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Abstract

Graphene Nanosheets for

Target Detection

Shon Yuna, Physical Pharmacy, Seoul National University

Here, we report a double stranded and dual anchored fluorescent aptamer on

reduced graphene oxide (rGO) for sensitive and selective detection of
interferon-gamma (IFN-y) in biological samples. The aptasensor is composed
of IFN-y specific fluorescent aptamer with BHQI1 as one anchoring moiety,
which forms double stranded sequences with complementary oligonucleotide
sequence with BHQI as the other anchoring moiety, and rGO nanosheets.
The double stranded and dual anchored fluorescent aptamer on 1GO
(AptasensorGO) showed 7.3 and 4.7-fold higher fluorescence intensity
compared to single stranded and single anchored fluorescent aptamer on rGO,
and double stranded and single anchored fluorescent aptamer on rGO,
respectively. The fluorescence intensities of AptasensorGO were influenced by
the length of DNA aptamer sequences, showing the highest intensity at 36

bp. AptasensorGO was specifically sensitive to IFN-y in buffer and human



serum. AptasensorGO detected IFN-y in buffer and human with linearity
ranges over 5 orders of magnitude (from 100 pg/ml to 10 pg/ml), showing
the regression coefficient of 0.9982 and 0.9838, respectively. Moreover,
AptasensorGO showed fluorescence intensity changes to IFN-y, but not to
non-target proteins such as interluekin-2 and tumor necrosis factor-a. Only
after 30 min of incubation with AptasensorGO, the levels of IFN-y in human
immunodeficiency virus-positive patient plasma samples were quantified to
range from 250 to 500 ng/ml. Taken together, the nano-rGO platform of
double stranded and dual anchored fluorescence aptasensor provides new
opportunities for detection of cytokines such as IFN-y and could be applied

to rapidly monitor the cytokine levels in human patient samples.

Keywords: Nano detectors, Graphene nanosheets, Aptamers, Rapid detection,

Target-specificity, Target-sensitivity
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[ . Introduction

Aptamers are short, single-stranded DNA  (ssDNA) or RNA
oligonucleotides that can bind a wide range of targets, including proteins [1],
DNA [2,3] small molecules [4], and metal ions [5] with high specificity and
affinity. There has been increased interest in the development of
aptamer-based sensors because of the advantages they offer in terms of high
thermal stability, ease of chemical modification, and capability of
incorporating surface-binding or sensing moieties compared to antibodies [6,7].
a number of detection strategies, including fluorescence, surface-enhanced
Raman spectroscopy, microgravimetry, and electrochemistry. Among these
approaches, detection by monitoring changes in fluorescence is an attractive
option owing to features such as high sensitivity, reproducibility, and facile
operation [8,9]. A conventional aptamer-based sensor detects fluorescence
resonance energy transfer signals when a ligand-induced conformational
change in a fluorophore- and quencher-labeled aptamer occurs. However, the
sensitivity of such system is influenced considerably by the length of
quencher-labeled DNA and temperature [10]. Thus, there remains a need for
the development of new platforms that can selectively and sensitively detect
target molecules.

Graphene, a two-dimensional nanosheet, has recently received considerable
attention because of its remarkable electronic, mechanical, and thermal
properties [11]. Reduced graphene oxide(rGO) can be chemically synthesized
by placing graphene oxide(GO) in a solution of hydrazine [12]. Since rGO

contains more crystalline graphene regions on the sheet than GO, aptamers



adsorb more strongly onto a rGO surface through hydrophobic and 7-n
stacking interactions between the ring structures nucleobases [13]. Moreover,
rGO can act as a more effective distance-dependent fluorescence quencher
than GO or graphene [14]. This combination of high fluorescence quenching
efficiency and superb ssDNA adsorption ability makes rGO suitable for
application to the detection machinery of aptamer-based nanodetectors.
Cytokines are often secreted by immune cells in response to various
pathogens [15]. Monitoring secreted cytokines can provide diagnostic
information about various infectious diseases in patients. For example, in
human immunodeficiency virus (HIV)-infected patients, T-helper and cytotoxic
T-lymphocytes vigorously produce the cytokine protein such as interferon-y
(IFN-y), resulting in low viremia and slow progression of the disease [16,
17]. It is therefore important to detect cytokine levels for accurate clinical
diagnosis. Conventional antibody-based immunoassays, such as enzyme-linked
immunosorbent assays, are common methods for detecting and quantifying
secreted cytokines. Although immunoassays are sensitive and specific for the
target protein, they require multiple washing steps, several hours of reaction
time, and the use of expensive reagents [18]. The development of a new
assay system that save time and reduce costs would thus be desirable.
In this study, we designed a double-stranded, dual-anchored, fluorescent
(FAM-labeled) aptamer on rGO nanosheets for quantitation of target protein
in biological samples. To prevent non-specific quenching of fluorescent
aptamer upon interaction with rGO, we hybridized the fluorescent aptamer
with a complementary sequence to form double strands. To fortify the

