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Abstract

In this work we study the mechanical properties and failure mechanism of nano-
composites made of graphene oxide sheets embedded in polymeric systems, namely
films and electro-spun nanofibers. In this last system, contrary to conventional bulk
composites, the size of the nano-reinforcement (GO sheets) is comparable to the size of
the nanofibers to be reinforced (= 200 nm). As an ideal polymeric matrix we use gelatin.
We demonstrate that the high chemical affinity of the two materials hinders the
renaturation of gelatin into collagen and causes a nearly ideal mixing in the GO-gelatin
composite. Adding just 1% of GO we obtain an increase of Young’s modulus >50% and
an increase of fracture stress >60%. We use numerical simulations to study the failure
mechanism of the fibers. Calculations agree very well with experimental data and show
that, even if cracks start at GO sheet edges due to stress concentrations, crack
propagation is hindered by the nonlinear behaviour of the matrix. As an additional
advantage, the presence of the GO sheets in continuous gelatin films improves the
material stability to phosphate buffer solutions from 2 days to 2 weeks, making it a

better material than gelatin for applications in biological environments.



1. Introduction

Nanofiller/polymer composites find a wide range of applications, thanks to the ability of
the nanofiller to improve the mechanical, chemical, thermal and optical properties of the
matrix [1,2].

Among nano-fillers, the newest and most studied class of materials is that of so-called
2-dimensional materials, such as graphene and its derivatives. While graphene can
improve the mechanical, electrical and thermal properties of composites, its efficient
processing and interaction with the polymer matrix is still problematic. The role of
graphene as mechanical reinforcement can become all the more useful in biomaterials
that have usually very poor mechanical properties or stability.

A widely used biomaterial is gelatin. Gelatin has attracted great interest due to its
peculiar properties. This biopolymer is obtained by chemical-thermal degradation of
collagen, which causes the rupture of the collagen triple helix into the random-coil
structure characteristic of gelatin. The sol-gel transformation that takes place on cooling
gelatin aqueous solutions is a conformational disorder-order transition of the gelatin
chains that results in a partial regeneration of the triple helix structure [4-6]. The
stiffness of gelatin gels and the mechanical properties of drawn gelatin films have been
related to the renaturation level, that is the triple helix content of the protein [5-8].
Gelatin is cheaper than collagen and it does not express antigenicity in physiological
conditions [9,10]. In addition, gelatin is biodegradable and biocompatible, which
justifies its numerous uses in the pharmaceutical and medical fields for a variety of
applications, including tissue engineering, wound dressing, drug delivery and gene
therapy [11]. Moreover, gelatin-based films are thin, flexible and transparent materials
widely employed in engineering food, packaging and drug recover [12,13]. However,

the main drawback in the use of gelatin is related to its poor mechanical properties,



which limit its range of application. The mechanical performance of the biopolymer can
be improved through reinforcement with fillers. A variety of materials, including carbon
fibers, clay, hydroxyapatite, have been proposed to this aim [2,14,15]. Recently, it was
reported that reinforcement with graphene oxide nanoplatelets induced remarkable
improvement of gelatin films mechanical properties [16].

Graphene oxide (GO) can be obtained in large quantities by chemical oxidation of
graphite and processed efficiently in different solvents as single sheets with lateral size
tunable from 100 um to 100 nm, and with a nearly 100% yield of monolayers [17,18];
Furthermore, GO can be functionalized in different ways to enhance its interaction with
other molecules and with the surrounding environment [19,20], displaying high
Young’s modulus, hardness and flexibility [21]. Whilst the positive effect of GO nano-
fillers has been proved for different composite systems [22-24.] there is less evidence
on what the exact failure mechanism is in these composite materials at the nanoscale [
25].

In this paper, we study the mechanical properties and failure mechanism of nano-
composites made of graphene oxide sheets and gelatin. We do not limit the study to
bulk composite layers, but also prepare and characterize more challenging systems in
which the composite is electrospun in nano-fibers.

