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A B S T R A C T

Graphene based material (GBM) substrates are promising candidates for tissue engineering and as cell scaffolds
owing to their outstanding properties that favour cell adhesion and growth. In this study, we report the fabri-
cation and use of different oxidised graphene-based ‘papers’ as substrates for cell culture, using starting materials
of different thickness and lateral dimensions. Graphite oxide (GTO) consisted of thicker sheets than the thinner
large graphene oxide (l-GO) and small graphene oxide (s-GO) sheets. The ‘papers’ were prepared by vacuum
filtration of the material suspensions and characterised by an array of experimental techniques. The substrates
were then evaluated for cellular adhesion and proliferation with two epithelial cell lines that differ in their
morphologies, the human lung cell culture (A549) model and the human neural cell culture (SH-SY5Y) model
using microscopic analysis. Release of lactate dehydrogenase (LDH) in cell supernatants was measured to assess
any cytotoxic responses. Our results revealed that the GO papers had similar physicochemical properties but
differing topographies. The papers supported cell growth and no cytotoxicity was observed. These results suggest
that substrates based on graphite and graphene oxide papers are suitable biocompatible cellular supports for
anchorage-dependent cell growth and can be further explored for tissue engineering, regenerative medicine,
substrates for cell growth and bionic applications.

1. Introduction

Graphene has attracted a great deal of interest recently due to its
unique one atom thick 2-D honeycomb lattice that offers a variety of
interesting physicochemical properties [1,2]. Graphene oxide (GO),
graphene’s oxidized analogue, presents various oxygen species on both
sides of the planar structure that makes the material very hydrophilic.
This has widened the use of graphene based materials (GBM) [3] for a
large range of applications including biomedicine and tissue en-
gineering [3–5].

GBM as potential cell substrates have been tested on various cell
types [6–13] owing to the combination of their unique topographical,
mechanical, electrical as well as their flexibility, biodegradability and
mammalian cell biocompatibility. For instance, their unique simple
topography facilitates the adhesion of anchorage-dependent cells [8].

Their mechanical strength combined with high flexibility [14] and in
vivo degradability [15] are essential requirements for an ideal restor-
able scaffold [16]. GBM substrates have also been found to enhance the
growth of neuronal cells due to the electrical conductivity of graphene
that meet the requirements of the electroactive neuronal system
[9,12,14]. In the context of tissue engineering, GO has been shown to
offer properties that promote wound healing [17,18]. Regarding their
safety profile, GBM and especially GO were shown to be biocompatible
with various mammalian cells [19,20], even though overall bio-
compatibility is still quite controversial [21] and highly depends on the
forms of GBM used [22,23]. All these properties among others make
oxidised GBM interesting candidates for use as cell substrates for de-
signing novel scaffolding systems.

Amongst the different GBM substrates, two types varying by the
thickness of the overall GBM layer can be found. For the thin ones,
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chemical vapour deposition (CVD) prepared graphene membranes [8,9]
and glass coverslips coated with GO based thin membranes [6] have
been used by several groups and found to enhance cell growth. GO 3D
hydrogel composites [24] and foams [14] were also tested as scaffolds
to enhance and direct cellular growth in vivo. For the thick substrates,
graphite oxide (GTO) papers [25], which are made of micrometer thick
films of graphene oxide obtained by evaporation or filtration is also a
potential candidate. GTO papers have exceptional stiffness and me-
chanical strength due to the intrinsic strength of the 2-D backbone and
layered structure. It is also easy and relatively cheap to fabricate at
industrial scale [26–28]. These GTO based papers have been studied as
flexible barriers and protective coating for a variety of applications
including food packaging, anti-corrosion, anti-moulding, medical,
chemical and electronics [29]. Their nanometric porous nature provides
unusual permeation properties resulting in proposals to use these ma-
terials in nano-filtration, separation and desalination [27–29]. Other
possible applications include nano-bionic devices [30], components of
electrical batteries or super-capacitors, adhesive layers, electronic or
optoelectronic components, and molecular storage [26].

