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Toxicity mechanism of graphene oxide and
hitrogen-doped graphene quantum dots in RBCs
revealed by surface-enhanced infrared absorption
spectroscopy

Tiantian Wang,®® Shoujun Zhu® and Xiue Jiang*®

The study of the toxic effects of nanoparticles on biological systems at the molecular level is critical in
order to gain a greater understanding of the origin of nanotoxicity. Recently, numerous forms of graphene
materials have been synthesized and extensively applied in biosensors and biomedicine, but their toxicity
has not yet been studied to the same extend, in particular the toxicity mechanism. In this work, we sys-
tematically studied the toxic effects of two typical graphene forms, graphene oxide (GO) and nitrogen-
doped graphene quantum dots (N-GQDs), on red blood cells (RBCs) by testing their hemolytic activity,
observing the morphological changes and detecting the ATP content of RBCs after being exposed to the
two nanomaterials. The toxicity mechanism was further revealed by investigating the structural changes of
RBCs lipid by surface-enhanced infrared absorption spectroscopy using model membranes. A detailed ana-
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lysis of the infrared spectra revealed that the adsorption of GO destroys the integrity of a membrane by
extracting the lipid bilayer, resulting in hemolysis and aberrant forms. In contrast, N-GQDs just disturb the
structure and conformation of the lipid, resulting in only aberrant cells. To date, this is the first experimental
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Introduction

With the booming development of nanotechnology in the past
decades, there has been a rapid expansion in the types of
engineered nanoparticles used in different areas of industry,
technology, and medicine, where they have shown tremendous
advantages. However, the nano size not only gives materials
unique physicochemical properties which means that they
behave very differently from the bulk forms of the same
material, but their size also makes their potential health and
environmental effects extremely difficult to predict. Therefore,
a recent trend in nanotechnology has been the investigation of
the interactions of nanomaterials with biological systems.
There is increasing concern as to whether and how nano-
materials are potentially toxic to biological systems.>””
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study which has revealed the toxicity mechanism of graphene materials in RBCs at the molecular level.

As a two-dimensional carbon sheet of single-atom thick-
ness, graphene has received much attention due to its out-
standing mechanical, thermal, chemical and optical
properties.® " Among the various graphene forms, graphene
oxide (GO) contains multifunctional groups, such as carboxyl,
epoxy, ketone, and hydroxyl groups, in its basal and edge
planes,'>"* which results in good water-solubility and an excel-
lent capability for conjugating with biomolecules and metallic
nanoparticles."®"® In this regard, GO has shown great poten-
tial for biological applications'®'” including cancer cell detec-
tion," in situ molecular probing in living cells,"
immunoassays,'® biosensing,'® cellular imaging,”® and drug
delivery.>>** As novel kinds of quantum dots and graphene
forms, graphene quantum dots (GQDs) prepared from GO
have shown promising potential in photovoltaic devices, bio-
sensing, and bioimaging because of their stable photo-
luminescence, high solubility, low toxicity, and good
biocompatibility.?*** Owing to their ultrahigh specific surface
area, GQDs can be easily modified, functionalized, and used
for drug or gene delivery.”*>°

Because of the widespread application of graphene and its
derivatives in nanobiomedicine, their toxicity has attracted tre-
mendous research interest.>*”*" It has been reported that GO
can induce cellular oxidative stress at low concentration and
thrombus in mouse, and can evoke a strong aggregatory
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response in human platelets.>*® The oxygen content of gra-
phene sheets has a strong impact on the toxicological response
to RBCs,”” and the toxicity of GO is also size-dependent.’**" In
comparison with GO, the toxicity of GQDs has not yet been
studied to the same extent. Most of the studies have estimated
the biocompatibility of GQDs by means of simple methods,
such as MTT assay.”>** As far as we know, only a few reports
have systematically studied the in vitro and in vivo toxicity of
GQDs, including their blood biocompatibility, in vivo biodistri-
bution, cell viability, proliferation, metabolic activity, and their
influence on tissues and organs.*®**7” Only one group has
systematically evaluated the toxic effect of N-GQDs in an
in vivo assay system using C. elegans.*® All the results have proved
that GQDs possess no obvious in vitro and in vivo toxicity.
Although we have gained some insight into the toxic effects of
graphene derivatives, the present conclusions were mostly
drawn on the basis of cellular viability investigation, nano-
particle-induced morphological changes of the exposed cells, and
some harmful results, such as thrombus and hemolysis. The
underlying molecular mechanism remains unknown. Actually,
cytotoxicity is initiated by the nonspecific adhesion of nano-
particles to the cell membranes. It is the discovery of the
damage caused by carbon nanoparticles to cell membranes
that has attracted people’s attention to the nanotoxicity.*®
Therefore, understanding how nanoparticles interact with cell
membranes is the first important step towards gaining insight
into the underlying molecular mechanism of how nanoparti-
cles induce cytotoxicity. In this regard, Zhou and co-workers
have made the first step.’® By using molecular dynamic simu-
lations, they revealed atomic details about the interactions
between graphene nanosheets and lipid molecules. They
found that graphene nanosheets can penetrate into and extract
phospholipids from the cell membranes.’® However, experi-
mental knowledge about the molecular mechanism of the
cytotoxicity is still limited, and the simulation results require
experimental support.

