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Production and stability of mechanochemically
exfoliated graphene in water and culture media

V. León, J. M. González-Domínguez, J. L. G. Fierro,
M. Prato and E. Vázquez*

To prepare graphene in water is a highly desired goal for
biological and medicinal studies. Here we show that
freeze-dried graphene powders prepared by ball milling
treatments may be easily reverted to aqueous suspensions,
including in cell culture media, without damaging its
structure. Such a step forward uncovers the potential
benefits (and drawbacks) that should be paid attention toQ3 .
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Production and stability of mechanochemically
exfoliated graphene in water and culture mediaQ1 †

V.Q2 León,‡a J. M. González-Domínguez,‡a J. L. G. Fierro,b M. Pratoc,d,e and
E. Vázquez*a

The preparation of graphene suspensions in water, without detergents or any other additives is achieved

using freeze-dried graphene powders, produced by mechanochemical exfoliation of graphite. These

powders of graphene can be safely stored or shipped, and promptly dissolved in aqueous media. The sus-

pensions are relatively stable in terms of time, with a maximum loss of ∼25% of the initial concentration at

2 h. This work provides an easy and general access to aqueous graphene suspensions of chemically non-

modified graphene samples, an otherwise (almost) impossible task to achieve by other means. A detailed

study of the stability of the relative dispersions is also reported.

Introduction

The recent excitement on graphene (GR) research has driven a
continuous flow of work, directed towards the common goal of
unravelling the properties of this new material, in order to
exploit its potential technological outputs.1,2 As commonly
accepted, reliable mass production and processing of GR is
still a bottleneck for interesting applications (such as filler in
composite materials, drug delivery vectors, or as analytical
platforms), though many promising methods have been identi-
fiedQ4 .3 High quality monolayer graphene can be obtained by
epitaxial growth or chemical vapor deposition methods, so
that the as-obtained materials can be applied to high-perform-
ance optoelectronics.3 However, other fields, such as nano-
composites or nanomedicine, require bulk quantities of
graphene, not feasible through a scale-up of the above men-
tioned synthetic methods.1 Initial interesting efforts in these
latter fields have been addressed by using chemical derivatives

of GR (namely its oxide, GO, and its reduced counterpart
RGO), but the results are far from being transferable to pris-
tine GR. Perhaps, the most reliable way to obtain a suitable
unmodified GR material, cost-efficiently, and in the desired
amounts is the exfoliation of graphite.4–6 The progress in
making stable dispersions of GR allows the production of few-
layer GR materials with several hundred nm in flake size,
some basal plane defects and oxygen functionalities but with
large areas of undamaged structure, hence good structural
characteristics to enable their exploitation, for example, in
composite applications. However, toxicological, bioimaging or
biomedical studies (in vitro and in vivo) of GR have so far
mainly focused on GO and RGO,7,8 with very little research on
pristine GR. The main reason for this gap is the difficulty to
obtain pristine GR flakes directly in water or in culture media.

Q5A very recent example has shown how to exfoliate graphite in
pure water by adjusting the sonication pressure and tempera-
ture and the GR storage conditions (0.0065 mg mL−1),9 but
regardless, the most common approach is to help the exfolia-
tion in water using additives. Some studies have pursued this
by exfoliation of graphite in aqueous media with, for example,
pyrene derivatives,10–12 anionic surfactants,13,14 polymers,15,16

or proteins.15–18

Therefore, whereas GO powders can be directly dispersed in
the cell culture medium (CCM) or transferred through dilution
with water,8 pristine (chemically non-modified) GR in aqueous
suspension is mostly handled with its accompanying dis-
persant,15,17 or (hardly ever reported) GR powders directly dis-
persed in CCM.19 However, these latter authors found
adsorptive artifacts due to the large surface area of GR, which
cause non-covalent interactions with the CCM components.

Despite the increasing interest in the use of GR in biologi-
cal applications, another factor that seems to be partly ignored

†Electronic supplementary information (ESI) available: A video showing the dis-
persion process, the N 1s XPS spectrum of BMG, image of the graphite test in
CCM, and the characterization of the GO employed. See DOI:
10.1039/c6nr03246j
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relates to the colloidal properties of GR materials in biological
media. CCM could selectively stabilize materials with particu-
lar physicochemical properties, while, on the other hand,
aggregation (irreversible inter-laminar adherence) may
produce misleading results, hindering experimental reproduci-
bility and indirectly influencing the cellular response. More-
over, macromolecular dispersants (polymers, proteins), which
are not easily quantifiable, may play a non-negligible role at a
cellular level. As a general comment, we can assert that there
is still a lot to elucidate on the use of pristine GR for biological
applications.

