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A B S T R A C T

Surface-enhanced Raman scattering (SERS) based DNA biosensors have considered as excellent, fast and ul-
trasensitive sensing technique which relies on the fingerprinting ability to produce molecule specific distinct
spectra. Unlike conventional fluorescence based strategies SERS provides narrow spectral bandwidths, fluores-
cence quenching and multiplexing ability, and fitting attribute with short length probe DNA sequences. Herein,
we report a novel and PCR free SERS based DNA detection strategy involving dual platforms and short DNA
probes for the detection of endangered species, Malayan box turtle (MBT) (Cuora amboinensis). In this biosensing
feature, the detection is based on the covalent linking of the two platforms involving graphene oxide-gold
nanoparticles (GO-AuNPs) functionalized with capture probe 1 and gold nanoparticles (AuNPs) modified with
capture probe 2 and Raman dye (Cy3) via hybridization with the corresponding target sequences. Coupling of
the two platforms generates locally enhanced electromagnetic field ‘hot spot’, formed at the junctions and in-
terstitial crevices of the nanostructures and consequently provide significant amplification of the SERS signal.
Therefore, employing the two SERS active substrates and short-length probe DNA sequences, we have managed
to improve the sensitivity of the biosensors to achieve a lowest limit of detection (LOD) as low as 10 fM.
Furthermore, the fabricated biosensor exhibited sensitivity even for single nucleotide base-mismatch in the
target DNA as well as showed excellent performance to discriminate closely related six non-target DNA se-
quences. Although the developed SERS biosensor would be an attractive platform for the authentication of MBT
from diverse samples including forensic and/or archaeological specimens, it could have universal application for
detecting gene specific biomarkers for many diseases including cancer.

1. Introduction

DNA sensing technology has rapidly emerged since last decades to
get the biological footprints of every species. Current technologies for
DNA identification such as sequencing, microarray and mass spectro-
metry are labor-intensive, time-consuming and require expensive
equipment. In addition, the use of short length DNA probe in the widely
accepted PCR based techniques (e.g. sequencing) for the DNA biosen-
sing is often very challenging (Ngo et al., 2016). While short-length
amplicons, typically ≤150 bp in length improve the better recovery of
the detection from the degraded DNA specimens or compromised for-
ensic evidence (Turna et al., 2010), reduction of amplicon length in

PCR based technique is limited by low specificity, producing artifacts in
the final results (Ali et al., 2012; Hird et al., 2006). Therefore, nano-
particles based DNA sensing has recently considered as one of the best
alternatives to the conventional strategies to conserve the high speci-
ficity and sensitivity using very short segment of DNA as the detection
probe (Merkoçi, 2010). In recent years, nanoparticles based DNA bio-
sensors are employed in diversified applications including identifica-
tion of pathogenic microorganisms (Tondro et al., 2018), detection of
cancer biomarkers (Huang et al., 2018; Shahrokhian and Salimian,
2018), trace elements, environmental hazards, drug screening, and the
analysis of gene sequences (Li et al., 2005; Saidur et al., 2017) and food
safety (Ha et al., 2017). Thus we believe that nanoparticle based DNA
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sensing technology (e.g. SERS) could be strategic to identify the en-
dangered species such as Malayan box turtle (MBT). MBT is an en-
dangered and vulnerable turtle species but an attractive item to the
illegal wildlife trader due to its huge appeal as an exotic food item and
in traditional medicine. Moreover, MBT is a natural scavenger of waste
materials, hence carrier of several pathogenic microorganisms, para-
sites, various toxins, and heavy metals (Ali et al., 2016; Green et al.,
2010). Therefore, consumption of or contact with this turtle and/or
turtle-derived materials in food chains and medicines have significant
health concerns which urge for the reliable authentication technique for
this turtle species to restrict health hazards, as well as to prevent or
reduce illegal trades.

SERS has emerged as the most powerful analytical technique for the
fast and ultra-sensitive detection of DNA with single molecule differ-
entiations by providing intrinsic chemical information and vibrational
fingerprints of each molecules (Nie and Emory, 1997; Xu et al., 2015). It
has certain advantages over fluorescence, spectroscopic, electro-
chemistry and some other techniques. For instance, no photo-bleaching
from the Raman tags or Raman scattering compound, availability of
large number of Raman labels which have broaden up the scope to
select the right label according to the experimental design applications,
unique spectral fingerprint from the Raman tag upon laser excitation
and the narrow spectrum peak widths that opens up the opportunity of
high level multiplex detection (Kneipp et al., 2006; Zhang et al., 2010).
SERS phenomenon can be explained by the two enhancement me-
chanisms, the electromagnetic and the chemical or charge transfer
mechanisms. Electromagnetic enhancement is due to the enhanced
electromagnetic fields localized to few nanometers of a nanostructured
metallic surface formed by surface plasmon resonances while chemical
enhancement results from the resonant charge transfer effects between
the metal and the molecule that is strongly chemically adsorbed onto its
surface (Khalil et al., 2016; Maher, 2012). However, nanoparticle-based
SERS signaling is mostly dependent on the highly localized regions of
intense local field ‘hot spots’ which is formed in the nanoscale junctions
and interstitial crevices of the two or more interacting SERS substrates
and consequently provide extraordinary enhancements of up to 1015