In these systems, contrary to conventional bulk composites, the size of the nano-
reinforcement (GO sheets) is comparable to the size of the nanofibers to be reinforced
(=200 nm). The electrospinning production method itself is challenging, because the
fibers undergo significant mechanical and electrical stress during spinning; only highly
stable and defect-free composites can be processed in this way.

Continuous electrospun nanofibers are becoming increasingly of interest in the field of
functional and structural materials [26] as well as in the biomedical sector [27] due to

high open porosity of the nanofibers assemblies, associated to their remarkable specific



surface area and extreme flexibility. The first attempt to produce polymeric electrospun
nanofibres filled with GO dates back to 2010 [28]. Very recently polymers with polar
groups, thus capable of interacting with oxygen-containing hydrophilic groups located
at the surface of GO - such as poly(vinyl alcohol) [29], poly(acrylonitrile) [30-32] and
poly(amides) [33] - have been electrospun with GO obtaining mats with remarkably
improved mechanical properties. No attempt to prepare electrospun gelatin nanofibers
enriched with GO has been reported up to now.

The behaviour of these composites based on 2-dimensional nanofillers is even more
complex when used in fibers and textiles, because the fiber diameter can be comparable
to the size of the nanosheet. For this, we use for the first time a combination of
macroscopic mechanical tests, microscopic characterization and numerical modelling to
understand how the mesoscopic nanosheets are positioned into (or onto) the fibers, and
how this influences the failure mechanism of the material at the nanoscale.

In these systems, the sheets can act as mechanical reinforcement of the fiber, but also as
defects oriented perpendicular to the fiber axis, or can be segregated outside the fiber,
thus having little effect on fiber properties. Including graphene in polymer sheets and in
thin polymeric fibers is a major challenge for applications in e-textiles and bio-

compatible electronics [34].

2. Experimental

2.1 Preparation of GO

Graphene oxide was prepared from graphite flakes by a modified Hummers method [17]
and characterized before use by spin coating part of the solution on flat silicon wafers,
and observing sheet size by Atomic Force Microscopy (AFM). As expected, the
material was composed mainly by monoatomic sheets, with minimal amounts of thicker

aggregates [17,18,35].



A 7.5 mg/mL GO solution in water was diluted 45 times before the characterization
process. A Chemat technology spin-coater KW-4A was used for 60 s at 2000 rpm to
spin-coat the GO solutions on SiO; films. The samples were spun in open air using
100uL of the diluted GO solutions. Spin-coating was used to make a uniform
distribution of GO sheets on the substrates.

2.2 Preparation of gelatin-GO films

Type A gelatin (280 Bloom, Italgelatine S.p.A.) from pig skin was used. Different
amounts of a 7.5 mg/mL GO solution were added, under continuous stirring, to a 10%
aqueous gelatin solution at 40°C, in order to obtain films containing 5 wt% gelatin and
different GO amounts (0.5, 1, 1.5, 2 wt%) in the final composition. Films were obtained
on the bottom of Petri dishes (diameter=6 cm) after water evaporation at room
temperature (RT) from 10 ml of solution.

The samples were labelled as F-0.5, F-1, F-1.5, F-2. Pure gelatin films were used as
reference, and named F-0. Composite films containing a higher fraction of GO, 0.5 wt%
gelatin and 0.5 wt % GO (Gel:GO =1:1) were also produced, and labelled as G-05 GO-
05.

2.3 Preparation of gelatin-GO electrospun mats

Gelatin was dissolved in acetic acid/double distilled water 60/40 (v/v), at a
concentration of 25% (w/v). The solution was stirred at 50°C for 60 minutes,
maintained under stirring overnight and then electrospun to obtain the control mat free
of GO. Different amounts of a 7.5 mg/mL GO solution were added, under continuous
stirring, to aqueous gelatin solution in acetic acid/ double distilled water 60/40 (v/v) at
50°C, in order to obtain suspensions containing a gelatin concentration of 25% and a
GO content of 0.5, 1 and 1.5% (wt%) in the final electrospun mat composition.