Recently, we have reported a facile and inexpensive ball
milling process to exfoliate graphite.20,21 Stable graphene sus-
pensions in polar solvents, including water, have been pre-
pared paving the way towards hydrogel nanocomposites22 or
film casting for cellular interaction studies.23 In the present
work, we have tackled the processing of GR samples in such a
way that GR can be easily handled and transferred to any
liquid medium, preserving its original features, with the aim
of empowering the studies in the biomedical field. Also, the
stability of the relative suspensions in water and CCM has
been studied in detail.

Results and discussion

The synthesis of aqueous suspensions of GR can be achieved
using a ball milling technique (ball-milled graphene, BMG),
with melamine (2,4,6-triaminotriazine) as the only adjuvant
(see the Experimental section). Melamine is ideally suited as
an exfoliating agent, because it forms extended π-systems
through multiple H-bonds.20,21 Melamine gets inserted among
the layers of graphite, leading to mono- and few-layer gra-
phene, eventually stabilized in liquid media.21 Since melamine
is considered toxic,§24 we made considerable efforts to efficien-
tly remove most of the melamine, without altering the GR col-
loidal stability. This was achieved by simply washing the
sample with hot water, and controlling the melamine content
in the graphene samples through elemental analysis (EA),
which resulted in less than 1 ppm in water suspensions of
∼0.1 mg mL−1 of freshly produced BMG. These aqueous sus-
pensions of GR samples were rapidly frozen and, subsequently,
lyophilized in a freeze-drier giving rise to a very soft and low-
density black powder (Fig. 1), essentially made of few-layer GR
sheets as its parent suspension. The mass yield of the process
was ∼30%.

The characterization of the powder was conducted by
means of thermogravimetric analysis (TGA), X-ray photo-
electron spectroscopy (XPS) and EA. The latter gave average
values of: C (94.3 ± 0.2 wt%), H (0.42 ± 0.02 wt%) and N (0.36 ±
0.01 wt%), with the amount of oxygen less than 5 wt%, in
agreement with the 7 wt% loss observed by TGA in Fig. 2a.
From the %N obtained from EA we estimate that the content

of melamine within the BMG powder is 0.54 ± 0.01 wt Q6%.
XPS deconvoluted plots (Fig. 2b and c) confirmed the presence
of some oxygen groups, from the C 1s and O 1s core level
spectra and traces of melamine (Fig. S1, ESI†). We bath-
sonicated the BMG powders in ultrapure water (at various con-
centrations) using mild pulses combined with shaking, until a
fine dark suspension was obtained (see video in the ESI†). The
powder could be re-dispersed in water at the desired concen-
tration (Fig. 1), generating concentrated BMG suspensions (up
to a maximum of 0.3 mg mL−1), which can be further diluted
to match the desired concentration. To check whether the re-
dispersed BMG keeps its structural integrity after going through
the whole drying and re-dispersing process, we carried out an
extensive Raman spectroscopy study. In Fig. 3a representative
Raman spectra are reported, where the GR characteristic
bands, the tangential (G), the disordered (D) and its second
order (2D) modes are clearly visible. By recording different
spectra at random locations of each BMG sample, we probed
these bands in the re-dispersed powder. As displayed in
Fig. 3b and c the full-width at half maximum (FWHM) of the
G and 2D bands does not depend on their respective positions
in different Raman spectra (Pos(G) and Pos(2D)), as reported
for single-layer GR, which was taken as a first proof of GR
integrity.25

Comparing two different sonication times in water (i.e.,
1 and 15 min, Fig. 4), it is evident that higher sonication times
led to somewhat lower values of the FWHM(2D) in the statisti-
cal distribution, with no significant variation in its position.
Since narrow 2D bands have usually been reported for a small
number of layers,26,27 a reasonable and simple explanation of
the above result would be a more efficient re-dispersion of GR

Fig. 1 Photographs of BMG powder and its dispersions in water and
CCM + supplements (10% FBS and 1% Gentamycin sulfate).

Fig. 2 (a) TGA plots of graphite, BMG powder and melamine; (b) C 1s
XPS of BMG powder; (c) O 1s XPS of BMG powder.

