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Abstract The aim of this work is focused on the engineering of biocompatible complex systems
composed of an inorganic and bio part. Graphene oxide (GO) and/or graphite oxide (GtO) were
taken into account as potential substrates to the linkage of the protein such as Anemonia sulcata
recombinant green fluorescent protein (rAsGFP). The complex system is obtained through a
reduction process between GO/GtO and rAsGFP archiving an environmentally friendly biosyn-
thesis. Spectroscopic measurements support the formation of reduced species. In particular,
photoluminescence shows a change in the activity of the protein when a bond is formed,
highlighted by a loss of the maximum emission signal of rAsGFP and a redshift of the maximum
absorption peak of the GO/GtO species. Moreover, the hemolysis assay reveals a lower value in
the presence of less oxidized graphene species providing evidence for a biocompatible material.
This singular aspect can be approached as a promising method for circulating pharmaceutical
preparations via intravenous administration in the field of drug delivery.
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Introduction

The recent interest in graphene oxide (GO) and reduced graphene oxide (rGO) is growing,
aimed at finding a more worthy and scalable method for producing pristine graphene. In the
last decade, a number of different approaches have been developed for the preparation of
pristine graphene including the mechanical exfoliation of graphite [1], chemical exfoliation of
graphite [2], unzipping of carbon nanotubes [3], and epitaxial growth on silicon carbide (SiC)
surfaces [4]. However, the solution-based chemical synthesis is considered one of the most
efficient approaches for low-cost and large-scale production. In this context, GO and rGO were
considered materials with distinct properties. Because a change in the pristine graphene
structure opens a gap at the Fermi level [5], the selective reduction of GO allows for a
modulation of rGO properties, bringing the possibility of employing either GO and rGO in
several technological fields for applications such as conductive films [6], hydrogen production
and energy storage [7, 8], emulsifying organic solvents for industrial processes [9], and
biosensors [10, 11]. For this reason, the methods used for the synthesis of graphene materials
are important because those procedures imply chemical reactions that involve hazardous and
toxic reagents. GO reduction was recently investigated and reported in a number of publica-
tions using thermal reduction [12, 13] or various reducing agents in an aqueous medium such
as hydrazine and hydrazine derivatives [14–18], sodium borohydride [14, 19], or lithium
aluminum hydride [19]. In addition, other methods were developed using different biomole-
cules, i.e., ascorbic acid [18, 20], enzymes [21], amino acids, glucose, and bovine serum
albumin as reducing agents or stabilizers [7, 17, 22, 23]. The use of a recombinant enhanced
green fluorescent protein (GB: U57607) has been proposed as a new protocol for the
biocompatible reduction of the GO species [24]. Thanks to its biocompatibility and biological
inertia [25, 26], the chemical structure of green fluorescent protein (GFP) makes it a perfect
reducing and real capping agent for graphene and graphite oxides. Indeed, in the enhanced
green fluorescent protein (EGFP), as in the rAsGFP, the thiol group of the five residues of
cysteine can be oxidized to form the disulfide derivative cysteine, which acts as a nucleophile
[27]. In our work, we have tested the Anemonia sulcata recombinant green fluorescent protein
(rAsGFP) as a reducent for graphene oxide (GO) and graphite oxide (GtO) species. rAsGFP is
a protein of 228 amino acids with a putative MWof 24 kDa. It is stable in many solvents and
has a theoretical pI of 6.45. The reduced GO and GtO species, aggregated to the
rAsGFP, have been characterized by means of spectroscopic techniques. Moreover, the
scientific community is focusing the attention on the biological applications of
graphene sheets (GS) and graphene oxide (GO) for their great potential role in
bacterial inhibition [28], drug delivery [29], and photothermal therapy [30]. The
biocompatibility and toxicological activity of graphene-related materials using many
cellular lines is the object of the study [29, 31–34]. Thus, since the materials studied
in this work could find biomedical applications [28, 29, 31, 35–37], the cytotoxicity
of GO, GtO, and the corresponding species bound to rAsGFP have been tested in
human erythrocytes (RBCs), by means of the hemoglobin measurement consequent to
the cell lysis. In fact, intravenous administration is the preferred mode of systemically
introducing pharmaceutical preparation for imaging, drug delivery, or therapy.
Moreover, GFPs are used as noninvasive probes to study various biological models.
They are tools for different applications as follows: protein labeling, imagining of
target-gene promoter up- and downregulation, detection of protein–protein interactions,
tracking protein movement, and monitoring cellular parameters [38, 39].
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Materials and Methods

