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Dual platform based sandwich assay surface-
enhanced Raman scattering DNA biosensor for the
sensitive detection of food adulteration†
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Abu Ali Ibn Sina, b Shahrooz Rahmati,a,c,d Wan Jefrey Basiruna,e and
Ali Seyfoddinf,g

Surface enhanced Raman scattering (SERS) DNA biosensing is an ultrasensitive, selective, and rapid detec-

tion technique with the ability to produce molecule-specific distinct fingerprint spectra. It supersedes the

long amplicon based PCR assays, the fluorescence and spectroscopic techniques with their quenching

and narrow spectral bandwidth, and the electrochemical detection techniques using multiplexing.

However, the performance of the SERS DNA biosensor relies on the DNA probe length, platform compo-

sition, both the presence and position of Raman tags and the chosen sensing strategy. In this context, we

herein report a SERS biosensor based on dual nanoplatforms with a uniquely designed Raman tag (ATTO

Rho6G) intercalated short-length DNA probe for the sensitive detection of the pig species Sus scrofa. In

the design of the signal probe (SP), a Raman tag was incorporated adjacent to the spacer arm, followed by

a terminal thiol modifier, which consequently had a strong influence on the SERS signal enhancement.

The detection strategy involves the probe–target DNA hybridization mediated coupling of the two plat-

forms, i.e., the graphene oxide-gold nanorod (GO-AuNR) functionalized capture probe (CP) and SP-con-

jugated gold nanoparticles (AuNPs), consequently enhancing the SERS intensity by both the electromag-

netic hot spots generated at the junctions or interstices of the two platforms and the chemical enhance-

ment between the AuNPs and the adsorbed intercalated Raman tag. This dual platform based SERS DNA

biosensor exhibited outstanding sensitivity in detecting pork DNA with a limit of detection (LOD) of 100

aM validated with DNA extracted from a pork sample (LOD 1 fM). Moreover, the fabricated SERS biosensor

showed outstanding selectivity and specificity for differentiating the DNA sequences of six closely related

non-target species from the target DNA sequences with single and three nucleotide base-mismatches.

Therefore, the developed short-length DNA linked dual platform based SERS biosensor could replace the

less sensitive traditional methods of pork DNA detection and be adopted as a universal detection

approach for the qualitative and quantitative detection of DNA from any source.

Introduction

Meat adulteration is now a matter of great concern due to
recent meat scandals that received intense public outrage and
global media coverage, consequently leading to huge economic
losses.1–3 Apart from commercial reasons, the adulteration of
meat products is a major concern for adverse health effects
due to allergies caused by undeclared food ingredients as well
as for cultural and religious issues.4,5 Meat adulteration is typi-
cally committed by the substitution of a cheaper meat for a
high-value one. Pork, which is one of the most commonly
available and globally consumed meats, along with beef and
poultry, has similar color and texture to mutton or beef and is
generally substituted for these two kinds of meat to pursue
higher economic profits.6,7 Moreover, the halal and kosher
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global meat markets are now fast expanding from huge
demand for their certified products due to the perception of
safety and better quality as well as ethnic considerations.8,9

Therefore, the development of a sensitive, reliable and rapid
pork detection method is in high demand as a first line of
defense for detecting and deterring food fraud or accidental
cross-contamination, especially in processed meat products,
which could assist in preventing unfair business competition,
boost consumer confidence and economic growth, and lead to
more social harmony.

Different assay techniques, mostly based on protein or DNA
biomarkers, have been employed to verify the authenticity of
meat products and identify the origin of the species. Pork fat
(lard) or protein marker based techniques include high-per-
formance liquid chromatography,10 electrophoretic
methods,9,11 FTIR, UV-Vis and mass spectroscopies,12 enzyme-
linked immunosorbent assay (ELISA)13 and the recently devel-
oped lateral flow devices.14 However, the requirements of
costly instruments, substantial laboratory setup and special-
ized skilled personnel for operation and data interpretation,
the inability to differentiate closely related species from mixed
sample matrices due to cross-species reactions, and, above all,
the thermal instability of lipids and proteins have lessened the
applicability of these mentioned techniques for both raw and
processed food products.15 In contrast, DNA based detection
techniques have shown greater success due to higher stability,
specificity, sensitivity and accuracy.16 Polymerase chain reac-
tion (PCR) based DNA detection methods, such as species-
specific PCR,17 PCR-restriction fragment length polymorph-
ism15 and real time PCR,4,16 have been employed for both
qualitative and quantitative evaluation of pork residues in
meat and meat products. However, the reduction of amplicon
length (≤150 bp) in PCR techniques is often challenging, as it
reduces the specificity of the technique and produces artifacts
in the final result.18 Hence, different short-length DNA linked
nanoparticle based sensing strategies, such as colorimetry,19

