below its isoelectric poi(pH = 8),
collagen exhibited a progressively weaker catidmetavior since the amino groups
located along the polymer chains gradually depmt®ras the pH of the medium
increases. Therefore, the attraction between tledpposite charged components and
consequently the weakening of the repulsion foemasng GO sheets is optimized for
lower pH values.

The efficiency of collagen as a crosslinker is alstated to its ability to establish
hydrogen bonds (H-bonding) with the GO functionadups and consequently enhance
the bonding forces among the negatively chargedst&®ts. Similarly to chitos&hand
gelatirf®, collagen has several amine and hydroxyl groupsitipoed along its
polymeric chain that can form hydrogen bonds wlid dxygenated moieties located on
the GO surface (carboxyl and hydroxyl). Additiogallhe epoxy groups located on the
GO network can also interact with the amino funwidgies of collagen by nucleophilic
substitutior®. Although protonated functional groups are more wmm for lower pH
levels, it is plausible that H-bonding only beconties dominant force upon pH values
between 4 and 8 because of the conformational @satitat occur in the collagen

structure during neutralization. Those modificaicere associated with the collagen
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self-assembly mechanism and have been studiedahgdial.,*” who reported that at
low pH, collagen molecules assemble into globukmtigles that start to extend when
the pH reached 4.5 and only assembled into filbrdteuctures at a pH higher than 5.5.
Collagen fibril formation was confirmed by the UMs\spectra of collagen solutions at
different pH levels (see Figure 3d). Predictabby, the lower pH values (2 and 4), it
was possible to identify the two characteristiclaggn absorbance peaks at 220 nm
(maximum at 200 nm — not seen) related with thegree of peptide bonds and at 275
nm due to aromatic side chains (tyrosine and pladayine)®® 3° However, with
increasing pH, the peak associated with the aremesidues gradually became a broad
shoulder because of the light scattering origimpfiom the aggregation of collagen
molecules during fibrillogenesf§.Figure 3e shows the variation in size of collagen
molecules and GO sheets with increasing pH. lotscaable that the collagen particle
size increased by neutralizing the medium untiligglat approximately pH 8 (it was
not possible to measure the size of the colladamdiat pH = 8 because of spontaneous
hydrogel formation). This variation is likely to benly related to the fibril length
increasing since the fibril diameter decreases \itneasing pH* Therefore, due to
this enlargement of the collagen polymer chaintelveill be more sites to increase the
H-bonding with the GO sheets and therefore leslageh % will be needed to induce
gelation (see Figure S1 in Supporting Informatidf)jth regard to GO, the sheets are
larger than collagen fibrils and only slight vaioats in their size can be detected since
in acidic medium GO sheets have a predominantly #aangement and their
conformational changes are mainly related to hykitmity dissimilarity between the
edge and the basal plane, which increases witp#t A possible explanation for the
marginal decrease in GO sheet size observed at BHvas given by Whitbyt al.,*®

who concluded that GO sheets usually start to e fold at pH > 7 in order to
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maximize distance between deprotonated sites anohidh exposure of the basal plane

to the aqueous environment (hydrophobic effect).
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Figure 2. Photographs o&) GO andb) collagen solutions at different pH levels;
Variation of Zeta potential of collagen and GO wiitle pH of the aqueous solutia);
UV-Vis spectra of collagen aqueous solutions dedet pH levelse) Size distribution

of the GO and collagen particles in aqueous salwiovarious pH values;

