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ABSTRACT

We have demonstrated a robust sensing strategy by employing single-stranded probe DNA and the
hemin-graphene hybrid (GH) to detect a broad range of targets including metal ions, DNA and small
molecules. This nearly “universal” biosensor approach is based on the DNA-mediated assembly of the
hemin-graphene composite upon addition of the targets. Afterwards, GH aggregate resulting from DNA
hybridization will occur. The DNA-GH hybrids will settle on the bottom of the vial after centrifugation,
leaving behind a transparent supernatant. After incubation with TMB and H05, the colorimetric signal of
the centrifugal supernatant will be significantly lower compared to that in the absence of targets.
Therefore, mediation of the assembly of DNA on GH by targets can yield a facile means with tunable
optical properties in response to concentration changes of the targets. This colorimetric “readout” offers
great advantages such as the simple operation process, low-cost portable instrument and easy-to-use
applications. Therefore, we believe that this method promises a great potential of becoming a routine
tool for quantitative detection of a wide spectrum of analytes for specific applications in biodiagnostics,

nanoelectronics, and bionanotechnology.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The development of universal sensors that can detect a broad
range of different targets is highly desirable [1,2], as such versatile
platforms with which many analyses can be performed in a single
system are attractive from an economic point of view. However,
until now, very few universal detection systems have been devel-
oped [3—5], which may greatly limit the development of the
sensing technology. Therefore, the search for universal systems
with high specificity and sensitivity still remains a big challenge.

Recently, the emergence of a new generation of hybrid nano-
materials offers great opportunities in the field of sensing and drug
delivery [6]. Especially, graphene and its water-soluble derivative,
graphene oxide (GO), have attracted great interest for these ap-
plications [7—10]. The unique capacity of graphene or graphene
oxide (GO) in adsorbing biomolecules, such as nucleic acids and
proteins, with super fluorescence quenching efficiency creates
a robust platform for the development of fluorescent biosensors
[11—18]. Although the existing fluorescence methods have their
own advantages, most of them still require tedious fluorophore
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labeling processes and time-consuming purification steps [19]. To
circumvent the limitations pertinent to fluorescence detection, it is
imperative to exploit alternative methods for quantitative detec-
tion in a simpler and more straightforward manner [20].

The inherent superiorities of colorimetry, such as simplicity, low
cost, and label-freeness, make it very attractive for target detection.
Lately, efforts toward the construction of colorimetric biosensors
have been realized by using functionalized graphene derivatives
with their intrinsic peroxidase-like activity [21—28]. For example,
we recently reported a colorimetric assay for selective, quantitative
and fast detection of cancer cells based on the peroxidase-like ac-
tivity of the hemin-graphene hybrid (GH) [28]. However, until now,
a universal biosensing platform based on GH for colorimetric assay
has not been reported yet, even though it is urgently required. In
light of the above considerations, we sought to develop a robust
sensing platform for label-free colorimetric detection of a broad
range of targets by utilizing the DNA-mediated assembly of GH.

2. Materials and methods
2.1. Materials and measurements
Graphite was purchased from Sinopharm Chemical Reagent Co. (Shanghai,

China). DNA oligonucleotides were obtained from Sangon (Shanghai, China). All
other reagents were all of analytical reagent grade and used as received.
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Kinetic measurements were carried out in time course mode by monitoring
the absorbance change at 652 nm on a Jasco-V550 UV—Vis spectrophotometer.
AFM measurements were performed by using a Nanoscope V multimode atomic
force microscope (Veeco Instruments, USA). Dynamic light scattering (DLS)
measurements were performed on a WyattQELS instrument with a vertically
polarized He—Ne laser (DAWN EOS, Wyatt Technology). The scattering angle was
fixed at 90°.

2.2. Synthesis of graphene oxide (GO)

GO was synthesized from graphite powder based on the Hummer’s method [31].
Pretreated graphite powder was put into 0 °C concentrated H,SO4 (120 mL). Then,
KMnOy4 (15 g) was added gradually under stirring, and the temperature of the
mixture was kept below 20 °C by an ice bath. Successively, the mixture was stirred at
35 °C for 4 h and then diluted with deionized water (250 mL) by keeping the
temperature under 50 °C. Water (700 mL) was then injected into the mixture fol-
lowed by adding H,0, (30 wt%) (20 mL) drop by drop. The mixture was filtered and
washed with aqueous HCl solution (v/v 1:10) (1 L) to remove metal ions followed by
deionized water to remove the acid. The resulting solid was dried in air and diluted
to make a GO dispersion (0.5 wt%). Finally, it was purified by dialysis for 1 week to
remove the remaining metal species. Exfoliation was carried out by sonicating the
GO dispersion (0.1 mg/mL) under ambient conditions for 1 h.