orders of magnitude to the SERS signal (Hao and Schatz, 2004; Qian
et al., 2008). Therefore, metallic nanostructures in different forms such
as nanoparticles, nanorod, nanogaps, nanoshells, nanostars, dimers,
and many more as well as combination of different materials were
utilized to explore the hot spots and employed in DNA sensing as it
could greatly increase the Raman cross section of the immobilized
biomolecules, leading to a low detection limit (Khalil et al., 2016; Lu
et al., 2011). GO-AuNP hybrid composites have recently been proved as
an effective SERS platforms due to the synergistic effect of two in-
dividual components which can magnify the weak Raman signals
(Khalil et al., 2016). However, the integration of GO-AuNP hybrid
composites with AuNPs has never been explored which we believe can
further enhance the Raman signal of the adsorbed molecules with many
order of magnitude via electromagnetic and chemical enhancement in
comparison to the individual components (either GO, AuNPs or GO-
AuNP hybrid alone). Thus, DNA sensing strategy that uses both GO-
AuNP hybrid composite and AuNPs as the sensor platforms, could re-
volutionize the current biosensing techniques for detecting endangered
species as well as DNA biomarkers for many diseases including cancer.

Herein we develop a novel and PCR free SERS DNA biosensor which
utilizes a sandwich platform comprising of GO-AuNPs hybrid for target
capture and SERS tagged AuNPs for target detection. The hybridization
of target sequence with the capture and detection probe facilitates the
covalent agglomeration of the strongly coupled plasmonic AuNPs over
GO-AuNPs and thereby exhibits locally enhanced electromagnetic field
at the junction. The use of dual platforms thus significantly enhanced
the SERS signal due to the ‘hot spot’ generation between GO-AuNPs and
AuNPs system (Hao and Schatz, 2004; He et al., 2012; Qian et al.,
2008). The developed platform detects target DNA sequence of en-
dangered MBT species, using a short length DNA capture probe which is

a limitation for current PCR based techniques. In our study, the Raman
tag was attached directly onto the AuNPs surfaces which minimizes the
distance dependent limitations, and produced intense SERS spectra by
the charge transfer mechanism between the Cy3 and AuNP surfaces
(Wabuyele and Vo-Dinh, 2005). With this greater amplification of the
SERS signal generated by the sandwich duplex structure, a detection
limit of as low as 10 fM is achieved. Moreover, our dual platform shows
excellent sequence specificity and sensitivity to discriminate single-base
mismatches. In comparison with other SERS DNA biosensors, our fab-
ricated sandwich biosensor is cost effective and avoids complex ma-
nipulation of ssDNA probe without intercalating the Raman tags. We
believe that this simple but highly selective, specific and sensitive DNA
sensing approach would be useful for wide-range of biosensing appli-
cations.

2. Materials and methods

2.1. Chemicals and instruments

Gold chloride trihydrate (HAuCl4·3H2O), sodium citrate dihydrate
(C6H5Na3O7·2H2O) (≥99%), graphite powder (< 20 µm), tris(2-car-
boxyethyl) phosphine hydrochloride (≥98%) (TCEP) and Tris-EDTA
(TE) buffer solution, pH 7.4 were obtained from Sigma Aldrich.
Potassium permanganate (KMnO4), phosphoric acid (H3PO4) were
purchased from R & M Chemicals Ltd.; sulphuric acid (H2SO4)
(95–97%), hydrochloric acid (HCl) (37%), and ethanol (99.8%) from
Friendemann Schmidt and hydrogen peroxide (H2O2) (35%) from
Quality Reagent Chemical (Qrec). DPEC treated water was purchased
from Biobasic Canada Inc. while ultrapure water (UPW) (18.2MΩ cm)
was prepared from CASCADA LS Water, Pall UltraPure Water System
and used throughout the study. The rest of the chemicals were of
analytical reagent grade and used as per requirement.

Washing and purification of the GO, AuNP and GO-AuNPs were
done by using high speed Heraeus Multifuge X3FR Centrifuge, Thermo
Scientific. On the contrary, Mini-15K CE High Speed Mini Centrifuge
was employed throughout the study for the washing of unbound DNA,
washing or separation of nanoparticles/nanocomposites. Ultrasonic
homogenizer (TF-650Y) was used for the exfoliation of GO. UV–vis
experiments were conducted by using UV-2600 UV–vis spectro-
photometer (Shimadzu co., Ltd, Japan). High resolution Transmission
electron microscopy (HRTEM) was performed using lacy carbon coated
copper grid with FEI Tecnai F20 TWIN 200 kV transmission electron
microscope (FEI company, Hillsboro, USA). X-ray diffraction (XRD) was
performed by using PANalytical X-ray diffractometer (model EMPYR-
EAN, Almelo, Netherlands). SERS spectra were recorded using
Renishaw Invia Confocal Raman Microscope. Atomic Force Microscopy
(AFM) was performed using AFM5000II Scanning Probe Microscope
(Hitachi) in dynamic force (tapping) mode.