The strength of the interactions between GO ankhgeh was further investigated via
detailed AFM studies in friction mode. The graphieserted in Figure 3 showed the

linear response of each individual component aedréispective hydrogel by applying
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four different normal forces: 18.7, 37.3, 74.6 dd®.2 nN, that can be represented by
the equatiorFs=Kgi(Fah + N).** The results obtained presented very distinct \sabfe
friction coefficients (ki) for collagen (0.02), GO (0.22) and GO-Col (0.18)deed,
collagen showed the lower 4K value, which can be attributed to the denatured
amorphous fibrillary structure. Contrarily, GO shemthe highest £ characteristic of
its oxygenated 2D carbon macromolecular structina treduces the out-of-plane
flexibility of graphene’® The GO-Col nanocomposite exhibited an intermedialee

for Kgi (0.13), which is much higher than denatured celta@brils and similar to
values observed for natural cartilage tis§U€hese results strongly suggests that GO
surface is able to promote the structural arrangéroé collagen fibrils through the
establishment of strong interactions, as alreadsdipted by molecular dynamics

simulations®’
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Figure 3. AFM topography and friction (normal force 75 niNjages of collagen fibrils,
GO nanosheets and GO-col scaffold. Frictional \erad curves over four load
increments for determination of friction coeffictefiKy;) and adhesion forcd={y,) of

different materials.

Characterization of the GO-Col scaffolds

As previously mentioned, the most viable hydrog#ig, ones that showed the more
uniform shape, were freeze-dried to prepare GOscaffolds. Then, the mechanical
integrity was evaluated by swelling and compress$ests. This group of scaffolds did
not include the 4.12 and 6.6 samples since thaseedrto be unable to maintain their
structure during the washing step. As presentéltiliie 1and alscshown in Fig. S3 of

the Supporting Information, the swelling equilibriuwas achieved within 1 hour and
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the water uptake capacity of the GO-Col scaffoldas wdependent on both the
collagen/GO weight ratio and the pH used duringhydrogel synthesis. In fact, for the
same pH value, increasing the collagen contenhéndystem caused a reduction in
electrostatic repulsion among GO sheets, creatimgraction in the hydrogel network
and consequently a decrease in the swelling ratditionally, for pH levels where the
collagen molecules are larger and can present rdldibconformation (4 and 6),
increasing the crosslinking agent should resuthore H-bonding between their amine
and hydroxyl groups and the oxygen containing gsougn GO. This would
consequently lead to a smaller number of accessilletional groups on the GO-Col
network available to establish H-bonds with wateolenules during the swelling
process. Conversely, water uptake tends to incred@beincreasing pH, for the same
collagen amount, since during hydrogel preparatlmn continuous deprotonation of
functional groups intensifies repulsion forces lmdw GO sheets and causes an
expansion in the hydrogel network.

The compressive properties of the GO-Col scaffelése investigated by analysing
their typical stress-strain curves (see FiguresS54and S6 in Supporting Information).
It was observed that during the compressive testependently of the pH and %
collagen used during hydrogel synthesis, scaffolddifferent states (dry and wet) did
not fracture at the stress levels applied (max.PaMThis revealed an efficient degree
of crosslinking between GO and collagen due to esgfal interconnection of their
individual networks. The compressive moduli of tkeaffolds exhibited similar
variations in both dry and wet states, dependingherpH of the medium and the % of
collagen (see Table 1 and Figure S7 in Supportimgrination). In fact, as the
increasing pH caused the availability of new criogshg sites on the collagen chain

during fibril formation (pH 4 and 6), there was rad-bonding between collagen and
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GO sheets and therefore a gradual increase in essige modulus due a more
compact hydrogel network. Similarly, the compressmodulus increased with the
addition of collagen into the system because ofstifessequent decrease in electrostatic
repulsion among GO sheets, which initiates thereotion of the GO-Col network. The
differences between the compressive moduli of did/\&et scaffolds are deeply related
to the swelling response discussed above. Indezdyader molecules can readily
interact with free hydrophilic groups of both GOdarpllagen and weaken the already
established intermolecular H-boriighe decline of the scaffold structural integritifl w

increase for higher swelling ratios.