anchoring on rGO, we labeled the double-stranded fluorescent aptamer with



two anchoring moieties. As a model target protein specific for the aptamer,

IFN-y was used.
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II. Materials & Methods

2. 1. Synthesis of rGO nanosheets

GO was prepared from graphite powder following a modified Hummer’s
method [12]. Briefly, graphite powder (0.5 g; Sigma-Aldrich, St. Louis, MO,
USA) was added to cold H,SOs4 (23 ml).While this mixture was gradually
stirred on ice, KMnOs4 (3 g) and NaNO; (0.5 g) were added slowly. The
resulting mixture was further stirred for 1 h at 35 °C. Subsequently, 46 ml
of triple-distilled water (TDW) was added and the mixture was incubated at
90°C for 1 h. The reaction was halted by adding 140 ml of TDW and 10
ml of 30% H202. The reaction product was washed and purified by repeated
centrifugation, first with an aqueous 5% HCI solution and then with TDW
(three times). Finally, the product was suspended in TDW and sonicated for
2 h to exfoliate the GO layers into GO nanosheets. Unexfoliated GO was
removed by centrifugation at 1600 x g for 10 min. The supernatant
containing GO nanosheets was collected and filtered through 0.2-mm
polycarbonate membrane filters (Millipore Corp., Billerica, MA, USA) using
an extruder (Northern Lipid, British Columbia, Canada).

GO nanosheets were subsequently reduced to generate rGO nanosheets
according to the method Li and colleagues [19], with slight modification.
Briefly, 2.0 ml of homogeneously dispersed GO nanosheet solution was
mixed with 8.0 ml of TDW, 0.5 ml of ammonia solution (28 wt% in water;
Junsei Chemical Co., Tokyo, Japan), and 5.0 ml of hydrazine monohydrate

(64% in water). The resultant mixture was stirred in a water bath (80°C) for



10 min, and then removed from the water bath and allowed to cool to room
temperature. Excess hydrazine and ammonia were removed by dialyzing the
mixture (MWCO 100K; Spectrum Laboratories, Inc., Rancho Dominguez, CA,
USA) with TDW for 2 d with four changes of TDW over a 12-h interval.
The obtained rGO nanosheets dispersed in TDW were stored at 4°C until

use. The final concentration of the prepared rGO was 1 mg/ml.

2. 2. Anchoring of fluorescent aptamer on to rGO nanosheets

Double-stranded aptamer structures dually anchored with Black Hole
Quencher-1 (BHQ1) were designed for perpendicular anchoring of IFN-y—
specific fluorescent ssDNA aptamers (36 bp) to rGO nanosheets (Fig. 3A).
Single-stranded IFN- vy-specific fluorescent DNA aptamers (ssAptamer, 25
pg/ml, Bioneer, Daejeon, South Korea) containing FAM dye at the 5’-end
and BHQI1 at the 3’-end were hybridized in hybridization buffer (10 mM
Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 8.0) with complementary ssDNA
oligonucleotides singly labeled with BHQ1 (25 pg/ml). Double-stranded
fluorescent aptamers (dsAptamer) were formed by heating the solution
containing ssAptamers of various lengths and complementary oligomers to
95°C for 5 min and slowly cooling to 30°C to allow hybridization.
Double-stranded, dual-anchored, fluorescent aptamers (dsDA-Aptamer; 50
pg/ml) were immobilized onto the rGO surfaces by adding 10 pg/ml of rGO
to the resultant solution. In some experiments, ssAptamers were hybridized
with complementary DNA sequences with or without BHQI, to which 10
pg/ml of rGO was added. The mixture was vortexed vigorously and

incubated at room temperature for 30 min to induce formation of



dsDA-Aptamers on rGO nanosheets to yield Graptasheet. The solution was
centrifuged at 6,000 x g for 2 min to remove excess, unattached aptamers.
The supernatant was discarded and the remaining pellet was suspended in

hybridization buffer (200 pl).