In this study, three different starting materials were used to fabri-
cate either GTO- or GO-based papers using the thicker GTO sheets in
comparison to two different-lateral dimension GO sheets; large (l-GO)
and small (s-GO). They were prepared by vacuum filtration from ma-
terial suspensions and characterised by several techniques including
optical microscopy, SEM, Raman, FTIR, TGA and XPS. The papers were
evaluated for cell growth (adhesion and proliferation) of A549 lung
cells and SH-SY5Y neuron-like cells using microscopy techniques. Using
A549 lung cells as representative models, surface coverage of the paper
by cells and cytotoxicity were also assessed. Our results revealed that
despite differing in their topography, the different graphene-based pa-
pers had similar surface chemistry properties and this resulted in no
cellular inhibition for the three papers. Moreover, cells cultured on
oxidised GBM papers made of the larger starting materials had better
viability, hence further demonstrating the biocompatibility and even-
tually benefit of using such graphene material-based substrates.

2. Results

2.1. Oxidised graphene based materials

l-GO was prepared from GTO, as described in the experimental
section. The s-GO was prepared by the modified Hummers' method
described in Refs. [31–33], using chemical oxidation in strong acidic
conditions. Structural characterisation of the GTO and the two GO
materials by means of TEM and AFM analysis is shown in Fig. 1. TEM
images (Fig. 1A) show the differences in the morphology and lateral
dimension of the oxidised GBM. Fig. 1B, C & D, are the AFM height
images that further show the morphology, lateral size and thickness of
the two GOs (l-GO & s-GO) approximately 1–2 nm in accordance with
our previous studies [31–33] and above 10 nm for GTO. The AFM
particle analysis in the latter figure demonstrates the lateral size and
thickness distributions of both GO materials after counting several in-
dividual sheets, using the AFM height images. It was difficult to count
the thickness and size distribution of the large and thick material GTO,
as sheets were very large and covered whole grid areas, however the
Flakes are at least microns in lateral dimension and very thick as seen in
the TEM and AFM images Fig. 1A and .

2.2. Preparation and structural characterisation of GBM papers.

The papers were prepared by vacuum filtration of the material
suspensions followed by air drying and careful peeling off the formed
paper from the filter paper. Photographs in Fig. 2A, show the macro-
scopic appearance of the GTO, l-GO and s-GO papers after peeling off;
while Fig. 2B shows microscopic topography of the papers under an
optical microscope with upright optics at two different magnifications.

Fig. 2C, shows the scanning electron microscopy (SEM) images, with
the top panel (i) demonstrating the surface topography and the bottom
panel (ii) showing the cross-section view, revealing the layered struc-
ture of the papers. The thickness of the paper prepared from GTO was
more than 10 times thicker (30 µm) than the two papers prepared from
the graphene oxide materials (i.e. l-GO and s-GO), that was approxi-
mately 2 µm. schematics of the arrangement of the sheets in the paper is
shown in the schematic in Fig. 2D for GTO, l-GO and s-GO papers re-
spectively.

2.3. Physicochemical characterisation of GBM papers.

The physicochemical characterisation of the oxidised GBM papers is
shown in Fig. 3. The Raman spectra of the papers demonstrated the D
and G characteristic bands of graphene related materials [34]. The in-
tensity ID/IG ratios of the papers were ranging from 1.43 to 1.50.
Comparison of the ID/IG ratios of the papers to the starting materials
(Fig. S1) revealed a clear blue shift in the D peak (from 1330 cm−1 to
1320 cm−1) with no clear trend in the G peak for all three papers (Fig.
S1A) and an increase in the ID/IG ratio (Fig. S1B) only in the two papers
prepared from the thin graphene oxide materials (l-GO and s-GO).