Surface-enhanced infrared absorption spectroscopy (SEIRAS)
is a strictly surface sensitive technique that exploits the electro-
magnetic properties of nanostructured metal films to enhance
the vibrational bands of adsorbed monolayers by a factor of
10-1000."*> The resulting enrichment of sample along the
solid surface reduces the content of water, and enables SEIRAS
to investigate biological samples in aqueous environments,
thereby overcoming the limits of the traditionally used attenu-
ated total refection Fourier transform infrared (ATR-FTIR) spec-
troscopy, in which water represents a major obstacle.**** In
addition, this property also enables the biological samples-
solvent interaction to be investigated to study the changes
occuring in the microenvironment around biological samples.
In a biomimetic system, SEIRAS can monitor the formation of a
planar lipid bilayer and the adsorption of proteins or nanoparti-
cles onto the bilayer in situ and in real-time.*>*®*” SEIRA differ-
ence spectroscopy can finely reveal some minor structural
changes of proteins®®>° or lipids"® upon electron and proton
transfer or nanoparticles adsorption, providing a reliable experi-
mental basis for further investigation and analysis.
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In this work, we evaluated the toxicity of GO and N-GQDs
using RBCs as model cells, and studied the toxicity mechan-
ism employing SEIRAS to detect the GO and GQDs-induced
structural changes of model membranes prepared on solid
supports with lipid compositions identical to those of the
inner and outer leaflet of RBC membranes. To some extent,
our work will be significant for the design of graphene
materials for safer and efficient biomedical applications.

Results and discussion
Synthesis and characterization of GO and GQDs

High yields of GO were synthesized by a modified Hummer’s
method,”"** and N-GQDs were sequentially prepared from GO
by a one-step solvothermal route.”* The morphologies of the as-
prepared GO and N-GQDs were observed by TEM as shown in
Fig. 1A and B, respectively. The GO sheet is flat and smooth
with a few folds, and the size ranges from several hundred nano-
meters to several micrometers (Fig. 1A). However, the N-GQDs
are uniform to a certain extent. The average size is about 5.1 nm
as shown in the size histogram in the inset of Fig. 1B. AFM
images proved that the height of GO is only 0.887 nm,
suggesting a single-layer GO whereas the average height of
N-GQDs is about 1.35 nm (Fig. S17). Fig. 1C and D show the XPS
scan spectra. It can be seen that the GO consists mainly of O
and C. In the case of N-GQDs, in addition to O and C, there is a
distinct peak attributed to N element in the spectrum,
suggesting the participation of DMF as a weak reducing agent in
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Fig.1 TEM of GO (A) and N-GQDs (B) and their corresponding XPS
spectra (C, D). The Cls XPS spectra of GO (E) and N-GQDs (F) were
decomposed. Inset of (B) represents the size distribution of N-GQDs.
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the preparation of N-GQDs.>* Fig. 1E shows the high resolution
C1s spectrum of GO fitted by three components. The binding
peak at 284.6 eV is attributed to C=C/C~C in aromatic rings, the
peak centered at 286.7 €V is assigned to C-O and the binding
peak at 288.2 eV is due to C=0/0-C=0.>*"" The content of the
non-oxygenated C is about 49.37%, and that of the oxygenated C
is about 50.63%. The high resolution C1s spectrum of N-GQDs
was also fitted by three components as shown in Fig. 1F:
C=C/C-C (284.7 eV), C-O (286.0 eV) and C=0 (287.6 eV).>>°
The percentage of non-oxygenated C increased to 58.07% in
comparison to GO, and that of the oxygenated C decreased to
41.93% simultaneously, suggesting that some oxygen functional
groups were lost during the preparation.

