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Graphene oxide (GO) has been harnessed in diverse biomedical applications such as drug delivery, bio-
molecule detection and enzymatic activity assay for a decade. In specific, optical biosensors have been
developed based on the preferential binding of single stranded nucleic acid on GO and fluorescence
quenching capability of GO. Recently, nano-size GO (NGO), which is smaller than micro-sized large GO
(LGO), was employed for live cell imaging of various biomarkers and intracellular RNA. However, in con-
trast to the expanded applications of size controlled NGO, in-depth study on the interaction between DNA
and NGO was not sufficiently carried out. Here, we investigated the DNA length dependent interaction
between DNA and NGO. By using three DNA strands having different lengths, we observed (1) kinetics
and capacity of DNA adsorption, (2) kinetics and sensitivity of sequence specific desorption of DNA
and (3) relative strength of DNA interaction with NGO compared to LGO. Present study will give useful
information on the effect of GO size to its interaction with DNA, which are important in developing robust
biosensors based on GO and DNA.

� 2015 Published by Elsevier Ltd.
1. Introduction

Graphene is one atom thick 2D carbon nanomaterial with
extraordinary electronic, thermal, and mechanical properties
[1–3]. Graphene oxide (GO) is a water dispersible derivative of
graphene, which has a hexagonal lattice of sp2 carbons of graphene
and oxygen containing functional groups such as hydroxyl, epoxy,
carbonyl and carboxylic acid groups [4]. GO has been recently
harnessed in a wide range of applications including electronics
[5], electrochemistry [6] and biology [7].

Among the numerous applications of GO, biomedical applica-
tions such as drug delivery [8], photothermal therapy [9], cell scaf-
fold [10], biomolecule detection [11–13] and molecular catalysis
[14,15] have been under active development for a decade. The
newly established systems are aimed to make the impossible
assays possible or overcome the disadvantages of conventional
analytical methods. For example, GO based helicase enzyme activ-
ity assay allowed highly efficient drug candidate screening, which
was hardly possible using existing assay methods [16,17]. Com-
mon strategy in these applications relies on two properties of
GO– (1) strong binding of biomolecules with GO through pi-pi
stacking and/or hydrogen bonding interactions and (2) the
fluorescence-quenching capability of GO [18,19]. Particularly, pref-
erential binding of single stranded nucleic acid (NA) on GO com-
pared to double stranded NA was the most important principle
in the fluorescent NA/GO utilized biosensors [20,21]. The principle
has been used to develop NA sensors [12,13], small molecule sen-
sors with aptamer [22,23] and DNA or RNA related enzyme assay
platforms [24–26]. More recently, researchers started to extend
the GO based systems to analyze biomolecules present in live cells
by utilizing nano-sized GO (NGO) [27–29].

Along with the employment of GO for biomolecule sensing plat-
forms, the interaction between ssDNA and GO has been investi-
gated in several reports. For example, DNA adsorption and
desorption from GO depending on DNA length [30] and oxidation
degree of GO [31], DNA length dependent fluorescence signal in
the presence of GO [32] and GO size dependent dynamic range of
optical biosensor [33] have been well studied to give useful infor-
mation in improving the efficiency of general GO based analytical
sensors. However, compared with the extensive application of size
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controlled NGO, in-depth study for the interaction between DNA
and NGO was insufficient. Herein, we investigated the DNA length
dependent affinity towards NGO and compared the affinity with
micro-sized large GO (LGO) that was generally used in in vitro
applications. We first studied the kinetics of DNA adsorption on
NGO and sequence specific desorption from NGO using three kinds
of DNA strands having different number of nucleotides. The NGO
based NA adsorption and desorption studies were compared with
that of LGO to reveal how the size of GO affects its interaction with
DNA. Then, by utilizing deoxyribonuclease I (DNase I), we com-
pared the strength of the DNA-GO interaction according to the size
of GO and the length of DNA. It was indirectly judged through the
selective digestion of relatively weakly adsorbed DNA on GO
(Fig. 1).