fluorescence spectroscopy,20 electrochemistry,21 surface
plasmon resonance and SERS techniques, have been con-
sidered as promising alternatives to replace the PCR based
technique for more sensitive detection.

SERS is a sophisticated approach that enables single mole-
cule identification and is therefore considered as one of the
most powerful analytical techniques for DNA detection.22,23

Recently, we reported a SERS based DNA biosensor that uti-
lized SERS-active dual platforms and co-adsorption of a probe
sequence and Raman tag on AuNPs for the sensitive detection
of Malayan box turtle (MBT) DNA.24 However, in spite of the
excellent sensitivity, it is difficult to maintain the ratio of the
Raman dye and probe sequences on the same nanostructures
in the co-adsorption process. Therefore, the preparation of
SERS label by an alternative but effective way via intercalating
the Raman tag in the DNA probe sequences was tested.
However, the distance between the intercalated Raman tag and
the surface of nanostructured platform has a significant role
in the SERS intensity, i.e., the closer the Raman tag the greater
the amplification, hence the improved sensitivity.25,26 There

are a few factors that influence the performance of the SERS
sensing system, such as electromagnetic enhancement
induced by the nanoparticle aggregated hot spots, chemical
enhancement dependent on the distance between the Raman
tag and the surface of the corresponding nanoparticles, as well
as the structure, shape, arrangement and composition of the
sensing platform.27 Hence, the SERS DNA biosensor adopting
a novel design intercalating the Raman tag with the DNA
probe sequences and the dual platform based sandwich assay
technique could be the strategy to achieve greater sensitivity
due to the enhanced SERS signal.

Herein, we report a novel SERS DNA biosensing strategy
based on the self-assembly of two platforms via probe–target
hybridization for the trace sensing of pork DNA. In this
sensing strategy, GO-AuNR and AuNP were used as the plat-
form while a uniquely designed DNA probe sequence interca-
lating ATTO Rho6G was used as the signal probe DNA. The
ATTO Rho6G was intercalated in such a way that upon the
attachment of the SP sequence, the intercalated Raman tag
had a position closer to the AuNPs surface while the nucleo-
tide bases remained independent for hybridization. Therefore,
the hybridization of the target DNA with the corresponding
two split-probe DNA functionalized onto two different plat-
forms facilitates the covalent coupling of the AuNPs over
GO-AuNRs and enhances the local electromagnetic field due to
the ‘hot spots’ originating between the GO-AuNR and AuNP
systems.28,29 Moreover, the GO-AuNR nanocomposite itself
also contributes to SERS enhancement owing to its stronger
inherent light scattering properties, the electron transfer
ability of AuNRs, and the synergistic effect of the two individ-
ual components.30 With this approach, the higher the target
DNA concentration, the more coupling of the two platforms
occurs, which consequently leads to a more intense SERS
signal. Therefore, with greater amplification of the SERS
signal, even a very low concentration of pork DNA (100 aM)
was detected. Moreover, due to the very short-length DNA
probe sequences, the fabricated biosensor showed excellent
sequence specificity and sensitivity to distinguish the DNA
sequences of six closely relevant non-target species from target
DNA with single-base mismatch. This is a straightforward,
unique, facile and highly specific and sensitive DNA sensing
strategy, which could have versatile applications in food safety
and security, detection of pathogens, diagnosis of diseases
such as cancer, and forensics.