2. 3. Target protein sensitivity and specificity tests

The sensitivity of Graptasheet for its target protein was evaluated by
incubating 10 pg/ml of Graptasheet with different concentrations of human
IFN-y (R&D Systems, Inc., Minneapolis, MN, USA) ranging from 100 pg/ml
to 10 pg/ml. Specificity was demonstrated by challenging Graptasheet with 10
pg/ml  of human tumor necrosis factor-oo (TNF- a; R&D Systems),
interleukin-2 (IL-2; R&D Systems), or the analyte of interest (1 pg/ml of
IFN-y.  After incubating for 3 min at room temperature, the solution was
centrifuged at 6,000 x g for 2 min to remove any excess, unreacted materials
and the remaining pellet was resuspended in hybridization buffer (200 pl).
The binding of IFN-y to Graptasheet was determined by exciting at a
wavelength of 485 nm and measuring fluorescence intensity at an emission
wavelength of 520 nm wusing a spectrophotometer (Molecular Devices,

Sunnyvale, CA, USA).

2. 4. Ex vivo detection of target protein in human serum

To detect IFN-y in human serum using Graptasheet, we spiked serum

samples from healthy individuals (Scipak Ltd, Kent, UK) with different



concentrations of IFN- y (100 pg/ml to 10 pg/ml) and then added
Graptasheet (10 pg/ml) to each spiked serum sample. After incubating for 3
min at room temperature, the solution was centrifuged at 6,000 x g for 2
min to remove any excess, unreacted materials and the remaining pellet was
resuspended in hybridization buffer (200 ul). The concentrations of IFN- y in
human serum were determined by exciting at a wavelength of 485 nm and
measuring fluorescence intensity at an emission wavelength of 520 nm using

a spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).

2. 5. Detection of target protein in human patient samples

Graptasheet was used to detect IFN- y in serum samples from HIV-positive
patients. Solutions were prepared by adding Graptasheet (10 pg/ml) to 120 pl
of phosphate-buffered saline (PBS) and 80 pl of serum samples from healthy
individuals (Scipak Ltd, Kent, UK) or HIV-positive patients (Korea National
Public Health Institute, Osong, Republic of Korea). Incubation and processing
of samples, and determination of fluorescence intensity, were as described

above.



Ill. Results

3. 1. Effect of the double-stranded structure of fluorescent

aptamer on evasion of fluorescence quenching by

rGO

The double-stranded structure of fluorescent aptamers played a major role
in preventing the severe quenching of fluorescence intensity by associated
rGO nanosheets. To test the effect of the structure of FAM-labeled,
fluorescent aptamers on fluorescence quenching by rGO, we anchored
ssAptamers or dsAptamers on rGO nanosheets (Fig. 1A) and compared
fluorescence intensity. The fluorescence intensity of rGO alone was negligible.
The fluorescence intensity of ssAptamers was significantly quenched loading
onto rGO nanosheets. In contrast, dsAptamers showed higher retention of
fluorescence after complexation on rGO. The fluorescence intensity of
dsAptamers on rGO was 7.3-fold higher than that of ssAptamers on rGO

(Fig. 1B).



Figure 1. Fluorescence intensity of ssAptamers and

dsAptamers on rGO.
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3. 2. Effect of the number of anchorages on dsAptamer

For the proposed aptamer-based nanodetectors to function as envisioned,
dsAptamers must be able to firmly attach to rGO surfaces without a loss of
fluorescence. To this end, we formed dsAptamers containing 0, 1, or 2
BHQ1 anchoring moieties and tested their retention of fluorescence upon
anchoring to rGO. As illustrated in Fig. 2A, dsAptamers containing 1 or 2
BHQI moieties were prepared by hybridizing BHQI1-containing ssAptamers
with a complementary strand containing or lacking BHQI. Hybridization of
ssAptamers without BHQ1 with a complementary strand without BHQI1
yielded dsAptamers with no BHQI moiety. Upon loading onto rGO,
dsAptamers with 0 or 1 BHQI anchoring moiety failed to show a distinctive
recovery of fluorescence. In contrast, dsAptamers containing 2 BHQI
anchoring moieties (dsDA-Aptamers) retained their fluorescence intensity upon
binding to rGO (Fig. 2B). Thus, a critical element in the proposed
aptamer-based nanodetectors design is the presence of dual anchoring

moieties.