§According to the World Health Organization, the melamine limit to consider
contamination of a food sample ranges between 1 and 2.5 ppm. See ref. 24.
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flakes, simply due to longer sonication times, which would
imply the higher exposure of GR powders to the sonication-
induced cavitation effect.4 In addition, the level of defects was
checked by analyzing the I(D)/I(G) ratio (Fig. 3d).28 The results
show that 15 min of ultrasonication does not induce more
defects in the GR structure and a rise and slight narrowing of

the 2D band is prevalent (Fig. 3a). For re-suspended BMG in
water at 1 min sonication time, I(D)/I(G) ranges between 0.2
and 0.6, whilst I(2D)/I(G) ranges between 0.45 and 0.6 Q7(Fig. 3d
and e). This confirms that the sample is a few-layer GR, usually
assigned for I(2D)/I(G) < 1,26 while the numbers observed are
in accordance with the original BMG.20–23 Moreover, reprodu-
cible two-dimensional Raman mappings, applied to larger sec-
tions of the sample (Fig. 5), point to a homogeneous
composition and ultimately confirm the successful resuspen-
sion of BMG powder in an aqueous solution with no change in
its structure.

The BMG powder was also successfully dispersed in CCM.
Fig. 3a–e display Raman features of GR arising from CCM dis-
persion, compared to those in water. Pos(G) and FWHM(G) do
not vary significantly from that of water (Fig. 3b), but FWHM
(2D) statistically reaches much lower values in CCM (Fig. 3c).
This narrowing of the 2D band might again be ascribed to the
higher exfoliation efficiency of CCM in just 1 min of soni-
cation, providing even better results with respect to water after
15 min of ultrasonication (Fig. 4), possibly due to the disper-
sant effect of the CCM components. From I(D)/I(G) it seems
that the level of defects (Fig. 1d) is slightly lower in the case of
CCM. Presumably, the effects of ultrasound could be damped
by the CCM components, or also, the higher exfoliation
achieved in CCM provides more available surface with non-
damaged basal planes, lowering in average the amount of
defects. It should be added that an identical methodology was
followed for pristine graphite powders (sonication for 1 and
15 min in CCM) and no appreciable degree of dispersion or
exfoliation was noticed (representative images in Fig. S2, ESI†).

Fig. 3 (a) Comparison of Raman spectra of graphite, re-dispersed BMG
powder in water and CCM at 532 nm; (b) FWHM(G) vs. Pos(G); (c) FWHM
(2D) vs. Pos(2D) recorded at different locations of the sample; (d) distri-
bution of I(D)/(G) and (e) I(2D)/I(G); (f ) I(D)/(G) as a function of FWHM(G)
at 532 nm; (g) Disp(G) for BMG powder.

Fig. 4 (a) FWHM(G) versus Pos(G) and (b) FWHM(2D) versus Pos(2D)
recorded on different locations of the sample with a 532 nm laser
wavelength.

Fig. 5 (a) Optical microscopy image of BMG powder after re-dispersion
in water. Two-dimensional Raman mappings of (b) I(D)/(G) and (c)
I(2D)/I(G), (d) FWHM(G) and (e) FWHM(2D) of BMG powder re-dispersed
in water at 532 nm. Note that mappings displayed in (b–e) correspond
to the same sample area shown in (a).
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A further analysis of the defects led to the graphics dis-
played in Fig. 3f and g. It has been reported that the depen-
dence of I(D)/I(G) with FWHM(G) or with the G peak
dispersion (Disp(G))¶ allows to discriminate between dis-
ordered carbon at the edges or at the basal plane in GR
samples.28 As observed for the re-suspended BMG in water,
there is no correlation between I(D)/I(G) and FWHM(G) or
Disp(G),∥ which is an indication that the defects are mostly
localized at the edges of the BMG flakes.23,28 For CCM-
suspended BMG, there is a slight linear dependence of
I(D)/I(G) with FWHM(G),∥ which, according to the literature,
points to disordered carbon in the bulk of GR flakes.28

However, we have previously observed that I(D)/I(G) values in
CCM are lower than those in water (Fig. 3d), so we assume that
no new defects have been created. Moreover, the overall Disp
(G) values are mostly comprised within 0.03 cm−1 nm−1, far
below 0.1 cm−1 nm−1, above which disordered carbons
appear.29,30 By taking into account such findings, we postulate
that the dependence of I(D)/I(G) with FWHM(G) in CCM,
without evidence of new induced defects, might be ascribed to
an effect of the CCM itself.