Table 1. Summary of the swelling and compressive restitained for the GO-Col

scaffolds.
Scaffold SNeII(ifrg];)ratio SNeI(Iin;%)ratio Cic;]rr;p(;'s\t/; gg(d;;)us mcijourrupsrvv(\a/ o
state (kPa)
2.18 52.93+2.68 5452 +5.78 12.58 £ 0.55 4.83 +0.46
2.24 43.45 + 2.89 44.23 + 4.00 15.75+0.64 6.40 + 0.56
4.18 63.65 + 6.67 63.98 +5.18 15.20+1.84 3.13+0.35
4.24 50.41 +7.26 50.13 +2.96 17.70£0.64 5.95+1.06
6.12 72.75+8.28 70.60 = 10.07 17.52+1.44 4.03 +0.57

Based on these results, the scaffold 2.24 wastedlexs the best GO-Col scaffold
composition to take forward, since its structunaiegrity appeared to be the most
resistant to water uptake. It showed the lowestllsweratio and, consequently, the
higher compressive modulus in the wet state. Ih the 2.24 GO-Col scaffold allows
the formation of a very compact GO-Col network do¢he low pH level used during

its preparation and the % of collagen present.dutiteon to this, the higher percentage
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of collagen (relative to 2.18) should theoreticadlyhance the biocompatibility of the
scaffold during cell culture procedures. Hereattex 2.24 GO-Col scaffold will be

referred to as GO-Col.

Sructural evaluation of optimized GO-Col scaffold and its reduced counterpart

In addition to the biocompatibility and favouraldell responses reported previou$ly,
GO and rGO based scaffolds present dissimilar pbykiemical propertiéSthat can be
used to modulate cell adhesion, proliferation atiéréntiation. Indeed, by removing
oxygen containing groups from the GO surface duthegreduction process, features
like the conductivity* and hydrophilicity (which influences the interacts between
material surface and proteins in the culture medfuf) will change, potentially
modulating cell behaviout:

The reduction process of the GO-Col scaffold westlji indicated by a color change
from brown (see Figure 4a) to black (see Figureafter the hydrazine treatment. SEM
analysis of both GO-Col and rGO-Col scaffolds shdweterogeneous microporous
structures with pore size distributions betweem@0to 100um. We hypothesize that
the observed alveolar pore shape occurs due tpréferential self-assembly of the GO
sheets by the edges since that regions are higgdyr@enegative due to the high density
of carboxylic groups, favoring the ionic interactiavith the electropositive amine

groups of collagen during GO-Col hydrogel formation
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Figure 4. Microporous architecture of) the GO-Col andb) rGO-Col scaffolds,
showing in both cases a photograph of the scafftiey correspondent SEM

microstructure and the pore size distribution.

These two scaffolds were analysed by ATR-FTIR (Sgere 5a). As expected, the GO-
Col spectrum displayed characteristic bands of @&@* and collager® Indeed, the
strong peak located at 1640 ¢ris not only related to the C=C and C=0 (carbonyl)
stretching vibrations of the GO portion, but alsdhie C=0 stretching of the amide | in
the collagen chain. Likewise, the band situated2#0 cni is probably due to the
contribution of the stretching vibration of epoxypgps on the GO surface and the N-H
bending coupled with C-N stretching of the amidddtated in the collagen structure.
The other absorbance bands related with GO oxygectibnalities are located at 985
cm? (epoxy), 1049 cm (alkoxy), 1740 crt (carboxyl) and 3350 crh (hydroxyl).
Finally, it is also possible to observe an absocbdmand related with the amide Il of

collagen at 1555 cth After reduction (rGO-Col spectrum), there wereamges in the
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absorbance patterns of the oxygen functionalitiasstated in an overall reduction of
the intensity of the bands correspondents of oxygeational groups, with less impact
on most resilient functional groups such as carboxagids (1740 cif), alkoxy (1049

cm?) and high impact on the most instable ones suchydsoxyl (3350 crit) and

epoxy (985 crif).
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Figure 5. Chemical characterization of the GO-Col and rGO-&affolds. a) ATR-
FTIR; b-c) XPS characterization: b) wide scans endigh resolution C1s core level.

The best fits are also included and the spectra wermalized for direct comparison.