0 2] r



Figure 2. Fluorescence intensity on rGO nanosheets of

dsAptamers containing varying numbers of BHQ1

anchoring moieties.
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(A) TIllustration of dsAptamers containing 0, 1, or 2 BHQI1 anchoring moieties
attached to rGO. (B) dsAptamers differing in the number of anchoring moieties were
incubated for 30 min with rGO. After removal of unattached dsAptamers, the

fluorescence intensity of each dsAptamer on rGO was measured at an emission

wavelength of 520 nm (n=4).
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3. 3. Detection of target protein using Graptasheet

Based on the results shown in Fig. 1B and Fig. 2B, a dsDA-Aptamer on
rGO nanosheets, designated Graptasheet, was chosen for subsequent
experiments. Graptasheet was constructed by hybridizing an ssAptamer (shown
in red) possessing a FAM on the 5-end and a BHQl on 3’-end with a
complementary oligomer (shown in blue) containing a BHQI1-modified 5’-end.
In application, Graptasheet monitors specific binding to its target, in this case
IFN-y, a model protein, by converting from an unbound, fluorescent state
(“on”) to a target-bound, fluorescence-quenched state (“off”). This is presented
schematically in Fig. 3A, which shows that as IFN- y approaches and
interacts with the IFN- y—specific, fluorescent dsDA-Aptamer, the aptamer
strand binds the target protein IFN- vy, which effectively displaces the
double-stranded structure into two single strands. As a consequence, the two
denatured strands, together with the fluorophore, become proximate to the
rGO surface. The loss of distance between the fluorophore and the rGO
surface due to IFN- y binding quenches the fluorophore, result in an “off”
signal. To evaluate the displacement of dsDA-Aptamer by IFN- vy, we
measured the fluorescence emission intensity of FAM from dsDA-Aptamers
attached to rGO before and after treatment with IFN- y. rGO alone in buffer
was used as a blank. As shown in Fig. 3B, the fluorescent intensity of

Graptasheet decreased by 2.8-fold following exposure to 1 pg/ml of IFN- 1.
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Figure 3. Rapid changes in fluorescence intensity of

Graptasheet in the presence of target protein.
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3. 4. Sensitivity of Graptasheet for target protein in buffer

and human serum

To evaluate the utility of the proposed aptamer-based nanodetectors as a
quantification method for target proteins under physiological conditions, we
incubated Graptasheet with samples of buffer or human serum spiked with
different concentrations of IFN- y. As shown in Figure 5a, the change in the
fluorescence signal of Graptasheet upon binding IFN- y in buffer was linear
from 100 pg/ml to 10 pg/ml. The regression coefficient of the trend-line
equation was 0.9882 (Fig. 4A). Similar to IFN- y in buffer, IFN- y in human
serum exhibited fluorescence intensity changes that were linear from 100

pg/ml to 10 pg/ml, with a regression coefficient of 0.9838 (Fig. 4B).
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Figure 4. Linearity in target protein detection by

Graptasheet in PBS and human serum.
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Graptasheet (10 pg/ml) was incubated for 3 min with PBS (A) or healthy human
serum (B) spiked with different concentrations of IFN-y. After incubation, the mixture
was centrifuged for 2 min and the resuspended pellets were spectrophotometrically

measured at an emission wavelength of 520 nm (n=5).
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3. 5. Selectivity of Graptasheet for target protein

Graptasheet exhibited specificity for its target model protein, IFN- y. To
test the specificity of Graptasheet, we measured the degree of fluorescence
intensity change after challenge with target or non-target proteins (Fig. 5).
After treatment of Graptasheet with 10 pg/ml of IL-2 or TNF-a, there was
no apparent change in fluorescence. In contrast, a significant change in
fluorescence intensity was observed after treatment of Graptasheet with 1

pg/ml of IFN- .