TEM images of the different re-suspended BMG samples
are shown in Fig. 6a–d. As can be observed, there are no
noticeable differences among flake morphologies between
water and CCM. Both samples display the same shape and
wrinkly aspect as the original BMG suspensions.20,21 By per-
forming a statistical analysis of these images we obtained
average lateral dimensions of 626 ± 390 nm for BMG in water
(Fig. 6e). We can distinguish between a major population
<1 µm and a minor population of 1–2 µm, this major popu-
lation being approximately two thirds of the whole distri-
bution. In the case of BMG in CCM, the majority of sheets
have a lateral dimension average of 389 ± 243 nm (Fig. 6f), and
this result, together with Raman data, suggests that CCM is
able to disperse smaller flakes with a less number of graphene
layers. This aspect requires additional and more detailed
studies, including cryo-TEM experiments.

Despite the increasing use of GR materials in biomedical
applications, the possible changes in the colloidal properties
of GR in biological media have been hardly discussed. The
experimental evaluation of the colloidal stability in CCM is a
challenging task and can be addressed by using different tech-
niques.31 We have checked the colloidal stability in time by
using UV-Vis absorption spectroscopy. We took the Abs values
at 660 nm to determine the concentration of the re-suspended
BMG in water or CCM over time, and the results are shown in
Fig. 7b–e. When re-dispersing BMG in water at various initial
concentrations (Fig. 7a) a partial sedimentation of GR over
time can be observed. This process is markedly faster in the
first few minutes and tends to become stationary after the first

couple of hours. Even though higher initial concentrations
seem to lead to larger amounts of sediments, we have observed
that this change is always in the range of 25–30% of the initial
BMG concentration.

When focusing on CCM, a highly recommended step before
proceeding to disperse GR is the pre-dispersion of GR deriva-
tives in serum (such as fetal bovine serum, FBS), whose pro-
teins are able to cover the GR surface, hence improving long-
term colloidal stability and mitigating cytotoxicity.19,32 For this
reason, in many occasions, CCM is supplemented with FBS
and antibiotics, because of the requirements of particular bio-
logical experiments,8 so that the action of exogenous com-
ponents in CCM should also be taken into account. For this
reason, we decided to analyze the GR colloidal stability in both
media (CCM with and without supplements, namely FBS and
an antibiotic). A comparison between CCM with and without
additives (Fig. 1 and 7b) shows that there is only a slight
improvement when using additives, particularly in the first
hour of sedimentation. Since some biological assays will need
such supplements and others will not, this finding will prove
useful towards the use of GR powder in any situation. Since
there are no significant differences, we continued the stability
study in supplemented CCM, which is the most useful
medium for biological studies. The study of BMG re-dispersion
at different concentrations (Fig. 7c) revealed a stabilization
process entailing 20–35% loss of the initial concentration
after 2 h. Surprisingly, there is a similar behavior to that of
water: a sedimentation profile independent of the initial con-
centration, with very similar ratios. Finally, the stability over

Fig. 6 (a, c) Representative TEM images of re-dispersed BMG powder in
water and (b, d) in CCM. Statistical lateral dimension Gaussian distri-
bution from TEM images of BMG powder in (e) water and (f ) CCM.

¶Disp(G) is defined as ΔPos(G)/(λ1 − λ2), where the difference in the G peak posi-
tion (Pos(G)) taken with two different lasers is divided by the difference in wave-
length of such lasers (λ). See ref. 27.
∥A linear fitting on both distributions in Fig. 3f revealed a correlation factor (R2)
of 0.03 for water and 0.7 for CCM.
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longer periods of time is shown in Fig. 7d, where BMG sedi-
ments at a faster rate up to the first 8 h and much slower
thereafter.

As a first approach for analyzing the material that remains
in solution we have studied the GR dispersions in water after
2 and 24 h of settlement by TEM (Fig. 8). The TEM images
exhibit in both cases a major population <1 µm which gathers
∼97% of the size distribution. After 2 h many large flakes had
deposited (as compared to the freshly prepared, Fig. 6e) but a
small fraction above 1 µm is still present (corresponding to the
remaining ∼3%). This tiny population of large flakes even-
tually disappears after 24 h, leaving only the smaller flakes in
suspension. This striking outcome arises a critical point about
the characteristics of suspended GR over time, by which the
initial system evolves in 2 h to different features, and so forth
after 24 hQ8 .

Finally, all these results were compared to those of a com-
mercial GO sample, which presents a different flake size distri-

bution and a completely different C/O ratio (characterization
data of GO in Fig. S3 and Table S1, ESI†). UV-Vis data reveal a
different profile in GO but again 8 h as the inflection point
(Fig. 7e). In light of these findings, we need to emphasize the
importance of time when dealing not only with pristine GR,
but also with its chemical derivatives. An experiment carried
out in a few hours will not provide the same results compared
to what is performed in a day or more. The structural charac-
teristics of GR supplied to cells may not be the same, and
therefore this should be taken into account when interpreting
the results.