2.2. Probe, target and non-target DNAs

The probe DNA sequence (31-mer) was selected from the short
length DNA fragment (120 bp) of mitochondrial cytochrome b (cytb)
gene of MBT species. The sequence was developed and verified by PCR
technique for the detection of MBT species from complex food matrices
by Ali et al. (2016). As a sensing strategy, the probe DNA sequence was
designed to split into two fractions – 16-mer and 15-mer length which
were further modified with 5′ thiol modifier with 6-carbon spacer arm
and 3′ thiol modifier with 3-carbon spacer arm respectively. All the
oligonucleotide sequences (listed in Table 1) were synthesized and
purified by the Integrated DNA Technologies (IDT), Singapore. The
lyophilized oligonucleotides were resuspended in TE buffer (10mM Tris
HCl, 1 mM EDTA, pH 7.4) as per manufacturer instructions and kept at
−40 °C as stock solution in 100 µM concentration. To prepare the
working standard or dilution from the stock solution, DPEC treated
water was used throughout the study.
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2.3. Synthesis of GO, AuNPs and GO-AuNP nanocomposites

GO and AuNPs were synthesized as per protocol described by
Marcano et al. (2010) and Liu and Lu (2006) respectively with few
modifications and described in details at Supporting information
(Section 1.1 and 1.2). GO-AuNPs composites were synthesized by the
citrate reduction of gold (III) salt as per reported procedure with minor
modifications (Goncalves et al., 2009). An aqueous suspension of GO
(0.5 mg/mL, 20mL) was prepared by ultrasonication for 2 h, followed
by the addition of syringe filtered 100mL HAuCl4·3H2O solution
(1mM). The resultant suspension was then aged for 30min with con-
tinuous stirring to promote the interaction of Au ions with GO surface.
The suspension was then heated until 80 °C and 2mL of
C6H5Na3O7·2H2O (300mmol) aqueous solution was added promptly
into it. The reaction was continued at 80 °C with stirring for another 4 h.
The resulting GO-AuNPs composite was centrifuged at 6000 RPM for
2 h and washed three times with UPW to eliminate the free AuNPs. The
final GO-AuNPs nanocomposite was resuspended in UPW and stored in
the refrigerator.

2.4. Attachment of thiol-modified capture probe DNA to AuNPs and GO-
AuNPs

To activate the thiol-modified oligo DNA, 100 µL of 1mM CP1 and
CP2 were treated separately with 10 µL of freshly prepared 10mM
TCEP and incubated at room temperature (RT) for 1 h. Thiol-activated
single-stranded (ss) oligonucleotide was then bound to the AuNPs and
GO-AuNPs following the procedure developed by Sun et al. (2007) with
little modifications. As-prepared AuNPs (3mL) and GO-AuNPs (500 µL)
suspension into two different Eppendorf tubes were centrifuged at 8000
RPM for 30min and the pellets were re-dispersed with 0.1mM PBS (pH
7.4) to produce final volume 300 µL and 500 µL respectively. TCEP
treated CP1 was added into GO-AuNPs while CP2 into AuNPs tube,
mixed well with gentle hand shaking and incubated for 16 h at RT in
dark environment. After 16 h, 10mM PBS (pH 7.4) with 0.1% Tween 20
was added to the mixture to result in a solution with a final buffer
concentration of 1mM PBS with 0.01% Tween 20 and kept standing for
30min. Next, the salt aging of the DNA functionalized nanoparticles
was initiated slowly with 1M NaCl to reach the final NaCl concentra-
tion of 100mM. NaCl was added gradually at an interval of 1 h and the
increment rate was such that after first addition of 1M NaCl it reached
to 10mM. At each NaCl increment, a certain amount of DNA is at-
tached, allowing the AuNPs and GO-AuNPs to survive the next small
increment of salt. Moreover, the conformation of DNA is also changed
from being parallel to an upright arrangement on the AuNP surface
which provides more effective steric stability as well as make easy
availability of DNA sequences for further hybridization (Cutler et al.,
2012; Zhang et al., 2013). The samples were further allowed to age
under the same conditions for another 40 h at RT. The aged solution
was then centrifuged at 8000 RPM for 20min and pipetted off the su-
pernatant as much as possible to remove the free DNA. Functionalized

nanoparticles were again dispersed in washing buffer (0.1 mM PBS and
100mM NaCl, pH 7.4) and centrifuged at 8000 RPM for 20min and the
procedure was repeated for 2–3 times. Finally, GO-AuNP immobilized
CP1 (GO-AuNP-CP1) precipitates were dispersed in 0.1mM PBS (pH
7.4) and 100mM NaCl buffer and stored at refrigerator for further use.

2.5. Attachment of Cy3-cysteamine to oligo-functionalized AuNPs

Thiolated Cy3 (1000 µL, 1 µM) was treated with 100 µL of freshly
prepared 10mM TCEP and incubated for 1 h at RT. TCEP treated Cy3
was added to the red oily precipitate of AuNP-CP2, obtained from the
previous step and allowed to keep for 24 h with frequent manual stir-
ring. The solution was then centrifuged at 8000 RPM for 20min and the
supernatant was discarded. The precipitate was washed with nanopure
water by successive centrifugation and redispersion in nanopure water.
It has already been established that formation of monolayer of ssDNA
after attachment of thiolated DNA onto AuNPs, there were still spaces
on AuNPs surface for the subsequent attachment of Raman tags (Sun
et al., 2007).

