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raphene and graphene-related ma-
Gterials, such as graphene oxides,

have been attracting great interest
from the scientific community due to
their interesting electronic, mechanical,
thermal, optical, and electrochemical prop-
erties. Graphene is an excellent surface for
electrochemistry,' 3 and it is often used as
an electrode material in sensing*® and
energy storage’° applications. Graphene
is inherently redox inactive at typically used
potentials, which means that graphene
does not show any electrochemically driven
redox (oxidation/reduction) behaviors. On
the contrary, graphene oxide (GO) materials
display an inherent redox activity that
allows for their electrochemical reduction
toward reduced graphenes.'® Note that
the term “graphene oxide” refers to gra-
phene sheets that were oxidized with var-
ious oxygen-containing groups, such as
hydroxyl, aldehyde, epoxy, carboxyl, carbonyl,
and peroxy."" The electrochemical reduc-
tion method of graphene oxide is used for
preparation of electrode surfaces'*'* or for
quantification of reducible oxygen-containing
groups.'*'> However, there have not been any
attempts shown that utilize the inherent elec-
trochemical redox activity of graphene oxide
as a label for DNA detection.

Here we exploit the unique inherent elec-
troactivity of graphene oxide nanoplatelets
(GONPs) for DNA and single-base poly-
morphism detection. The use of graphene
oxide nanoplatelets with a high density of
oxygen functionalities is beneficial over
standard probes, as the signal amplification
is very large, whereby a 50 x 50 nm sized
graphene oxide platelet corresponds to
almost 22 000 withdrawn electrons (given the
density of reducible groups of 4.3 nm™" and
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ABSTRACT Graphene mate-
rials are being widely used in
electrochemistry due to their
versatility and excellent proper-
ties as platforms for biosensing.
However, no records show the
use of inherent redox properties
of graphene oxide as a label for
detection. Here for the first time

we used graphene oxide nanoplatelets (GONPs) as electroactive labels for DNA analysis. The

working signal comes from the reduction of the oxygen-containing groups present on the

surface of GONPs. The different ability of the graphene oxide nanoplatelets to conjugate to

DNA hybrids obtained with complementary, noncomplementary, and one-mismatch sequences

allows the discrimination of single-nucleotide polymorphism correlated with Alzheimer's

disease. We believe that our findings are very important to open a new route in the use of

graphene oxide in electrochemistry.

KEYWORDS: electroactive graphene oxide - genosensor - single-nucleotide

polymorphism - graphene label

two-electron reduction per functional group).'

We also explore the unique interaction be-
tween graphene oxide nanoplatelets and
single-stranded DNA nitrogenous bases,
which differs significantly from its interac-
tion with double-stranded DNA due to the
shielding of the bases inside the double
helix.'® To the best of our knowledge, this
is the first time the reduction peak of GO is
used as the analytical signal in general.

In particular, in this work complementary
(wild-type), noncomplementary (nc), and
one-mismatch (mutant) DNA sequences were
employed for the hybridization of the elec-
trode surface modified with DNA probes.
After the hybridization steps, the elec-
trode surfaces were incubated with a solution
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containing a certain amount of GONPs. The different
conjugation ability of graphene with single- and double-
stranded DNA (dsDNA) sequences was exploited here.
It is well known that single-stranded DNA (ssDNA)
sequences lie on the surfaces of graphene sheets via
q—a stacking interactions.'”'® It was also shown that
ssDNA and dsDNA possessed different binding affi-
nities for graphene, with the former being more sui-
table to this aim.'®?° In fact, while the nitrogenous
bases in ssDNA are free to form w—m stacking with
graphene aromatic rings, the dsDNA nitrogenous
bases are less accessible for interactions since they
are shielded inside the double-helix structure. The
different binding ability of GONPs to DNA hybrids
formed with complementary, noncomplementary, and
mismatch-containing sequences would result in a
different amount of GONPs conjugated to the elec-
trode surface upon incubation. As such, this could
provide different electrochemical signals to discrimi-
nate among wild-type, mutant, and noncomplemen-
tary DNA in a simple and fast protocol.

RESULTS AND DISCUSSION

We explore here the unique interactions between
graphene oxide nanoplatelets and DNA strands for
single-nucleotide polymorphism detection. We de-
monstrate that single-stranded and double-stranded
DNA interact in different fashions with graphene oxide
nanoplatelets. Consequently, we exploit the unique
properties of graphene oxide as inherently electroac-
tive labels.