The following chemicals were used as received: KMnO4 (Sigma-Aldrich), H2SO4 (98 %,
Sigma-Aldrich), HCl (37 %, Sigma-Aldrich), and expanded graphite ECOPHIT 50 grains (size
40–50 m). Commercial graphene oxide was purchased from Graphenea with a carbon/oxygen
ratio of 1:1. The rAsGFP is a recombinant protein expressed in Escherichia coli and produced
as a highly purified protein starting from a cDNA of 687 bp isolated from the total RNA of
A. sulcata tentacles [40].

Synthesis of GO and GtO

The synthesis of graphene oxide was performed using a Modified Sun protocol, as described in
our previous work [41]. In short, expanded graphite (2.5 g) and KMnO4 (7.5 g) were mixed
until homogeneity. Concentrated sulfuric acid (50 mL) were added slowly (exothermic
reaction) with continuous stirring (magnetic stir bars) until a petrol-green liquid paste was
obtained. A spontaneous volumetric expansion is obtained. Next, the hydrolysis process
(200 mL of distilled water) is taken for 1 h at 90 °C. Finally, the product is washed in a paper
filter with distilled water, HCl 0.15 M, and distilled water. The material is dried in an oven at
70 °C for 3 days. A similar approach is used for producing graphite oxide. In this latter
synthesis, each reaction step is kept in an ice bath producing a black powder suppressing the
volumetric expansion step.

Synthesis of rAsGFP-rGO and rAsGFP-rGtO

Samples (GO and GtO) (1 mg mL‾1, pH 7) were prepared by dispersing the solid in Milli-Q
water and sonicating for 15 min at RT. The dispersions were stirred for 1 h at 300 rpm and
centrifugated for 5 min at 10,000 rpm before analyzing the soluble fractions. Using GO and
GtO as a precursor, our rAsGFP has been used as a reductant and stabilizer. A mixed aqueous
solution (pH 7) containing rAsGFP (1 μM) and GO or GtO (1 mg mL‾1) was sonicated for
15 min, and the mixture was maintained at 40 °C for 1 h. The mixtures were then cooled to
room temperature for a further 15 min. Subsequently, the mixtures were stirred at 90 °C for 1 h
at 400 rpm. The resulting black dispersions were centrifuged and then washed with water.
Finally, homogenous rAsGFP-rGO and rAsGFP-rGtO suspensions were obtained.

Spectroscopic Measurements

UV–Vis spectra were recorded in UV2700 spectrometer (Shimadzu) with a quartz cell. Fourier
transform infrared spectroscopy (FTIR) measurements were carried out in a Jasco70 FT/IR-
620 spectrometer using KBr pellets. Photoluminescence measurements were performed on a
RF 5301PC spectrofluorometer (Shimadzu) using 5 nm spectral slit widths for excitation and
emission.

In Vitro Hemolytic Activity

Two and a half milliliters of whole blood, from volunteer donors, was added to 10 mL of 1×
Dulbecco’s phosphate buffered saline (Ca2+/Mg2+ free) and centrifuged at 500×g for 10 min to
isolate RBCs from the serum. This purification step was repeated five times, and then the
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washed RBCs were diluted to 25 mL in 1× PBS. To test the hemolytic activity of our samples,
0.2 mL of diluted RBC suspension (around 3.5×108 cells mL‾1) was added to 1 mL of each
sample suspension solution at different concentrations (range from 3 to 200 μg mL‾1).
Distilled water (+RBCs) and 1× PBS (+RBCs) were used as the positive and negative control,
respectively. All the samples were placed on a rocking shaker in an incubator at 37 °C for 3 h,
as suggested [42]. After incubation, the samples were centrifuged at 10,000×g for 3 min. The
hemoglobin absorbance in the supernatant was measured at 450 nm using an iMark microplate
reader (Bio-Rad). The percent hemolysis was calculated using Eq. 1:

% hemolysis ¼ abssample−absnegative control

abspositive control−absnegative control
ð1Þ

After 3 h of incubation at 37 °C, the suspensions of RBCs were observed under a LEICA
ICC50 HD microscope (using a ×20 objective lens) in order to value the cell lysis.