The electrospinning apparatus, made in house, was composed of a high voltage power

supply (Spellman, SL 50 P 10/CE/230), a syringe pump (KD Scientific 200 series), a



glass syringe, a stainless-steel blunt-ended needle (inner diameter: 0.84 mm) connected
with a grounded rotating collector (length = 12 cm, diameter = 5 cm) positioned 15 cm
away from the tip of the needle. The polymer solution was dispensed, through a Teflon
tube, to the needle that was horizontally placed in front of the collecting mandrel. All
the above described solutions were electrospun into non-woven mats by using the
following conditions: applied voltage = 20 kV, needle to collector distance = 10 cm,
solution flow rate = 0.005 ml/min, at RT and relative humidity, RH = 40 + 50 %. Fibers
were collected with a random arrangement on the cylinder rotating at a speed of about 2
m/s. Electrospun mats were kept under vacuum over P,Os at RT overnight in order to
remove residual solvents. Gelatin electrospun mats were labelled as M-0 whereas
gelatin-GO electrospun mats were labelled as M-0.5, M-1, M-1.5 according to GO
content.

2.4 Morphological investigation.

AFM measurements were carried out using an NT-MDT AFM in air operating in semi-
contact (tapping) mode, using commercial Bruker n-doped Silicon (Si) AFM tips in a
semi-contact (tapping) mode. In order to obtain quantitative results from the
topographic AFM images of GO we used statistical image analysis software (Scanning
Probe Image Processor, SPIP from Image Metrology and OriginPro 8.1 SR3).
Morphological investigation of the composite samples was performed using a Philips
XL-20 Scanning Electron Microscope (SEM). The samples were sputter-coated with
gold prior to examination. The distribution of electrospun fiber diameters was
determined through the measurement of about 150 fibers by means of an acquisition and
image analysis software (EDAX Genesis) and the results were given as the average
diameter + standard deviation. Electrospun fibres supported on conventional copper
microgrids were observed by using a Philips CM 100 Transmission Electron

Microscope (TEM) operating at 80 kV.



2.5 Mechanical tests

Mechanical characterization was carried out on strip shaped (3x30mm, thickness around
0.12 mm, determined by micrometer) samples obtained after film immersion in
H,O/Ethanol (2/3) solution for 10 minutes and on strip-shaped electrospun mats (5
mmx20 mm, thickness ranging from 0.012 to 0.017 mm, determined by micrometer).
Stress-strain curves were recorded on dried samples using an INSTRON Testing
Machine 4465, and the Series IX software package. Crosshead speed was set at 5
mm/min in the case of films and at 0.5 mm/min for the electrospun mats. The Young’s
modulus E, the stress at break o, and the strain at break g, of the strips were measured
in a static mode.

At least ten specimens were measured for each sample type and results were provided as
the average value * standard deviation.

2.6 Differential scanning calorimetry (DSC)

Calorimetric measurements were performed using a Perkin—Elmer Pyris Diamond DSC
equipped with a model ULSP intracooler. Temperature and enthalpy calibration were
performed using high-purity standards (n-decane and indium). The sample weights were
in the range of 3-4 mg. Samples were examined in air-dried conditions. Heating was
carried out at 5°C/min from 40°C to 150°C. Denaturation temperature (Tp) was
determined as the peak value of the corresponding endothermic event. The value of
denaturation enthalpy was calculated with respect to the weight of air-dried gelatin.

2.7 Swelling

Square-shaped films (1cm?) were immersed in Phosphate buffered solution (0.1 M, pH
7.4) for different periods of time. Wet samples were wiped with filter paper to remove

excess liquid and weighted. The amount of adsorbed water was calculated as

w (96) =100 W —Wa)
W,

w



Where W,, and W are the weights of the wet and the air dried samples, respectively.

2.8 X-ray diffraction (XRD) analysis.
X-ray diffraction analysis was carried out by means of a Panalytical X’Celerator
Powder diffractometer. CuKa radiation was used (40 mA, 40 kV). The 26 range was

from 3 to 50° with a step size of 0.033° and time/step of 20s.

