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A B S T R A C T   

Graphene Oxide (GO) is the oxidized form of graphene rich in surface groups comprising carbonyl, carboxyl, 
hydroxyl, and epoxy residues. The solubility in water makes GO an ideal material in the biomedical field though 
the plethora of synthesis methods available can modify the balance of oxygen groups and, consequently, the 
effects on eukaryotic and prokaryotic cells. For this reason, GO materials are always characterized with spec
troscopic methods such as X-ray photoelectron and Fourier-transform Infrared spectroscopy. However, these 
techniques have some limitations, being disruptive and not clearly indicating oxygen functionalities available to 
react with polymers or biological media. 

In this work, we exploit GO reactivity with copper ions to develop a colorimetric method for the facile 
evaluation of surface oxidation degree and accessibility in polymeric samples. In the presence of GO, Cu2+ is 
reduced to Cu1+ and can react with bicinchoninic acid and induce light absorption at 562 nm. We observed that 
this reaction is dependent both on concentration and oxidation degree, and can be used to estimate GO exposure 
in thick composite samples. This technique will be fundamental in the future for scaffold characterization in 
tissue engineering and all the surface science studies analyzing GO-related materials’ interactions with biological 
entities.   

1. Introduction 

Graphene is an allotrope of carbon known for its bidimensional 
honeycomb configuration that causes unique interactions with eukary
otic and prokaryotic cells. Graphene-based materials have been exploi
ted in biomaterial science, optics and electronics, and many other fields 
of research, including 3D printing and diagnostics [1–4]. Graphene 
oxide (GO), the oxidized derivative of graphene, has been investigated 
mainly in the last 10–15 years. The surface of this bidimensional ma
terial consists of several chemical groups comprising carbonyl (CO), 
carboxyl (COOH), hydroxyl (COH), and epoxy (COC). These groups 
which can be quantified by X-ray photoelectron spectroscopy (XPS) and 
Fourier-transform Infrared (FT-IR) spectroscopy[5,6]. The GO oxygen 

groups’ amount and quality can be varied by several reduction methods, 
to modify surface availability and, consequently, biological effects. 
Indeed, the attachment of macromolecules such as proteins and carbo
hydrates to GO is influenced by charge and steric hindrance of func
tional groups[7]. Since prokaryotic and eukaryotic cells respond to the 
adsorbed macromolecules, oxygen groups will eventually determine GO 
effects on bacteria and human cells in biological media[7–9]. 

A clear example of how oxygen influences the biological effects of 
GO comes from the evaluation of differentiation of human mesenchymal 
stem cells (MSCs) seeded on either graphene or GO substrates[10,11]. 
Indeed, the strong binding of insulin in the cell growth medium 
exhibited by graphene induces insulin degradation and causes acceler
ation of MSCs differentiation toward the osteogenic line and suppression 
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of adipocyte production[10]. Differently, GO electrostatic binding to 
insulin, due to functional groups, avoids any interference with the adi
pogenesis process, thanks to the preservation of insulin 3D structure 
[10]. Bacteria also react differently to graphene or GO surfaces[12]. As 
recently demonstrated by Henriquez and colleagues, clinically relevant 
bacteria adhere less to GO, while are more viable on reduced GO (rGO), 
which is similar to graphene[13]. The effects on microorganisms are 
largely dependent on bacteria strain, but are in any case influenced by 
the amount of oxygen available on surface[13]. 

The oxygen groups on GO also act as a bridge in composites for tissue 
engineering scaffold production. The most common fabrication tech
nique for GO-composite production envisages the mixing of GO with a 
matrix monomer or pre-polymer, followed by polymerization initiated 
by heat or radiation[14]. This method produces both covalent and 
noncovalent interactions between the GO oxygen-containing groups and 
the polymer matrix, which enhances the properties of the composites or 
3D printing inks [14]. In these composite materials, the availability of 
oxygen groups is strictly dependent on the extent of the polymerization 
reaction. Consequently, also the scaffolds effects on biological entities, i. 
e. cells or microorganisms, depends on the number of oxygen groups 
that reacted during polymerization. 

These pieces of evidence highlight the biological importance of 
quantification of reactive oxygen groups on the surface, though the 
calculation of the exact amount of these groups is a challenging issue. 
The presence of oxygen functional groups is measured by XPS or FT-IR, 
which are gold-standard chemical spectroscopy techniques. Despite 
being informative, these techniques are disruptive and the quality of 
measurement interpretation can be affected by the sample. Indeed, data 
can be misinterpreted as the vibration/rotation modes of some func
tional groups overlap (FT-IR), or their binding energies are so close that 
theoretical deconvolution is necessary (XPS) [15]. In the end, these 
techniques are limited when it is required to evaluate GO groups 
availability in thick 3D supports like in 3D printed scaffold production 
[16]. 