Experimental
Synthesis of GO, AuNPs, AuNRs and GO-AuNR composite

Graphene oxide and AuNPs were synthesized as per the proto-
cols described in our previous study24 and the details are pro-
vided in the ESI.† AuNRs were synthesized in aqueous solution
following the seed mediated protocol with minor modifi-
cations as reported by Feng et al.31 In brief, the seed solution
was prepared by mixing CTAB (3.75 mL, 0.1 M) and HAuCl4
solution (50 µL, 24 mM), followed by the addition and mixing
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of ice-cold NaBH4 (300 µL, 0.01 M) using slow magnetic stir-
ring for 2 min. The color of the solution changed from yellow
to light brown within 1–2 min, indicating the formation of Au
seeds. The solution was then kept standing at room tempera-
ture for at least 2 h. The growth solution was prepared by
mixing HAuCl4 (204 µL, 24 mM), CTAB (10 mL, 0.1 M), H2SO4

(200 µL, 0.5 M) and AgNO3 (100 µL, 10 mM) in a flask, followed
by a drop-wise slow addition of ascorbic acid until the solution
turned colorless (0.1 M, around ∼80 µL). Finally, 24 µL of seed
solution was added to the growth solution at room tempera-
ture to initiate the formation of AuNRs; the color of the solu-
tion gradually changed between 10–20 min. The solution was
kept standing under the same conditions at room temperature
overnight. The as-synthesized AuNRs were washed twice by
centrifuging at 11 000 rpm with ultra-pure water (UPW) for
15 min to remove the excess surfactant. Finally the obtained
AuNR precipitate was redispersed in UPW and stored at room
temperature for routine use. GO-AuNR composite was syn-
thesized via the electrostatic self-assembly technique reported
by Han et al.32 First, a 0.5 mg mL−1 homogenous suspension
of GO was prepared by dispersing 10 mg of GO in 20 mL of dis-
tilled water followed by ultrasonic agitation. Subsequently,
10 mL of GO (0.5 mg mL−1) suspension was added to 10 mL of
AuNR dispersion with ultrasonic agitation for 10 min followed
by vigorous stirring for 2 h at room temperature. GO-AuNR
nanocomposite was thus obtained.

Probe sequences, complementary and non-complementary
target DNA

A 24-mer pork DNA probe sequence was selected from the cyto-
chrome b (cytb) gene, verified by Hossain et al. (2017) to dis-
criminate among cattle, buffalo and porcine materials in food
by real-time PCR.4 Furthermore, the selected DNA probe
sequence was verified in silico by multiple alignments with the
cytb gene of pork species in the presence of 27 other potential
non-target species using MEGA5 software (http://www.mega-
software.net/). The alignment results showed 100% matching
only with the pork cytb gene and 12.5–50% (3–12 nucleotides)
mismatching with other non-target species (Table S1†).
Moreover, the selected DNA probe sequence was divided into
12-mer lengths of two equal halves. The 5′ terminus of the
probe sequence was chemically functionalized with
ATTO-Rho6G, adjacent to the 6-carbon spacer arm (C6), fol-
lowed by a terminal 5′ thiol modifier (S-S) (described in detail
in the ESI†). Another part of the probe sequence was functio-
nalized with a 3-carbon spacer arm with 3′ thiol modifier (C3
S-S). The chemically modified oligo DNA was synthesized and
purified by Biosynthesis, USA (http://www.biosyn.com/index.
aspx) while all other oligonucleotide sequences were obtained
from Integrated DNA Technologies, Singapore (https://sg.
idtdna.com/pages). All the oligo sequences used in this study
are listed in Table S2 (ESI).† The lyophilized chemically modi-
fied oligonucleotide was dissolved in nuclease free water for
reconstitution and kept as stock solution (100 µM) at −40 °C.
The rest of the probe sequence and all other oligo sequences

were reconstituted as per manufacturer instructions using TE
buffer (pH 7.4) and kept as stock solutions (100 µM) at −40 °C.