Fourier transform infrared (FT-IR) spectra are shown in Fig. 3B; the
functional groups of GO (hydroxyls, epoxides and carbonyls) have been
identified. All three papers showed a broad band around
(3100–3600 cm−1) due to the associated O–H stretching vibrations, an
intense peak at 1730 cm−1 for the C]O stretching vibrations, and an
intense peak at 1070 cm−1 for the C–O–C epoxy stretching vibration
[35–41]. The intensities related to aromatic and unsaturated bonds
were shown by the bands intensities at 1535 cm−1, 1640 cm−1 and a
broad band around 3000–3100 cm−1 [38,40].

Fig. 3C displays the TGA curves for the GTO, l-GO and s-GO papers.
Two main weight loss steps were observed after subtracting around
10% of evaporated water from 25 to 100 °C. Percentages of weight
losses are displayed on the same figures. The first step in weight loss
observed between 100 and 260 °C was due to the decomposition of the
labile oxygen groups (such as carboxylic and aldehydes groups) and the
removal of residual water. The second weight loss, due to the stable
oxygen groups [42,43], occurred between 260 and 700 °C. GTO had
slightly lower thermal stability than the other samples, with a more
pronounced first weight loss step. Nonetheless, the total weight loss
percent (implying the degree of oxidation) was similar for all materials,
as displayed on the figure inset (41%, 42% and 39% for GTO, l-GO and
s-GO respectively).

The XPS survey spectra and high resolution C1s XPS spectra for the
papers are shown in Fig. 3D, and E. The spectra demonstrated suc-
cessful oxidation process with the appearance of higher binding energy
contributions (C-O, C]O, O–C]O and π-π*) as previously reported
[44,45]. In Table S1 the surface chemical composition of the papers
from the survey spectra is shown. The purity of the papers, assuming
only C and O content as 100% purity, was ranging between 98.9 and
99.1%, with chemical impurities coming from N (< 1%) and S
(< 0.7%). The C:O ratio calculated for the papers were between 2.4 and
2.6, indicating a similar oxygen content for all three papers studied.
From the XPS C1s high resolution spectra (Fig. 3E), GTO had a greater
contribution of C-O bonds compared to the other materials, resulting in
a decreased abundance of carbon bonds. The remaining components
did not change considerably (Table S2).

2.4. Cell growth of A549 and SH-SY5Y cells on GTO paper.

We first tested the biocompatibility of one paper, namely GTO
paper, with two different cell lines. Enhanced dark field microscopy
was used to observe the A549 human lung cells and SH-SY5Y human
neuron-like cells on the GTO papers and on the control substrates; re-
sults are provided in Fig. S2A. For both cell types, there was no sig-
nificant difference in terms of adhesion, cell shape (usual morphology)
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and proliferation between culture on the GTO paper and on the control
substrate. 4′,6-diamidino-2-phenylindole (DAPI) staining of the A549
nuclei on the GTO papers compared to control substrate was then
performed and observed using fluorescence microscopy, as shown in
Fig. S2B. No significant difference between the two substrates was
observed, confirming that cell proliferation was not disturbed by any
substrate. Furthermore, A549 cells were cultured on GTO and l-GO
papers then stained with the cytoskeletal marker α-tubulin and DAPI
and observed with a snapshot fluorescence microscope Fig. S3(A and
B). Using ImageJ software the cell numbers were quantified in Fig. S3C
and cell morphology was assessed by measuring the cell aspect ratio in
Fig. S3D. No statistical significance was detected in cells cultured on the
GO substrates compared to cells cultured on the normal tissue culture
substrates.

2.5. Cell growth and cytotoxicity of A549 cells on GBM papers

In a second stage, the A549 human lung cells, used as cell models,
were grown on the different graphene oxide/graphite oxide papers and
control substrates (either plastic or glass cover slips) as shown in

Figs. 4, S4 and S5. Upright optical microscopy was used to view the
cells in these images. For the quantification of the cell coverage on the
papers (Figs. 4 and S4B), ImageJ software was used, and the areas
considered for that purpose are indicated in red and compared to cell
uncovered substrates (Naïve and GO-papers) in Fig. S5A. Approxi-
mately, 75% of cell coverage was calculated for all substrates and no
significant differences between papers and with control substrates
(naïve) were observed. In addition, no difference in cell adhesion and
morphology was observed, regardless of substrates used.