Results and Discussion

The alternative production method used for graphene or graphite oxides has allowed us to
obtain the pristine for single (GO) and multilayer (GtO) derivative oxide carbon materials with
a low content of oxygen (around 20 %). Moreover, the further reduction of GtO and GO
species conducted by means of rAsGFP seems to be a promising environmentally friendly
procedure which not involves any organic solvent or harmful chemicals.

Spectroscopic Characterization

Spectroscopic investigation is used in our work to obtain information about the behavior of the
graphene and graphite oxide species and relative reduced products. In particular, we studied
the absorption and photoluminescent characteristics of each sample in water at pH 7 before and
after the reaction with the rAsGFP. Information about the functional group (carbonyl, hydrox-
yl, epoxy) and/or linkages sites (C–S) were investigated by means of FTIR. UV–Vis spectra
for GO and GtO water dispersion are investigated in the range 190–900 nm. In the region from
400 to 900 nm, we did not identify absorption bands (Fig. 1a, b). The maximum absorbance
for GO takes place at about 230 nm with a shoulder at 300 nm (see Fig. 1a). The GO
absorption peak at 230 nm is attributed to the conjugated systems, and the shoulder at 300 nm
is due to the C=O transition. A change of the optical absorption is found in the GtO spectrum
where the maximum absorbance is shifted to lower wavelengths (196 nm) and the shoulder at
300 nm almost entirely disappears (Fig. 1b). This fact was investigated by Lai et al. [43]
combining results from the UV–Vis spectra and AFM technique to extract information about
the number of layers. The authors claimed that for the monolayer, a corresponding UV–Vis
spectrum is observed with a maximum absorbance at 230 nm and a shoulder around 300 nm,
instead, when the number of non-exfoliated layers was increased, the shoulder disappears and
maximum peak vanishes for thick layer greater than ten layers. Therefore, we can reasonably
affirm that our GO is a monolayer dispersion and GtO is a multilayer dispersion due to their
structure. Those two materials show diverse activity. In fact, the reduction of GO and GtO is
confirmed by the UV–Vis spectra (Fig. 1a, b). A redshift of the maximum absorbance peak,
from 236 to 247 nm, is observed for rAsGFP-rGO (see Fig. 1a). This effect is magnified in the
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case of rAsGFP-rGtO with a shift to lower wavelengths of about 62 nm (see Fig. 1b). The
redshift of the maximum absorbance peak may attribute to the increase of the atomic
percentage of the sp2 hybridized carbon atoms with an increase of reduction time [44]. The
disappearance of the absorption shoulder at 300 nm after reduction suggests the removal of
carbonyl functional groups [45]. Figure 2 shows FTIR spectra for the GO and GtO dispersions
and their mixtures with rAsGFP. The GO spectrum (Fig. 2a) was described in detail in our
previous work [46] and exhibits the following characteristic bands: 3440 cm‾1 corresponds to
the O–H stretching vibrations, tiny doublet peaks at 2920 and 2850 cm‾1 correspond to the
symmetric and antisymmetric CH2 stretching, 1710 cm‾1 is the C=O stretching, and
1630 cm‾1 is sometimes assigned to the O–H vibrations due to the presence of adsorbed
water [47]. This doublet may correspond to keto–enol tautomerism, an equilibrium known to
occur in molecules carrying keto and enol groups. The peak at 1384 cm‾1 can correspond to
the bending vibrations of O–H or C–H. The peak at 1090 cm‾1 can be related to an alkoxy
(R–O) or to the stretching vibration of C–OH in the alcoholic group. The interaction of GO
and rAsGFP produces a different spectrum (Fig. 2c) in comparison with pristine GO (Fig. 2a).

Any variation takes place for the O–H stretching frequencies. At the fingerprint region, the
relative intensity of keto–enol doublet is modified. The peak at 1710 cm‾1 is lowered with the
presence of rAsGFP, while the peak at 1630 cm‾1 retains the same position with a shoulder at