2.6. Fabrication of GO-AuNPs DNA biosensor

GO-AuNP-CP1 (400 µL) was incubated with corresponding target
DNA (100 µL) for overnight at RT. GO-AuNP-CP1-Target nanocompo-
site was centrifuged at 8000 RPM for 20min and washed twice with
washing buffer to remove the unhybridized target DNA. The GO-AuNP-
CP1-Target nanocomposite was then dispersed into nanopure water for
the subsequent hybridization with equal quantity of AuNP-DNA2-Cy3
in the microcentrifuge tube, shaken manually and incubated at RT for
overnight to facilitate the hybridization of the CP2 with the unbound
part of the target DNA. The hybridized compound (GO-AuNP-CP1-
Target-CP2-AuNP-Cy3) was centrifuged at low speed (4000 RPM for
5min) and washed several times with washing buffer to remove the
unbound AuNP-DNA2-Cy3. The final nanocomposite was dispersed into
nanopure water, followed by the preparation of corresponding slide for
SERS experiment by dropping 50 µL each of the sample on the silicon
wafer. The sample spot was dried under vacuum created using vacuum
pump at ambient condition and SERS spectra were acquired using
Renishaw Invia Confocal Raman Microscope with a 20× working ob-
jective lens. The sample was excited by using 532 nm laser with 5-mW
power at the laser source with 50 µm diameter spot. All of the obtained
Raman spectra were chopped to reveal Raman bands with/without
applicable baseline correction. All these manipulations were conducted
using the Origin Pro 9.1 software.

3. Results and discussion

3.1. Design and principle of the biosensor

The principle of dual platform based (i.e. GO-AuNPs and AuNPs)
SERS detection of DNA is illustrated in Fig. 1. We employed a

Table 1
List of oligonucleotide sequences.

Name Sequence profile

Capture probe 1 (16-mer) (CP1) : SH-(CH2)6-5′-GAT-CAT-TAC-TAG-GCA-C 3′
Capture probe 2 (15-mer) (CP2) : 5′CTG-CCT-AAT-CCT-TCA 3′-(CH2)3-SH
Target DNA : 5′TGA-AGG-ATT-AGG-CAG-GTG-CCT-AGT-AAT-GAT-C3′
Non-complementary DNA : 5′CAG-GAA-GCC-GAA-TGA-ACA-TTC-GAC-GGC-AGC-T3′
Non-target DNA (Buffalo) : 5′TGC-AGG-ATT-AGG-CAG-ATG-CCT-AGG-AGA-GAG-C3′
Non-target DNA (Horse) : 5′TGG-AGG-ATT-AGG-CAG-ATT-CCT-AGG-AGG-GAG-C3′
Non-target DNA (Cow) : 5′TGT-AGG-ATT-AGG-CAG-ATT-CCC-AGG-AGG-GAA-C3′
Non-target DNA (Pork) : 5′AGG-GCG-GTA-ATG-ATG-AAT-GGC-AGG3′
Non-target DNA (Dog) : 5′TGG-CTG-TGT-CCG-ATG-TAT-AGT-GCA-AGT-CCA-CTT3'
One-base mismatch DNA : 5′TGA-AGG-ATT-AGG-CAA-GTG-CCT-AGT-AAT-GAT-C3′
Three-base mismatch DNA : 5′TGA-AGG-ATT-AGG-TGA-GTG-CCT-AGT-AAT-GAT-C3′
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‘sandwich’ assay strategy which involves attachment of CP1 on GO-
AuNPs composites by the well-established Au-S bonding followed by
hybridization with corresponding target sequences (Fig. 1a). On the
other hand, CP2 was immobilized onto another platform (i.e. AuNPs)
followed by the attachment of Cy3 Raman tag (Fig. 1b). The covalently
bound Raman Tags which are in close proximity to the AuNPs surface
ensure strong SERS signals to be observed (Sun et al., 2007). CP1 and
CP2 are thiolated at the 5′ and 3′ end respectively which allows facile
self-assembly of DNA strands on AuNP surfaces through formation of
Au–S bonds (Zhang et al., 2007). In between thiol group and nucleotide
bases of the capture probes (CP1 and CP2) we have added 6-carbon
spacer to keep the capture probes in upright conformation and free for
hybridization as DNA bases in proximity of AuNPs could face difficul-
ties due to steric effect at the surfaces (Park et al., 2002; Zhang et al.,
2007). In the construction of SERS biosensor (Fig. 1c), a sandwich
complex was formed via a binary networking between the two plat-
forms upon mixing together where CP2 immobilized on AuNPs were
hybridized with the remainder target sequence attached to GO-AuNPs
(Mucic et al., 1998; Sun et al., 2007). The SERS signal finally confirms
the presence of target DNA sequence in the dual platform.

3.2. Characterization of GO, AuNPs, and GO-AuNPs nanocomposite

The XRD spectra of GO showed a dominant diffraction peak at 2θ =
10.65° corresponding to an interlayer spacing is 8.30 Å (Fig. S1a), in-
dicating that the starting graphite flakes had been oxidized to GO
(Marcano et al., 2010). XRD analysis of the synthesized AuNPs re-
presents the five peaks at 2θ = 38.19° (d-spacing: 2.35 Å), 44.38° (2.04
Å), 56.68° (1.62 Å), 64.70° (1.44 Å) and 77.67° (1.22 Å) (Fig. S1a),
corresponding to the Reference code 96-901-1614 of HighScore Plus
library, and standard Bragg reflections (crystal planes) of (111), (200),
(200), (220), and (311) of Au face centers cubic (fcc) lattice. The in-
tense peak at 56.68° represents the preferential growth in the (200)
direction. The GO-AuNP composites also showed the four major peaks

at 38.10° (d-spacig: 2.36 Å), 44.30° (2.04 Å), 64.70° (1.44 Å) and 77.64°
(1.22 Å) confirming the presence of AuNPs on the GO (Fig. S1a)
(Pocklanova et al., 2016).