A lactate dehydrogenase (LDH) assay was performed to assess the
cytotoxicity of the three papers to A549 cells (Fig. 4C). Significant
differences in LDH release were detected in all groups when compared
to lysed cells (LDH assay positive control). No significant cytotoxicity
was detected for cells grown on paper or on control substrate. However,
lower levels of LDH were significantly released from cells cultured on
GTO and the thinner GO papers in comparison to cells grown on control
substrate.

Fig. 1. Structural characterisation of GTO, l-GO and s-GO in aqueous solution. (A) TEM images and (B) AFM height images (C) AFM lateral size particle analysis for
the l-GO and s-GO (D) AFM thickness analysis for the l-GO and s-GO.
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3. Discussion

The oxidised GBM papers were prepared from different starting
materials exhibiting different structural characteristics including dif-
fering lateral dimensions and thickness distributions (Fig. 1). This dif-
ference in the starting materials was selected to understand the impact
on the arrangement of the sheets in the paper formation (Fig. 2D).
Different surface topographies and differences in the cross-section ar-
rangement of the laminates within each paper were observed (Fig. 2B
and Fig. 2C). The more homogeneous and structured distribution of the
layers within the final paper was observed from the smaller and thinner

material (s-GO) while more disorganized and randomly distributed
layers was obtained for the largest starting materials, regardless of the
thickness (GTO and l-GO). This is the first study to compare GO papers
prepared from GBM with differing dimensions. Previous studies showed
GO papers that were prepared from one starting GBM, forming inter-
locked layered structures with thicknesses ranging from 1 µm [27] up to
25 µm [26], made from crystals with typical sizes of few micrometres,
separated by 1 nm distances [27].

The difference in dimensions was also affecting the interlayer dis-
tances and the sizes of capillaries (pores) created. For the same amount
of starting materials (i.e. 15mg) the thickness of the papers for the two

Fig. 2. Morphology and structural characterisation of GTO, l-GO and s-GO papers. (A) Photographs of the papers; (B) Bright field images of the papers (without cells)
at two different magnifications; (C) SEM surface analysis, (i) topographic and (ii) cross section imaging; (D) Corresponding schematic representations for the
predicted arrangement of graphene oxide sheets in the papers.
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thinner starting materials (l-GO and s-GO) was about 2 µm; while the
thickness for the thicker starting material (GTO) increased drastically
the thickness of the final paper, more than 10 folds, at about 27 µm.
Therefore the permeation of water through the layers in the thicker
paper will be different from the thinner papers [29], and will result in
differences in the molecular transport through the interfacing cell
membranes [27]. Furthermore, the topographical features at the na-
noscale could have a profound impact on the cell adhesion, prolifera-
tion, morphology and functionality [6,8].

The physicochemical characterisation evidences a lot of similarities
between the graphene oxide/graphite oxide papers (Fig. 3). The metric
of disorder [34] assessed via Raman ID/IG ratio was the highest for the
thicker material (GTO), while ID/IG ratio for the thinner materials (l-GO
and s-GO) was reduced (Fig. S1). Noticeably, after preparing the papers
the ID/IG ratio of the two thinner materials (l-GO and s-GO) increased,
suggesting an increase of defects during formation of the papers.
However, for GTO, the ID/IG ratio did not change after preparing the
paper. This implies that ID/IG ratio is higher in the thicker stacked
sheets, if in paper form or in solution. This could be related to the edge
defects of the stacked carbon atoms. In addition, the FT-IR analysis
showed that the amount and nature of functional groups were quite
similar in the three papers studied. The TGA further revealed that a
similar functionalization degree of 40% was obtained. And finally, the
XPS clarified that a slightly lower C:O ratio was observed for the larger
and thicker material (GTO) compared to the other two papers. The XPS

C1s high resolution spectra (after deconvoluting the two peaks in 5
components) showed an increase in C-O bonds from GTO compared to
the other materials (Table S2). On the other hand, the abundance of
carbon-carbon bonds was decreased in this sample, whereas the re-
maining functionalities did not change considerably. This could be
explained by the washing steps involved in the production of the two
GO materials from GTO, which have been showed to remove acidic
impurities.