GONPs were obtained by ultrasonication®’ of an
aqueous solution of graphite oxide nanoplatelets ob-
tained from the oxidation of commercial graphite
nanofibers by the modified Hummers' method.?? In
order to gain more insights into the material used for
DNA labeling, the GONPs used in these experiments
were characterized by scanning electron microscopy
(SEM), high-resolution transmission electron micro-
scopy (HR-TEM), atomic force microscopy (AFM), and
electrochemistry.

The SEM image shows the filamentous structure of
the fiber with uniform size distribution (Figure 1a). The
HR-TEM image showed that the graphene sheets were
perpendicularly aligned along the fiber axis (Figure 1b).
The average observed diameter was around 35 nm.
After the exfoliation by ultrasonication, the fibrous struc-
ture disappeared and gave separate individual graphene
oxide nanoplatelets instead. The AFM image and
height profile confirmed the presence of individual
nanoplatelets with an average thickness around 1.2 nm
(Figure 1c). Figure 1d shows the colloidal suspension of
graphite nanofibers (GNFs) and GONPs after being
sonicated for 30 min. As seen in the picture, GNFs were
deposited on the bottom of the bottle, while GONPs
form a very stable suspension® (picture taken on the
third day after preparation). The good stability of the
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Figure 1. Microscopy characterizations of GNFs and GONPs.
(a and b) SEM and HR-TEM images of the graphite nanofibers
as received. (c) AFM image and height profile of exfoliated
GONPs. (d) Colloidal suspension of graphite nanofibers
(GNFs) as received and GONPs after oxidation/exfoliation.

GONPs was due to their zeta potential of —41.5mV (n=3).
ASTM defines colloids with a zeta potential higher than
40 mV (in absolute value) as having good stability.?*
GNFs showed a ¢ potential of +30.9 mV (n = 3),
indicating that the low ¢ potential is the reason for
poor stability of its colloids. SEM and TEM images of the
material before and after oxidation/exfoliation and a
more detailed AFM characterization are shown in the
Supporting Information (see Figures S1, S2, S3). The
size distribution of GONPs was measured by dynamic
light scattering (see Figure S4) and gives an average
size value of 37 nm, which closely corresponds to the
average diameter of starting carbon fibers as well as to
the diameter of GONPs measured by AFM. The whole
characterization of GNFs as received and GONPs con-
firmed that the fibers were digested, and no nanofiber
structure is shown after the oxidation/exfoliation
treatment.

We then investigated the electrochemical behavior
of GONPs by performing cyclic voltammetry between
—0.2 and —2.0 V. As illustrated in Figure 2, two cyclic
voltammetric waves between —1 and —1.5 V appeared
in the first scan, corresponding to the reduction of the
different oxygen-containing groups on the GONP sur-
face, such as epoxy, aldehyde, and peroxy." This
reduction signal was used as the working signal for
biosensing purposes. The differential pulse voltamme-
try (DPV) technique was then employed, as it shows
better sensitivity when compared to cyclic voltammetry.?
A calibration curve for different GONP concentrations was
obtained by DPV. The obtained signal increased linearly
with increasing concentrations of GONPs (as shown in
Figure S5, Supporting Information).

Following the electrochemical characterizations,
GONPs were used as an electrochemical-active label
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for genosensing. Scheme 1 shows the detection pro-
cedure steps. First, DNA probes were immobilized on
the electrode surface by physical adsorption.?® Then,
three different hybridization experiments were per-
formed. The probe-modified electrode was incubated
in three different solutions containing (A) complemen-
tary target (wild-type); (B) one-mismatch-containing
sequence (mutant); and (C) noncomplementary target
(nc). After hybridization was achieved, the three different
electrode surfaces were incubated in a solution con-
taining a specified amount of GONPs. As illustrated in
Scheme 1, GONPs conjugate to the DNA-modified
electrode surfaces to varying extents depending on
the specific targets used in the hybridization step. For
this reason, a different amount of GONPs was immo-
bilized on the DNA-modified electrode surfaces, thus
providing different voltammetric signals.