In this paper, we propose a quick method to assess the surface 
availability of oxygen groups on GO-based materials using the ability of 
GO to interact with Cu2+ ions and detecting the interaction of freshly 
formed Cu+ with bicinchoninic acid (BCA) via UV–vis spectroscopy. In 
fact, in the presence of Cu+ ions in solution, a Cu+-BCA complex is 
formed, resulting in a strong absorbance at 562 nm[17]. Here, we show 
how GO samples with different amounts of oxygenated groups on sur
face either in soluble form, as coatings or in composite 3D scaffolds 
interact with Cu2+ ions and reduce them to Cu+ according to the oxygen 
groups accessibility to the solvent. Consequently, the copper colori
metric reaction with BCA represents a one-step method extremely useful 
to compare different samples for material science and scaffold design. 

2. Materials and methods 

Graphene nanoplatelets provided by Directa Plus will be referred to 
as G sample and dissolved in ddH2O. 

GO-1 indicates a graphene oxide material synthesized by a proced
ure reported in the literature, with some modifications[18,19]. Briefly, 
69 mL of H2SO4 (96 wt%) were added to a mixture of synthetic graphite 
(3.0 g) and NaNO3 (1.5 g) and the mixture was cooled at 0 ◦C. Then, 
KMnO4 (9.0 g) was added in portions and the mixture was stirred at 
35 ◦C for 30 min. Subsequently, distilled water (138 mL) was added 
slowly and the mixture was heated at 98 ◦C for 15 min. Next, additional 
distilled water (420 mL) and H2O2 (3 mL, 30 % v/v) were added. For 
workup, a filtration through a filter paper was performed and the solid 
obtained was centrifuged at 4000 rpm for 30 min in presence of HCl 
1.12 M and distilled water (four times). During this step of purification, 
the supernatant was whenever discharged away and replaced with 
distilled water. Next, the solid was transferred in a round-bottom flask, 
then distilled water was added, and the mixture was stirred for a night to 
ensure a proper exfoliation. Next, the dispersion was sonicated for 30 

min and centrifuged at 3000 rpm for 40 min in order to recover the 
yellowish supernatant and discharge, as precipitate, the graphite oxide 
that may be present. This procedure was repeated until the obtainment 
of an almost colorless supernatant. Finally, the dispersion of GO-1 was 
dried under vacuum by means of a rotavapor at 35.0 ◦C and the solid 
powder stored in a desiccator. 

GO-2 represents a graphene oxide material synthesized by a similar 
procedure as the previous one, but with some modifications[18]. In 
particular, a mixture of concentrated H2SO4/H3PO4 (9:1, namely 
360:40 mL) were added to a mixture of synthetic graphite (3.0) and 
KMnO4 (18.0 g). The mixture was then heated at 50 ◦C for 15 h. After 
this time, the mixture was cooled at room temperature (r.t.) and poured 
onto ice (400 mL) with H2O2 (3 mL, 30 % v/v). For workup, filtration 
through a filter paper was performed and the solid collected was 
centrifuged at 4000 rpm for 30 min in the presence of HCl 1.12 M and 
distilled water (four times). During this step of purification, the super
natant was whenever discharged away and replaced with distilled 
water. Finally, the dispersion of GO-2 was dried under vacuum by means 
of a rotavapor at 35.0 ◦C and the solid powder stored in a desiccator. 

Polycaprolactone (PCL)-GO and poly(lactic-co-glycolic acid) 
(PLGA)-GO have been produced by dissolving the corresponding poly
mers and GO-1 (2 wt%) in dichloromethane (DCM), stirring the samples 
for 2 h, drop casting the composites on glass slides and letting evaporate 
the solvent overnight. 

Infrared spectra were recorded on a Varian FT-IR 660 instrument in 
the range of 4000–500 cm− 1 with a spectral resolution of 4 cm− 1 and 32 
scans in KBr pellets. 

Raman spectra were run at r.t. in backscattering geometry with an 
inVia Renishaw micro-Raman spectrometer equipped with an air-cooled 
CCD detector and super-Notch filters. An Ar+ ion laser (λlaser = 514 nm) 
was used, coupled to a Leica DLML microscope with a 20 × objective. 
The resolution was 2 cm− 1 and spectra were calibrated using the 520.5 
cm− 1 line of a silicon wafer. Raman spectra were acquired in several 
(6–10) different spots on the surface of the samples. For GO-1 and GO-2, 
each spectrum was acquired with 1 % of power, 10 s of spectral acqui
sition and 20 scans. 

