
Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

High sensitivity surface plasmon resonance biosensor for detection of
microRNA and small molecule based on graphene oxide-gold nanoparticles
composites

Qing Li, Qing Wang⁎, Xiaohai Yang, Kemin Wang⁎, Hua Zhang, Wenyan Nie

State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry and Chemical Engineering, Key Laboratory for Bio-Nanotechnology and
Molecule Engineering of Hunan Province, Hunan University, Changsha 410082, PR China

A R T I C L E I N F O

Keywords:
Surface plasmon resonance
Graphene oxide-gold nanoparticles composites
MicroRNA
Adenosine

A B S T R A C T

A versatile and sensitive surface plasmon resonance (SPR) biosensor based on two layers of graphene oxide-gold
nanoparticles (GO-AuNPs) composites was designed for the detection of microRNA (miRNA) and small
molecule adenosine. The bottom layer, which acted as a functionalized substrate on the sensor chip, provided a
high specific surface area convenient for the immobilization of capture DNA molecules. The upper layer served
as a signal-amplification element. By employing these two layers of GO-AuNPs composites, the dual
amplification strategy was achieved so that a measurement of miRNA-141 with a detection limit of 0.1 fM
was obtained. Moreover, the developed SPR biosensor showed decent selectivity toward miRNA-200 family
members. Especially, the SPR biosensor demonstrated its applicability for the detection of miRNA-141 in
cancer cell extractions, and the results obtained were consistent with those obtained by qRT-PCR. Interestingly,
small molecule adenosine could also be detected using this SPR biosensor in combination with a split aptamer.
Considering the superior sensitivity, selectivity and generality, this work promised much potential for the
detection of various biomolecules.

1. Introduction

Graphene-nanoparticle composites, which graphene sheets are
decorated with nanoparticles, exhibit not only unique physicochemical
properties of the nanoparticles and graphene, but also additional
advantages and synergistic properties [1]. Thus, it greatly augments
their potential for the application in bioanalysis and biosensing. Since
noble metal nanoparticles, especially gold nanoparticles (AuNPs), show
unique optical and electronic properties and high biocompatibility [2],
they are often used to decorate on graphene sheets, resulting in a
formation of graphene oxide-gold nanoparticles (GO-AuNPs) compo-
sites [3]. Recently, it was reported that GO-AuNPs composites have
been particularly well-suited for constructing various sensors, such as
electrochemical sensors [4,5], fluorescence sensors [6], surface en-
hanced Raman scattering sensors (SERs) [7], resonance Rayleigh
scattering [8] and surface plasmon resonance sensors (SPR) [9,10].
Generally, the function of GO-AuNPs composites in these sensors can
be categorized into two classes. The first one, existing as a sensor
substrate, could provide good biocompatibility and high surface area to
significantly increase the immobilization of capture probes, resulting in
a subsequent increase in sensitivity [11]. In addition, GO-AuNPs

composites as a sensing interface could accelerate electron transfer
[12]. Thus, they have been often successfully used in various electro-
chemical and optical biosensors [7,13,14]. The second one, noted as a
signal amplification element, also markedly increased the sensitivity of
the biosensor. Zhou et al. reported a novel sandwich-type electroche-
miluminescence (ECL) immunosensor for HIV-1 p24 antigen detection
using GO-AuNPs and Ru(bpy)32+-dopped silica nanoparticles [15].
The GO-AuNPs composite improved the loading of ECL molecules,
resulting in an increase of ECL response and a high sensitivity. We also
used GO-AuNPs composites as the signal amplification element to
develop a simple and sensitive SPR biosensor [9]. Whether GO-AuNPs
composite acted as the sensing substrate or the signal element, it could
improve the sensitivity of the biosensor. Therefore, it was speculated
that the combination of these two factors can further build a high
sensitivity sensor.

On the basis of our previous work, a novel and sensitive SPR
biosensor based on two layers of GO-AuNPs composites was developed.
As far as we known, this was the first report in which GO-AuNPs
composites acted as not only the sensing substrate but also the signal
amplification element. This approach was conducted in two simple
steps as shown in Fig. 1. First, thiolated capture DNA was covalently
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attached to the GO-AuNPs functionalized Au film surface (shown in
Fig. 1A). In the second step, target miRNA and DNA functionalized
GO-AuNPs composites (DNA-GO-AuNPs) were respectively intro-
duced, and then the sandwich structure was formed due to DNA/
RNA hybridization (shown in Fig. 1B). In this step, target miRNA was
recognized, and the two layers of GO-AuNPs were used to enhance the
SPR response. Accordingly, target miRNA was detected sensitively.
More importantly, on the basis of split aptamers, another target, small
molecule adenosine, was also detected using this approach. An aptamer
for adenosine was first designed in two flexible ssDNA pieces. One (i.e.
split aptamer1) was tethered on the GO-AuNPs functionalized Au film
and the other (i.e. split aptamer2) was modified on the GO-AuNPs
composites. In the presence of adenosine, the GO-AuNPs labelled
adenosine-aptamer complex was formed since the two split aptamers
reassembled into an intact aptamer structure. By employing the GO-
AuNPs amplification strategy, target adenosine could also be detected
sensitively. Theoretically, this approach was potentially used for
various types of target detection, on condition that the appropriate
probe can be found and replaced.