10



3. Results and discussion

In many cases, the main challenge in creating a composite material is to maximize the
interaction between the two (or more) components of the material, to obtain a new
product that merges together the beneficial properties of all the constituents. A major
issue in composites based on graphene and graphene oxide is the re-stacking of the
sheets due to poor interaction with the polymeric matrix, which creates large defects in
the composite, reduces the processability and requires higher loading of graphene to
obtain a significant improvement of the properties of the material.

Interestingly, the composite materials described in this work display an excellent
interaction between the two different components both in the shape of films and as co-

electrospun nanofibers (Fig. 1).
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Figure 1. Scheme of gelatin-GO composites preparation process, and numerical

modelling of the gelatin-GO nanofibres at the lowest hierarchical level.

3.1 GO nanosheets
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Fig. 2 reports the AFM image, thickness profile and statistical analysis of the GO
nanosheets utilized for the preparation of the nanocomposites. Using image analysis,
2197 sheets in 4 different samples were measured. For each sheet, the length L and

width W were calculated, as well as the aspect ratio L/W (Fig. 2c).
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Figure 2. a,b) AFM image of GO sheets spin coated on silicon. ¢) Statistical analysis
of the length/width ratio of the GO sheets, in log-log scale. The different colors of the
points in the plot correspond to four different samples that were analyzed. d) Height

profile taken along the dashed line in b).

Given the irregular shape of the sheets, the definition of L and W is not unique. To avoid

any ambiguity, we use as relevant parameter the square root of the area measured
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exactly for each sheet (pixel by pixel) by image analysis software: S= Amamfed,
which has the same units of length and width. This value would correspond roughly, in

the case of rectangular shapes, to the geometrical mean of the length and width. Instead,
the irregular shape of the sheets gives in all cases S # /LW . Thus, while L and W are

arbitrary axes chosen for each flake by the image analysis software, S is an objective
value directly obtained for the flake area.
Statistical analysis for this solution yields S=84+66 nm, L=113+98 and W=56+44 nm.
This average must only be considered as indicative, because the size distribution does
not follow a Gaussian (a.k.a. “normal’) distribution, but it is strongly asymmetric and
positively skewed, as typical in many poly-dispersed materials, like powders or polymer
blends, giving a very high variance of the average. From the slope of the fitted line we
calculated the aspect ratio of length/width that is 3+0.05. The average thickness of the
sheets as measured by AFM on silicon was 1.1+0.3 nm.
3.2 Gelatin—GO Films

Well dispersed gelatin-GO composite films were obtained using a simple assembling
procedure as described in the experimental section. The good dispersion of GO inside
the biopolymer is confirmed by the photographs of the films reported in Fig. 3, which
show a homogeneous coloration. The intensity of the yellow/brown colour increases on

increasing GO content of the composites.

F-0.5 F-1 F-1.5 F-2
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Figure 3. Photographs of the gelatin-GO composite films at different GO content: the

intensity of the yellow/brown color increases on increasing GO content.

Moreover, Scanning Electron Microscopy (SEM) images of the fractured film surfaces
display a layered morphology, with the presence of GO sheets between the layers, as
shown in Fig. 4 for F-0.5. The GO sheets (indicated by white arrows) appear embedded
in between layers of biopolymer; although SEM does not allow the measurement of the
thickness of the GO flakes, many of them appear very thin, with just occasionally some
thicker platelets (an example is shown Fig. 4b). Overall, SEM data indicate a good

dispersion of GO in the matrix, in agreement with XRD data (see below).

Figure 4. a,b) Scanning electron microscopy of F-0.5 fractured surface: the arrows
indicate the GO platelets which appear embedded in between the layers of gelatin. Scale

bar: 5 um.