In vitro hemolytic activity of GO and N-GQDs

The application of nanomaterials in biomedicine always
involves the intravenous injection of these materials. The
injected nanomaterials finally reach the bloodstream and
interact with RBCs. Therefore, evaluating the hemolytic activity
of nanomaterials towards RBCs is very important and necess-
ary for studying the nanotoxicity. Here, we firstly observed the
hemolytic activity of N-GQDs and GO. Photographs of RBCs
after exposure to N-GQDs and GO at different concentrations
are shown in Fig. 2A. When the RBCs were treated with
N-GQDs, no free hemoglobin in the supernatant was visualized,
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Fig. 2 (A) Photographs of RBCs after 3 h exposure to N-GQDs (upper)
and GO (lower) at different concentrations (3.1 to 200 pg mL™). (+) and
(=) symbols represent positive and negative control samples, respect-
ively, which were prepared by mixing 0.2 mL of RBCs suspension with
0.8 mL of water and PBS respectively. (B) Hemolysis percent of RBCs
incubated with different concentrations of GO (black) and N-GQDs
(gray) for 3 h at 37 °C.
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even if the N-GQDs concentration was as high as 200 ug mL™".
However, when the RBCs were treated with GO, the color of the
supernatant became redder with an increase of GO concen-
tration, indicating that more and more hemoglobin was released
from the RBCs. Furthermore, we evaluated the hemolytic activity
of GO and N-GQDs by measuring the absorbance of the released
hemoglobin using a UV-visible spectrometer and calculating the
hemolysis percentage of the RBCs. As shown in Fig. 2B, the GO-
induced hemolysis percent increases linearly with an increase of
GO concentration until the concentration reaches 50 pg mL ™"
Above this concentration, the hemolysis gently increases to a
constant. In contrast, N-GQDs did not induce any hemolysis
even at high concentration. The color of the supernatant and
the calculated hemolysis percent are similar to those in the
negative control, indicating the low hemolytic activity of
N-GQDs. We also studied the hemolysis percent change with
exposure time at a concentration of 50 ug mL~" (Fig. S21). The
results suggest that GO will induce more serious hemolysis,
whereas N-GQDs will not induce obvious hemolysis within 7 h,
which also indicates the low hemolytic activity of N-GQDs.

Observation of morphological changes of RBCs by confocal
microscopy

In addition to hemolysis, exposure of RBCs to extraneous
materials might also induce morphological aberrant forms,
such as swollen cells,”® stomatocytes,” echinocytes,’>*” and
haemagglutination.”® These morphologically aberrant forms
are frequently symptomatic of various medical conditions.>® In
order to further understand the toxic effects of GO and
N-GQDs on RBCs, we observed, by means of confocal
microscopy, the morphologies of RBCs after treatment with
50 pg mL™" of GO or N-GQDs as an example, as shown in
Fig. 3. Compared with the normal RBCs, in the control

Fig. 3 Confocal images of RBCs incubated with (A) PBS (control), or
(B) N-GQDs, and (C, D) GO at 50 pg mL™* for 3 h at 37 °C. The arrow marks
in (C) and circles in (D) indicate the ghost cells. Scale bars of (A—C) and
(D) are 10 and 20 pum, respectively.
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samples, which have a biconcave shape and a smooth mem-
brane (Fig. 3A), treatment with N-GQDs resulted in about 50%
echinocytes with numerous surface spikes (Fig. 3B). GQDs
have been used in bioimaging and have been proved to be bio-
compatible by MTT assay, serum biochemical analysis and
histological evaluation, etc.”>*®**> However, their hemolytic
activity and the corresponding morphological changes of RBCs
have not been studied. The loss of the normal biconcave shape
and the morphological variations in RBCs suggest that they
exhibit a potential toxic effect. Compared with the control
sample, RBCs treated with GO have both aberrant forms and
ghost cells (Fig. 3C, arrows in red) due to the great hemolytic
activity of GO. In the large-scale image presented in Fig. 3D,
the proportion of ghost cells (circles in red) is shown to be
below 40%, which is consistent with the hemolysis assay. The
morphological changes of the RBCs suggests that N-GQDs and
GO are potentially cytotoxic, and this needs further investi-
gation for an in-depth understanding of the mechanism.

Detection of ATP content in RBCs

It is well known that adenosine triphosphate (ATP) is a univer-
sal energy source and an extracellular signaling mediator in
many biological processes.>® In RBCs, ATP also plays an impor-
tant role in controlling the shape of RBCs.””**®® When the
content of ATP decreases below a certain level, RBCs lose their
biconcave shape and transform into the crenated forms.*°
During the early stage of the transformation process echino-
cytes appear.®"®* To explore the reason for the deformation of
RBCs, we determined the ATP content in RBCs after incu-
bation with GO or N-GQDs. As shown in Fig. 4, the ATP
content in GO-treated RBCs decreases dramatically in compari-
son with that in the control RBCs, with only 20.7% being left,
which might be partly due to the release of ATP accompanied
by the release of hemoglobin when hemolysis occurred. The
decrease of ATP may be one of the reasons for the appearance
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Fig. 4 The ATP percent of RBCs after treatment with PBS as control, or
50 ug mL™* of N-GQDs and GO for 3 h at 37 °C. Mean ATP content was
obtained from 13 samples in four different experiments, and error bars
indicate standard deviations from the mean. *: At the 0.05 level, there is
significant difference between the control and the N-GQDs or GO
-treated RBCs.
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of aberrant forms as observed by confocal microscopy. In con-
trast, the amount of ATP in N-GQDs-treated RBCs remains at
about 95% compared to that in the control RBCs, which is
sufficient to maintain the normal biconcave disks of RBCs. So
there should be other reasons for the N-GQDs-induced RBCs
shape changes.