Preparation of signal probe conjugated AuNPs

Thiol-modified chemically functionalized SP DNA (1 µM, 100 μL)
was incubated with freshly prepared TCEP (10 mM, 10 μL) for at
least 1 h at room temperature to reduce the disulfide bonds.
Before functionalization, the as-prepared AuNPs (400 µL) were
centrifuged at 8000 rpm for 30 min and the obtained AuNP
pellet was re-dispersed in UPW to a final volume of 200 µL. The
AuNPs were then functionalized with thiol-active single stranded
(ss) SP DNA as per the protocol described in our previous study
with minor modifications.24 In detail, the TCEP-treated
ATTO-Rho6G-intercalated SP DNA was mixed with AuNPs and
incubated at room temperature for 16–20 h. The mixture was
then treated with Tween 20 solution (0.1% Tween 20 in 10 mM
PBS, pH 7.4) and incubated at room temperature for 30 min.
This was followed by the salt aging of the suspension by the
stepwise addition of NaCl (1 M) at intervals of 1 h or more to
reach a concentration of 100 mM NaCl. During the salt aging
process, a certain quantity of DNA is attached to AuNPs after
each addition of NaCl and stabilizes the DNA functionalized
AuNPs (AuNP-SP) for the next addition. Moreover, the confor-
mation of the DNA probe on AuNPs changes from a horizontal
array to vertical and keeps the nucleotide bases accessible for
the subsequent hybridization process.33 The AuNP-SP were
allowed to age for another 40 h at room temperature under the
same conditions. The main outcome of the prolonged salt-aging
process is the decrease of repulsion between the DNAs to
achieve an ultrahigh DNA density on the AuNPs.34 Finally, the
salt-aged AuNP-SP solution was centrifuged at 8000 rpm for
30 min, followed by discarding the supernatant to remove
unbound DNA. The obtained AuNP-SP was resuspended in UPW
and the washing procedure was repeated twice to keep the solu-
tion free from unbound DNA as much as possible.

Preparation of capture probe conjugated GO-AuNR

GO-AuNR were functionalized with the CP DNA as detailed in
the literature with minor modifications.35 The thiolated CP
DNA was treated with TCEP as per the above mentioned pro-
cedure, mixed with GO-AuNR in water containing 0.01%
sodium dodecyl sulfate and incubated overnight. This was fol-
lowed by the addition of 10× TBE into the suspension to
achieve a final buffer concentration of 1× TBE. After 4–5 h
incubation, 1 M NaCl solution was added gradually to reach a
final NaCl concentration of at least 100 mM by 24 h. The sus-
pension was kept standing overnight at room temperature. The
GO-AuNR-capture DNA probe (GO-AuNR-CP) composite was
then washed with 1× TBE buffer by repeated centrifugation at
8000 rpm for 30 min to remove the excess unbound DNA and
finally suspended in 0.1 mM PBS (pH 7.4).

Fabrication of the sandwich biosensor and acquisition of SERS
spectra

The corresponding target DNA sequences (100 µL) were added
to the AuNP-SP (200 µL) suspension and incubated overnight
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at room temperature to facilitate the hybridization between the
SP and target DNA. The suspension was washed with UPW by
repeated centrifugation at 8000 rpm for 30 min to remove the
unhybridized target DNA and the obtained partially hybridized
composites (AuNP-SP-Target) were finally dispersed in 0.1 mM
PBS (pH 7.4). Equal volumes of GO-AuNR-CP and
AuNP-SP-Target were mixed together and incubated overnight
at room temperature. During the incubation period, CP
sequences hybridized with the unbound part of the target
DNA attached to AuNPs-SP and formed the sandwich structure
(GO-AuNR-CP-Target-SP-AuNP). Upon formation of the hybri-
dized composite, purification was carried out by centrifugation
at a very low speed (1000 rpm for 4 min) to separate the
unbound AuNP-SP-Target or GO-AuNR-CP present in the
supernatant. Afterward, the dual platform coupled sandwich
biosensor composite was dispersed in 0.1 mM PBS (pH 7.4).
Meanwhile, a silicon wafer was washed with ethanol, acetone
and finally UPW before drying. The obtained final product
(GO-AuNR-CP-Target-SP-AuNP, 30 µL) was dropped onto the
silicon wafer and dried in vacuum atmosphere at ambient con-
ditions for the SERS experiment. The SERS spectra were
recorded using a Renishaw Invia confocal Raman microscope
with a 20× objective lens and 532 nm laser as the light source.
All obtained SERS data were analyzed using the Origin 2017
software.