2. Experimental

2.1. Materials

Natural graphite (FP 99.95%) was purchased from Graphit
Kropfmühl AG (Hauzenberg, Germany). Sulfuric acid (H2SO4) was
purchased from Samchun chemical (Seoul, Korea). Sodium nitrate
(NaNO3) and hydrogen peroxide (30% in water) (H2O2) were pur-
chased from Junsei (Japan). Potassium permanganate (KMnO4)
and deoxyribonuclease I (DNase I) was purchased from Sigma–
Aldrich (MO, USA). Fluorescent dye labelled DNA strands, F-DNA5
(50-FAM-AGT CA-30), F-DNA20 (50-FAM-CTA GCT ATG TGC CTA
ATT CA-30) and F-DNA43 (50-FAM-ATG ATA TCC ATA CAA CTG
TCC TTG AAC TTC GGC ACA TAG CTA G-30) were purchased from
Genotech (Daejon, Korea). Unmodified complementary strands,
c-DNA5 (50-TGA CT-30), c-DNA20 (50-TGA ATT AGG CAC ATA GCT
AG-30) and c-DNA43 (50-CTA GCT ATG TGC CGA AGT TCA AGG
ACA GTT GTA TGG ATA TCA T-30) were also purchased from
Genotech (Daejon, Korea). Fluorescence intensity was measured
by using a fluorometer SynergyMax (Biotek, UK).

2.2. Preparation of GO

Crude graphene oxide (CGO) nanosheets were prepared accord-
ing to previously reported methods [34]. 0.5 g of natural graphite,
0.5 g of NaNO3, and 23 mL of H2SO4 were mixed under vigorous
stirring in an ice bath. Then, 3 g of KMnO4 was slowly added. After
the addition, the mixed solution was transferred to a 35 �C water
bath for an hour with stirring. Next, 40 mL of distilled water was
added and the bath temperature was increased up to 90 �C for
GO

(1) Adsorption (2) Target specific 
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C-DNA

Fig. 1. Investigation of the interaction between DNA and GO through DNA adsorption on
the present study, three different kinds of fluorescent dye conjugated DNAs having vary
30 min. Another 100 mL of distilled water was then added. Next,
dropwise addition of 3 mL of 30% H2O2 changed the color of the
solution from dark brown to yellow. The final mixture was filtered
through filter paper (Number 3, Whatman) and washed with copi-
ous water until the filtrate was neutralized. The filtered solid was
dried under reduced pressure for 48 h. Then, LGO sheet was pre-
pared by centrifugation of the CGO suspension (0.1 mg/mL) at
6500 rpm for 30 min. NGO sheet was prepared by subsequent vac-
uum filtration through 1 lm and 200 nm pore sized polycarbonate
membranes.

2.3. DNA adsorption on GO followed by sequence specific desorption
from GO

To prepare DNA/GO complex, 10 lL of 1 lM FAM labeled DNA
strands was mixed with 0–16 lL of 0.1 mg/ml GO stock in 90 lL
of pH 7.4 buffer containing 50 mM Tris–HCl and 50 mM NaCl. After
20 min, 10 lL of 0.5 lM unmodified target DNA strand was added
to the mixture. Fluorescence intensity of each probe was measured
at 520 nm.

2.4. DNase I catalyzed DNA digestion adsorbed on GO

To prepare DNA/GO complex, 10 lL of 1 lM FAM labeled DNA
strand was mixed with 0–16 lL of 0.1 mg/ml GO stock in 90 lL
of pH 7.4 buffer containing 50 mM Tris–HCl and 50 mM NaCl. After
20 min, 10 lL of 300 U/ml DNase I was added to the mixture. Flu-
orescence intensity of each probe was measured at 520 nm.

3. Results and discussion

3.1. Characterization of GO

Before the full-scale investigation of DNA-GO interaction, we
prepared two types of GO–NGO and LGO–through size separation
of crude GO prepared by using a modified Hummers’ method
[34]. As-synthesized crude GO (CGO) was composed of carbon
sheets with broad size distribution. The LGO and NGO were
obtained by centrifugation and physical filtration of CGO using
200 nm pore sized filter. The size of two kinds of single layer GO
sheet was observed by atomic force microscopy (AFM) and the
height profile. Fig. 2a and b showed AFM images of nanometer
sized NGO and micrometer sized LGO sheets. The difference in size
was also confirmed by transmission electron microscopy (TEM)
images (Fig. S1a). The single layered state was confirmed via the
GO GO