SEIRAS studies of the interaction between GO or N-GQDs and
RBC membranes using model membranes

Since the cause of cytotoxicity is related to how nanomaterials
interact with cell membranes,”® we employed SEIRAS to inves-
tigate the GO or N-GQDs-induced structural changes in model
membranes prepared on solid supports with lipid compo-
sitions identical to those of RBC membranes. As in the pre-
vious study, we prepared the model membranes respectively
with three lipid components that were identical to the compo-
sitions in the outer or inner lipid leaflet of RBC membranes.
The planar membrane was formed by vesicle fusion on the
hydrophobic surface of a pre-adsorbed 1-dodecanethiol (DT)
monolayer on a gold film.** A spectrum of the planar mem-
brane with lipid components of the outer leaflet is shown in
the upper panel of Fig. 5A (a) and S3.7 The bands at 2928 and
2854 cm™ " are attributed to the asymmetric, v,5(CH,), and sym-
metric, v5(CH,), stretching vibrations of methylene, and the
bands at 2959 and 2870 cm ™" are assigned to the asymmetric,
Vas(CH3), and symmetric, v4(CH3), stretching vibrations of the
methyl group, respectively. In the fingerprint region, the spec-
trum of the outer leaflet shows the C=O stretching vibration
of lipid at 1741 ecm ',"® with a strong negative peak at
1656 cm ™', which is associated with the OH bending vibration
of water, because of the highly hydrophobic environment in
the lipid bilayer.** The band at 1280 cm™" is due to the twist
vibration of the polymethylene chains of lipid.®® After the for-
mation of the planar membrane, the substrate was washed
several times with distilled water to remove the free vesicles.
The spectrum of the membrane-modified substrate immersed
in water was taken as the reference, and 50 pg mL™" of GO or
N-GQDs was added before recording the sample spectra. When
GO interacted with the model membrane, obvious negative
peaks were induced at the v,4(CH3) and v4(CH3) positions,
accompanied by the disappearance of absorptions at the
vas(CH,), and v4(CH,) vibrations (Fig. 5A, b and S4t), which
were observed in the SEIRA spectrum of the control GO
(Fig. 5B, a). According to the report of Huang and Zhou et al.,
GO nanosheets can insert/cut the membrane and extract large
amounts of phospholipids from the cellular membranes
driven by strong van der Waals force.*® During the interaction
of GO with the model membrane, extraction of lipid might
occur due to the strong hydrophobic nature of the outer lipid
leaflet, and result in negative peaks at the CH; and CH,
vibration positions. Meanwhile, peaks at the v,s(CH,) and
vs(CH,) positions can be observed for the adsorbed GO as
shown in the SEIRA spectrum of control GO (Fig. 5B, a), which
compensates for the negative peaks at these positions which
are induced by lipid extraction. That is why we only observed
the disappearance of the peaks at the v,(CH;) and v4(CHs)

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (A) SEIRA spectra of vesicles containing the lipids of the outer
(upper panel) and inner (lower panel) lipid leaflet of RBCs adsorbed on
DT-modified gold (a), and the GO (b) or N-GQDs (c) adsorbed on the
lipid/DT modified gold surface. (B) SEIRA spectra of control GO (a) and
N-GQDs (b).

vibration. In the fingerprint region, the negative peak at
1741 cm™" assigned to C=0 confirmed the extraction of lipid.
In addition, we also observed that the vibration of C=C in GO
was shifted from 1649 cm™ to 1638 em™" (Fig. 5B, a).**™®°
During the extraction of lipid, the hydrophobic tails of lipid
tended to spread out in the unoxidized hydrophobic regions of
GO.*° As a result, the strong interaction between GO and lipid
might influence the skeleton structure of the aromatic rings in
GO, and induce the shift of the vibration of C=C. When GQDs