More specifically, when the hybridization step was
performed with the complementary target, a low amount
of GONPs was conjugated to the DNA-modified electrode
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Figure 2. Graphene oxide nanoplatelets show an inherent
electrochemical reduction signal. Cyclic voltammogram for
the electrochemical reduction of GONPs in 10 mM phos-
phate buffer solution, pH 7.0. Scan rate: 20 mV s~ '. Reference
electrode: Ag/AgCl.
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surface and gave rise to a small reduction signal, as
shown by the voltammetric peak (wild-type, red line).
For hybridization with the one-mismatch sequence,
the amount of GONPs bound to the DNA-modified
electrode surface increased, and this resulted in a
higher voltammetric peak (mutant, blue line). Finally,
the highest electrochemical signal was given by the
electrode surface that was incubated in the noncom-
plementary target solution (nc, black line).

These different behaviors could be attributed to the
different binding affinity of graphene nanoplatelets
toward single- and double-stranded DNA. Upon hybri-
dization with the complementary target, the electrode
surface was modified with a significant amount of
dsDNA sequences, while in the case of the noncom-
plementary target the electrode surface consisted
mainly of nonhybridized ssDNA probes. Since as
already explained, graphene possesses a stronger ability
to conjugate to ssDNA, a higher amount of GONPs will
be detected on the electrode surface that was incu-
bated with the noncomplementary target. In the case
of the one-mismatch sequence the voltammetric sig-
nal was higher than the complementary target one,
due to the partial hybridization occurring on the
electrode surface.

Chronocoulometry experiments were performed to
establish the DNA density on the electrode surface
after the hybridization step. The results confirmed our
hypothesis (see Figure S6, Supporting Information), the
DNA density on the electrode modified with the DNA
complementary target being 2.53 x 10" molecules/cm?,
much higher than on the mutant (240 x 10"
molecules/cm?) and on the noncomplementary target
(2.28 x 10" molecules/cm?).

In order to optimize the amount of DNA to be used in
the hybridization steps and to evaluate the limit of

E/V

I100nA

Scheme 1. Schematic of the experimental protocol. The hybridization step was performed with complementary target (A);

one-mismatch target (B); and noncomplementary target (C).
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Figure 3. Voltammetric response toward the DNA target
concentration in the case of hybridization with wild-type
(red diamonds), mutant (blue diamonds), and noncomple-
mentary (black diamonds) targets. Error bars represent
triplicate experiments. Individual values are shown in Table S1
(Supporting Information).
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Figure 4. Voltammetric signal obtained after conjugation
with different amounts of GONPs. Hybridization with wild-
type (red histograms), mutant (blue histograms), and nc
(black histograms) sequences. Error bars represent tripli-
cate experiments. Individual values are shown in Table S2
(Supporting Information).

detection of the proposed biosensor, the variation of
the GONP voltammetric signal versus DNA target con-
centration was studied. As illustrated in Figure 3, for the
experiments with the complementary (red diamonds)
and the mutant (blue diamonds) sequences, the vol-
tammetric peak heights decreased with increasing
concentration of DNA target until a plateau was
reached at around 30 nM. At that point, further incre-
ment of DNA target concentration did not correspond
to any signal decrement. The estimated limit of detec-
tion, calculated with consideration of the noise to be 3
times as high as the standard deviation of the value
obtained in negative control experiments, was 500 pM.
The differentiation between the wild-type and mutant
was detectable to 10 nM. It is expected that with
further development of this proof-of-concept principle
the limit of detection could be significantly improved.

To establish the proper amount of GONPs for the
labeling step, a calibration with different concentra-
tions of GONPs was performed. The DNA target con-
centration was kept constant at a value of 30 nM. The
histograms shown in Figure 4 represent the voltam-
metric peak height of GONP reduction versus the
different GONP concentrations for hybridization with
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Figure 5. Histograms representing the peak height values
obtained for the conjugation of GONPs with the different
DNA target-modified electrode surfaces. Measurements
were performed and are shown in triplicate. Concentration
of DNA targets used in the experiments: 30 nM. Concentra-
tion of GONPs: 0.2 mg/mL.

the wild-type (red color), mutant (blue color), and nc
(black color) sequences. As illustrated in Figure 4, the
peak height increased when increasing the concentra-
tion of GONPs until a plateau was obtained at 0.2 mg/mL.
This point corresponded to the maximum discrimination
between the wild-type, mutant, and nc sequences. For
higher concentrations of GONPs, there was no corre-
sponding increase in the voltammetric peak. This
indicated that the DNA-modified electrode surface was
saturated with GONPs at a concentration of 0.2 mg/mL.