desorption (3) DNase I catalyzed digestion 
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GO, sequence specific desorption from GO and DNase I catalyzed DNA digestion. In
ing lengths and two kinds of GO having different sizes were utilized.
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Fig. 2. AFM images and height profile of (a and c) NGO and (b and d) LGO.
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height profile showing ca. 1.20 and 1.35 nm thickness of NGO and
LGO, respectively (Fig. 2c and d) [35]. The size distribution in aque-
ous suspension was measured by dynamic light scattering (DLS)
analysis based on hydrodynamic radius (HR), resulting in the mean
HR around 70 and 3000 nm of NGO and LGO, respectively
(Fig. S1a). We further characterized two types of GO by using
Raman, UV–Vis absorption, Fourier transform infrared (FT-IR) and
X-ray photoelectron spectroscopies. The Raman spectrum showed
characteristic peaks at 1352 and 1601 cm�1, respectively assigned
as D peak related to structural disorder and G peak from the
ordered sp2 domain (Fig. S1b). The UV–Vis absorption spectrum
showed an absorption maxima at 234 nm corresponding to the
p–p⁄ transition of aromatic C@C bonds (Fig. S1c). The peaks in
FT-IR spectrum were assigned as oxygen containing functional
groups of GO (Fig. S1d). The XPS spectra revealed that the ratio
of C�O vs O@C�O was smaller in NGO than LGO, which indicated
the degree of oxidation was higher and more carboxyl groups
existed in NGO (Fig. S1f) [36]. Collectively, we successfully pre-
pared two different GO, NGO and LGO, which can be categorized
as ‘‘nano graphene oxide” and ‘‘micro graphene oxide” according
to previously proposed classification framework [37].

3.2. DNA adsorption on NGO

To investigate the length dependent DNA adsorption on the
surface of GO, we chose three types of fluorescein amidite (FAM)
labeled DNA oligomers–5, 20 and 43-mer oligonucleotides.
F-DNA5 (50-FAM-AGT CA-30), F-DNA20 (50-FAM-CTA GCT ATG
TGC CTA ATT CA-30) and F-DNA43 (50-FAM-ATG ATA TCC ATA
CAA CTG TCC TTG AAC TTC GGC ACA TAG CTA G-30) were com-
posed of four different bases possessing the GC content around
40% for comparing the effect of DNA length on the interaction with
GO. The degree of F-DNA adsorption on GO could be indirectly
observed by measuring the fluorescence intensity of the dye conju-
gated to DNA as reported previously.

3.2.1. DNA adsorption capacity of NGO
We performed DNA length dependent adsorption test using

NGO as well as LGO. F-DNA strands with three different length
were prepared in pH 7.4 buffered solutions containing metal
cations (20 mM Tris–HCl, 2.5 mM MgCl2, and 0.5 mM CaCl2) for
facilitating poly-anionic DNA adsorption on negatively charged
GO. Upon incubation of DNA and GO in the buffered solution for
20 min, the fluorescence intensity of F-DNA decreased depending
on the concentration of NGO and LGO, regardless of the length of
F-DNA. However, the amount of GO required for notable fluores-
cence quenching of F-DNA was varied depending on the length of
F-DNA. In case of NGO, the fluorescence intensity of shortest
F-DNA, F-DNA5, declined most dramatically depending on the con-
centration of GO, whereas longer F-DNAs showed gradual decrease
of fluorescence intensity (Fig. S2a). As a result, each fluorescence
intensity of 100 nM of F-DNA5, 20 and 43 was quenched down to
�5% upon addition of 1, 2 and 4 lg/ml of NGO, respectively
(Fig. 3a). The tendency of DNA length dependent adsorption capac-
ity was also observed in LGO (Fig. S2b, Fig. 3b). This result well
agrees with previous studies performed with CGO showing that
shorter DNA was more efficiently adsorbed on GO [30]. It indicated
that the size of GO hardly gave significant effect on the loading
capacity of DNA strands on its surface.

3.2.2. DNA adsorption kinetics on NGO
In order to further investigate the adsorption of DNA on GO, we

performed adsorption kinetics by measuring the fluorescence
intensity of F-DNA in the presence of GO over time. In the above
mentioned GO-containing buffered solution, the decline of the flu-
orescence intensity of all three F-DNAs reached to equilibrium
within 20 min. In both cases of NGO and LGO, longer DNA showed
slower decrease of fluorescence intensity, which is consistent with
previous reports performed using CGO containing various sizes of
GO [30]. Kinetic data suggested that NGO, smaller sized GO, pro-
moted faster adsorption compared to LGO. This phenomenon could
be probably explained by the difference in diffusion rate between
NGO and LGO. Taken together, DNA adsorption could be achieved
more quickly if shorter DNA and smaller GO was utilized (Fig. 4).