Fig. 1 UV–Vis spectra of the a
GO (solid line) and rAsGFP-rGO
(dashed line), and b GtO (point
line) and rAsGFP-rGtO (dashed
square line)
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1583 cm‾1. Below 1300 cm‾1, only a broad peak is recorded. A possible explanation about
the vanishing of the peak at 1090 cm‾1 (C–O) and the peak at 1710 cm‾1 can be gathered
from the consideration on keto–enol equilibrium. In the GO spectrum, the keto and the enol
forms are almost the same, but in the presence of rAsGFP, the protein can interact with the
alkoxy (1090 cm‾1) reducing and broadening the peak. In consequence, the tautomeric
equilibrium may shift toward the enol form, reducing drastically the keto form; hence, the
peak at 1710 cm‾1 almost vanishes. Analogous results are obtained for the reduction of GtO
by rAsGFP (Fig. 2e). The peculiar effect is found again for the broadening of the frequencies
around 1090 cm‾1. An evidence of the GO reduction process was investigated by Zhang et al.
[20] and Fernandez-Merino et al. [48]. The authors studied the interaction of GO with L-
ascorbic acid reporting the suppression of the R–O frequency similar to our spectra (Fig. 2c, e).
The photoluminescent characteristics of the two reduced products, i.e., rAsGFP-rGO and
rAsGFP-rGtO, were investigated and compared with the starting materials. In particular, in
Fig. 3a, we show the emission spectrum of rAsGFP, GO, and rAsGFP-rGO. Concerning
rAsGFP, we observed an intense fluorescence emission band, once excited in the visible range
(λex 470 nm). It presents a single main peak at 500 nm with a shoulder at about 530 nm. The
liquid suspension of GO and GtO exhibited an equivalent PL peak centered at around at
446 nm (λex 330 nm). After the reduction with rAsGFP, we analyzed the products of the
reaction. It is evident that the reduced sample lost the luminescent characteristics of GO as the
typical fluorescence of rAsGFP. Typical PL spectra of a GO suspension cover a broad visible
range (from 500 to 800 nm) [49, 50] and the blue region around 390 to 440 nm [51, 52].
Radiative recombination of electron–hole pairs in localized sp2 domains could give PL effects
[45, 53]. In Fig. 3b, we show the emission band of the rAsGFP-rGtO using the two
representative excitation wavelengths of GtO and rAsGFP. As a previous plot, we measured
the photoluminescent band of GtO (λex 330 nm) and fluorescent band of rAsGFP (λex
470 nm). The reduced sample behavior was analyzed applying the same excitation parameters.
As occurred for rAsGFP-rGO, the rAsGFP-GtO was entirely quenched in its photoluminescent
characteristic. Relatively, at the blue [45, 54] and redshift [49] of the GO and rGO fluores-
cence, many authors have contributed to explain this phenomenon. Maiti et al. [55] focused
their attention on the role of different oxygenated functional groups for the tuning of the optical

Fig. 2 FTIR spectra for a GO, b
rAsGFP, c rAsGFP-rGO, d GtO,
and e rAsGFP-rGtO. Pellets are
made using KBr, after drying the
material in an oven for 12 h. The
main frequencies are detected for
OH (3439 cm‾1), CH2 (2920 and
2850 cm‾1), keto–enol
tautomerism (1710 and
1620 cm‾1), C=O (1716 cm‾1 for
GtO), OH (1384 cm‾1), C–O
(1090 cm‾1)
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properties of GO defined as the modulation of the sp2 to sp3 fraction ratio by the gradual
reduction of GO is a way to adapt the optical properties. The partially reduced GO solution
after photothermal reduction is a gradual shift of the PL peaks, but for longer exposure, the
quenching of the PL signal was evident [45]. Thus, the quenching in our systems can be
attributed to a massive reduction of GO and GtO species by means of rAsGFP and a possible
effect of shielding of the groups responsible for PL.

In Vitro Hemolytic Activity

The hemolytic activity of GO, GtO, graphite, and GO (Graphenea, 50 % O) is shown in
Fig. 4a, where two kinds of trends can be noticed. In particular, the dose/response of GO
(Graphenea) shows an increase of hemolysis until a value of concentration of 100 μg mL‾1

(82 % of hemolysis) followed by a small decrease at 200 μg mL‾1, while graphite and GO
and GtO synthesized in this work manifest a comparable flat trend. Indeed, in the range of
concentrations investigated, we observed a 5 % concentration of cellular lysis for 50 μg mL‾1

of GO and GtO, while graphite did not show any effects. This can be explained considering the