Results and discussion
Characterization of GO, AuNPs, AuNRs and GO-AuNR

The synthesized GO, AuNPs, AuNR and GO-AuNR were charac-
terized by UV-Vis spectroscopy, XRD, Raman spectroscopy and
HR-TEM. The crystalline nature of the synthesized AuNPs was
confirmed by XRD analysis and the obtained XRD patterns
revealed five diffraction peaks at 2θ = 38.25°, 44.40°, 64.68°,
77.69° and 81.84° (Fig. S2†), which are assigned to the (111),
(200), (220), (311) and (222) lattice planes of FCC AuNPs

(JCPDS no. 04-0784). The high intensity diffraction peak at 2θ
= 38.18° corresponds to the (111) plane, indicating its predo-
minant orientation. The as-prepared burgundy red colored
AuNPs showed an absorption band at 519 nm in the UV-Vis
spectrum (Fig. 1a) and were confirmed by the AFM (Fig. S3a
and b†) and HR-TEM images where AuNPs were observed to
be spherical in shape with sizes ranging from 12 to 14 nm in
diameter (Fig. 2a).

The oxidative synthesis of GO from graphite flakes was con-
firmed by XRD analysis with a diffraction peak at 2θ = 10.24°
(Fig. S2†).36 The UV-Vis spectrum of ultrasonicated and well
dispersed GO suspension in water showed a characteristic
absorption peak at 233 nm (Fig. 1b), which was confirmed by
the HR-TEM (Fig. 2b) and AFM topography images (Fig. S3c
and d†) of GO. In the HRTEM image, GO was characterized by
its typical crumpled flake structure. UV–Vis–NIR absorption
spectra of the as-prepared AuNRs showed two absorption
peaks at 522 and 827 nm (Fig. 1b), which are due to the trans-
verse and longitudinal plasmon resonance absorptions,
respectively.32,37 The TEM image of AuNR displayed the high
quality of AuNRs with uniform shape and size, average dia-
meter of 12 ± 2 nm and average length of 55 ± 7 nm (Fig. 2c).
UV-Vis and TEM studies of AuNRs therefore correlate and
correspond with previous studies.31,38

XRD spectra of GO-AuNR hybrid showed peaks at 2θ =
11.8°, 21.36°, 38.30°, 44.36°, 64.56° and 77.60° (Fig. S2†)
where the peak at 2θ = 11.8° is attributed to the corresponding
GO peak and the peak at 2θ = 21.36° indicated partial
reduction of GO, which might be due to the ultrasonication
and prolonged vigorous stirring. However, the other diffraction
peaks at 38.30° (111), 44.36° (200), 64.56° (220) and 77.60°
(311) are attributed to the presence of AuNRs over GO.39

Moreover, the UV-Vis spectrum of the GO-AuNR hybrid showed
three peaks at 245, 511 and 821 nm, where the peak at 245 nm
represents the characteristic but shifted absorption peak of GO
and the peaks at 511 and 821 nm respectively represent the
transverse and longitudinal plasmon bands of AuNR, which

Fig. 1 UV-Vis absorption spectra of (a) AuNPs, AuNPs functionalized with the thiolated signal probe, AuNP-linked SP with partially hybridized target
DNA, (b) GO, AuNR, GO-AuNR, and GO-AuNR functionalized with the capture probe DNA.

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
2 

D
ec

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

eo
rg

ia
 o

n 
1/

3/
20

20
 2

:3
6:

35
 A

M
. 