2. Experimental

2.1. Materials and reagents

Chloroauric acid (HAuCl4·4H2O), trisodium citrate and diethylpyr-
ocarbonatex (DEPC) were obtained from Shanghai Reagent Company
(Shanghai, China). Thiocyanuric acid, 6-mercapto-1-hexanol (MCH),
adenosine, uridine, cytidine and guanosine were purchased from Sigma
(USA). DNA oligonucleotides and RNA oligonucleotides (shown in
Table 1) were synthesized by Shanghai Sangon Biotechnology Co.
(Shanghai, China) and TaKaRa Biotechnology Co. (Dalian, China),
respectively. Ultrapure water (18.2 MΩ cm) was prepared using a
Millipore system (Millipore, USA). All oligonucleotides were dissolved
into 10 mM PBS buffer (pH 7.4) containing 100 mM NaCl. All
solutions used were protected from RNase degradation through
DEPC treatment.

2.2. Synthetization and modification of graphene oxide (GO)-gold
nanoparticles (AuNPs) composites

The GO-AuNPs composites were synthetized as described in the
previous work [9,16]. Briefly, after HAuCl4 solution (0.48 mM) was
mixed with GO solution (1 mg mL−1) for 30 min at room temperature,
the mixture was heated to 80 °C. Next, sodium citrate (1.6 mM) was
added dropwise. After incubation for 60 min, the mixture was cen-
trifuged at 5000 rpm for 15 min, and the resultant precipitate was
rinsed with water to remove free AuNPs. GO-AuNPs composites were
characterized by TEM. It showed that Au nanoparticles with an average
size of 18 ± 2 nm was observed at the GO surface (Fig. S1, Supporting
information).

DNA functionalized GO-AuNPs composites (DNA-GO-AuNPs) were
obtained according to our previous work [9]. In brief, the mixture of
assistant DNA (or split aptamer2) and helper DNA was incubated with
GO-AuNPs composites solution for 16 h at 4 °C. Next, the solution was
aged in 10 mM phosphate buffer (pH 7.0, 100 mM NaCl) for 40 h at
4 °C. After the solution was centrifuged at 13,500 rpm for 20 min, the
precipitate was washed twice using 10 mM phosphate buffer (pH 7.0,
100 mM NaCl). Finally, DNA-GO-AuNPs were obtained and dispersed
in 10 mM phosphate buffer (pH 7.0, 100 mM NaCl). The DNA-GO-

Fig. 1. Schematic illustration of the SPR biosensor based on the GO-AuNPs composites.

Table 1
Sequences of all oligonucleotides used.

Name Sequence

Capture DNA 5′-AGA CAG TGT TAT TTT TTT TTT-SH-3′
Assistant DNA 5′-SH-TTT TTT TTT TTT TCC ATC TTT ACC-3′
Helper DNA 5′-SH-TTT TTT TTT TTT T−3′
miRNA-141 5′-UAACACUGUCUGGUAAAGAUGG-3′
miRNA-429 5′-UAAUACUGUCUGGUAAAACCGU-3′
miRNA-200a 5′-UAACACUGUCUGGUAACGAUGU-3′
miRNA-21 5′-UAGCUUAUCAGACUGAUGUUGA-3′
Random miRNA 5′-N22-3′
Split aptamer1 5′-SH-TTT TTT TTT TAC CTG GGG GAG TAT-3′
Split aptamer2 5′-SH-TTT TTT TTT TTG CGG AGG AAG GT-3′
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AuNPs composites can be stored at 4 °C over two weeks, indicating it
had a good stability.

GO-AuNPs composites and DNA-GO-AuNPs were characterized
using UV–visible spectrophotometer (UV-1601, Shimadzu), respec-
tively. As shown in Fig. S2 of Supporting information, GO-AuNPs
composites possessed two absorption peaks at 230.0 and 524.0 nm,
which was associated with the presence of GO and AuNPs, separately.
For DNA-GO-AuNPs, the absorption peak at 524.0 nm shifted to
528.0 nm, implying that DNA was modified on the GO-AuNPs compo-
sites.