The DSC plots of dry composites exhibit an endothermic peak due to collagen
denaturation, as a consequence of the helix-coil transition. The values of denaturation
temperature, Tp, and enthalpy, AHp, of the films at different GO content are reported in
Table 1. Contrary to Tp values, which do not show significant variations as a function

of composition, the values of AHp decrease on increasing GO content. Since AHp is
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related to the relative amount of triple helical structure in the samples, these data
suggest that the presence of GO during gelling interferes with the renaturation process
of gelatin and reduces the triple helix content of the composite films. This finding is
supported by the results of X-ray diffraction analysis (Fig. 5). The XRD pattern of
gelatin shows a reflection at about 8° of 20, corresponding to a periodicity of about 1.1
nm, which is associated to the diameter of

Table 1. Denaturation temperature (Tp) and denaturation enthalpy (AHp) of the

endotermic peak event for gelatin-GO films.

sample T(°C) AH(J/g)
F-0 94=+1 321
F-0.5 911 291
F-1 91+1 29+ 1
F-1.5 911 28+1
F-2 911 26+ 1
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F-0

29/°
Figure 5. XRD diffraction patterns of gelatin-GO films: the amount of GO increases

from the top spectrum to the bottom one.

the collagen triple helix, and a broad peak in the range 12°-30° of 20 related to peptide
bonds. The integrated intensity of the first reflection can be used as a measure of the
degree of renaturation, or triple-helix content, of gelatin films [7]. In particular, herein
the relative amount of triple helices (X) within the samples has been determined by
dividing the integrated intensity of this reflection by that of the broad peak associated to
peptide bonds [36]. The comparison of the XRD patterns reported in Fig. 5 shows a
decrease of the relative intensity of the 1.1 nm reflection on increasing GO content of

the films. In agreement with this qualitative observation, the values of X decrease as
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well from 21% for F-0 to 18% for F-0.5, to 12% for the samples at greater GO content.
The reduction of the triple helix content revealed by DSC and XRD results is similar to
that observed on crosslinked gelatin, where the degree of renaturation of the protein
decreases on increasing the degree of crosslinking [6,10]. It can be suggested that the
interaction of the oxygen-rich groups on the GO surface with gelatin chains during
gelling interferes with gelatin renaturation and reduces the extent of triple helix content,
in agreement with previous studies [16]. The XRD pattern of GO displays a broad peak
at about 10.8° of 26, corresponding to an interplanar distance of about 0.76 nm (Fig. 6).
In contrast, the XRD patterns of gelatin/GO composite films do not exhibit any
reflection due to GO, (Fig. 5), most likely because of the low GO content and/or due to
the good exfoliation of GO sheets in the gelatin matrix [16,37]. In order to test this
hypothesis, a few films at low gelatin concentration and at very high GO contents, up to
50 wt% have been prepared and characterized. The XRD patterns of these films display
neither reflections due to gelatin nor to GO (Fig. 6), and their DSC plots do not show
the presence of any endothermic peak (data not shown), confirming that GO and gelatin
are interacting effectively in the composite, and that GO hinders the gelatin renaturation
process. On the other hand, the absence in the XRD patterns of the GO peak at about
10.8° of 26 and the presence of a shoulder at about 5.4° of 26 confirms the tendency of

GO to assume an intercalated structure within gelatin composites.
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Figure 6. XRD diffraction patterns obtained from GO powder, 0.5 wt% gelatin film

(Gel), and G-05G0O-05 film.

The mechanical properties of the composites improve on increasing GO content, in
agreement with its reinforcement action on gelatin. Stress—strain curves recorded from
air-dried samples were used to evaluate the Young’s modulus, E, the stress at break, op,
and the deformation at break, ¢y, of the films. The results reported in Table 2 show that
even a relatively low GO concentration (1 wt%) yields a remarkable increase of both E
and op, Whereas a greater GO addition up to 2% does not cause further improvement of
the mechanical parameters. The reinforcement action of the filler also reduces the
degree of swelling of the composite films, as seen from the data reported in Table 3.
Gelatin is highly soluble and immersion in phosphate buffer induces considerable

swelling,
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Table 2. Strain at break (ep), stress at break (op), and Young’s modulus (E) of gelatin-

GO films. Each value is the mean of at least 10 determinations reported with the

standard deviation.

sample o (MPa) E (GPa) e (%)

F-0 799 21+£0.3 14 +4
F-0.5 869 26+0.2 18 +3
F-1 100 + 4 3.1+05 203
F-1.5 107+ 5 29+0.2 24 +4
F-2 97+ 5 29+0.3 17 £3

Table 3. Swelling (% wt) of gelatin-GO films as a function of storage time in

physiological solution. Each value was determined in triplicate.