Figure 5. Changes in the fluorescence intensity of target
protein-specific aptamer-anchored Graptasheet in

response to different proteins.
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Graptasheet (10 pg/ml) was incubated for 3 min with the target protein, IFN-y 1
pg/ml, or non-target proteins such as IL-2 (10 pg/ml) and TNF-a (10 pg/ml) in
PBS. After incubation, the mixture was centrifuged and the resuspended pellets were

spectrophotometrically measured at an emission wavelength of 520 nm (n=4).
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3. 6. Graptasheet-based detection of target protein in patient

samples

For clinical application of this system, we investigated the ability of
Graptasheet to detect target protein in patient serum samples. Upon addition
of healthy human serum samples to Graptasheet, there was little change in
fluorescence intensity (Fig. 6A). In contrast, the addition of HIV-positive
human serum samples (n=5) resulted in a significant change in the
fluorescence intensity of Graptasheet. The concentrations of IFN-y in all
HIV-positive patient samples were quantified by reference to the standard
curve prepared from IFN-y—spiked human serum samples and were determined
to range from 330 to 550 ng/ml. To evaluate validity of the proposed
biosensor, ELISA analysis (Quantikine ELISA Human IFN-y, R&D Systems,
INC., USA) was performed as a standard assay for IFN-y detection. Values
obtained from ELISA analysis (Fig. 6B) revealed good correlation between
the proposed assay and ELISA, thereby confirming possibility of practical

utilization of the proposed assay.
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Figure 6. Quantification of target protein levels in patient

serum samples.
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IV. Discussion

Here, we report the development of a dsDA-Aptamer and rGO-based
nanodetectors, termed Graptasheet, that is capable of rapid detection and
quantification of target protein in biological samples (human serum) with high
sensitivity and specificity. These studies established the physicochemical
factors that are important in the design of Graptasheet: a double-stranded
aptamer structure, the presence of two anchoring moieties in the
dsDA-Aptamers, and dsDA-Aptamer length.

The double-stranded structure of dsDA-Aptamers was determined to be
critical for fluorescence-based target detection by Graptasheet. Since the
nucleobases of dsDNA are shielded within the negatively charged phosphate
backbone, the occurrence of m-m stacking interactions between graphene and
nucleobases decreases dramatically [20]. A rigid duplex dsDA-Aptamer
therefore cannot be adsorbed onto the rGO surface, resulting in the
maintenance of strong fluorescence intensity (Fig. 1B).

For anchoring of dsDA-Aptamers onto rGO nanosheets, the presence of
two BHQI anchoring moieties, one each in the aptamer and the
complementary oligomer, was found to be essential. Only the dsDA-Aptamer
containing two BHQI1 moieties showed significant fluorescence intensity;
dsAptamers with no or one BHQI moiety showed no significant fluorescence
upon rGO binding (Fig. 2B). It has been reported that rGO nanosheets are
involved in m-m stacking interactions with molecules that possess aromatic
rings [21]. A BHQIl molecule contains three aromatic rings, which

consequently results in strong n-m stacking interactions with rGO. It has been
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reported that a fluorophore with a chromophore-like structure similar to that
of BHQI was able to bind to single-walled carbon nanotubes by triggering m-
n stacking interaction involving its aromatic fluorescein isothiocyanate domain
[22]. Inclusion of two BHQI moieties in dsDA-Aptamers was therefore
required to enhance binding to rGO surfaces.

We observed a reduction in the fluorescence intensity of Graptasheet upon
addition of a model target protein IFN-y, demonstrating the utility of
Graptasheet as a probe for detecting the presence of the target protein.
Owing to the greater affinity of the ssAptamer for IFN- y compared to that
of the complementary oligomer strand, the target protein binding resulted in
the formation of ssAptamer-target protein complex, the dissociation of
dsDA-Aptamers, and fluorescence quenching proportional to the amount of the
target protein in the samples. Indeed, surface plasmon resonance studies have
demonstrated that target protein binding to an aptamer displaces dsDNA into
ssDNA [10]. Upon formation of an ssAptamer-target protein complex, the
FAM moiety of the complex comes in close proximity to the rGO surface
and thereby enters the effective quenching range of rGO, leading to a
considerable decrease in fluorescence intensity.

Sensitivity over a wide dynamic range is an important characteristic of a
biosensor. Graptasheet showed a five-orders-of-magnitude linear dynamic
range, with a limit of detection of 0.1 ng/ml (Fig. 4). A previous study
reported that a gold substrate-anchored electrochemical aptamer biosensor
recognized the target protein over a range of 1 to 160 ng/ml [23]. The
higher sensitivity of Graptasheet compared to the aptamer-based

electrochemical biosensor might be attributable to the fluorophore-based
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fluorometric  detection  principle of dsDA-Aptamers. Previously, a
graphene-based sensor was designed for the detection of thrombin [24]. In
this latter study, the graphene-based sensor showed a linear response over a
concentration range of two orders of magnitude. The wide dynamic range of
Graptasheet is like due, in part, to the strong quenching effect of rGO, which
broadens the intensity difference compared to the unquenched intensity. A
recent study reported that rGO is a better quencher for adsorbed fluorophores
than GO and graphite, and exhibits a high quenching efficiency for various
fluorophores ranging from green-, red-, and far-red-emitting dyes to quantum
dots [25,26].