2.3. Surface modification of Au film

Au film was first cleaned according to the previous works [9,17].
Then, it was modified with 20 mM thiocyanuric acid for 3 h at room
temperature, followed by rinsing in running PBS buffer (pH 7.4,
10 mM). Next, GO-AuNPs composites were injected. After incubated
for 3 h at room temperature, the Au film was washed with PBS buffer
repeatedly. GO-AuNPs composites can be immobilized on Au film
surfaces stably through the Au-S bonds. Subsequently, the GO-AuNPs
functionalized Au film was incubated with 5 μM capture DNA (or split
aptamer1) for 3 h at room temperature, followed by washing in 10 mM
PBS buffer (pH 7.4). For reducing nonspecific binding of capture DNA
and controlling the orient of DNA on the Au film, the Au film was
treated with 1 mM MCH for 30 min at room temperature. After rinsing
with PBS buffer repeatedly, a sensor chip was prepared.

The surface modification of Au film was characterized using a
commercially available EC-SPR1010 device (Changchun Dingcheng
Technology, China). The resonance angle change, which was larger
than 0.0015°, was acted as a signal for this SPR instrument. As shown
in Fig. S3 (Supporting information), after incubated with GO-AuNPs
composites, SPR spectrum changed from curve 1 to curve 2 and an
obvious resonance angle shift (0.0838°) was observed. Then, as the
capture DNA and MCH were injected respectively, SPR spectrum
changed to curve 3 and resonance angle increased to 0.2159°. It was
suggested that the capture DNA was immobilized on the Au film. In
addition, Au film in the absence and presence of GO-AuNPs composites
was characterized using scanning probe microscope
(SP13800NSPA400, Seiko, Japan). As shown in Fig. S4 of the
Supporting information, GO-AuNPs composites were successfully
modified on the Au film surface.

2.4. Detection of miRNA

MiRNA solution of different concentrations was injected and
incubated with the capture DNA immobilized on the sensor chip for
50 min at room temperature, then rinsed using 10 mM PBS thor-
oughly. Next, DNA-GO-AuNPs were injected and reacted for 1 h at
room temperature, followed by a thorough rinsing with 10 mM PBS.
The concentration of miRNA was determined through to the change of
resonance angle. Here, regeneration of the sensor chip was achieved
using 0.1% SDS / 10 mM NaOH.

The total RNA was first extracted from human cancer cell lines
using Trizol reagent (Sangon Co. Ltd., Shanghai, China) according to
the manufacturer's instructions. Then, the pure and concentrated RNA
was divided into two equal parts for analysis using qRT-PCR and the
SPR biosensor. The cDNA samples were synthesized using the reverse
transcription (RT) reaction with AMV First Strand cDNA Synthesis Kit
(BBI, Toronto, Canada). Then the transcribed cDNA was acted as the
template for qRT-PCR. qPCR analysis of miRNA was achieved with SG
Fast qPCR Master Mix(2X) (BBI), according to the indicated protocol
on an LightCycler480 Software Setup (Roche).

2.5. Detection of adenosine

Detection of adenosine was achieved by exposing the sensor chip to
the mixture solution of split aptamer2 functionalized GO-AuNPs and
different concentration of adenosine for 1 h at room temperature, then
rinsed using 10 mM PBS thoroughly. Adenosine could be quantified
through the shift of resonance angle. Similarly, the sensor chip was
regenerated using 0.1% SDS / 10 mM NaOH.

3. Results and discussions

3.1. MiRNA detection using SPR biosensor based on GO-AuNPs
composites

The feasibility of the SPR biosensor based on GO-AuNPs compo-
sites was first investigated. As described in Fig. 2A, when 10 pM
miRNA-141 was injected, SPR spectrum changed from curve 1 to curve
2 and a small change of the resonance angle (0.0119°) was achieved,
suggesting that miRNA was recognized. After incubation with DNA-
GO-AuNPs, it gave an obvious resonance angle shift by 0.1744° (curve
3), indicating that DNA-GO-AuNPs were associated with the capture
DNA/miRNA complex. In this process, there were at least 3 reasons for
the amplification of SPR response. First, the surface plasmon of AuNPs
on the surface of GO sheet might have been resonantly excited through
energy transfer in the near field and have created a strong local
electromagnetic field, which enhanced the SPR response [18]. The
high mass-density and dielectric constant of the AuNPs on the surface
of GO sheets also improved the SPR response. Second, the electro-
magnetic coupling between the AuNPs on the upper layer of GO-AuNPs
composites and the underlying Au film could enhance the SPR
response [19,20]. Third, the bottom GO-AuNPs could immobilize
many capture DNA molecules due to its high specific surface area, so
more DNA-GO-AuNPs could be captured on the sensor chip [12].
Subsequently, the SPR response was further amplified. After the sensor
chip was reacted with 0.1% SDS / 10 mM NaOH, SPR spectrum shifted
from curve 3 to curve 4, and the resonance angle of curve 4 was almost
consistent with that of curve 1. The results indicated that the sensor
chip was regenerated.