Sample 1min  5min  30min 60 min 180 min 1d 2d 7d 14d
F-0 124+4 253+3 562+4 714+3 882+4 998+10 1470+8 - -
F-05 136+8 264+4 510+3 611+3 740+4 960+6 1200+6 1416+8 -
F-1 127+5 240+5 4815 6075 752+5 971+5 1040+8 1280+8 1692+8
F-15 121+3 236+4 491+4 600+5 733+6 8805 940+5 1140+5 1450+8
F-2 1176 229+5 491+6 600+x4 744+5 890+6 920+5 1040+6 1200+10

which reaches about 900% in three hours. Gelatin films completely dissolve after 2

days. In agreement with the reinforcement action of GO, composite films display

reduced swelling, F-0.5 resists up to 7 days and the dimensions of the samples richer in

GO can still be measured after 2 weeks in phosphate buffer. The stabilizing action can

be explained with both a mechanical reinforcement induced by GO and with a

protective effect of the large, highly anisotropic 2-dimensional GO sheets that act as a

barrier to water intake into the more open, 3D porous gelatin matrix.

3.3 Electrospun gelatin-GO fibers
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In view of the similar properties exhibited by F-1.5 and F-2, the preparation and
characterization of nanofibrous gelatin-GO mats were limited to graphene oxide
contents up to 1.5 wt%. The mats of pure gelatin (M-0) display bead-free and randomly
arranged fibers with interconnected porosity, as shown in Fig. 7a. The nanofibers are
uniform in diameter and smooth in surface, with a mean diameter of about 270 nm. The
preparation of the composite scaffolds is a very delicate assembly process since the
dimensions of GO sheets are comparable to fibre diameters. Nonetheless, the presence
of GO in the composite scaffolds do not seem to affect the smoothness and uniformity
of the nanofibers (Fig. 7b-d), indicating a good performance of the optimized

electrospinning conditions.

Figure 7. Scanning electron microscopy of electrospun gelatin-GO mats a) M-0, b) M-

0.5, ¢) M-1. d) M-1.5. Scale bar: 5 um.
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The main variation provoked by GO on fiber morphology is the reduction of the fiber
mean diameter observed in the sample M-1.5, which displays a mean diameter of 150 +
40 nm, in contrast to those of the other samples (270 = 40 nm). Reduction of the
diameter of electrospun fibers with GO content has been previously observed in
different polymers and ascribed to the increase of conductivity of the electrospinning
solution due to GO addition, which yields thinner fibers [30,38]. The increased
conductivity has been explained in previous works as the GO reduction promoted by
gelatin amino groups, which could be oxidated to nitrite [39]. The real process is likely
due to a more complex combination of causes; GO is indeed known as an insulator [40],
but the presence of GO sheets having size comparable to the fiber diameter will strongly
influence the viscosity and dielectric constant of the solution, changing the response to
the strong electric fields (20 KV) and to the mechanical stress applied during electro

spinning (typical spinning speed is 2 m/s).

Figure 8. Trasmission electron microscopy of electrospun M-1 mat showing GO flakes
deposited b) on the surface or a,c) partially embedded into gelatin fibers. Scale bar: 200

nm a,c); 500 nm b).

TEM images show the presence of GO flakescomparable in size to the fiber diameter,
onto the gelatin nanofibers (Fig. 8a), whereas further images show GO nanosheets
partially embedded in the nanofibers (Fig. 8b,c). While these large flakes are clearly

visible by TEM and can act as defects in the fiber, statistical analysis (Fig. 2c) shows
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that the majority of the flakes have a width smaller than fiber diameter (150 nm), and

thus will be fully embedded into the fibers.
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Figure 9. a) Representative stress strain curves of gelatin-GO nanofiber mats as a

function of the composition. b) Corresponding numerically calculated Stress-Strain

curves.