Conclusion

In summary, the study of the behavior of GR-based systems
with well-known toxicity, reproducible toxicological profile
in biological systems and easiness to be transferred to any
medical or biomedical application is necessary for nano-
medicine research. However, the production of aqueous sus-
pensions of GR, in the absence of detergents, has not been
possible, due to the intrinsic hydrophobicity of the GR layers.
Our contribution describes the solution of a very important
problem in graphene handling, namely, its storage in powder
form and its easy dissolution in water and aqueous media.
This is going eventually to pave the way towards the evaluation
of graphene in biology and medicine, something that today
is not allowed, due to the intrinsic high hydrophobicity of

Fig. 7 UV-Vis concentration monitoring: (a) re-dispersed BMG powder
in water at different initial concentrations; (b) comparison of re-dis-
persed BMG powders in as-obtained and supplemented CCM; (c) re-dis-
persed BMG in supplemented CCM at different initial concentrations;
(d) re-dispersed BMG powders and GO in supplemented CCM. Note that
supplemented CCM is denoted as ‘CCM + supplements’ and actually
corresponds to the addition of 10% FBS and 1% Gentamycin sulfate to
CCM.

Fig. 8 (a, c) TEM images of stability of BMG powder in water after
2 hours and (b, d) 24 hours. Statistical lateral dimension Gaussian distri-
bution from TEM images of BMG powder in water (e) after 2 hours and
(f ) 24 hours.
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graphene. We have shown that freeze-dried GR aqueous sus-
pensions provide a fine powder, which can be easily reverted
to aqueous media by mild sonication with no change in its
structure. More interestingly, with an eye on biological appli-
cations, the lyophilized GR samples may be readily dispersed
in CCM with similar results, in the presence or absence of
serum and antibiotics. Stability studies revealed a concen-
tration-independent partial sedimentation of GR materials,
ending up in the loss of 25–30% of the initial concentration in
only 2 h. In our experiments also the more hydrophilic GO
derivative leaves sediments after 8 h which should be seriously
taken into account in any biological experiments.

Experimental section
Materials

Solvents were purchased from SDS and Fluka. Chemicals were
purchased from Sigma-Aldrich and used as received without
further purification. Graphite was purchased from Bay Carbon,
Inc. (SP-1 graphite powder, http://www.baycarbon.com) and
used without purification. Ultrapure Milli-Q water (ρ ≤ 18 MΩ
cm−1) was used throughout. Commercially-sourced graphene
oxide was prepared from powdered carbon fibres (GANF
Helical-Ribbon Carbon Nanofibres) manufactured by the
Grupo Antolin Ingeniería, GANF®.33 The powder was dis-
persed in ultrapure water and the suspension was repeatedly
filtered and rinsed with copious amounts of water to remove
the presence of acids.

Cell culture media (CCM) were acquired from Sigma
Aldrich. Two different media were tested: one with lower a
glucose content (RPMI-1640, Ref. R8758), namely 2 g L−1, and
another one with higher glucose content (Dulbecco’s Modified
Eagle Medium, DMEM, Ref. D5796), i.e. 4.5 g L−1. Both media
were employed in order to cover a wide range of possible bio-
logical experiments thereof, which may need one or the other.
The different composition of each medium can be checked
from the seller’s website (for RPMI, see https://www.sigma-
aldrich.com/content/dam/sigma-ldrich/docs/Sigma/Formu-
lation/r8758for.pdf; for DMEM, see http://www.sigmaaldrich.
com/content/dam/sigma-aldrich/docs/Sigma/Formulation/d5796for.
pdf). Fetal bovine serum (FBS) was acquired also from Sigma
Aldrich (Ref. F0804) and the Gentamycin sulfate antibiotic was
purchased from Lonza (Ref. BE02–012E, Lot# 2MB257), both
used as received with no further treatment. The supplemented
CCM was made by adding 10% (v/v) FBS and 1% (v/v)
Gentamycin sulfate, and used freshly prepared.

Characterization techniques

The thermogravimetric analyses (TGA) were performed with a
TGA Q50 (TA Instruments) at 10 °C min−1 under nitrogen flow,
from 100 °C to 800 °C.