2.3. Synthesis of hemin functionalized graphene nanosheets (GH)

GH were prepared according to a previously reported method [21]. Generally,
GH were synthesized by a simple strategy through the w—m stacking interactions.
20.0 mL of the homogenous graphene oxide dispersion (0.5 mg/mL) was mixed with
20.0 mL of 0.5 mg/mL hemin aqueous solution and 200 pL of ammonia solution,
followed by the addition of 30 pL of hydrazine solution. After being vigorously
shaken or stirred for a few minutes, the vial was put in a water bath (60 °C) for 3.5 h.
The stable black dispersion was obtained.

2.4. Synthesis of DNA-GH conjugates

In a typical procedure, GH aqueous solution (500 L, 0.2 mg/mL) and DNA (4 uM)
were mixed in aqueous Tris—EDTA buffer (10 mm Tris—HCI, 10 mm EDTA, pH 8.0) by
sonicating for 10 min and then incubated at room temperature for 24 h, and the
concentration of NaCl was slowly increased to 10 mm during the incubation. To
remove free hemin and unbound DNA, the solution was centrifuged at 13,000 rpm
for 30 min, the supernatant was discarded, and the precipitated DNA-GH conjugates
were then redispersed in Tris—EDTA buffer. This precipitation-redispersion process
could be repeated several times to guarantee a complete removal of free hemin and
unbound DNA.

2.5. Target detection

DNA-GH conjugates (100 pL) were mixed together and the target (10 uL) solu-
tions with different concentrations were then added respectively. The mixture
remained in Tris—EDTA buffer for 12 h at room temperature. All the samples were
centrifuged at 5000 rpm for 15 min, and the supernatants were collected. In a typical
test, chemicals were added into 460 pL buffer solution (25 mm NayHPOy4, pH 4.0) in
an order of 10 pL supernatants mentioned above, 8 uL TMB (final concentration
800 um), and 25 pL H,0; (final concentration 50 mm). Kinetic measurements were
carried out in time course mode by monitoring the absorbance change at 652 nm on
a Jasco-V550 UV—Vis spectrophotometer.

3. Results and discussion

The working principle of our work is schematically represented
in Scheme 1. Initially, the hemin—graphene hybrid nanosheets (GH)
are synthesized according to the previously established method
[28]. The as-prepared GH have the intrinsic peroxidase-like activity,
which can catalyze the reaction of peroxidase substrate 3,3’,5,5'-
tetramethylbenzidine (TMB) in the presence of H,0,. Then the DNA
probes are separately added to GH solutions to form the DNA-GH
hybrids. Every DNA probe has a target-specific sequence and a
tail to facilitate the assembly of DNA probe on GH nanosheets. In
the absence of the target, the DNA-GH hybrids can be stably sus-
pended in the solution after centrifugation. When the above solu-
tion is incubated with TMB and H,0,, the GH centrifugal
supernatant will catalyze a color reaction that can be judged by the
naked eye and easily be monitored by the absorbance changes at
652 nm. However, upon addition of the target, GH aggregate
resulting from DNA hybridization will occur [29]. Then, the DNA-
GH hybrids will settle on the bottom of the vials after centrifuga-
tion, leaving behind a transparent supernatant. As a result, the
absorbance signal of the centrifugal supernatant is significantly
lower. Mediation of the assembly of DNA on GH by targets can yield
a facile means with tunable optical properties in response to con-
centration changes of the targets. Therefore, the DNA-controlled
assembly of GH can be successfully applied for label-free colori-
metric detection of a panel of targets. Furthermore, this colori-
metric “readout” offers additional advantages such as the simple
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Scheme 1. Schematic illustration of procedures for targets detection.
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operation process, low-cost portable instrument and easy-to-use
applications [30].