Wide-scan XPS survey spectra were also recordedthfier GO-Col and rGO-Col
scaffolds (see Figure 5b). The direct comparisawéen both O 1s core levels clearly
indicates a strong reduction of the oxygen spearethe rGO-Col scaffold (see Table
S2 in Supporting Information). Importantly, the vetlon of the sample is clear by
comparing the ratio of the areas of the C1s andd®deslevels in the wide scans. In the
case of GO-Col sample the C1s/O1s ratio is 2.4 ewhil its reduced form is 5.0,
indicating that oxygen species leave the sampleexaected during the reduction
proces& On the contrary, the ratio between the areashef@ls and N1s does not
change during the reduction of the sample. The evalbtained in both cases for
C1s/N1s is close to 10, indicating that no degiadatf collagen during the hydrazine
treatment under the experimental conditions G8ed.

As shown in Figure 5c, C 1s core level spectrardam for rGO-Col sample shows 4
main features which were assigned to € (sf284.5eV), C spC-N (~285.2eV), C-O
(~286.1 eV) and C=0 (~288.0eV), on the other h#edxygenated contra-part showed
a lower resolution spectrum since only 2 main fesstwere assigned to C%3pC sp/
C-N (~284.5eV) and C-O / C=0 (~286.7 eV). In thgufe the intensity of the spectra
was normalized to allow direct comparison betwdendcaffolds. The binding energy
shifts observed could be related to surface chaffects of the non-conductive
sample>’

Furthermore, we confirmed the removal of the oxygemtaining groups and the
rearrangement of the carbon atoms into’acspfiguration by measuring the increasing

conductance of the GO-Col scaffold after the reduciproces®. The difference
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between the conductance of the GO-Col scaffold2®,iS) and the rGO-Col scaffold
(142uS) was of three orders of magnitude.

The result of the swelling response of these tvadfsltls is summarized in Table 2 and
in Figure S8a of the Supporting Information. Itpessible to observe that after the
reduction process and independently of the swelbegod tested (1 h and 24 h), there
was a remarkable increase in the water uptake ttgpddhe r-GO scaffold regardless
of its expected hydrophobic nature due to the omyg®ups removal, when compared
with the GO-Col. This was probably due to the nemance of the interconnected
microporous network after the reduction processmiemtion that the fewer amounts of
hydrophilic groups on the rGO sheets of the rGO-&lffolds (high C/O ratio) most
probably helped to prevent the interaction betwaeater molecules and the rGO-Col
network, which consequently minimized damage to s$tricture during swelling,
allowing the entrance of more water molecules. Aported by Xieet al.,” the
wettability of freeze-dried graphene sponges cambdulated by controlling the pore
size of the structure, which can be water absoribatstpores are smaller than 2xfh,

being this statement valid for both scaffolds.

Table 2. Summary of the swelling and compressive resudtained for the GO-Col and

rGO-Col scaffolds.

Scaffold Swelling ratio Swelling ratio Compressive modulus | Compr essive modulus
(2h) (24h) inadry state (kPa) in awet state (kPa)

GO-Col 43.45 +2.89 44.23 +4.00 15.75+0.64 6.40 + 0.56

rGO-Col 91.27+11.51 92.63 +14.51 15.25+1.62 12.8027 1.

The compressive properties of these scaffolds \a&se compared (see Table 2 and

Figure S8b in Supporting Information). Although, the dry state the mechanical
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behaviour is similar for the reduced and the natuced forms; in the wet state the
compressive modulus of GO-Col is reduced by appnaiely 60 %. Interestingly, the
rGO-Col presents a compressive modulus reductianlyf 16 %. This result is a direct
consequence of the resistance of the rGO-Col ddafifowater damage because of its
higher C/O ratio, which weaken the formation of éhildls between the scaffold and the
water molecules as discussed previously. Indeedwiditer uptake did not cause any
relevant structural damage to the rGO-Col scaffold.