The optimized values of DNA target and GONPs
were employed for the detection of DNA hybridization
and polymorphism. In Figure 5, histograms represent-
ing the peak height of GONPs reduction versus the
different hybridization experiments are shown. As seen
in the figure, the discrimination between wild-type,
mutant, and nc sequences was achieved with good
reproducibility (RSD < 10%). Moreover, a 26% increase
in the signal for mutant and 45% for noncomplemen-
tary sequence as compared to the complementary one
was obtained. In addition, Student's t test was applied
to compare the results obtained in the three hybridiza-
tion experiments. The difference between the mean
values was significant for all cases analyzed, being
tealc > 6.41 for all examined cases, larger than typ, =
2.13, at the 95% confidence level, 4 degrees of free-
dom. This confirms that there is a very significant
difference among the signals obtained for the three
hybridization experiments.

The stability of the biosensor modified with the
biorecognition element was studied for a time range
of 4 weeks. On day 1 the electrode was modified with
the optimized concentration of DNA probes. Hybridi-
zation experiments were realized on the same day
(day no. 1) and after 2, 5, 7, 10, 14, 21, and 28 days.
Results indicate a good stability of the electrode sur-
face within two-weeks time (variation of the signal in
the range of 10% standard deviation with respect to
the first-day experiment). After 3 weeks a 10% decrease
in the signal was observed. After 4 weeks the recorded
signal decrease was 12% and also an increase in the
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RSD% value was observed (see Supporting Information,
Figure S7).

The response of GONPs as electroactive labels
was also studied for different ultrasonication times
employed during the preparation of the nanoplatelets.
Itis in fact well known that a prolonged ultrasonication
can influence the resulting material shape and size.”’”*®
For this reason GONPs obtained after 2, 8, 16, and 24 h
ultrasonication were employed for the biosensing. The
results, illustrated in Figure S8, show that when in-
creasing the ultrasonication time from 2 h up to 24 h,
both the electrochemical signal and the discrimination
ability for complementary, noncomplementary, and
mutant sequences worsen, with the 2 h ultrasonication
time being the condition that provides the best results.

CONCLUSIONS

To conclude, we showed the proof of principle for
the use of graphene nanoplatelets as electroactive
labels for biosensors. We showed that ssDNA interacts
with graphene oxide nanoplatelets in a different manner

EXPERIMENTAL SECTION

Materials. Stacked graphite nanofibers were purchased from
Strem Chemicals (Newburyport, MA, USA). Potassium ferricya-
nide (K3[Fe(CN)¢l), potassium ferrocyanide (K4[Fe(CN)g]), tris-
(hydroxymethyl)laminomethane (Tris), hexaammineruthenium(lll)
chloride, sulfuric acid (95—98%), potassium permanganate,
sodium nitrate, hydrogen peroxide, and DNA sequences corre-
lated with Alzheimer's disease were purchased from Sigma-
Aldrich (Singapore). Buffer solutions used in the study are the
following: 0.1 M PBS (0.1 M NaCl, 10 mM sodium phosphate
buffer, pH 7.0), TSC1 (0.75 M NaCl, 75 mM trisodium citrate, pH
7.0), TSC2 (0.30 M NacCl, 30 mM trisodium citrate, pH 7.0), and
Tris-HCI (10 mM Tris, pH 7.4). All solutions were made up using
Milli-Q water (18.2 MQ cm resistivity). The following oligo-
nucleotide sequences were employed: DNA probe 5-AC-
CAGGCGGCCGCACACGTCCTCCAT-3’; complementary target
5/-ATGGAGGACGTGTGCGGCCGCCTGGT-3" (wild-type); 1-mis-
match target 5'-ATGGAGGACGTGCGCGGCCGCCTGGT-3 (mutant);
noncomplementary target 5'-AAAAAAAAAAAAAAAAAAAAAAAA-
AA-3' (nc). Oligonucleotides were diluted from stock solutions
with sterilized Milli-Q water, separated into fractions, and stored
at —20 °C. A single fraction was defrosted when required. Dis-
posable electrical-printed carbon electrodes (DEP-chips, EE-PP
model) were purchased from Biodevice Technology (Nomi, Japan).
The three-electrode system included a carbon-based working
electrode (2.64 mm? area), a Ag/AgCl reference electrode, and a
carbon-based counter electrode.