This journal is © The Royal Society of Chemistry 2015
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interacted with the model membrane, new peaks appeared at
the v,5(CH3) and v5(CHj3) position (Fig. 5A, ¢ and S5t), which
were not observed in the control spectrum of GQDs (Fig. 5B, b).
The appearance of the new peaks at CH; vibrations
suggests interaction of the N-GQDs with the CH; group in the
lipid model membrane. But N-GQDs couldn’t induce extrac-
tion of lipid, because there were two obvious positive peaks at
the CH, vibrations in the difference spectrum induced by
adsorption of N-GQDs. In the fingerprint region, the band at
1649 cm™" was slightly shifted to 1646 em™" after N-GQDs
interacted with the lipid membranes. The strong peaks at
1649 cm™' in the control N-GQDs spectrum should be
assigned to the acidamide (-CO-NR;), accompanied by the
vibration of the skeletal aromatic rings in N-GQDs.**®® The
slight shift suggests that the interaction between N-GQDs and
lipid did not exert an obvious influence on the structure of
N-GQDs. It is worth noting that the interaction of N-GQDs
induced the peak shift of the twist vibration of polymethylene
chains of lipid from 1280 cm™" to 1288 cm™, and a shoulder
peak at 1267 cm™ ', suggesting that the interaction of N-GQDs
induced obvious disturbance in the conformers of lipid.
According to the molecular dynamics simulations in Huang
and Zhao’ report, graphene or GO could insert/cut into a mem-
brane,’® so the inner leaflet of RBC membranes would also be
influenced. Likewise, we also studied the interaction of GO
and N-GQDs using a model membrane composed of the lipid
compositions of the inner leaflet of RBC membranes. The
spectrum of the model membrane is shown in the lower panel
of Fig. 5A and S6.f Due to the overlap with v,((CH;) and
vs(CH;3) respectively, the bands assigned to v,s(CH,) and
vs(CH,) were broader in comparison with the spectrum of the
outer lipid layer (upper panel, a). The C=O stretching was
observed at 1736 cm™', with a much weaker negative peak at
1662 cm™" in comparison with that in the outer membrane at
1656 cm™, indicating a less hydrophobic inner microenviron-
ment.** Similar to the outer membrane, twist vibration of the
polymethylene chains of the inner lipid was observed at
1283 em™'. In the GO-induced SEIRA difference spectrum
(Fig. 5A, lower panel, b and S71), the bands at 2928 cm™" and
2855 cm™ ' are visible, which are due to the v,(CH,) and
vs(CH,) of GO (Fig. 5B, a), respectively. But no obvious negative
peak was observed in the CH region, suggesting that GO could
not induce the extraction of the inner leaflet lipids. Extraction
was driven by the strong hydrophobic interaction between the
GO nanosheet and membrane lipid.*® The much weaker hydro-
phobicity of the inner leaflet lipid might not be enough to
form a strong interaction with GO and induce lipid extraction.
In the fingerprint region, GO induced a slight peak at
1741 cm™', which is assigned to C=O stretching and not
observed in the SEIRA spectrum of GO (Fig. 5B, a), suggesting
interaction of GO with the ester carbonyl/carboxylate group in
the inner leaflet lipid. In the GQDs-induced SEIRA difference
spectrum (Fig. 5A, lower panel, ¢ and S87), beside the bands of
vas(CH,) and v4(CH,) at 2924 and 2855 cm™" that might derive
from the vibrations of adsorbed N-GQDs, we also observed
additional vibrations due to v,4(CH;3) and v4(CHj3), which were
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not observed in the spectrum of N-GQDs (Fig. 5B, b). More-
over, the vibration of v,4(CHj;) was blue shifted in comparison
with the position of v,5(CH;) in the lipid. These indicate inter-
action of N-GQDs with the alkyl groups of the inner leaflet
lipid. A strong peak at 1662 cm™"' accompanied by a peak shift
from 1649 cm™' in comparison with the SEIRA spectrum of
N-GQDs (Fig. 5B, b) suggests a strong interaction between
GQDs and the inner lipid. Since the hydrophilicity of the inner
lipid membrane is much stronger than that of the outer lipid
membrane, when N-GQDs were added to the surface of the
inner membrane, the strong hydrophilic interaction might
change the vibration mode of the bond in N-GQDs. Besides, in
the difference spectrum, the peak of the twist vibration of poly-
methylene chains of lipid shifted from 1283 cm™ to
1293 cm™" with a shoulder at 1275 cm™", suggesting that the
interaction of N-GQDs with alkyl group in the inner lipid dis-
turbed the conformations of lipid.

To gain a further understanding of the process of inter-
action between the graphene forms and model membrane, we
investigated the dynamics by integrating the area of the peak
at around 1095 cm ™" during the incubation of the model mem-
brane with the graphene forms and analyzed the change with
time. The data was fitted according to the exponential function
as shown in Fig. 6, which yields a good agreement between the
experimental (symbol) and simulated (line) data with a
residual square correlation coefficient (R* > 0.99). According to
the fitted curves, the half-times of GO interacting with the
outer and inner lipids were 31 and 9 min, and that of N-GQDs
interacting with the outer and inner lipids were 7 and 11 min,
respectively.