XPS measurements were carried out using a modified Omicron 
NanoTechnology MXPS system equipped with a monochromatic Al Kα 
(hν = 1486.7 eV) X-ray source (Omicron XM-1000), operating the anode 
at 14 kV and 16 mA. The C1s photoionization region was acquired using 
an analyzer pass energy of 20 eV, while the survey spectra were acquired 
with a pass energy of 50 eV. A take-off angle of 21◦ with respect to the 
sample surface normal was adopted. The experimental spectra were 
theoretically reconstructed by fitting the secondary electrons back
ground to a Shirley function and the elastic peaks to pseudo-Voigt 
functions described by a common set of parameters: position, full- 
width at half-maximum (FWHM), Gaussian-Lorentzian ratio. The rela
tive amount of the different oxygenated functional groups was deter
mined through the area of the peaks within the curve fitting envelope of 
the C 1 s region, with an uncertainty of ± 10 %. The contribution from 
sp2 C atoms in the C––C network (peak at 284.8 eV) was set as a binding 
energy reference. Atomic Force Microscopy images were obtained by 
100 μL of each sample (10 μg/mL) deposited on sterile mica slides and 
air-dried overnight. Images were acquired with a NanoWizard II (JPK 
Instruments AG, Berlin, Germany) using silicon cantilevers with high 
aspect-ratio conical silicon tips (CSC36 Mikro-Masch, Tallinn, Estonia) 
characterized by an end radius of about 10 nm, a half conical angle of 
20◦, and a spring constant of 0.6 N/m. 

2.1. Cu2+ reduction assessment by UV-spectroscopy 

Bicinchoninic acid (BCA), Cu2+, and other buffer solutions were 
purchased from Euroclone as a part of the BCA micro assay kit. For each 
reaction, the reagents have been mixed according to the manufacturer 
specification. For the quantification of the BCA interaction with gra
phene, a first set of experiments has been performed without Cu2+ in the 
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mixture. After 2 h of incubation at 37 ◦C, the formation of the complex 
Cu+ and BCA has been investigated by spectroscopy. Absorption spectra 
were obtained by using a Cytation 3 Cell Imaging Multi-Mode Reader 
(Biotek, Canada) at wavelengths from 230 to 700 nm with a step of 2 nm 
in 96-wells. Measurements have been done in triplicate. Data from blank 
samples containing either water with BCA and Cu2+ or G/GO-1/GO-2 
alone were acquired for proper spectra subtraction. 

3. Results and discussion 

To analyze graphene materials reactivity with Cu2+, we have used 
three graphene-based materials, namely G, GO-1 and GO-2, bearing 
different amounts of oxygenated surface groups. In particular, G repre
sents graphene nanoplatelets, while GO-1 and GO-2 are graphene oxides 
synthesized to obtain a medium or high amount of oxygenated groups 
concentration on the surface, respectively. We have characterized each 
material by means of AFM, FT-IR, Raman and XPS spectroscopy. AFM 
demonstrates the monolayer nature of GO-1 and GO-2 and the higher 
thickness of G nanoplatelets, which are few layers nanoparticles and 
tend also to aggregate in water (Fig. 1). 

GO-derived materials display infrared-active vibrational modes 
owing to the presence of oxygen-based functional groups. In particular, 
the FT-IR spectrum (Fig. 2a, black line) of GO-1 prepared by following 
the classical Hummers’ procedure[20], shows a broad band observed at 
3600–2400 cm− 1 relative to the stretching modes of O–H bonds derived 
from water molecules intercalated in its structure. Another band 
centered at ≈1720 cm− 1 is ascribable to the stretching mode of C––O 
bonds of carboxyl, ketone and aldehyde groups in addition to another 
one at ≈1619 cm− 1 which is assigned to the bending mode of adsorbed 
water molecules. Finally, the band localized at ≈1220 cm− 1, could be 

relative to the C–O–C vibration of epoxides even if this attribution is 
still debated[21]. Conversely, the FT-IR spectrum of GO-2 (Fig. 2a, red 
line) synthesized in presence of H3PO4, provides a very intense addi
tional band centered at ≈1125 cm− 1 which could be attributed to the 
abundance of C–O bonds of oxygen-based functionalities (epoxy, C-OH) 
[22]. Finally, the FT-IR spectrum of G (Fig. 2a, blue line), does not show 
any signal, as expected in the absence of polar groups. 