The characteristic UV spectrum of GO exhibited a major peak at 232
nm, corresponding to the plasmonic π→π* transitions (C˭C bonds) (Fig.
S1b) (Heuer-Jungemann et al., 2015). The as prepared AuNP solution
was burgundy red in color and reflected an absorption band at 520 nm
in the visible spectrum (Fig. S1b) (Goncalves et al., 2009). The antici-
pated shape and diameter of AuNPs are spherical and 13 nm in average
which in consequent justified by the HR-TEM examination (Fig. 2b),
hence comply the previous study (Liu and Lu, 2006). GO-AuNPs hybrids
showed two peaks at 240 and 522 nm, representing the characteristic
absorption of GO and AuNPs respectively, as well as dictating the
successful attachment of AuNPs over GO (Fig. S1b) (Zhang et al., 2012).
The result is consistent with HR-TEM (Fig. 2c). The synthesized GO was
also characterized by the Raman spectra comprising G-band at 1600
cm−1 and D-band at 1350 cm−1 whereas GO-AuNP composite was
characterized by a moderate blue shift (4 cm−1) as the D-band shifted
from 1350 cm−1 to 1346 cm−1 (Fig. S1c). This shift suggests an in-
teraction between AuNPs and GO substrate and ensures AuNPs were
deposited on GO (Subrahmanyam et al., 2010). More importantly, there
was a significant increase of Raman spectra for GO-AuNPs in compare
to GO (~2.5 times higher of G-band value), implies the obvious effect of
AuNPs in the synthesized GO-AuNPs which might be due to the elec-
tromagnetic SERS enhancement (He et al., 2012; Li et al., 2016).

3.3. Attachment of capture probe DNAs and Raman Tag to nanoparticles

The conjugation of 15-mer long ssDNA to AuNPs converted the
pristine ruby red AuNPs solution to a pinkish-red solution and this re-
lative reduction of the color density is due to the reduced amount of
free AuNPs (Thavanathan et al., 2014). After the attachment of thio-
lated DNA on AuNPs, the UV–Vis spectra showed a peak shifting from
520 to 524 nm, which is due to the increase of AuNPs size through

Fig. 1. The schematic illustration of SERS sandwich biosensor based on GO-AuNPs and AuNPs dual platforms.
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conjugation with DNA probe, suggesting the successful binding of
ssDNA to the AuNPs. Addition of thiolated Cy3 to AuNP-DNA compo-
site, there was a slight red shifting (1 nm) of the peak at 525 nm, in-
dicating further increase of the AuNPs size, and confirms the

attachment of Cy3 on AuNP-DNA composites (Fig. 3a) (Thavanathan
et al., 2014). Similarly, absorption spectrum of GO-AuNPs hybrids
functionalized with ss-CP1 showed AuNPs characteristic peak shifting
from 522 nm to 524 nm (Fig. 3b), confirming the immobilization of

Fig. 2. HR-TEM images of (a) GO, (b) AuNP and (c) GO-AuNP on lacy carbon coated copper grid. (d–f) HR-TEM images of hybridized composites via the coupling of
two platforms, GO-AuNPs and AuNPs via the hybridization of the capture probe sequences with the complementary target sequence. As hybridization happened,
AuNPs were found mostly aggregated or linked to each other on GO sheets.

Fig. 3. UV–vis absorption spectra of (a) AuNP, AuNPs-ssDNA and AuNP-ssDNA-Cy3 and (b) GO-AuNPs, GO-AuNPs modified with thiolated CP2, followed by
corresponding Target and finally the hybridized composite.
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thiolated probe DNA over GO-AuNPs (Wang et al., 2016). However,
Atomic Force Microscopy (AFM) study of AuNPs-DNA indicated the
well dispersion of AuNPs (Fig. S2a–d) which may be due to the elec-
trostatic repulsion between AuNPs for oligo functionalization (Csaki
et al., 2001). AFM images of GO-AuNPs before and after DNA func-
tionalization also justified well distribution of AuNPs on GO sheets (Fig.
S2e–h). Moreover, it also demonstrated that AuNPs and GO-AuNPs are
stable at gradual increment of NaCl (1 M) during DNA salt-aging pro-
cess which thus ensures smooth hybridization process.