Obviously, the half-time of GO interaction with the outer
lipid was much longer than the others. The different dynamics
might come from the difference of the acting force between
the model membranes and graphene materials. When GO
interacted with the outer model membrane, the hydrophobic
interaction between the outer lipid and the GO resulted in a

Integrated Area

PC/ISM+GO
PC/SM+N-GQDs
PE/PS+GO
PE/PS+N-GQDs

4 ren

0 20 40 60 80 100 120 140 160 180
T (min)
Fig. 6 The dynamics curves of the interaction of the outer model lipids
with GO (m) or N-GQDs (@), and the inner model lipids with GO (A) or

N-GQDs (V). Integrated area of the peak at around 1095 cm™ was
plotted as a function of time.
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longer time in achieving an interactional equilibrium. For the
hydrophilic interaction, the process could achieve equilibrium
in a shorter time.

Combining the results obtained by SEIRAS, we could con-
clude that the hemolysis and morphological variations of
RBCs induced by GO and N-GQDs were mostly related to the
types of interactions between the graphene materials and the
RBC membranes. The microenvironment in the outer leaflet
lipid of RBCs was more hydrophobic than that in the inner
leaflet lipid. Such a difference determined the different inter-
action modes between the lipid and graphene forms. GO had
the strong hydrophobic interaction with the outer lipid, result-
ing in the extraction of the outer lipid and a longer time in
achieving adsorption equilibrium. The extraction broke the
integrity of the outer membrane, although there was a weak
interaction with the inner lipid, and eventually resulted in
hemolysis. N-GQDs had strong hydrophilic interaction with
the inner lipid, and weak interaction with the outer lipid.
Adsorption of N-GQDs on both leaflet lipids achieved equili-
brium in a short time, and only disturbed the conformation of
the lipid. It has been reported that partition of some drugs
into the membranes of RBCs generated echinocytes.’” Due to
their small size, N-GQDs might be incorporated into the lipid
of RBC membranes, and result in the formation of echino-
cytes. As a result, N-GQDs would just induce some morpho-
logical variations, but wouldn’t break the integrity of the
membrane and induce hemolysis. According to Haynes’s
report, above 342 nm, the smaller GO showed a greater hemo-
lytic activity.>” According to our results and the previously
reported results, there might be a critical size that keeps the
balance between hydrophobicity and hydrophilicity. When the
size of graphene materials is larger than the critical value, the
hydrophobicity is the decisive factor that induces lipid extrac-
tion. When the size of the graphene materials is smaller than
the critical value, the size might be the key factor that induces
disturbance of the RBC membrane. This might be an interest-
ing issue for future study.

Conclusions

In summary, we have systematically studied the toxicity of two
typical graphene forms, GO and N-GQDs, in RBCs. The toxicity
was evaluated by detecting their hemolytic activity using UV-
visible spectroscopy, and observing the shape changes of RBCs
by confocal microscopy. The ATP content in RBCs was also
detected to explore the reasons for the shape changes. The
results indicated that GO induced obvious hemolysis of RBCs,
accompanied by the release of ATP. Correspondingly, lots of
ghost and aberrant cells were observed. In comparison with
GO, N-GQDs did not induce any hemolysis and an obvious
release of ATP from RBCs. However, lots of echinocytes were
observed unexpectedly. For an in-depth understanding of the
mechanism of the cytotoxicity, SEIRAS was further applied in
the study of the interaction of graphene nanomaterials with
RBC membranes using solid-supported model membranes

This journal is © The Royal Society of Chemistry 2015

220z 1snBny 0z U0 158NB Aq $GGE/GG/S88/b//RI0IME/SRIX0) W00 dNOdILSPEdE//:SA]lY WOI) POPEOJUMOQ



Toxicology Research

prepared with identical lipid compositions to those of RBC
membranes. Our results suggested that GO was adsorbed onto
the lipid bilayer of RBCs via strong hydrophobic interaction
and extracted the lipid. Hemolysis was induced by the destruc-
tion of the RBCs membrane integrity, and the aberrant forms
might be induced by structural change of the lipid together
with the release of ATP in RBCs. Whereas N-GQDs just dis-
turbed the order and conformation of lipid, which might be
induced by the incorporation of small N-GQDs into the lipid,
resulting in the formation of echinocytes. Our study suggested
that although graphene forms have exhibited outstanding pro-
perties in biological and biomedical applications, the toxicity
of these materials should be under consideration all the time,
especially in the circulatory system.