Different concentrations of miRNA-141 were then tested. As seen in
Fig. 2B, the resonance angle increased following the increase of the
miRNA-141 concentration, implying that the increased quantity of
DNA-GO-AuNPs was captured on the sensor chip. The relation
between the change of resonance angle (Δθ) and the miRNA-141
concentration was summarized in Fig. 2B. Given that the resonance
angle change which was larger than 0.0015° acted as a signal, it was
found that the detection limit of two layers of GO-AuNPs enhanced
SPR (curve a) was 0.1 fM. Recently, we utilized one layer of GO-AuNPs
composites as a signal amplification element to develop a simple and
sensitive SPR biosensor [9]. Comparatively speaking, the detection
limit of two layers of GO-AuNPs enhanced SPR (curve a) was 1 order of
magnitude lower than that of one layer of GO-AuNPs enhanced SPR
(curve b). Presumably, compared with the Au film in one layer of GO-
AuNPs enhanced SPR, the bottom GO-AuNPs could immobilize more
capture DNA molecules due to its high specific surface area, and more
DNA-GO-AuNPs could be captured on the sensor chip accordingly.
Moreover, the sensitivity of two layers of GO-AuNPs enhanced SPR was
higher than those of previous works [9,17,21–29].

Subsequently, different concentrations solutions of miRNA-200a,
miRNA-429, miRNA-21 and random miRNA were used to evaluate the
selectivity of this SPR biosensor. Amongst these miRNAs, miRNA-141,
miRNA-200a and miRNA-429 are members of the miRNA-200 family.
As expected in Fig. 2C, for random miRNA and miRNA-21, there was
no increase in SPR signal. Compared with target miRNA-141, Δθ
increased slightly following the increase of miRNA concentration for

Q. Li et al. Talanta 174 (2017) 521–526

523



miRNA-200a and miRNA-429. Take 1 pM miRNA as a case, Δθ was
0.1379° for miRNA-141, which was seven times larger than that of
miRNA-429 and four times larger than that of miRNA-200a. Moreover,
the selectivity of the biosensor including compounds was also investi-
gated. As shown in Fig. S5 of the Supporting information, a clear
response was observed in case of target miRNA-141 (1 pM) or a mix of
three miRNAs while slightly signal was observed for either miRNA-
200a (10 pM) or miRNA-429 (10 pM). The response caused by
miRNA-141 was similar to that caused by the mix of three miRNAs,
implying that miRNA-200a and miRNA-429 did not interfere the
detection of target miRNA-141. It clearly showed that distinct sequence
specificity was achieved using the SPR biosensor.

Given the excellent selectivity of this SPR system, target miRNA-
141 in three human cancer cell lines, i.e. prostate carcinoma cell lines
(22Rv1), hepatocellular carcinoma cell lines (SMMC-7721), and colon
cancer cell lines (LoVo), were also measured using the SPR biosensor.
According to our previous work [9], miRNA-141 levels were defined
using the relative expression levels based on the expression ration of
miRNA-141 in cell lines versus that in 22Rv1 cell lines. The relative
expression levels of miRNA-141 were measured by two technologies,
i.e. qRT-PCR and the developed SPR biosensor. Interestingly, those
two technologies generated a similar result that it had different
miRNA-141 expression levels in those three cancer cell lines. As
described in Fig. 2D, the cell extractions from the 22Rv1 cell and the
LoVo cell had a higher miRNA concentration than that of the SMMC-
7721 cell. This result was consistent with the previous studies that
reported that miRNA-141 expressed in a wide range of common
cancers including colon and prostate cancer [9,30]. As can be seen,
the developed SPR has considerable promise for practical applications
in miRNA detection.