Following the production of the different substrates, enhanced dark
field microscopy [46] was used to visualize A549 and SH-SY5Y cells
grown on GTO paper (Fig. S2A). These experiments using both A549
and SH-SY5Y were carried out on GTO paper only due to higher
availability (fast and cheap synthesis) of this paper compared to the
other two papers. Both cell types appeared adherent and their
morphologies on the paper was comparable to cells cultured on the
control substrate. In addition, fluorescence microscopy was used to
detect DAPI molecular stain and evaluate cell proliferation on GTO. No
apparent differences were detected between cells cultured on glass and
cells cultured on GTO (Fig. S2B). Furthermore, no significant change in
cell numbers and cell morphology was detected upon culturing the cells
on GTO and l-GO substrates and staining them with the cytoskeletal
marker α-tubulin and nuclear stain DAPI compared to cells cultured on
the normal tissue culture substrates (Fig. S3). This is in agreement with
previous studies [7,8], where cell numbers, adherence and morphology
using florescence microscopy were comparable to control substrates,

Fig. 3. Physicochemical characterisation of GTO, l-GO and s-GO papers. (A) Raman spectroscopy, (B) FTIR, (C) TGA, (D) XPS survey spectra and (E) XPS C1s high
resolution spectra for the papers. GTO and GO-B (dark grey).
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when cultured on different carbon nanomaterial-coated substrates in-
cluding graphene oxide.

Used as cell model, A549 lung cells were then cultured on the three
different papers and examined using upright bright field optical mi-
croscopy to allow visualization of the cells on the dark opaque papers.
Cell adhesion, size and morphology were comparable to the cells grown
on the plastic or glass substrates. No significant differences in cell
coverage between the three papers and the control without paper were
detected, with approximately 75% coverage for all conditions. This
agrees with previous studies. A previous report using fibroblast cells
indicated similar to control cellular coverage on different carbon based
material substrates [7], other reports indicated even enhanced growth
on GBM substrates especially of neuronal cells [9,10,13].

On the other hand, LDH cytotoxicity assay (Fig. 4C) demonstrated
that A549 cells cultured on papers made of the large starting materials
(GTO and l-GO) had significantly lower LDH release compared to cells
grown on control substrate. This suggests that cells grown on papers
with specific topographies (which may be associated with a higher
roughness) were healthier and survived longer on those papers com-
pared to control substrates. Other studies have also demonstrated bio-
compatibility and possibly enhancement of cellular growth on GO
substrates [6,11,12]. However, further investigations including AFM
analysis of the roughness of the papers and of the bio-mechanical be-
haviours of the cells on each paper are required.

4. Conclusion

In this work, we have studied the ability of three different GBM
papers to interface with human cells. Despite showing different topo-
graphical but similar structural and physicochemical characteristics,
the three papers had no impact on the cell adhesion, proliferation and
morphology. However, cells cultured on tissue culture plastic released
more LDH enzyme compared to cells cultured on the GBM papers,
suggesting that GBM papers support cell viability. Our findings high-
light the great potential for using GBM papers as potential tissue scaf-
folds, substrates for cell growth or even for nano-bionic devices.

5. Experimental

5.1. Preparation of GO from GTO

GTO was a kind gift from BGT Materials Limited (previously
BlueStone Global Tech, UK). l-GO was prepared from GTO by 3–4 times
washing with Milli Q water and sedimentation by centrifugation as
described in Barbolina, I et al. [21]. This is followed by sonication of the
solution for 0.5–1 h. Then the l-GO is separated by a two-step cen-
trifugation process for 20min at 8,000 rpm each. Additional washing of
the as prepared GO in Milli Q water by centrifugation for 30min at
17,000 rpm is followed.