Representative stress—strain curves of gelatin-GO nanofibers are shown in Fig. 9. The
variation of the curves as a function of composition clearly shows that GO is also
effective in reinforcing electrospun gelatin fibers, as previously observed for bulk films.
The values of the Young’s modulus, E, the stress at break, op, and the deformation at

break, gy, of the scaffolds are reported in Table 4. The deformation at break decreases
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for increasing GO content, and it assumes minimum values for M-1 and M-1.5, which
also display greater values of o, than pure gelatin mats. Moreover, these same samples
exhibit an increase of the value of Young’s modulus of about 50% with respect to that

of pure gelatin mats.

Table 4. Strain at break (ep), stress at break (op), and Young’s modulus (E) of gelatin-

GO mats Each value is the mean of at least 10 measurements reported with the standard

deviation.
sample o (MPa) E (MPa) & (%)
M-0 25%0.6 90 + 20 172
M-0.5 29x0.6 92 +18 1212
M-1 3.4+05 148 £ 9 5407
M-1.5 41+04 141 +1 5+l

3.4 Numerical Simulations

To simulate the mechanical behaviour of the gelatin-GO nanofiber system, a numerical
approach was used based on a previously developed Hierarchical Fibre Bundle Model
[41], also employed for heterogeneous media [42, 43] and graphene composites [44],
and extended here to 2-D to account for shear effects. The simulations were
implemented in a hierarchical scheme in two steps: a) the GO-reinforced gelatin fibres
were modelled at nanoscale using an in-house developed 2-D Finite-Element Model
(FEM) formulation accounting for elastoplastic behaviour and fracture initiation and
propagation, and b) the electrospun mat geometry was modelled at micro/mesoscale
using a fibre bundle model with input fibre properties (i.e. yield and fracture stresses

and strains) determined from the nanoscale FEM simulations. More specifically:
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a) For the FEM simulations, representative portions of the gelatin fibres containing
various GO reinforcements were discretized in a 2-D quadrilateral-element mesh, as
shown in Fig.10a: each element consists of i=4 nodes, each with two degrees of
freedom (u; and v;), with 6 inter-nodal relationships in the element. A typical mesh
contains about 10* square elements, corresponding to approximately 2-10* degrees of
freedom (accounting for common nodes between adjacent elements), with each element
corresponding to an area of approximately 4.5 by 4.5 nm?. The GO flakes are modelled
with randomly varying orientation and dimensions corresponding to those reported in
Fig.2c, so as to obtain an average length of about 110 nm and width of about 50 nm.
The constitutive relation for the matrix is elasto-plastic and derived directly from
experimental data (specimen M-0, Fig.9a). We used for the simulation an effective
Young’s modulus En=62.5 MPa, calculated from the linear part of the stress-strain M-
0 curve in fig. 9, to account for softening effects always present before the yield point.
We also used as yield strain eme =2%, an elastic modulus (in the plastic region) Epp=
8.9 MPa, and fracture strain emp=16%. A perfect interface was considered between the
reinforcements and the matrix, and possible failure mode are platelet/matrix debonding
as well as crack propagation in the matrix .Due to the thickness of about 1 nm of the GO
flakes and the larger discretization size used in the mesh to optimize computational
times, for the reinforcements it was necessary to model representative GO-gelatin
portions, with GO flakes constituting about 1/5™ of the considered 10 nm thickness. The
corresponding Young’s modulus E; was derived from the GO modulus Ego = 200 GPa
[45] using a rule of mixtures, thus obtaining E, = 1/5-Ego + 4/5-Ene = 40 GPa. The
validity of this approximation was checked and found to be responsible for only a small
variation in the results (10% at most in the fracture stress). The GO flakes were
assumed to be randomly oriented and randomly positioned in the matrix, with statistical

variation in the size as derived from experimental data (see Fig. 2c¢).Due to the variation
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of these parameters, simulation results are statistically distributed and simulations are
repeated various times to obtain the corresponding distributions in output parameters.