Equipment. A JEOL-7600F semi-in-lens FE-SEM, operating in
gentle-beam mode at 2 kV, was used to acquire the SEM images.
AFM analysis was performed using a scanning probe micro-
scope (model Multimode V by Veeco, Plainview, NY, USA). HR-
TEM images were taken using a JEM 2100F field emission and
Hitachi H-800 transmission electron microscope (JEOL, Japan).
Size distribution and zeta potential were measured by a Zeta-
sizer Nano ZS (Malvern) using dynamic light scattering and by
laser Doppler microelectrophoresis, respectively. All electrochemi-
cal experiments were performed by using an Autolab PGSTAT302
potentiostat (Eco Chemie, Utrecht, The Netherlands) driven by
GPES software, version 4.9. DPV measurements were performed in
PBS buffer solution. Impedance measurements were recorded
between 0.1 MHz and 0.1 Hz at a sinusoidal voltage perturba-
tion of 10 mV amplitude. The experiments were carried outat an
applied potential of 0.18 V (vs a Ag/AgCl reference electrode) in
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than dsDNA. This leads to the sensitive discrimination of
the single-base mutation in the DNA sequence related
to Alzheimer's disease. The reduction signal of gra-
phene oxide nanoplatelets was exploited for the
detection of DNA hybridization and polymorphism in
a very simple and rapid protocol, by using disposable
screen-printed electrodes.

The use of nanoplatelets, which are much smaller
than regular size graphene sheets, allows for a better
conjugation to DNA-modified electrode surfaces and
improves the discrimination between single- and double-
stranded DNA, which enables differentiation among
complementary, noncomplementary, and one-mismatch
DNA sequences correlated with Alzheimer's disease.

A completely new approach in the use of graphene
was proposed in this work, showing that the material
can be employed not only as a platform for biomole-
cule immobilization and analysis but also as a label
either for its direct detection or for signal enhance-
ment. Our findings are expected to have a profound
impact on point-of-care personalized healthcare.

a 0.1 M PBS buffer solution containing 10 mM Ks[Fe(CN)el/
K4[Fe(CN)g] (1:1 molar ratio) as a redox probe.

Procedures. Graphene oxide nanoplatelets were produced in
bulk quantities by following conventional pro’(ocols:29 (@) a
modified Hummers' method was employed to obtain graphite
oxide nanoplatelets from graphite nanofibers.?>*° A mixture of
NaNOs, H,SO, and KMnO, was used for the oxidation of
graphite nanofibers. (b) The obtained graphite oxide powder
was dispersed in ultrapure water and then ultrasonicated for 3 h
in order to obtain graphene oxide nanoplatelets.’ More details
on the procedures are available in the Supporting Information.
For calibration curve purposes 3 uL of GONP suspension in
milli-Q water at different concentrations was drop-casted onto
each DEP-chip surface, and the solvent was allowed to dry at
room temperature.

DNA probes were immobilized onto the electrode surface
by dry physical adsorption. A 3 uL volume of DNA probe
solution in PBS buffer solution at the optimized concentration
of 10 uM (as resulted from impedance spectroscopy experi-
ments,>'32 see Figure $9 in the Supporting Information) was
deposited onto the electrode surface for 10 min at 60 °C. The
electrode was washed twice in PBS buffer with gentle stirring at
room temperature to remove excess, nonadsorbed material.
DEP-chips modified with DNA probes were incubated in an
Eppendorf tube with the hybridization solution (TSC1 buffer)
containing the desired concentration of DNA target (total
volume 100 uL). The incubation was performed at 42 °C for
30 min, with gentle stirring. Two brief washing steps were then
performed in TSC2 buffer at 42 °C. Incubation with GONPs was
performed in an Eppendorf tube containing 100 uL of GONPs at
the desired concentration in PBS solution. The incubation was
performed at room temperature for 20 min, with gentle stirring.
This was followed by two brief washing steps in PBS buffer.

DNA oligonucleotide surface density was determined by
chronocoulometry according to the method reported by Steel
et al** The hexaammineruthenium(lll) dilution in Tris-HCl buffer
used in the experiments was optimized at 100 uM (as deter-
mined by measuring the binding isotherm of the DNA probe-
modified platform). The DNA density on the electrode surface
was calculated using the Cottrell equation and by considering
the extrapolation of the intercept at time zero.

Confiict of Interest: The authors declare no competing
financial interest.
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Supporting Information Available: AFM, SEM, TEM, dynamic

light scattering, chronocoulometry, and stability study. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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