Fig. 4. Cell growth and cytotoxicity of A549 cells on GTO, l-GO and s-GO papers. (A) Bright field of A549 cells grown on plastic cover slips (control) and with the
GTO and the two GO papers. (B) Surface covered by cells on the different papers compared to control counted by Image J software, using 3 different regions of
interest, with two replicates (fields at 10× magnification). (C) Cytotoxicity was determined using LDH assay. All data are mean ± SD (n= 4) and statistical
significance was tested using one way ANOVA with Tukey's post-hoc test, p < 0.005 *** against positive control (lysed cells), p < 0.005 ### and p < 0.05 # against
negative control (naïve cells).
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5.2. Synthesis of s-GO

s-GO was prepared from Chinese flake graphite (Branwell), by the
modified Hummers method described in [31–33]. Briefly, 0.4 g of
graphite was mixed with 0.2 g of sodium nitrate (NaNO3) in a beaker,
and then 9.2mL of 99% sulphuric acid (H2SO4) was added slowly to the
mixture, which was continuously stirred with a magnetic stirrer. The
temperature was monitored not to exceed 20 °C by using an ice bath.
After obtaining a homogenized mixture, 1.2 g of potassium permanga-
nate (KMnO4) was added slowly. The temperature was monitored again
and did not exceed 20 °C. Then the mixture was removed from the ice
bath and the temperature started to rise gradually. This was maintained
for 30min until the mixture started thickening and became a paste of
dark brown/green colour. Deionized H2O was added slowly while
stirring at the same time. Violent effervescence and rapid increase of
temperature was observed. Temperature was monitored carefully and
was kept between 98 and 100 °C for another 30min with the aid of a
hot plate. The mixture was further diluted with 56mL of Milli Q water
and 6mL hydrogen peroxide 30% (H2O2) was added gradually for the
reduction of the residual KMnO4, manganese dioxide (MnO2) and
manganese heptoxide (Mn2O7) to soluble manganese sulphate (MnSO4)
salts. The resulting suspension was centrifuged at 9000 rpm for 20min
and the supernatant was discarded, this was repeated until the super-
natant had a pH of about 6 and the GO gel-like layer appeared on top of
the oxidation by products. This layer was then extracted carefully using
warm Milli Q water in order to avoid remixing of this layer with gra-
phite oxide sediments.

5.3. Preparation of GBM papers

GBM papers were prepared from the GBM solutions using 15mL of
1mg/mL prepared by vacuum filtration using Whatman Anodisc 47
(0.2 µm, d-47mm; Catalogue number 6809-5077) filter papers. The
papers were further left to dry in air at room temperature and peeled of
the filter paper gently. For cell culture experiments, the papers were cut
into suitable sizes, enough to cover the well plates and sterilized by UV
light for 30min on each side. Tissue culture (TC) plastic was used as
control for assessing cell behaviours.

5.4. Transmission electron microscopy (TEM)

Twenty µL of GBM suspension was placed on a formvar/carbon
coated copper grid that was glow discharged for 30 sec. Millipore filter
paper was used to remove the excess of material. TEM was then per-
formed using a T-12 Biotwin transmission electron microscope (Techni,
Netherlands) equipped with an Orius CCD SC100 camera (GATAN, UK)
at 100 KeV.

5.5. Atomic force microscopy (AFM)

A Bruker Multimode 8 was used in tapping-mode with an J-type
scanner, Nanoscope VI controller, Nanoscope v614r1 control software
(Veeco, Cambridge, UK) and a silicon tapping tip (NSG01, NTI-Europe,
Apeldoorn, The Netherlands) of 10 nm curvature radius, mounted on a
tapping mode silicon cantilever with a typical resonance frequency
283–374 kHz and a force constant of 12–103 N/m (Bruker OTESPA,
UK). Images were taken in air, by depositing 40 μL of the sample on a
freshly cleaved mica surface (Agar Scientific, Essex, UK) coated with
poly-L-Lysine 0.01% (Sigma-Aldrich, UK) and allowed to adsorb for
2min. Excess unbound material was removed by washing with Milli Q
water, and then allowed to dry in air; this step was repeated once. Size
and thickness distributions were carried out using Nanoscope Analysis
software v1.40 which automatically counted the lateral dimension and
height of about 100–300 graphene sheets after setting a threshold.