Experimental section
Synthesis and characterization of GO and N-GQDs

Graphene oxide (GO) was synthesized via a modified
Hummer’s method from natural graphite powder.>"*> In a
typical synthesis, 1 g of graphite powder was added into 23 mL
of 98% H,SO, in a round flask, followed by stirring at room
temperature over 24 h. After that, 100 mg of NaNO; was added
under stirring and kept stirring for 30 min. Then, the mixture
was cooled down to below 5 °C in an ice bath, and 3 g of
KMnO, was added slowly. The mixture was heated to about
35 °C and stirred for another 30 min. After that, 46 mL of H,O
was slowly added in three separate doses (5, 10, 31 mL in
sequence) within 25 min and the mixture was continually
heated until the temperature reach 98 °C and kept refluxing
for 20 min. Finally, 27.5 mL of water and 3.5 mL of 30% H,0,
were added into the mixture to stop the reaction. The obtained
graphite oxide should be washed with water until neutral, and
exfoliated by ultrasonication using a bath-sonicator
(KQ-200KDE, 200 W, Kunshan, China) for about 5 h. The solid
GO was obtained by freeze-drying or vacuum drying at 45 °C.

Nitrogen-doped graphene quantum dots (N-GQDs) were
prepared according to a previous report.>® In brief, 150 mg of
the obtained GO was dissolved in 15 mL of dimethylform-
amide (DMF) at a concentration of 10 mg ml™". After ultrasoni-
cation for 30 min, the mixture was transferred into a poly-
(tetrafluoroethylene) (Teflon)-lined autoclave (30 mL), followed
by heating at 200 °C for 5 h. After the reaction, the reactor was
cooled to room temperature naturally. The brown transparent
suspension was collected by filtering the product with filter
membrane (0.45 pm, Shanghai Xingya, China) to discard the
black precipitates. The solid N-GQD samples were obtained by
removing the solvents with the aid of a rotary evaporator.

X-ray photoelectron spectroscopy (XPS) of the as-prepared
GO and N-GQDs was carried out using an ESCALAB 250
spectrometer with a mono X-Ray source AlKoa excitation
(1486.6 eV). The Cis spectra of XPS were fitted and decom-
posed using XPSPEAK41 software. The morphologies of the
N-GQDs and GO were characterized by transmission electron
microscopy (TEM) measurements using an Hitachi H-800 elec-
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tron microscope at an acceleration voltage of 200 kv with a
CCD cinema and an Hitachi H-8100 electron microscope
(Hitachi, Tokyo, Japan), respectively.

Hemolysis assay

Human blood was freshly collected from healthy adult volun-
teers in the Hospital of Integrated Traditional and Western
Medicine in Jilin province. RBCs were separated by centri-
fuging the whole blood at 10 016g for 10 min and washing five
times with sterile phosphate buffered saline (PBS). 0.2 mL of
packed RBCs was diluted to 3 mL with PBS as stock solution.
Then 0.2 mL of the diluted RBCs suspension was taken out
and mixed with 0.8 mL of GO or N-GQDs solution in PBS at
systematically varied concentrations (3.1, 6.2, 12.5, 25, 50, 100,
200 pg mL ™). The GO and N-GQDs solutions of different con-
centrations were prepared immediately before dilution of the
RBCs. For preparing negative and positive control samples, we
mixed 0.2 mL of RBCs suspension with 0.8 mL of PBS and
water respectively, instead of GO and N-GQDs solutions. After
that, all the samples were incubated in a humidified incubator
at 37 °C, 5% CO, for 3 h, and finally centrifuged at 10 016g for
3 min. 800 pL of the supernatant of all the samples were taken
out for UV-visible measurements. The percent of RBCs hemo-
lysis was calculated using the following formula: hemolysis % =
((sample absorbance — negative control absorbance)/( positive
control absorbance — negative control absorbance)) x 100. In
the formula, the absorbance value of the hemoglobin at
541 nm was used with the reference wavelength at 650 nm.

Cellular images

In this section, we chose the RBCs that were treated with
50 pg mL™" of GO or N-GQDs for imaging. All the procedures
were the same as that for the hemolysis assay. Just after centri-
fugation, the sediment RBCs were washed 3 times with PBS and
resuspended in 2 mL of PBS. Then 0.7 mL of the suspension
was injected into a 35 mm tissue culture dish (NEST Biotech
Co., LTD., China), and the dishes were left at room temperature
in a static state for 20 min to allow the cells to attach to the
bottom of the glass slide. After that, the cells were washed
3 times with PBS to remove the unattached cells. The images of
the cells were taken using a confocal laser scanning fluo-
rescence microscope (CLSM, Leica TCS SP2, Leica Microsystems,
Mannheim, Germany) with 100x objective in the bright field.