Fig. 3 PL spectra of GO (λex
330 nm), rAsGFP-rGO (λex 330/
470 nm), and rAsGFP (λex
470 nm) (a), and PL spectra of
GtO (λex 330 nm), rAsGFP-rGtO
(λex 330/470 nm), and rAsGFP
(λex 470 nm) (b)
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relationship between the exfoliation degree and the oxygen content of these materials and their
ability of crossing the RBCs membrane. In this regard, Liao and coworkers defined, as the
repeated cycles of sonication determined, a higher hemolytic activity probably for the greater
extent of exfoliation and smaller size of GO samples [42]. Taking into account this hypothesis,
let us consider the exfoliation of our samples. For what regards the commercial compound
studied in this work, GO (Graphenea), it has a typical monolayer structure, while the expanded
graphite is a powder (40–50 μm). Therefore, the high hemolytic activity of GO (Graphenea)
and the low hemolytic activity of expanded graphite can be easily explained in terms of the
exfoliation degree, but this cannot be elucidated as observed for GO and GtO. Then, let us
consider the oxygen content in our sample, other parameters that seem to be influential for the
hemolytic activities [42]. The carbon/oxygen (C/O) ratio of graphene oxide species is strongly
related to the methodologies employed for the synthesis. In particular, the Hummers method
[56] allows us to obtain species with C/O values between 1.8 and 2.5, while the Sun method
[57] leads to a less oxidized species with a C/O ratio value of about 3. The similar carbon and
oxygen atoms ratio in GO (22 % O) and GtO (24 % O) explained the same trend of RBCs lysis
despite the different degrees of exfoliation. For GO (Graphenea, 50 % O), the hemolysis was

Fig. 4 Trends of erythrocyte
hemolysis related to GtO
(triangle), GO (circle), GO (50 %
O) (square), and graphite
(diamond) in a range of
concentration from 0 to
200 mg mL‾1 (a), and average of
the hemolysis values in the entire
range of concentration for
rAsGFP-rGO and rAsGFP-rGtO
compared to GO and GtO (b)
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the result of two coupled parameters, the exfoliation and the higher presence of oxygen atoms,
respectively. These results suggest that the hemolysis is caused by the strong interaction
between polarized groups -CO, -OCO- of graphene and graphite oxide and the polar head of
phosphatidylcholine on the RBCs’ membrane.

To value if the reduced species with the rAsGFP can be used as a biocompatible
vehicle, we tested the hemolytic activity of rAsGFP-rGO and rAsGFP-rGtO on the
RCBs. In Fig. 4b, we show the behavior of reduced graphene and graphite oxide
species and their respective initial compounds. In the range of the investigated
concentration, no differences in the trend of each species were observed. Moreover,
making an average of the hemolysis values in the entire range of concentration for
rAsGFP-rGtO, we measured a decrease with respect to the erythrocyte lysis compared
to GtO. Their differences were less evident in the case of rAsGFP-rGO and GO
compounds. This is indicative of a good biocompatibility of our initial synthesis
compounds. The erythrocyte lysis was evident after the observation of RCBs treated
with GO (Graphenea) by optical microscopy. Figure 5b shows the strong decrease in
the RBCs’ density following the treatment and incubation with 200 μg mL‾1 of
graphene oxide. The negative control in the same condition of incubation is shown in
Fig. 5a.

Fig. 5 RBCs suspensions of
negative control (a) and GO
(Graphenea) at 200 mg mL‾1 (b)
after the incubation of samples
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Conclusions

We analyzed the RBCs’ biocompatibility of GO and GtO and their reduced species, focusing
on the exfoliation degree and the oxygen content of many samples which are known to have a
critical role in extent of hemolysis. The results of hemolytic assays suggested that since their
RBCs biocompatibility, these materials can be used to carry drugs in circle. In particular, in our
synthetic strategies, we are able to obtain a single layer for GO and a multilayer for GtO with a
similar carbon and oxygen atom ratio. They revealed a comparable trend and a negligible
effect on the RBCs’ lysis. Indeed, the synthesis of GO and GtO by means of a
temperature-controlled modified Sun protocol lead to a biocompatible species with a
lower oxygen content species than the commercial compound studied in this work.
Compared to dispersed GO and GtO sheets, the reduced samples showed a lower
hemolytic activity. Thus, the low-cost and fast synthesis of rAsGFP-rGO and rAsGFP-
rGtO with the green fluorescent protein as reducing and stabilizing agent allowed us
to obtain smart biocompatible and environmentally friendly materials. In fact, this
approach does not require hazardous and toxic reagents. Furthermore, the controlled
release of rAsGFP could represent a promising method for in vivo imaging of
pharmaceutical preparation introduced by means of intravenous administration. With
this purpose, further studies are in progress to evaluate the reversibility of the reaction
of GO and GtO with the rAsGFP.
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