5.6. Scanning electron microscopy (SEM)

SEM imaging was performed using an FEI Quanta 250 ESEM oper-
ating in high vacuum. Dried GBM paper samples were mounted using
carbon tabs onto a thin metal sheet and then placed vertically in a
suitable holder to obtain a cross-section image and then horizontally to
observe the surface.

5.7. Raman spectroscopy

Raman Spectra of starting materials were recorded after preparing
the aqueous dispersions and drop casting them on glass slides and
evaporating the solvent, while papers were attached to the glass slide
by adhesive tape. Measurements were carried out using a 50x objective
at 780 nm LASER excitation using a DXR Raman microscope (Thermo
Scientific, UK). Three spectra corresponding to 3 spots per material
(dried suspensions or papers) were recorded and then averaged to give
a final value per material.

5.8. Fourier transform infrared spectroscopy (FT-IR)

Spectroscopy at the mid-infrared range was carried out on the dry
papers using a PerkinElmer Spectrum 100 spectrophotometer and the
transmittance results were analysed with the built-in spectrum soft-
ware.

5.9. Thermal gravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of papers using a Pyris 6, Perkin-
Elmer Ltd. was used from 25 to 800 °C at 10 °C/ min. GBM paper
samples (1–2mg) were weighed into a ceramic crucible. Nitrogen
(20mL/min) was used as a purge gas.

5.10. X-Ray Photoelectron Spectroscopy (XPS)

The surface chemical composition of GBM papers was studied by X-
ray Photoelectron Spectroscopy (XPS) at NEXUS facility (the UK's
National EPSRC XPS Users' Service, hosted by nanoLAB in Newcastle-
upon-Tyne). XPS was recorded using a Thermo Theta Probe XPS spec-
trometer with a monochromatic Al K-α source of 1486.68 eV. The
survey XPS spectra were acquired with pass energy (PE) of 200 eV, 1 eV
step size, 50ms dwell time and averaged over 5 scans. The etching was
90 sec. The high resolution C1s XPS spectra were acquired with PE of
40 eV, 0.1 eV step size, 100ms dwell time and averaged over 20 scans.
Spectral analysis was performed using CasaXPS software (Casa Software
Ltd, UK). Spectra from insulating samples were charge corrected by
shifting all peaks to the adventitious carbon C 1s spectral component
binding energy set to 284.6 eV. After a Shirley background subtraction,
high-resolution C1s spectra were deconvoluted in 5 components, with
binding energy values constrained according to NIST’s XPS and la
surface databases:

• π–π* : 290.0–292.0 eV;

• O–C]O: 288.6–290.0 eV;

• C]O: 286.8–287.8 eV;

• C–O: 285.5–286.6 eV;

• C–C and C]C: 284.5–284.6 eV.

Apart from the π–π* peak, all components had their full width half
maximum values fixed to the same value, constrained between 0.5 and
2 eV. All functional groups were fitted to a Gaussian-Lorentzian (70:30)
function, whereas the graphitic peak, corresponding to C–C and C]C
bonds, was fitted using an asymmetric Lorentzian function.
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5.11. Cell cultures

Human A549 epithelial lung carcinoma cells (ATCC, CCL-185) were
maintained and passaged in F12 Ham media supplemented with 10%
FBS (Fetal bovine serum, ThermoScientific-Life Technologies, UK), 1%
of penicillin/streptomycin (ThermoScientific-Life Technologies, UK), at
37 °C in 5% CO2. Human SH-SY5Y epithelial neuroblastoma cells
(ATCC, CRL-2266) were grown in DMEM complemented with 10% FBS
1% nonessential amino acids (ThermoScientific-Life Technologies, UK),
and 1% of penicillin/streptomycin in at 37 °C in 5% CO2. Both cells
were passaged twice a week using trypsin-EDTA 0.05%
(ThermoScientific-Life Technologies, UK), when reaching 80% con-
fluence. Cells were seeded into 96-well plates (10,000 cells/well), 24
well plates (50,000 cells/well) or 12-well plates (100,000 cells per well)
depending on the assay and left to adhere overnight at 37 °C in the CO2

incubator; cells were either seeded on the sterilized GBM papers or on
sterile tissue culture (TC) plastic used as control.