3.4. Justification of the biosensing strategy

AuNPs were functionalized with CP2 as well as further modified
with thiolated Raman dye by Au-S linkage and considered as signal
probes. Raman spectra of AuNPs-Cy3 reflected the exact fingerprints of
Cy3 dye which is characterized by the peaks predominantly at 616,
798, 937, 1121, 1158, 1233, 1270, 1384, 1470, and 1592 cm−1

(Fig. 4a). Immobilization of Cy3 onto AuNPs produced the spectral
fingerprint with greater enhancement of Raman scattering which is due
to the combined effect of electromagnetic enhancement and charge
transfer mechanism (Jans and Huo, 2012). However, the incorporation
of ss probe DNA to form the composite, AuNPs-CP2-Cy3, had no in-
fluence over the Cy3 fingerprint spectra but a decreased intensity. This
reduced intensity is proportional to the less immobilized Cy3 which
might be due to prior attachment of ss probe DNA to AuNPs (Fig. 4a).
Therefore, to demonstrate the feasibility of the signal control, a Cy3
concentration optimization study was conducted and described in the
Supporting information. The unique features in the signal probe design
is that Raman tag was not incorporated in the probe DNA rather di-
rectly immobilized onto AuNPs via strong Au-S covalent bonding. Thus
avoided complex manipulation in the probe sequences and keeping the
ss-probe sequence completely free for hybridization with corresponding
target sequences, which made the process robust (Sun et al., 2007).

The CP1 was immobilized on SERS active GO-AuNPs nanocompo-
sites by Au-S bonding and used as the detection probes subsequently.
Attachment of CP1 onto GO-AuNPs followed by hybridization with
corresponding target sequences was confirmed by UV–Vis spectra with
broadened red-shifted plasmon band (Fig. 3b) (Storhoff et al., 2000).
This widening of the peak might be due to the increasing of the particle
size formed by the GO-AuNPs-CP1-Target composite. The hybridization
of GO-AuNPs-CP1-Target with CP2-AuNP-Cy3 can be explained by the
red shift in the particle surface plasmon resonance from 520 to 525 nm,
and wide broadening of the peak with greater intensity at 525 nm
position which might be due to attachment of more AuNPs composites
with the existing GO-AuNPs by the corresponding probe sequences

against the target DNA (Fig. 3b) (Mucic et al., 1998; Storhoff et al.,
2000). Moreover, to justify the hybridization process by SERS, GO-
AuNPs platform was functionalized with Cy3 both in the absence and
presence of ss probe DNA. Only a single peak representing the Cy3 at
1468 cm−1 is distinguishable and visible as the other major peaks of
Cy3 are overlapped by D and G band of GO (Fig. 4b) (Prinz et al., 2016).
Therefore, as expected the hybridized composites were also found to
produce the SERS peak at 1468 cm−1 representing the Cy3 attached
with AuNPs as well as G-band at 1355 cm−1 and D-band at 1590 cm−1

characteristic to GO (Fig. S3), ensuring the linking of the two platforms
via the covalent attachment of the probes and corresponding target.

HR-TEM images of the hybridized products also justify that AuNPs
are linked with each other in maximum cases which indicates the
successful hybridization was happened between the two strands of the
CP sequences via complementary target sequences (Fig. 2d–f). How-
ever, few single AuNPs also found over the GO sheets, indicating no
hybridization happened which might be due to the lack of either strand
of the DNA probe sequences or somehow could not find the com-
plementary sequences to be hybridized. Moreover, to justify the hy-
bridization event happened throughout the reaction systems as well as
to validate the preparation of the slide for SERS study, a repeatability
study of a hybridized composite was conducted by taking SERS spectra
from the randomly selected three different locations of the same slide
(Fig. S5a). The error of the SERS peak at 1468 cm−1 for the three
different locations varied only very little with acceptable linearity (R2

= 0.94) (Fig. S5b).

3.5. Analytical performance of the biosensor

3.5.1. Selectivity of the biosensor
The specificity of the biosensor was solely dependent on the cova-

lent linking of the both platforms via hybridization of split probe se-
quences with corresponding target DNA and the appearance of re-
presentative Cy3 and GO peaks from the SERS spectra. Detection of
MBT target sequence is indicated by the presence of D and G band of GO
along with peak at 1468 cm−1 position as Cy3 signatory peak.
However, due to the use of short DNA probes in our approach, there is a
possibility of having similar nucleotide sequence in the whole genome
sequence of other species than MBT. Thus, to check the similarity in
sequence, the selectivity of the probe and non-target DNA sequences
was justified theoretically. The uniqueness of the 31-mer probe DNA
sequence was checked by multiple aligning with cytb gene of MBT and
27 other meat and fish species (Table S1) using MEGA5 alignment tool
(http://www.megasoftware.net/) which revealed 100% matching only
with MBT and scored 6–15 nucleotide (19.4–48.4%) mismatching with

Fig. 4. Raman spectra of AuNPs functionalized with DNA, Cy3 and both DNA and Cy3 (a) GO-AuNP and GO-AuNP functionalized with DNA, Cy3 and both DNA and
Cy3 (b).
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other non-target species (Table S1), therefore reflecting huge genetic
distance and unlikelihood of cross-species recognition in a real ex-
periment. In our experiments, the selectivity of the biosensor was
evaluated following different control hybridization reactions accom-
plished by the presence and absence of target DNA sequences and the
replacement of target sequence with non-complementary DNA se-
quences. In detail, substitution of the target sequence was done by i) 31-
mer long oligonucleotide sequence with 100% mismatch nucleotide
bases, ii) complementary target sequence of the three non-target species
(buffalo, horse and cow) having the 6–8 mismatches (Table S1), and iii)
two other non-target sequences with distinct length – pork (24-mer)
and dog (33-mer). In the presence of the corresponding target sequence,
GO-AuNP-CP1-Target-CP2-AuNP-Cy3 sandwich composite was formed
by the coupling of the two platforms, generates the SERS hot spot and
consequently strong SERS signal characterized by Cy3 fingerprint peak
at 1468 cm−1 along with GO representing G and D band (Fig. 5a). This
SERS spectra therefore indicates a true positive result (Chuong et al.,
2017). On the other hand, SERS spectra from the control samples such
as hybridized composite with no target sequence (blank sample) gen-
erated only GO representing peaks without any existence of Cy3 spec-
tral fingerprint (Fig. 5a), therefore, suggesting no hybridization event
due to lack of bridging target sequences. Therefore, the peak intensity
at 1468 cm−1 for the blank sample is being considered as the baseline
signal for Cy3 and the obtained spectra is denoted as the true negative.