In addition to sensitivity, specificity is a crucial component of a
biosensor. We found that Graptasheet showed specificity for the target model
protein, IFN-y, as evidenced by the absence of a fluorescence change in the
presence of TNF-o or IL-2 (Fig. 5). This specificity of Graptasheet is
conferred by the IFN-y—specific aptamer sequence used in the dsDA-Aptamer.
The nucleic acid sequence of the IFN-y—specific aptamer has been previously
reported [27]. In addition, modifications to aptamer sequences, such as extra
DNA sequences, biotin, or polyethylene glycol, have been reported to have
no effect on the affinity between IFN- y and aptamer [10,23]. These previous
findings are consistent with our observation that the modified ssAptamer
sequences used in Graptasheet retained their affinity for the target protein.

Using Graptasheet, we were able to quantify the levels of target protein
in serum from patients (Fig. 6). It has been reported that the levels of
various cytokines are elevated in the blood of HIV-infected patients [16,17].

HIV-patient serum sample was thus chosen to test the feasibility of
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Graptasheet for clinical application. Our results demonstrate that Graptasheet
has sufficient specificity and sensitivity for use on clinical samples. The
specific detection of target protein using Graptasheet provides a basis for
concluding that a rGO-based fluorescent aptamer-based nanodetectors
nano-platform could not only be applied to monitor or diagnose infectious
diseases, such as tuberculosis and HIV, it could also be used in biochemical
studies to analyze cellular secretion of specific cytokines. Although in this
study we used IFN-y as a target model protein in human patient samples, the
Graptasheet concept could be broadly applied to detect other chemicals and
cytokines by replacing the aptamer sequences with other target-specific
aptamers.

From an industrial perspective, Graptasheet has advantages in terms of
processing time and costs compared to conventional cytokine assay systems.
Unlike immunoassays which required at least a few hours to complete, the
detection of target protein in human patient samples using Graptasheet
required only three steps and took less than 10 min to complete, including 3
min for incubation with human serum samples, 2 min for centrifugation, and
1 min for fluorometric detection. Because Graptasheet is composed of rGO, a
FAM- and BHQIl-labeled DNA aptamer sequence and complementary
oligomer, the cost is expected to be lower than that of antibody-based assay
systems. Moreover, the higher stability of rGO and DNA compared to

antibodies may provide a longer storage time for Graptasheet.
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V. Conclusion

In this study, we developed Graptasheet, a dsDA-Aptamer and rGO-based
nanodetectors for speedy and specific detection of the target protein in
biological and clinical patient samples. Detecting target protein by monitoring
changes in fluorescence intensity of a FAM-labeled aptamer that occur upon
target binding required minimizing the quenching of FAM fluorescence upon
complexation of the aptamer with rGO. This was accomplished by forming a
double-stranded structure, and introducing two anchoring moieties. Graptasheet
showed specificity and sensitivity to target protein in serum samples over a
five-orders-of-magnitude dynamic range, and was capable of rapidly measuring
the concentrations of target protein in patient serum samples with only less
than 10 min for whole process. Collectively, our results demonstrate that an
rGO-based fluorescent aptamer-based Graptasheet nanodetectors could have a
wide spectrum of applications for monitoring various target proteins in human

clinical samples at a reduced cost and time.

23 4y



VI. References

[1] Rotem D, Jayasinghe L, Salichou M, Bayley H. Protein detection
by nanopores equipped with aptamers. J Am Chem Soc 2012; 134:
2781-2787.

[2] Lu CH, Wang F, Willner L Zn2+-ligation DNAzyme-driven
enzymatic and nonenzymatic cascades for the amplified detection of

DNA. J Am Chem Soc 2012; 134: 10651-10658.

[3] Freeman R, Liu X, Willner I. Chemiluminescent and
chemiluminescence resonance energy transfer (CRET) detection of
DNA, metal ions, and aptamer-substrate = complexes  using
Hemin/G-Quadruplexes and CdSe/ZnS quantum dots. J Am Chem Soc
2011; 133: 11597-11604.

[4] Huang Y, Zhao S, Chen ZF, Shi M, Liang H. Amplified
fluorescence polarization aptasensors based on

structure-switching-triggered nanoparticles enhancement for bioassays.