3.3. Sequence specific desorption of DNA from NGO

Next, we compared the efficiency of sequence specific F-DNA
desorption from NGO by adding complementary target c-DNA to
the pre-complexed DNA/NGO. Unmodified strands, c-DNA5 (50-
TGA CT-30), c-DNA20 (50-TGA ATT AGG CAC ATA GCT AG-30) and
c-DNA43 (50-CTA GCT ATG TGC CGA AGT TCA AGG ACA GTT GTA
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TGG ATA TCA T-30), were utilized as fully complementary
sequences of DNA to F-DNA5, 20, 43, respectively. 100 nM of each
F-DNA was pre-incubated with various concentrations of NGO for
20 min to build the F-DNA/NGO complex and then, 5 pmol of each
corresponding target was added to the mixture (Fig. S3a). As a con-
trol, the sequence specific desorption test was repeated using LGO
in place of NGO (Fig. S3b). The shortest strand, F-DNA5, showed lit-
tle increase of intensity in both cases of NGO and LGO due to the
low melting temperature (Tm) between the two DNA strands than
room temperature [38]. F-DNA20 and F-DNA43 showed remark-
able fluorescence recovery at each optimal GO concentration, 2
and 4 lg/ml, regardless of the size of GO, respectively (Fig. 5).

The optimal concentrations of GO for each sequence specific
desorption were identical with the minimum amount of GO
required for maximum quenching of the fluorescence of corre-
sponding F-DNA. At GO concentration lower than the optimum
value, there was higher chance of the hybridization between target
c-DNA and free F-DNA that is not adsorbed onto GO. On the other
hand, at higher GO concentration, it was easier for free single
stranded target c-DNA to interact with excess GO rather than form-
ing c-DNA/F-DNA duplex. The sequence specific desorption kinet-
ics of them, in contrast with adsorption kinetics, represented
similar fluorescence increase, regardless of DNA length and GO size
(Fig. S4). Lastly, we calculated the percentage of recovered
intensity using relative fluorescence intensity of F-DNA only, F-
DNA/GO, and F-DNA/GO/target c-DNA under the optimized
experimental condition. Each percentage of recovered intensity
(=100 � (FF-DNA/GO/target/FF-DNA only � FF-DNA/GO/FF-DNA only)), shown
on the top of the bar graph, was considered as a ratio of detached
F-DNA from GO by hybridization with complementary c-DNA
strand. As a result, except for the shortest strand possessing lower
Tm value than room temperature, 38% of F-DNA20 and 16% of
F-DNA43 was desorbed from NGO through hybridization with
complementary strand (Fig. 6a). The desorption efficiency of NGO
was slightly higher than LGO, under the experimental condition
(Fig. 6a and b). The result could be partially due to the higher
proportion of carboxyl groups in NGO, which provides an
additional driving force to detach the F-DNA from GO surface in
the presence of target nucleic acid, compared to LGO [33].
3.4. Interaction strength between DNA and GO

We next performed an experiment to compare the strength of
interaction between DNA and GO by using DNase I. DNase I is a
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deoxyribonuclease which hydrolyzes the DNA nonspecifically to
release di-, tri- and oligonucleotide products [39]. In a lot of previ-
ous reports, DNase I has been employed in GO based nucleic acid
sensing system as a signal amplifier [40,41]. The strategy for signal
amplification was based on inaccessibility of DNase I to adsorbed
DNA on GO or in other words, selective digestion of desorbed
DNA from GO or loosely bound DNA to GO by DNase I. In fact,
the experimental condition of DNase I in sensing system was
well-established to maximize the selectivity of DNase I activity
for digestion of desorbed DNA specifically. Upon the application
of excess amount of DNase I on DNA/GO system, it also affected
on DNA strands even adsorbed on GO [42], resulting in cleavage
of weakly adsorbed DNA on GO. Thus, we utilized DNase I to cor-
relate the interaction strength between DNA and GO according to
the length of DNA and the size of GO. The excess DNase I also
enabled to stabilize the recovered signal by breaking up desorbed
DNA strands to short nucleotides, of which fluorescence could
not be quenched by GO.