The SERS spectra of the hybridized composite achieved in the

presence of non-complementary (100% mismatch) and complementary
target sequences of the non-target species (cow, buffalo, horse, dog and
pig) however, revealed representing GO peaks and in rare cases with
very little existence of Cy3 signal (Fig. 5a). The presence of this very
weak Cy3 signal could be considered as false positive, and the intensity
is ignored in this study due to the equal or lower signal-to-noise ratio.
This little existence of Cy3 spectra might be due to some nonspecific
interaction between the fabricated GO-AuNPs-CP1-T and AuNPs-CP2-
Cy3 composites, however could not produce intense Cy3 SERS signal
due to lack of hot-spot generation. This is because hot spots are gen-
erally originated at the interstices between adjacent AuNPs rather than
between GO sheet and AuNPs (Chuong et al., 2017). Moreover, due to
the dominant presence of the D and G band of GO, all other less intense
Cy3 peaks were also minimized (Prinz et al., 2016). A true positive
signal is therefore distinguishable from the false positive by the distinct
Cy3 fingerprint peak at 1468 cm−1. Therefore, the results showed that
the fabricated sensor is highly efficient to distinguish target and non-
target DNA sequences of the closely related species and suggesting no
hybridization event between the capture probes and complementary
target sequence of the non-target species. The selectivity experiment
thus confirms the theoretical finding that the probe is highly specific for
MBT species only and there is no chance for the hybridization with non-
target species.

Fig. 5. (a) SERS spectra of the selectivity study. DNA hybridization containing complementary, non-complementary, negative control (blank) and non-Target
sequences (pig, dog, horse, buffalo, and cow), and (b) SERS spectra of the biosensor hybridized with corresponding (red), single-base mismatch (dark blue) and three-
base mismatches (black) target sequences. (c) Stacked SERS spectra of Cy3 peak at 1468 cm−1 of the composites hybridized with varying concentration of MBT target
DNAs (10 µM to 1 fM), displayed from the upper to the lower direction. Here, the spectra were chopped into 1450–1480 cm−1 to magnify and distinguish the
intensity at peak 1468 cm−1. (d) Linear plot of SERS intensities of 1468 cm−1 band versus corresponding target DNA concentration.
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3.5.2. Sensitivity of the biosensor
The efficiency of biosensor in terms of the ability to distinguish the

corresponding target sequences bearing single-base mismatch and
three-base mismatches were tested. As shown in Fig. 5b, the hybridized
composite via the base-mismatch target sequence generated SERS
spectra (i.e. Cy3 representative peak at 1468 cm−1) at lower intensity
in comparison to the fully complementary sequence. This is attributed
to the fact that mismatched DNA might undergo irregular attachment
with the complementary probe sequences due to the base changes in the
sequence. The data in Fig. 5b thus indicates that the higher the number
of base mismatches in the sequence, the lower the SERS intensity due to
the irregular hybridization. This data clearly suggests that the devel-
oped biosensor is sensitive enough to distinguish the DNA with single
nucleotide variation. We believe that one of the main reasons behind
this greater efficiency is probably the use of very short fragment of ss
DNA (only 15 and 16 bases long) as the probe sequences for detecting
target DNA.