Chem Commun 2012; 48: 7480-7482.
[5] Pelossof G, Tel-Vered R, Willner 1. Amplified surface plasmon

resonance and electrochemical detection of Pb2+ Ions Using the

Pb2+—dependent DNAzyme and Hemin/G-Quadruplex as a label. Anal

24 A =2~ |



Chem 2012; 84: 3703-3709.

[6] Balamurugan S, Obubuafo A, Soper SA, Spivak DA. Surface
immobilization methods for aptamer diagnostic applications. Anal

Bioanal Chem 2008; 390: 1009-1021.

[7] Kirby R, Cho EJ, Gehrke B, Bayer T, Park YS, Neikirk DP,
McDevitt JT, Ellington AD.  Aptamer-based sensor arrays for the

detectionand quantitation of proteins. Anal Chem 2004; 76: 4066-4075.

[8§] Babendure JR, Adams SR, Tsien RY. Aptamers switch on
fluorescence of triphenylmethane dyes. J Am Chem Soc 2003; 125:
14716-14717.

[9] Nutiu R, Li Y. Aptamers with xuorescence-signaling properties.

Methods 2005; 37: 16-25.
[10] Tuleuova N, Jones CN, Yan J, Ramanculov E, Yokobayashi Y,
Revzin A. Development of an aptamer beacon for detection of

interferon-gamma. Anal Chem 2010; 82:1851-1857.

[11] Rao CN, Sood AK, Subrahmanyam KS, Govindaraj A. Graphene:

the new two-dimensional nanomaterial. Angew Chem Int Ed 2009; 48:

25 A L



7752-T777.

[12] Miao W, Shim G, Lee S, Lee S, Choe YS, Oh YK. Safety and
tumor tissue accumulation of pegylated graphene oxide nanosheets for
co-delivery of anticancer drug and photosensitizer. Biomaterials 2013;

34: 3402-3410.

[13] Zhao H, Gao S, Liu M, Chang Y, Fan X, Quan X. Fluorescent
assay for oxytetracycline based on a long-chain aptamer assembled onto

reduced graphene oxide. Microchim Acta 2013; 180: 829-835.

[14] Kim J, Cote LJ, Kim F, Huang J. Visualizing graphene based
sheets by fluorescence quenching microscopy. J Am Chem Soc 2010;
132: 260-267.

[15] Prussin C, Metcalfe DD. Detection of intracytoplasmic cytokine
using flow cytometry and directly conjugated anti-cytokine antibodies. J

Immunol Methods 1995; 188: 117-128.
[16] Pantaleo G, Koup RA. Correlates of immune protection in HIV-1
infection: what we know, what we don’t know, what we should know.

Nat Med 2004; 10: 806-810.

[17] Romagnani S. TH1 and TH2 in Human Diseases. Clin Immunol



Immunopathol 1996; 80: 225-235.

[18] Karlsson AC, Martin JN, Younger SR, Barry M. Bredt BM,
Epling L, Ronquillo R, Varma A, Deeks SG, McCune JM, Nixon DF,
Sinclair E. Comparison of the ELISPOT and cytokine flow cytometry
assays for the enumeration of antigen-specific T cells. J Immunol

Methods 2003; 283: 141-153.

[19] Li M , Zhou X, Guo S , Wu N. Detection of lead(Il) with a
“turn-on’” fluorescent biosensor based on energy transfer from
CdSe/ZnS quantum dots to graphene oxide. Biosens Bioelectron 2013;

43: 69-74.

[20] Varghese N, Mogera U, Govindaraj A, Das A, Maiti PK, Sood
AK, Rao CN. Binding of DNA nucleobases and nucleosides with

graphene. Chem Phys Chem 2009; 10: 206-210.
[21] Bjork J, Hanke F, Palma CA, Samori P, Cecchini M, Persson M.
Adsorption of aromatic and anti-aromatic systems on graphene through

n-nt stacking. J Phys Chem Lett 2010; 1: 3407-3412.

[22] Chen H, Wang J, Liang G, Zhang P, Kong J. A novel

exonuclease III aided amplification method for sensitive nucleic acid

27 A =2~ |



detection based on single walled carbon nanotube induced quenching.

Chem Commun 2012; 48: 269-271.

[23] Liu Y, Tuleouva N, Ramanculov E, Revzin A. Aptamer-based
electrochemical biosensor for interferon gamma detection. Anal Chem

2010; 82: 8131-8136.