3.4.1. DNase I catalyzed digestion of DNA on GO
In order to re-confirm the DNase I activity against DNA strands

in the presence of GO, we measured the fluorescence intensity of
F-DNA5/LGO complex after addition of DNase I. As a control, inac-
tivated DNase I was prepared by heating the enzyme stock at 75 �C
for 20 min. F-DNA5 was pre-incubated with LGO in a buffered solu-
tion for 20 min to build the DNA/GO complex. Then, active DNase I
and inactivated DNase I were added to F-DNA/GO complex. As
expected, addition of active DNase I to F-DNA/GO resulted in
remarkable fluorescence recovery depending on concentration of
DNase I, whereas inactivated DNase I had little effect on the fluo-
rescence intensity of F-DNA/GO complex. This data supported that
DNase I mediated increase of the fluorescence signal was induced
by digestion of DNA rather than the nonspecific desorption of
F-DNA from GO by DNase I-GO interaction (Fig. S5).

3.4.2. Investigation of the interaction between DNA and GO using
DNase I

For the DNase I catalyzed digestion of DNA adsorbed on GO,
three different DNA strands were first incubated with each optimal
GO concentration in buffered condition to induce adsorption of
sufficient amount of DNA strands on GO with more than 95% of flu-
orescence quenching. When 100 nM of F-DNA5, 20 and 43 was
added to 1, 2 and 4 lg/ml of NGO and LGO, respectively, the fluo-
rescence signal of F-DNA was quenched up to 95% in 20 min. Next,
3 U of DNase I, which was excess amount enough to digest the free
corresponding DNA strands in a few minutes, was added to F-DNA/
GO complex. After 2 h incubation, the F-DNA5/NGO showed fluo-
rescence increase up to more than 50% of initial intensity of free
F-DNA5, whereas the recovered intensities of F-DNA20/NGO and
F-DNA43/NGO reached to only 27% and 12% of each initial intensi-
ties, respectively. In case of LGO, the tendency of DNA length
dependent fluorescence recovery was identical with NGO. The per-
centage of recovered fluorescence intensities reflected the amount
of F-DNA digested by DNase I. Thus, this result suggested that
shorter DNA possessing fewer bases to interact with the GO surface
has weaker affinity against GO and the strength of interaction with
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DNA is nearly impervious to the size of GO (Fig. 7). In addition, if
the fluorescence recovery was calculated to F/F0 value, the his-
togram versus GO concentration was broader than that of
sequence specific desorption, and the maximum F/F0 of that was
not observed at each optimal GO concentration. Considering the
interruption of fluorescence increase induced by the preferential
digestion of free DNA by DNase I in the range of low GO concentra-
tions [40,41] and enzyme activity inhibition in the range of high
GO concentrations [43], DNA digestion in the presence of GO by
DNase I would not be highly dependent on the amount of GO under
the experimental condition. The result suggests that the interac-
tion between adsorbed DNA and GO is not likely to be notably
affected by total amount of GO (Fig. S6).

4. Conclusion

In summary, we investigated the length dependent interaction
of DNA with NGO and compared the result with the case of LGO.
By using three different DNAs having varying lengths, we
measured the DNA adsorption capacity and kinetics against two
differently sized GOs. We found that (1) shorter DNA was more
effectively loaded on GO regardless of GO size and (2) shorter
DNA showed faster adsorption kinetics with smaller GO (NGO).
Next, the experiments on desorption of DNA from NGO was
performed using each complementary c-DNA. Upon addition of
corresponding target c-DNA in various F-DNA/NGO complex, fluo-
rescence recovery efficiency was highest at minimal amount of
NGO which quenched the fluorescence intensity of F-DNA down
to �5%. Desorption from LGO followed the trend of NGO, but the
F/F0 value was lower than that of NGO. Lastly, for demonstrating
the strength of interaction between DNA and GO, DNase I was
utilized for digestion of weakly adsorbed DNA on GO. Upon
addition of DNase I to F-DNA adsorbed on GO, shortest F-DNA
showed highest fluorescence recovery in both cases of NGO and
LGO, suggesting that shorter F-DNA might be bound on GO less
tightly or its association and dissociation with GO is faster
compared to longer F-DNA. Also, broad histogram of F/F0 value
versus GO concentration indicates that the interaction between
DNA and GO is not sensitive to the amount of GO. We believe that
the present study will provide useful basic information in the
development of more efficient and practically useful DNA/GO
based sensors in the future.
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