b) Regarding the FBM simulations, the electrospun gelating mats shown in Fig. 7 were
modelled as networks of fibres arranged in parallel and in series subjected to uniaxial
tension, with statistically-distributed yield and fracture strengths, according to the input
parameters from FEM simulations. We adopted an equivalent load sharing hypothesis
[41], whereby when fibres fracture, stresses are redistributed uniformly among the
remaining fibres in the same bundle section. Specimen dimensions were 5 mm in width,
30 mm in length, and 0.08mm in thickness, which given the measured 91 % mat
porosity, 270 nm fibre diameter and assumed mean fibre length of 0.1 mm, correspond
to fibre bundles of approximately 10° fibres in parallel. Mechanical properties of the
fibres were derived from FEM simulations.In FBM calculations, the specimens were
subjected to tensile loading up to failure in repeated tests to derive the corresponding
macroscopic stress-strain behaviour, accounting for statistical variation, and results
were compared to experimental data .

FEM simulations show that cracks develop at nanoscale in the regions at the tips of
reinforcements due to stress concentrations, but their propagation is partially neutralized
by the matrix nonlinear behaviour, which concentrates deformations and failure at the
initial site of the crack, thus limiting further propagation. This type of behaviour, which

is shown in Fig. 10, is consistent with predictions in the literature [46].
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Figure 10: a) Schematic of the quadrilateral elements used in the model and FEM mesh
of a typical GO-gelatin nanofibre specimen. Nodal degrees of freedon (uj,vi) are also

indicated; b) Development of crack propagation leading to nanofibre failure at the
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lowest size scale considered numerically. Successive images show stress concentrations

leading first to failure in isolated areas, and finally in the whole specimen.

The resulting stress-strain curves for the different considered percentages of GO
reinforcements in the matrix (M0.5, M1, M1.5) are shown in Fig. 9b. A considerable
agreement is obtained with experimental curves (Fig.9a), with only a slight discrepancy
in the fracture strain for the M1.5 sample Overall, simulations capture an increase of the
elastic modulus both before and after the yield point for increasing GO percentages, as
well as a yield stress increase. At the same time, simulations shoe that the GO-gelatin
composite becomes more brittle with increasing GO content, so that fracture strain

decreases.

4. Conclusions

The composite materials described in this work display an excellent interaction between
the two different components; by mixing them together, both the renaturation of gelatin
and the re-stacking of the GO sheets over each other are hindered, allowing a good
mixing of the two phases. This effective interaction is even more remarkable because
the building blocks of the composites have a very different nature; on the one hand we
have highly polar and mechanically poor gelatin chains; on the other, we have 2-
dimensional GO sheets, composed by large areas of apolar, sp>~hybridized carbon
mixed with more polar patches of sp>-~hybridized carbon, functionalized with hydroxyl,
carboxyl and epoxy groups [40, 47]. The two materials have different chemical
composition, shape, size and origin.

Besides XRD, DSC, SEM and TEM evidence, the successful interaction of these two
materials is demonstrated by the possibility to process them not only into films, but also

into nanofibers by electrospinning, a quite demanding process that applies strong
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electrical and mechanical forces to the material. The gelatin-GO fibers are not only
produced with good yield and uniformity, but also display higher Young’s modulus and
stress at break as compared to pure gelatin, albeit with a smaller diameter (150 nm vs.
270 nm).

This strong interaction can be ascribed to the good quality and high hydrophilicity of
the adopted GO; and the modified Hummers method applied here [17] allows to have
extremely soluble sheets, which show little tendency to re-stack even when deposited on
surfaces at high concentrations [18]. Under stress, cracks develop eventually at
nanoscale in the regions at the tips of reinforcements, but their propagation is partially
neutralized by the matrix nonlinear behaviour, which concentrates deformations and
failure at the initial site of the crack, thus limiting further propagation.

While the deposition of graphene or GO sheets on flat substrates is straightforward,
their incorporation into more complex, nanostructured materials is still a challenge. The
results presented here demonstrate that this issue can be overcome by using suitable
chemically modified graphene and appropriate techniques, and that, because of the
strong interaction, high processability, and huge aspect ratio, GO can be an ideal

reinforcement for bio-materials such as these gelatin fiber networks.
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