Raman spectroscopy was applied to all samples, and the recorded 
spectra (Fig. 2b) display the peculiar bands D and G centered at ≈1360 
and ≈1600 cm− 1, for the GO-1 and GO-2 samples, confirming their 
graphene oxide characteristics. Notably, the recorded spectra are closely 
comparable and show a D/G band intensity ratio (ID/IG) of 0.83, in full 
accordance with literature value for similar systems[18]. Conversely, 
the spectrum of G (Fig. 2b, blue line), displays the typical Raman fea
tures of graphene nanoplatelets, namely the G band localized at ≈1576 
cm− 1 and the weaker D band at ≈1350 cm− 1. 

The samples were subject to XPS analysis to gain further insight on 
the oxidation degree and chemical composition (Fig. 3). 

Fig. 3 shows the XPS spectra in the C 1 s photoionization region for 
the G, GO-1 and GO-2 samples (Fig. 3a, b and c, respectively) investi
gated in this work. The C 1 s spectrum of G sample shows the typical 
lineshape and position of a purely graphite-like sample, with a main 
component at 284.1 eV and an asymmetric tail at the high BE side of the 
main peak, as expected for metalloid systems with a continuum of 
electron density of states just above the Fermi level [23,24]. As ex
pected, this material is substantially lacking of oxygenated functional 
groups. Spectra b and c, respectively refer to the GO-1 and GO-2 sam
ples, which display a series of chemically shifted components, as evi
denced by the curve-fitting procedure. As we previously reported for 
similar systems[25–30], these complex envelope is due to the presence 

Fig. 1. AFM images of G (a), GO-1 (b) and GO-2 (c). For each sample a representative height profile and the histogram of height frequency is reported.  
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of oxygenated functional groups both at the edges and basal plane of the 
graphene oxide materials. In particular, the peak at 284.8 eV (dark cyan 
line in Fig. 4) is assigned to localized C––C bonds or confined C––C 
islands within the oxygenated carbon network of GO[31,32] while the 
peaks at 286.5 (magenta), 286.90 (dark yellow), 288.0 (blue) and 
289.00 eV (wine) are respectively associated to hydroxyl (C-OH), epoxy 
(C–O–C), carbonyl (C––O) and carboxyl (COOH) groups[25–29]. Ac
cording to the area of the peaks resulting from curve-fitting (see 
Table 1), it is evident that in both GO-1 and GO-2 samples the epoxy 
moiety is the most abundant among the oxygenated functions at the 
surface of GO, as generally expected from a Hummers preparative 

method[20]. The GO-2 sample, which was obtained according to an 
improved Hummers method following the recipe by Marcano et al.[18], 
displays a higher oxidation degree than GO-1, as demonstrated by the 
comparison between the RO/C (oxygen-to-carbon ratio) values of the two 
samples, determined by XPS (0.46 for GO-2 vs 0.39 for GO-1, see Table 1 
and equation reported therein). This behaviour is in full accord with the 
reference literature [18]. 

To evaluate G, GO-1 and GO-2 ability to reduce Cu2+, we have used 
two different experimental setups (Fig. 4). In the first, we have incu
bated each type of graphene with BCA and Cu2+ solutions, then gra
phene has been removed by centrifugation. In the second setup, we have 
evaluated graphenes reaction with the BCA alone, to exclude possible 
material nanosheets complexation with the acid. Also in this case, gra
phene nanoflakes have been removed by centrifugation and the super
natant was analyzed by spectrophotometry (Fig. 4a). All experiments 
have been performed in triplicate using a serial dilution of soluble gra
phene samples (in ddH2O) and substracting graphene alone as blank. 

The results of graphene incubation at different concentrations with 
BCA and Cu2+ solutions are reported in Fig. 4b. Each material was 
analysed in a concentration range comprised between 31,25 µg/mL and 
250 µg/mL. Supernatant absorption has been evaluated at a wavelength 
of 562 nm. As it is visible, the higher oxidation of GO surface induces a 
higher signal proportional to the material concentration. The G nano
platelets showed poor reaction with BCA and Cu2+ and a higher pro
pensity to precipitation due to their high hydrophobicity. 

We have fitted each curve with a linear equation and obtained m 
coefficient of 0.0026 ± for GO-2, 0.0014 ± for GO-1 and a flat curve and 
m ~ 0. for G. These results well correlate with the higher oxidation 
degree displayed by GO-2 with respect to GO-1 upon XPS investigation 
(Fig. 3, Table 1). To exclude that the colorimetric reaction was caused by 
graphenic materials interaction with the acid, we have quantified the 
signal from the supernatants from samples where Cu2+ was not included 
in the reaction mixture (Fig. 4c). Experiments without Cu2+ in solution 
did not show any absorption peak from the supernatant, indicating a 
lack of reaction of the BCA and a lack of development of color in the 
solution. In Fig. 4D, we report a scheme of the whole reaction. 