Envisaging the application of these scaffolds BsUe engineering, its important to
investigate their potentiality to integrate straésgthat include dynamic mechanical
stimulation, which has been an approach increaginggd in applications including the
modulation of stem cells behavir.®! In this context, the scaffolds were subjected to
fatigue tests. Figure 6a shows a photograph of dyxgamic compression system
apparatus. The graphical representation in FighrevBere the stress amplitude applied
to the scaffolds is plotted against the numberyales, show that both scaffolds are
skilled of withstand during a significant period the, which frequency (0.2Hz) and

deformation (5%) are compatible with dynamic celtare assay&°®*

18 :b)
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Figure 6. Comparison of the mechanical response of the GD#&bd rGO-Col

scaffolds under dynamic compression cycles. a) Byoacompression system
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apparatus; b) Stress amplitude versus number déxyrrves of the GO-Col scaffold

(blue) and its reduced counterpart (orange)

Cytocompatibility of GO-Col and rGO-Col scaffolds

To obtain a first insight about the potential otlb&O-Col and rGO-Col scaffolds for
biomimetic cellular microenvironment, we made sopreliminary tests about the
viability of Schwann cells cultured on these malisrisurfaces. As seen in Figure 7a,
there was no difference between the numbers afiredltcells on both scaffolds after 24
h of incubation.

Fluorescence microscopy imagésee Figures 7b and 7aeye in agreement with the
high-resolution SEM imagetsee Figures 7d and 7ahd show that the cells spread
extensively on both materials and formed attachsémtthe surface vipseudopods
such as filopodia. These results show that the @Da@d its reduced counterpart are
able to support living Schwann cells and promoté sgreading. It appears that the
fewer oxygen groups on the rGO surface did notfiate with the ability of the scaffold
to successfully interact with cells. This could dlained by the presence of cellular
anchor sites provided via ther interactions that the rGO can establish with tiveer
hydrophobic core of medium protefisnd via the oxygen moieties that have resisted
the reduction process.

Further studies should evaluate the effects ofitbgmilar chemical composition of the
GO-Col and rGO-Col scaffolds on the adsorption capaf medium proteins and on
the type of surface-biomolecule interaction esthigd since these factors may influence

several aspects of cell behavidtir'®
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Figure7. a) Viability of Schwann cells on GO-Col and rGO-Gohffolds following

24h incubation. Live cells were distinguished frdead cells and the number of live
cells per area was determined. One-way ANOVA reagtab statistical significance
between test samples. Data are means + SEM, neBMicrographs showing Schwann
cells seeded on GO-Col scaffolds (b) and rGO-Cailfslztls (c) after 24h in culture at a

magnification of 10x (left - scale bar = 1(3fh) and 20x (right - scale bar = xfh). The
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staining markers are F-actin (green) and Propidadide (red); d-e) SEM images
showing cell-material interactions for GO-Col (dafolds and rGO-Col (e) scaffolds.

Schwann cells are coloured in purple.

4. Conclusions

In the present study, collagen was used as a orksslfor GO nanosheets in acidic
medium to prepare a portfolio of self-assembled Ga@-hydrogels with mechanical
and swelling properties that were dependent omtadium pH and on the amount of
collagen used during the gelation process. Duesistematic characterization study we
were able to confirm and characterize in detail ¢hectrostatic nature of the bonds
between the protonated amine groups from collagehtlae anionic carboxylic groups
from GO. We also identified the GO-Col hydrogelguwoed at a pH value 2 and with a
24% Col/GO w/w ratio as the most appropriate caaigido be explored as a scaffold
for future biological testing. Additionally, the GQol scaffold was reduced and its
mechanical integrity evaluated, showing a much tgrestructural integrity in the wet
state when compared with its oxidized counterp&ath GO-Col and rGO-Col
scaffolds showed suitable cell-material interactiomvith Schwann cells and
consequently an appreciable potential for use irchaeically stimulated cellular

environments for future tissue engineering applcet
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