ATP detection assay

Before detection, RBCs were treated with 50 pg mL ™" of GO or
N-GQDs as for the hemolysis assay, and all of the solutions
(including lysate, detecting regent and corresponding diluent)
in the ATP assay kit (Beyotime, China) were defrosted at 4 °C
in advance, and placed on ice for use. After incubation with
GO or N-GQDs solutions for 3 h, the samples were centrifuged
at 10 016g for 3 min, followed by discarding the suspension.
The sediment cells were lysed by adding 120 pL of lysate to
release the ATP in the cells. The working solution was prepared
by diluting the detecting regent with corresponding diluent at
a ratio of 1:100 and kept in the dark on ice. 100 pL of working
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solution per well were injected into a 96-well plate and the
plate was kept in the dark for 5 min to consume the back-
ground. Then, 100 pL of the lysed cells were added and mixed
with the working solution quickly, immediately followed by
measurement using a Synergy HT Multi-Mode Microplate
Reader (Biotek, US) with Gen5 data analysis software. 13
samples were collected from four repeated experiments for
each set of data.

In situ surface-enhanced infrared absorption spectroscopy
(SEIRAS)

The experimental setup for SEIRAS and procedures for prepa-
ration of Au film as enhanced substrate have been described
elsewhere.*>*®*%% Briefly, a thin gold film was deposited on
the flat surface of a triangular silicon prism by a chemical
deposition technique. The surface of the Si prism was polished
with aluminum oxide powder of 1 pm in size, followed by
immersion in a 40 wt% aqueous solution of NH,F for 1 min.
Subsequently, the flat surface of the Si prism was exposed to a
1:1:1 volume mixture of (1) 0.03 M NaAuCl,, (2) 0.3 M
Na,SO, + 0.1 M Na,$,0; + 0.1 M NH,C], and (3) 2.5 vol% HF
solution for about 1 min. After rinsing several times with
water, the gold film was cleaned in 0.1 M H,SO, by carrying
out several electrochemical cycles. Subsequently, the gold-
coated prism was mounted into a polytrifluorochloroethylene
cell. The IR beam of the FTIR spectrometer (IFS 66 s/v, Bruker,
Ettlingen, Germany) was coupled into the silicon prism at an
incident angle of 60°, and the spectra were recorded with a
liquid-nitrogen-cooled MCT detector. The Au film was
immersed in 1 mM of 1-dodecanethiol (DT, Sigma-Aldrich)
that was dissolved in ethanol for 30 min. During this time, the
spectra were recorded every 2 min with pure ethanol as the
reference. After the film was washed with ethanol and water
three times, respectively, 200 pL of double distilled water was
added and the spectrum was recorded as the background.
After adding 1 mL of the vesicle solution, the signals were
recorded as sample spectra every 3 min during the subsequent
2-3 h. Before the next step, the substrate was washed
sufficiently with water. Then the model lipid was immersed in
50 ug mL™" of GO or N-GQDs aqueous solution for incubation.
Simultaneously, the sample spectra were recorded every
1 minute during the first 30 minutes with double distilled
water as the reference. And then, the signals were recorded
every 3 minutes during the subsequent 2-3 h. As the control
experiment, we also measured the spectra of GO and N-GQDs
by adding 50 pg mL™" of GO or N-GQDs aqueous solution to
the Au film with water as the reference. For each spectrum,
512 scans were collected with a spectrum resolution of 4 cm™.
Every experiment was repeated at least 3 times. More than sixty
spectra were collected from three repeated experiments at the
last hour for every step, and were averaged to reduce the
background.

Preparation of vesicles

Egg phosphatidylcholine (PC), sphingomyelin (SM), and
cholesterol (Sigma-Aldrich, St. Louis, MO) were mixed at a
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ratio of 1:1:1 (by weight); dioleoyl phosphoethanolamine
(DOPE), dioleoyl phosphatidylserine (DOPS), and cholesterol
(Sigma-Aldrich) were mixed at a ratio of 2:1:1 (by weight).
The mixtures were dissolved in chloroform in two little glass
bottles respectively, and the solvent was removed by rotary
evaporation under N, flow to form a thin lipid layer. In order
to get rid of the chloroform thoroughly, the bottles were kept
in a vacuum chamber for 3 h. Double distilled water was
added to hydrate the dried lipid film for 30 min and yield a
final concentration of 1 mg mL™". Then sonication was per-
formed at 40 °C to yield a clear solution. The vesicles were
always used within 24 h after preparation.

All of the experiments were performed in compliance with
the relevant laws and guidelines of Changchun Institute of
Applied Chemistry. The institutional committee of in vivo
experiment has approved the experiments and informed
consent was obtained for any experimentation with human
subjects.
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