3.1. Sensor fabrication

In the biosensing system, GO was prepared according to a
modified Hummers method from graphite powders [31]. The
typical morphology of GO was shown in atomic force microscopy
(AFM) image (Figure Sla), indicating that the thickness of the
graphene layer was around 1.2 nm (Figure S1c) [32,33]. Next, the
attachment of hemin on graphene surface (GH) was also charac-
terized by AFM (Figure S1b) and UV—Vis absorption spectroscopy
(Figure S2). AFM study showed that the thickness of GH was
determined to be about 1.7 nm (Figure S1d), with an increment of
0.5 nm compared with that of unmodified graphene, owing to the
presence of hemin on the graphene sheet surfaces [21]. In addition,
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an absorption at 418 nm was also observed after reduction
(Figure S2), which further clarified that hemin molecules were
attached to graphene [21,34].

3.2. Detection of Hg”" ions

To examine the ability of our GH-based assay to detect metal
ions, we chose Hg?>* as a model molecule. Mercury was one of the
most potent toxicants in the world. The exposure to mercury even
at very low concentration would result in digestive, kidney and
especially neurological diseases [35,36]. Therefore, the probe of
Hg?* ions was a focus of many research endeavors. The design of
the GH-based sensor for Hg?" ions detection was shown in Fig. 1a.
Firstly, DNA1-GH and DNA2-GH hybrids were prepared by incu-
bation of the as-prepared GH with ssDNA (DNA1 or DNA2) and then
ultracentrifuged to remove free DNA. Both of the DNA1 and DNA2
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Fig. 1. a) Schematic illustration of procedures for Hg?* ions detection. b) Time-dependent absorbance changes at 652 nm in the presence of different amounts of Hg?* ions ranging
from 0 to 10,000 nm (0, 8, 20, 50, 80, 100, 200, 500, 800, 1000, 2000, 3000, 5000, 10,000 nm). ¢) Calibration curve corresponding to the absorbance for various concentrations of Hg?*
ions after an interval of 10 min. Inset: the linear plot. The error bars represent the standard deviation of three measurements.
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Fig. 2. AFM images and height profiles of DNA-GH complex (a, b) and DNA-GH aggregate (c, d) formed from DNA1-GH and DNA2-GH mixing hybrids with 5 um Hg?* ions.

sequences had a T-rich sequence and a d(GA);s tail to facilitate the
assembly of DNA on GH nanosheets. These two T-rich sequences
were complementary except for the deliberately designed T-T
mismatches. In the absence of Hg?* ions, DNA1 and DNA2 were not
capable of hybridization. Therefore, the DNA1-GH and DNA2-GH
hybrids could remain suspended in aqueous solution efficiently
after centrifugation. These samples exhibited a high absorbance
signal. However, when Hg?* ions were present, DNA hybridization
would occur due to the formation of thymine—Hg?*—thymine (T—
Hg?*—T) base pairs [37]. As a result, large aggregates could be ob-
tained due to the controllable assembly of the DNA on GH, and the
signal of the centrifugal supernatant was largely decreased, as
compared to that without Hg?* ions.

AFM was used to visualize the typical morphology of DNA-GH
hybrids and the aggregates. Fig. 2a showed the typical AFM image
of the DNA-GH hybrids, where the white areas on the GO surfaces
might be due to the presence of DNA [32]. Upon mixing the DNA-
GH hybrids with 5 pm Hg?* ions, large aggregates could be ob-
tained due to the occurrence of hybridization of DNA1 and DNA2
with the formation of T—Hg?*—T pairs, as observed in AFM inves-
tigation (Fig. 2c). The height of section extracted from the typical
AFM image indicated that the DNA-mediated GH aggregate was 5—
21.5 nm in apparent thickness (Fig. 2d). It was obvious that such
aggregate height data were consistent with the thickness of mul-
tilayers of DNA functional GH nanosheets. In addition, the DNA-GH
hybrids before and after addition of Hg?* ions were also directly
measured by dynamic light scattering (DLS) technique, making it
feasible to determine actual sizes of the DNA-GH hybrid samples in
aqueous solution. As shown in Figure S3, the hydrodynamic
diameter of DNA-GH hybrids increased from 175 to 840 nm upon
the addition of 5 um Hg>" ions, indicating the large aggregates of GH
[29]. All these results demonstrated that the DNA-GH hybrids could
serve as a good candidate for quantitative detection of Hg?* ions.