[24] Chang H, Tang L, Wang Y, Jiang J, Li J. Graphene fluorescence
resonance energy transfer aptasensor for the thrombin detection. Anal

Chem 2010; 82: 2341-2346.

[25] He S, Song B, Li D, Zhu C, Qi W, Wen Y, Wang L, Song S,
Fang H, Fan C. A graphene nanoprobe for rapid, sensitive, and
multicolor fluorescent DNA analysis. Adv Func Mater 2010; 20: 453—

459.

[26] Dong H, Gao W, Yan F, Ji H, Ju H. Fluorescence resonance
energy transfer between quantum dots and graphene oxide for sensing

biomolecules. Anal Chem 2010; 82: 5511-5517.
[27] Lee PP, Ramanathan M, Hunt CA, Garovoy MR. An

oligonucleotide blocks interferon-gamma signal transduction.

Transplantation 1996; 62: 1297-1301.

’8 2] ,_



Abstract (in Korean)

T YA EE o] &3 Bl AHe

EqU, o5t 2YFAAF, S, ALYt

7IRE wloleAll A o] A= E Folz B e WHe &

et g FF AATE FF " olsuAl JEHE

rGOoll #23k %, Bl &4 =E=HlNES W] FF Al

Me A EAZE AHAE ZrtE AASIHET a9 5ol
Aoz Agstes AHHAE 4t dEHE o] &stir.



=
1__
<l

o] o

H

7hetol
Ao Bl T 1

% e}

T

, O

stod PBSeF Al H ol A 2

b wko] 2.4 4 o] T},

H
A

S

1714 =9,
o] &
100 pg/mlF-EH 10 ug/ml7tA|

=

=

i A]

R

SEA

A

JA7z Je2 g2 B4

]

=

=

=

o] u}o]

Ao

| .

bl

Hho] .4 A o

A AT

]_

S

ol A

e 7hn)

=
=
<o
o
A
o

I

Cy

R R E R B

B REE

=
=

7+E

%

1

NH

i

Ake] Aol A ] QIE |

<

Al x4

S

of ®

71& 9]
30

T
) .

A -] A

Ly

o)

=

=
=



& e AR B9 woleAME 24w 9

oo

Key words: Nano detectors, Graphene nanosheets, Aptamers,
Rapid detection, Target-specificity, Target-sensitivity
s ¥ ¢ 2013-21595

1 S i ]
31 Al = L =



	Ⅰ. Introduction
	Ⅱ. Materials and methods
	2.1. Synthesis of rGO nanosheets                 
	2.2. Anchoring of fluorescent aptamer on to rGO nanosheets       
	2.3. Target protein sensitivity and specificity tests     
	2.4. Ex vivo detection of target protein in human serum            
	2.5. Detection of target protein in human patient samples         

	Ⅲ. Results
	3.1. Effect of the double-stranded structure of fluorescent aptamer on evasion of fluorescence quenching by rGO        
	3.2. Effect of the number of anchorages on dsAptamer   
	3.3. Detection of target protein using Graptasheet     
	3.4. Sensitivity of Graptasheet for target protein in buffer and human serum   
	3.5. Selectivity of Graptasheet for target protein     
	3.6. Graptasheet-based detection of target protein in  patient samples        

	Ⅳ. Discussion
	Ⅴ. Conclusion
	Ⅵ. References
	VII. Abstract (in Korean) 


<startpage>10
¥°. Introduction 1
¥±. Materials and methods 4
 2.1. Synthesis of rGO nanosheets                  4
 2.2. Anchoring of fluorescent aptamer on to rGO nanosheets        5
 2.3. Target protein sensitivity and specificity tests      6
 2.4. Ex vivo detection of target protein in human serum             6
 2.5. Detection of target protein in human patient samples          7
¥². Results 8
 3.1. Effect of the double-stranded structure of fluorescent aptamer on evasion of fluorescence quenching by rGO         8
 3.2. Effect of the number of anchorages on dsAptamer    10
 3.3. Detection of target protein using Graptasheet      12
 3.4. Sensitivity of Graptasheet for target protein in buffer and human serum    14
 3.5. Selectivity of Graptasheet for target protein      16
 3.6. Graptasheet-based detection of target protein in  patient samples         17
¥³. Discussion 19
¥´. Conclusion 23
¥µ. References 24
VII. Abstract (in Korean)  29
</body>