Since G and GO are widely used for composites production and the 
availability of oxygen groups influences cell and bacteria responses to 
the material, we have also tested our technique with surfaces of PCL and 
PLGA with or without GO-1 in the mixture used to mold the samples. We 
have used a GO-1 mass concentration of 2 %, which is known to be 
biocompatible with different cell lines[33,34]. In this case, the centri
fugation of the reactive media was not necessary, since the graphenic 
materials were embedded in the bulk of the polymer solution and we 
were interested in analyzing their surface properties. 

Experimental procedure and results are reported in Fig. 5a and 5b, 

Fig. 2. (a) FT-IR and (b) Raman spectra of GO-1, GO-2 and G samples.  

Fig. 3. C 1 s XPS spectra of (a) G, (b) GO-1 and (c) GO-2 samples. Experimental 
data are reported in dots, while curve-fitting results are represented with 
colored continuous lines. 
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respectively. Even a small amount of GO in the composite (i.e. 2 %) was 
able to reduce Cu2+ to Cu+ and changed the BCA reactivity, as shown in 
the histogram. The absorption signal reflects the reactivity of GO resi
dues available on the scaffold surface, with the PCL-GO sample being 

more reactive compared to PLGA-GO. This behaviour is fully coherent 
with the already reported effects that these type of materials exert on 
eukaryotic cells [33,34], and supports a higher oxygen groups avail
ability in GO when the scaffold is made of PCL. This proof of concept 
demonstrates the technique’s applicability in the field of scaffold design 
and tissue engineering, since it allows for a quick and easy comparison 
between different samples. 

4. Conclusions 

Functional materials and graphene composites are employed in 
many fields of science, from electronics to bioengineering [3,35–37]. In 
biological sciences, the oxidized form of graphene, GO, has been largely 
used for its increased solubility in water and buffer. GO synthesis and 
subsequent reduction to rGO is obtained by different protocols that give 
variable surface oxygen functionalization. Furthermore, in composites 
and polymeric mixtures, these groups interact and vary their availability 
at the interface, where cells and bacteria can adhere. For this reason, a 
precise quantification of surface groups would be highly desirable in this 

Fig. 4. (a) Experimental setup used to verify G, GO-1 and GO-2 interaction with Cu2þ, after incubation for 2 h at 37 ◦C samples are centrifugated and OD from 
supernatants is measured. As a control, samples without Cu2+ have also been evaluated. OD from supernatants of each sample with Cu2þ and BCA in the mixture 
(b) or with only BCA (c). Samples have been tested at different concentrations and data have been fitted with linear equations. Without copper a lack of signal has 
been recorded after samples centrifugation (d) Schematic representation of the observed reactions. 

Table 1 
Areaa of relevant oxygenated functional groups in GO samplesb obtained from 
XPS C 1 s spectrac. RO/C ratio is also reported.d  

Sample C-OH C–O–C C––O þ COO– COOH RO/C 

GO-1  0.23  1.14  0.09  0.04  0.39 
GO-2  0.20  1.25  0.27  0.10  0.46 

aNormalized to Csp2 component. 
bSample G is not reported, since it displayed negligible oxidation. 
cAssociated error is ± 10 %. 
dAs estimated by the equation reported here below, where P represents the area 
of the various C components. 

RO/C =
PC− OH + 1/2PEpoxide + PC=O + 2PCOOH

PC=C + PC− OH + PEpoxide + PC=O + PCOOH  
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kind of systems. Despite the difficulty in attaining absolute values of 
concentrations of the different oxygenated groups in GO layers confined 
at the surface of a polymeric sample, we demonstrated the possibility to 
assess their availability and effect in the reaction with Cu2+. More spe
cifically, our method is based on the GO ability to reduce copper and the 
following colorimetric reaction associated to the interaction of Cu1+ and 
BCA. 

We have shown how the development of color is directly propor
tional to the amount of oxygenated surface groups of graphene, both in 
terms of graphene material mass concentration and oxidation degree of 
GO. This property unlocks a quick and easy tool that can be used in 
laboratories to evaluate the oxygenated groups accessibility at the sur
face of composite graphene-based scaffolds for biomedical applications. 
Further investigations are nonetheless required to render this method 
able to precisely quantify the oxygenated functional groups in graphene 
oxide materials, e.g. via theoretical modelling of the reaction path of 
Cu2+ reduction exerted by GO. 
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