3.5.3. Dynamic detection range of the biosensor
Quantitative detection of the target sequence was performed by

measuring the SERS intensity of the representative signal probe - Cy3
from the hybridized compounds formed via the varying concentration
of target DNA. Each Target sample is ten times diluted from its previous
concentration to provide a series of target DNA concentration from 10
µM to 1 fM. The SERS intensity was in downward trend with the de-
creasing concentration of the target DNA from 10 µM to 10 fM (Fig. S6
and Fig. 5c). However, there was no/almost indistinguishable Cy3
signal from the hybridized composite for the target concentration below
10 fM. The SERS spectra were background (baseline) corrected, and a
standard curve for the intensity of the Cy3 peak at 1468 cm−1 position
versus target concentrations was plotted (Fig. 5d). An R2 value of 0.96
was obtained from the linear regression analysis of the peak height at
1468 cm−1 against the corresponding target DNA concentration. This
data suggests that our biosensor can be applicable in detecting target
DNA sequence from a wide range of sample concentration. This greater
sensitivity of our fabricated biosensor relied on few aspects such as
using GO-AuNPs as the SERS platform where maximum number of
AuNPs were being deposited over the large planer surface of GO which
in consequent facilitated the covalent binding of CP1 sequences in
greater numbers, hence creating more options even for the minute
quantity of the target sequences to be hybridized. Even if single CP2
bound to AuNP-Cy3 hybridize with the corresponding unbound portion
of target sequence, the Cy3 signal would be strong due to more Cy3
molecules bound over the same AuNP-CP2 composite (Fig. 1c). More-
over, covalent linking of the detection and signal probe via hybridiza-
tion event brings the two platforms within few nanometer ranges,
therefore generates hotspots at the junction of GO-AuNPs and AuNPs
which in consequent lead to strong highly localized enhancement of
SERS signal. In addition to the electromagnetic, a minor enhancement
due to the resonant charge transfer process between the AuNPs and Cy3
is also contributed to the detected Raman signal. This chemical en-
hancement might be due to the vibrationally excited state of the ad-
sorbed Cy3 molecule which is caused by two ways - either by exciting
electrons from AuNPs to unoccupied molecular orbitals of adsorbed Cy3
and back to the AuNPs or electrons from the occupied molecular or-
bitals into the Fermi level of AuNPs and back to the adsorbed molecule
(Maher, 2012; Radziuk and Moehwald, 2015). Hence to justify the
contribution of the hot spots in signal enhancement, SERS spectra of
hybridized sandwich composite in absence of Cy3 was compared to
bare GO-AuNPs and the enhancement is about 26% more intense than
GO-AuNPs (Fig. S7). This enhancement is definitely due to the ag-
glomeration of AuNPs over GO-AuNPs via hybridization and hot spot
generated at the junctions between AuNPs rather than AuNPs deposi-
tion over GO sheet (Chuong et al., 2017). Moreover, functionalization
of AuNPs-CP2 with Cy3, followed by hybridization and coupling with
GO-AuNPs-CP1-T, enhances SERS signals 15% (Fig. S7) more than the

hybridized composite without Cy3, therefore, dictates the contribution
of chemical enhancement by the adsorbed Cy3 molecule.

The use of SERS active dual nanoparticle platforms, and short length
oligo marker, made our biosensor viable and amenable for the detection
of trace amount of DNA (e.g. LOD is 10 fM) present in the sample. The
fabricated biosensor showed better capability to detect MBT species in
comparison to the some of the PCR based detection techniques invol-
ving 120 base pair long amplicon by conventional PCR, PCR-RFLP and
SYBR green real-time PCR techniques (Ali et al., 2015, 2016; Asing
et al., 2016). Hence, the detection principle will be efficient enough for
the unambiguous tracing of MBT materials in the food chain, or any
forensic or archaeological investigations and tracking of trafficking.
Moreover, SERS biosensors exhibited better sensitivity than the bio-
sensors fabricated by single platform using Raman label at the terminal
end of reporter DNA (He et al., 2012) and even using the dual platforms
following sandwich assay procedure (Kang et al., 2010; Zhang et al.,
2010). Some of the sandwich assay procedure involved SERS non-active
platform hence required further step such as exfoliation of a graphene
layer over the hybridized composite (Prinz et al., 2016) or silver en-
hancement of the hybridized composites (Cao et al., 2002). Therefore,
to address the shortcomings as well as to make the sensing way easy,
flawless, and convenient, we have employed two different SERS active
platforms and only few simple steps involvement to produce multi-
component aggregates upon hybridization to get greater SERS intensity
via the localized hot spots. Furthermore, Cy3 was directly immobilized
onto the AuNPs which also directly contributed on the total enhance-
ment by the charge transfer mechanisms. Finally, we believe that using
different SERS active substrate and applying the same biosensing
principle, it will be possible to establish a multiplex DNA sensor for the
detection of multiple DNA biomarker sequences from different origin.

4. Conclusion

We have demonstrated dual platform-based PCR free SERS assay for
the efficient and sensitive detection of DNA. To fabricate the device,
short probe sequences were immobilized onto two different nanos-
tructure platforms to form GO-AuNPs-CP1 and AuNPs-CP2-Cy3, con-
sidered as detection and signal probe respectively. The novel features of
the sensor are the use of very short length probe sequences and the
linking of the two SERS active platforms via target-probe DNA hy-
bridization to produce a unique and enhanced SERS signal. This huge
enhancement is in fact due to the combined effects of electromagnetic
enhancement via the hot spot generated by multicomponent assembly
as well as the chemical enhancement by the charge transfer mechanism
between Cy3 and AuNPs surfaces. Therefore, the presence of target
DNA up to 10 fM, was even able to combine the two platforms together
to generate the unique and distinguishable SERS spectra. The bio-
sensors thus provide the LOD down to 10 fM and could differentiate the
target sequences difference with single nucleotide variation.
Furthermore, the fabrication of the biosensor is easy, convenient, in-
volves low-cost SERS substrate and provides extraordinary specificity to
discriminate the corresponding sequences of the closely related non-
target meat species. The SERS biosensor thus revealed better suitability
and efficiency for the detection and quantification of MBT materials in
the food chain to remove the ambiguity, hence could be adopted by the
regulatory authorities, archaeologists and wildlife protection agencies
for the forensic or archaeological authentication even under compro-
mised conditions as well as tracking of the MBT trafficking with greater
reliability and confidence. Moreover, this PCR free, short length split-
probe DNA conjugated dual platforms based SERS sensing technology
will also be suitable for detecting any short length DNA biomarkers.
Thus, we believe that this platform could be considered as a model for
the detection of life threatening pathogenic microorganisms, cancers,
verification of food adulteration, authentication of species, forensic
applications and guided us for the multiplex detection.
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