To evaluate the sensitivity of the assay, the sensor solutions
were treated with Hg?" ions of various concentrations, and the
absorption spectra were measured. Fig. 1b showed the time-
dependent absorbance changes in the presence of different
amounts of Hg?* ions. The absorbance changes were retarded as
the concentration of Hg?* ions increased, which was attributed to
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Fig. 3. Selectivity analysis for Hg?* ions detection by monitoring the color changes a)
and the relative absorbances b). The concentration of each metal ion is 5 uM. The error
bars represent the standard deviation of three measurements.
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Fig. 4. a) Schematic illustration of procedures for DNA detection. b) Time-dependent absorbance changes at 652 nm in the presence of different amounts of DNA ranging from 0 to
200 nm (0, 0.5, 1, 2, 5, 8, 10, 20, 50, 80, 100, 200 nwm). c) Calibration curve corresponding to the absorbance for various concentrations of DNA after an interval of 10 min. Inset: the
linear plot. d) Time-dependent absorbance at 652 nm with corresponding supernatant solution of the DNA-GH hybrids with 100 nm T1; 100 nm T2 and 100 nm T3. e) The cor-
responding absorbance histograms. Error bars indicated the relative standard deviation of three repeated experiments.
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the aggregation of GH. The absorption changes from before Hg>*
ions binding to after Hg?* ions binding directly reflected how much
Hg?* ions were present in the solution (Fig. 1c). A linear relation-
ship was observed in the concentration range from 8 nm to 200 nwm,
where Hg?* ions were able to be quantitatively measured. The
detection limit in our work was estimated to be 8 nm, which was
lower than the Hg?* detection requirement for drinking water of
U.S. Environmental Protection Agency with the maximum
contamination level at 10 nm. These data revealed that the DNA-GH
hybrids could provide an efficient platform for ultrahigh sensitivity
and good linearity for the quantitative analysis of Hg?* ions. To
address the specificity of the DNA-GH hybrids, the selectivity of
Hg?* ions over the other metal ions was also monitored. As shown
in Fig. 3, it was clear that only the solution containing Hg?* ions
was colorless and exhibited significantly higher absorption ratio
(Ao/A). Whereas solutions containing other interferences all
exhibited a deep blue color. Moreover, there was nearly negligible
absorbance change in the presence of other metal ions. These re-
sults suggested that the specificity of our method was high enough
to discriminate between Hg?* ions and the other metal ions.

3.3. Detection of DNA

After observing that GH-based colorimetric assay was effective
for Hg?* ions detection, we attempted to use it in the detection of
DNA as a first example of the broader applicability of our approach.
As we know, sensitive and selective detection of nucleic acids had
found widespread applications in gene expression profiling, clin-
ical disease diagnostics, and drug industry [38,39]. Thus, the
methods for highly sensitive and selective detection of DNA were
an urgent and unmet need. The working principle of our assay for
DNA detection was schematically represented in Fig. 4a. Probe
DNA3 and DNA4 were separately added to GH solutions to form
DNA3-GH and DNA4-GH hybrids, respectively. DNA3 had a target-
specific sequence complementary to target DNA (T-DNA) and a
d(GT);5 tail at the 5’ terminus to facilitate the assembly of DNA3 on
GH nanosheets. DNA4 also had a complementary sequence to
target T-DNA with a d(GT)y5 tail at the 3’ terminus. In the mixture
of the two DNA3-GH and DNA4-GH hybrids, T-DNA would hy-
bridize with both DNA3 and DNA4, which resulted in an assembly
of the GH nanosheets. Therefore, large aggregates could be ob-
tained (Figure S4, S5).