3.2. Analytical performance of adenosine detection

Besides miRNA, small molecules were also detected using the
above mentioned SPR biosensor combined with the split aptamer.
Here, adenosine was chosen as the model. Likewise, the feasibility
of adenosine detection was first analyzed. As described in Fig. 3A.
After the mixture solution of 2 nM adenosine and split aptamer2
functionalized GO-AuNPs was reacted with split aptamer1 immo-
bilized on the sensor chip, a huge resonance angle shift was
observed (from curve 1 to curve 2), indicating the formation of
adenosine/aptamer complex on the sensor chip. When the sensor
chip was treated using 0.1% SDS/10 mM NaOH, SPR spectrum
shifted from curve 2 to curve 3, and the resonance angle of curve 3
was basically consistent with that of curve 1. It was suggested that
regeneration of the sensor chip was achieved. In addition, as only
adenosine or split aptamer2 functionalized GO-AuNPs was in-
jected, almost no SPR response was monitored, implying that no
adenosine/aptamer complex was assembled on the sensor chip.

Next, different concentration of adenosine was detected. As shown
in Fig. 3B, the SPR response increased with the increase of adenosine
concentration, due to the increased quantity of adenosine/aptamer
complex on the sensor chip. As shown in the inset of Fig. 3B, it
illustrated a good linear relationship between the logarithms of
adenosine concentrations and the shift of resonance angle over a range
of 0.1 pM to 2.0 nM. The calibration equation was Δθ = 0.024Log C +
0.0991 (R2 = 0.9887) (Δθ was the change of resonance angle, and C was
the concentration of adenosine). Since a change of resonance angle
larger than 0.0015° was defined as a signal, the detection limit of the
SPR sensor was calculated to be 0.1 pM, which was notably lower than
that of the previous works [20,27,31–38].

Fig. 2. (A) SPR spectra of (1) capture DNA modified on the GO-AuNPs functionalized Au film; (2) hybridization with 10 pM miRNA-141; (3) reaction with the DNA-GO-AuNPs; (4)
regeneration. (B) The relationship between Δθ and miRNA-141 concentrations by using (a) two layers of GO-AuNPs enhanced SPR and (b) one layer of GO-AuNPs enhanced SPR. (C)
Selectivity investigation of the two layers of GO-AuNPs enhanced SPR biosensor. (D) Paired comparison of the miRNA-141 levels detected in total RNA isolated from three human
cancer cell lines using the SPR biosensor (blue histogram) or qRT-PCR (green histogram). Relative signal intensity was based on the expression ratio of miRNA-141 in target cell lines
versus that in 22Rv1 cell lines. Error bars showed the standard deviation of measurement taken from three experiments.
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Moreover, adenosine analogue solutions of uridine, cytidine, and
guanosine were selected as contrasts for the investigation of the
selectivity of this system. As described in Fig. 3C, for three adenosine
analogue, all of the resonance angle changes were significantly lower
than that caused by adenosine, suggesting that the split aptamers still
showed excellent selectivity for adenosine. Take 100 pM adenosine and
adenosine analogue as an example, Δθ was 0.0795° for adenosine,
which was more than thirteen times larger than that of uridine, nine
times larger than that of cytidine, and eight times larger than that of
guanosine. The results clearly showed that the SPR biosensor had
decent selectivity for adenosine detection.

To test the applicability and reliability of the presented SPR
biosensor, the SPR biosensor was used to analyze adenosine in diluted
human serum. Since adenosine concentration in normal human blood
plasma ranges between 50 nM and 100 nM [39], the human serum
samples were diluted 1000 times with buffer (10 mM PBS, pH 7.4).
Then difference concentrations of adenosine were added in diluted
serum samples for preparing the adenosine-spiked serum samples.
Finally, these samples were filtered to remove macromolecules using
centrifugal filtration devices (MWCO = 10,000 Da, Millipore) for
minimize nonspecific adsorption. As shown in Table 2, recovery of
adenosine from diluted human serum samples was 99.4–101.0%.
These results indicated that the present SPR sensor could be practically
applied in clinical adenosine detection analysis.

4. Conclusion

In conclusion, a novel, sensitive and versatile GO-AuNPs compo-
sites-based SPR biosensor was introduced. In this biosensor, two layers
of GO-AuNPs was utilized for signal amplification. The bottom layer,
which was functionalized on Au film, had a large specific surface area so
that it could immobilize more capture DNA molecules, resulting in the
amplification of SPR response. The upper layer, which acted as a
signal-enhancing label, could further enhance the SPR response.
Employing two layers of GO-AuNPs amplification strategy, the SPR
biosensor showed superior sensitivity. In addition, the SPR biosensor
exhibited reasonable selectivity and it could be effectively applied to
complex systems, such as cancer cell extraction and serum.
Significantly, this approach can be potentially used for the detection
of a wide variety of targets such as proteins, cells, and other small
molecules, as long as the appropriate probe can be found and replaced.
This work provided a promising avenue for bioanalysis and biosensing.
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