5.12. Cell coverage visualization and microscopy

Prior to cell imaging, cells were fixed with ice-cold methanol for
10min and then leave to dry for an extra 10min. Enhanced dark field
(dark field reflected light) microscopy using a AxioLab A1 scope (Zeiss,
UK) was used to visualise A549 and SH-SY5Y cells cultured on the GBM
papers. Enhanced contrast images were created by the Zen software
(Zeiss, UK) for both cell types. A549 cells were cultured for 24 h and
stained with DAPI molecular stain (Molecular probes, D1306) and vi-
sualized using an upright stereo-fluorescent microscope (LEICA DFC
365FX). Cell monolayers and plane GBM paper surfaces were visualized
and photographed using upright optical microscopy. Experiments were
performed two replicates and cell coverage was determined using
ImageJ software taking the average of three different fields at 10×.

5.13. Cell counts and morphology

Prior to cell imaging, the cultured cells were washed with PBS and
fixed with 4% paraformaldehyde for 15min at room temperature. This
was followed by ice-cold methanol permeabilization for 5min at
−20 °C, followed by washing with PBS three times. The cells were then
blocked for 1 h with 5% normal goat serum and 0.3% Triton in PBS.
They were then incubated overnight at 4 °C with either α-tubulin

(Sigma, no. T9026). The next day, they were washed with PBS three
times and incubated with the fluorochrome-conjugated secondary an-
tibodies (antimouse-Cy3) for 1 h at room temperature and then washed
three times with PBS. The coverslips were then mounted with Prolong
Gold Anti-Fade Reagent with DAPI (Cell signalling, no. 8961) and left to
dry at room temperature. Images were then captured using Zeiss
Axioimager. D2 upright microscope using a [10x and 40x] objective
and captured using a Coolsnap HQ2 camera (Photometrics) through
Micromanager software v1.4.23. Specific band pass filter sets for [DAPI
and Cy3] were used to prevent bleed through from one channel to the
next. α-Tubulin was excited in the Cy3 channel (550 nm excitation and
570 nm emission). DAPI channel was used for the nuclear counter stain
(350 nm excitation and 470 nm emission). All images were analysed
using, Fiji/ImageJ software. Experiments were performed two re-
plicates and cell number was determined taking the average of several
different fields at 10×. The cell shape change depended on determining
the aspect ratio of cells from dividing the maximum diameter of the cell
by the minimum diameter of the cell [47]. This was determined by
taking the average of several different fields at 40×.

5.14. Lactate dehydrogenase (LDH) assay

LDH assay was used as described by manufacturer (Promega
CytoTox 96®). Cells were cultured in 96 well plates on the GBM papers
for 24 h and 48 h. LDH leakage was assessed in the supernatants of cells

and compared to 100% lysed cells (using the lysis buffer). Fifty mi-
croliters of the cell supernatant was mixed with 50 μL of LDH substrate
mix in a new well-plate and incubated for 15min at room temperature.
Stop Solution (50 μL per well) was added and absorbance was measured
at 492 nm using a plate reader. The amount of LDH detected re-
presented the number of dead cells. The percentage cytotoxicity was
calculated using the following equation:

=

×

Percentage Cytotoxicity A of treated cells/A of totally lysed cells

100
492nm 492nm

5.15. Statistical analysis

Data are represented as mean ± standard deviation (SD). Cell mi-
croscopic experiments were carried out in at least two replicates, then
analysing several fields of view per condition. LDH assay was carried
out by an n= 4. Statistical significance was tested using one-way
ANOVA with Tukey's post-hoc test (p < 0.005 ***, p < 0.01 ** and
p < 0.05 *).
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