Next, we investigated the concentration dependence of the GH-
based assay with the target DNA. Fig. 4b showed time-dependent
absorbance changes in the presence of different amounts of
target DNA. It was found that the absorbance of the centrifugal
supernatants decreased linearly with the concentration of com-
plementary target DNA in the range of 0.5 nmM—8 nm with a limit of
detection around 0.5 nm (Fig. 4c), comparable to previously re-
ported systems based on MWNT light scattering [40], SWNT near-
infrared fluorescence [41], SWNT intrinsic peroxidase activity [42],
or GO fluorescence quenching [43]. More importantly, this DNA
sensor was of sufficient selectivity to easily differentiate single
mismatches, which offered the opportunity to determinate single
nucleotide polymorphisms (SNPs). Fig. 4d showed time-dependent
absorbance changes obtained by using the DNA-GH hybrids probe
toward complementary target T1, one-base mismatched target T2
and two-base mismatched target T3. As can be seen in Fig. 4e, the
absorbance change obtained upon addition of 100 nm T2, T3 was
about 33.8%, 76.2%, respectively, higher than that for perfect target
T1 at the same concentration. This high specificity seemed to be
attributed to the synergic and multivalent effects of the DNA-GH
hybrids in hybridization with target DNA, in which a single-base
mismatch led to synchronous decrease of affinity at all binding
sites between the probe DNA and the target DNA [29,44]. This result

demonstrated that the single-base-mismatched DNA strands could
be directly discriminated from the perfectly complementary tar-
gets, indicating the high specificity of this assay.

3.4. Detection of coralyne

To complete the demonstration that our assay was universally
applicable to all of the major analyte classes, we investigated
whether it could detect small molecules, with coralyne as a model
system. Coralyne, a small crescent-shape molecule, was recently
shown to be able to bind strongly to single-stranded homo-
adenine-containing nucleic acids [45—49]. The presence of
coralyne promoted a stable anti-parallel duplex of poly-
deoxyadenosine [50]. The design of our strategy for coralyne
detecting was shown in Fig. 5a. Firstly, the probe DNA5 could be
stably adsorbed on the GH sheets to form the DNA-GH hybrids due
to the m-stacking interaction between the ring of nucleobases and
the hexagonal cells of the graphene. The DNA5 sequence had an A-
rich sequence dAis and a d(GT)5 tail at the 5’ terminus to facilitate
the assembly of DNA on GH nanosheets. This sequence lacked any
secondary structure and resulted in a well-dispersed GO solution
(Figure S6a, S7). However, a small molecule such as coralyne
should bind strongly, triggering the formation of non-Watson—
Crick homo-adenine duplexes, and subsequently could also induce
GH aggregation (Figure S6¢, S7). As a result, the reduction of the
absorption signal intensity of the centrifugal supernatant could be
obtained. As shown in Fig. 5b, upon increasing additions of cor-
alyne, as expected, the signal intensity was gradually reduced,
which was attributed to the generation of non-Watson—Crick
homo-adenine duplex DNA. The relationship between the absor-
bance at 652 nm and the coralyne concentration was constructed
in Fig. 5c. A linear relationship was observed in the concentration
range from 0.1 pum to 1 pum. The observed detection limit of coralyne
was estimated to be 0.1 pm, which compared well with values
obtained from colorimetric analytical techniques based on gold or
silver nanoparticles [51]. In order to assess the specificity of the
biosensor for coralyne, we chose three typical DNA binders as
controls: ethidium bromide (EB; a typical intercalator), 4/, 6-
diamidino-2phenylindole (DAPI; a typical minor grove binder),
and neomycin (a typical major grove binder). As shown in Fig. 5d,
EB, DAPI, and neomycin (20 um) caused no noticeable changes in
absorption signals, while the absorption signal was greatly
decreased by the addition of coralyne (20 um), demonstrating that
the biosensor had a highly selective response to coralyne. In
addition, by employing the binding-induced folding or association
of aptamers, we reasoned that our strategy could be adopted for
the detection of other analytes.

4. Conclusion

In summary, by adapting a series of DNA probes, we take
advantage of DNA-controlled assembly of GH to create a sensitive
colorimetric label-free assay for diverse targets detection including
metal ions, DNA and small molecules. This method relies on the
optical absorbance signals decrease that occurs as a result of DNA-
mediated GH aggregate upon addition of the targets. No sophisti-
cated experimental techniques or chemical modifications for DNA
are required. In addition, the use of the target-specific probe DNA
imparts extraordinarily high selectivity to the sensor, and the
application of the colorimetric method also brings ultrahigh sensi-
tivity. Considering the superior sensitivity and specificity, as well as
the multiplex and simple-to-implement features, this method
promises a great potential of becoming a routine tool for quantita-
tive detection of a wide spectrum of analytes for specific applica-
tions in biodiagnostics, nanoelectronics, and bionanotechnology.
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