X-Ray photoelectron spectra (XPS) were obtained with a VG
Escalab 200R spectrometer equipped with a hemispherical
electron analyser with a pass energy of 50 eV and a Mg Kα
(hν = 1254.6 eV) X-ray source, powered at 120 W. The binding

energies were calibrated relative to the C 1s peak at 284.8 eV.
High-resolution spectra envelopes were obtained by curve
fitting synthetic peak components using the software “XPS
peak”. Symmetric Gaussian–Lorentzian curves were used to
approximate the line shapes of the fitting components. Atomic
ratios were computed from experimental intensity ratios and
normalized by atomic sensitivity factors.

Elemental analysis (EA) was performed in a LECO
CHNS-932 analyzer (Model No. 601-800-500).

Raman spectra were recorded with an InVia Renishaw
microspectrometer equipped with 532 nm and 633 nm point-
based lasers, respectively. In all cases power density was kept
below 1 mW µm−2 to avoid laser heating effects. Raman
samples were prepared from stable diluted dispersions of
graphene by drop-casting over silicon oxide surfaces (Si-Mat
silicon wafers, CZ), and left to evaporate under ambient con-
ditions. When CCM was used to disperse graphene, prior to
Raman analysis (RPMI, as received), the sample deposited on
the substratum was immersed for 3 seconds in hot water
(70 °C) and dried at room temperature. The obtained spectra
(after probing at least 50–60 random locations on each
sample) were fitted with Lorentzian-shaped bands in their D,
G and 2D peaks to ascertain band positions, widths and
intensities.

Two-dimensional Raman mappings were performed with
the 532 nm laser by using the line-based option (streamline).
The whole set of spectra obtained was fitted under equal con-
ditions and the band parameters were plotted in different
colours.

For the TEM analyses, stable dispersions of graphene (the
same used for Raman analysis) were diluted as necessary and
dip-cast on Lacey copper grids (3.00 mm, 200 mesh), coated
with carbon film, and dried under vacuum. The sample was
investigated by using a High-Resolution Transmission Electron
Microscope (HRTEM) JEOL 2100 at an accelerating voltage of
100 kV.

Preparation of graphene dispersions

The milling treatments were carried out in a Retsch PM100
planetary mill under an air atmosphere. Graphite (7.5 mg) and
melamine (22.5 mg) were introduced in a stainless steel grind-
ing bowl with 10 stainless steel balls (1 cm diameter each).
The bowl was closed and placed within the planetary mill. The
ball-milling treatment conditions were 100 rpm for 30 min
under a static air atmosphere at room temperature. After the
treatment, the resulting solid mixture was suspended in 20 mL
of water and sonicated for 1 min. Melamine leftovers were
washed away by inserting this liquid medium into a dialysis
sack (Spectrum Labs, Ref. #132655, 6–8 kDa MWCO) and dia-
lyzed against water at 70 °C with frequent replacements and
mild sonication cycles until no melamine was detected in the
washing water. Then, the resulting suspension was left to
settle down for five days while some precipitate (mainly graph-
ite and poorly exfoliated graphene) segregated from the liquid.
The liquid fraction with stable sheets in suspension (few-layer
graphene) was carefully extracted.
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Freeze-drying of graphene aqueous dispersions

A given volume of aqueous graphene was placed in plastic con-
tainers and externally frozen with liquid nitrogen until the
whole liquid became ice. Then, the container was sealed with
aluminium foil, inserted into a Telstar Lyoquest device and
lyophilized at −80 °C and a pressure of 0.005 bar, until obtain-
ing the powder.

UV-Vis stability experiments

UV-Vis spectra were recorded in 1 cm quartz cuvettes on a Cary
5000 UV-vis-NIR spectrophotometer. Dual beam mode and
baseline correction were used throughout the measurements
to scan the maximum absorbance at 660 nm for BMG and
386 nm for graphene oxide (GO), for 2 hours and 24 hours at
different time intervals. The maximum absorbance for GO was
chosen on the basis of the wavelength in which the CCM
(DMEM, with or without supplements) showed lower evolution
of UV-Vis absorbance over time.

The concentration of graphene samples was determined
from the optical absorption coefficient at maximum absor-
bance, using A = α·l·c, where l (m) is the light path length,
c (g L−1) is the concentration of dispersed graphene material,
and α (L g−1 m−1) is the absorption coefficient, with α = 690
L g−1 m−1 at 660 nm and α = 1130 L g−1 m−1 at 386 nm for
BMG and GO respectively. In both cases, the optical absor-
bance divided by cell length against the concentration exhibi-
ted Lambert–Beer behaviour.
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