View Article Online

https://doi.org/10.1039/c9an02106j


are shifted a bit in comparison to pure AuNRs (Fig. 1b). This
peak shifting is from the plasmon coupling between AuNRs
and GO, in compliance with the HR-TEM and AFM studies. It
was observed in the HR-TEM image that the near-transparent
GO is perfectly decorated by a large number of well dispersed
AuNRs (Fig. 2d), thereby confirming the strong interaction
between GO and AuNRs, which was further verified by the
well-scattered AuNRs over GO sheets in the AFM study
(Fig. S3e and f†). Therefore, the XRD, TEM and AFM character-
ization studies of the ex situ synthesized GO-AuNR confirm the
homogenous distribution of the uniformly size-ranged AuNR
over GO sheets via strong electrostatic attraction.32,39

Attachment of the DNA probe sequences onto sensor
platforms

Attachment of the 12-mer long ss SP DNA on the AuNP surface
via thiol–gold linkage is confirmed by the peak shift from
519 nm to 524 nm in the UV-Vis spectrum (Fig. 1a). The 5 nm
red shift is due to the increase of the AuNP particle size from
the formation of a single layer of probe sequences and there-
fore confirms the successful attachment of DNA onto the
AuNP surface. In addition, there was no significant color
change in the AuNPs solution, also confirming the absence of

AuNP aggregation during the salt aging steps.40 The hybridiz-
ation of the corresponding target DNA with the SP sequences
linked to AuNPs showed a further slight shift (1 nm) in the
UV-Vis spectrum. Similarly, the UV-Vis absorption spectrum of
the ss CP DNA covalently linked to GO-AuNR hybrid exhibited
a red shift of the characteristic AuNR peak from 821 to 833 nm
(Fig. 1b), thus confirming the successful attachment of the
thiolated DNA to the AuNRs of the hybrid composite.

Principle and justification of the SERS DNA biosensing
technique

In the biosensor fabrication, the SP DNA with the unique
incorporation of ATTO Rho6G immediately after the C6 spacer
was immobilized onto the AuNPs via the Au–S linkage between
AuNPs and the terminal thiol molecule of the SP sequences
(Scheme 1a).41 Here, the C6 spacer assists the SP sequences to
stand in an upright position, making SP accessible for hybrid-
ization and holding the Raman tag a few nanometers from the
AuNPs surface, which ensures the SERS effect via both electro-
magnetic and charge transfer mechanisms. On the other
hand, CP sequences were attached on the GO-AuNR hybrid via
covalent bonding between the terminal thiol molecule of the
probe sequences and the AuNR of the GO-AuNR hybrid compo-

Fig. 2 HR-TEM images of (a) AuNPs, (b) GO, (c) AuNR, and (d) GO-AuNR samples prepared on lacy carbon coated copper grid.
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site (Scheme 1b). To immobilize the CP sequences, the C3
spacer molecule next to the disulfide bond keeps the DNA
strands upright, by minimizing the steric effects between the
nucleotide bases and surfaces of AuNRs,41 and accessible to
the nucleotide bases for hybridization. Therefore, the partial
hybridization of the target sequences with the SP linked to
AuNPs, followed by the formation of the sandwich complex via
binary covalent linking between the CP with the remainder of

the free target sequence joins the two platforms together
(Scheme 1c), thereby enhancing the SERS signal due to the
multicomponent aggregate hot spots-induced electromagnetic
and Raman-tag-contributed chemical enhancement.42,43

The successful attachment of SP on the AuNPs was con-
firmed by the distinct fingerprint SERS spectrum of ATTO
Rho6G, attributed to the peaks at 774, 1126, 1184, 1359, 1507,
1569 and 1647 cm−1, which corresponds to the Raman spec-

Scheme 1 Schematic representation of the SERS DNA biosensing strategy using GO-AuNR and AuNP platforms.
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trum of pure ATTO Rho6G (Fig. 3a). However, the Raman
intensity of SP-functionalized AuNPs is lower than that of the
pure ATTO Rho6G dye alone, which is definitely due to the
lower number of ATTO Rho6G molecules, as each SP is inte-
grated with only one Raman tag. Moreover, the partial hybrid-
ization of the SP sequences with the corresponding target
sequences has no impact on the spectral fingerprint; rather, a
decreased intensity was observed due to the loss of SP
sequences by repetitive washing (Fig. 3a). The Raman spec-
trum of the SERS-active CP-linked GO-AuNR substrate exhibits
only the characteristic D and G bands of GO. However, the
SERS spectrum of GO-AuNR immobilized SP sequences was
characterized by the D and G bands as well as ATTO Rho6G
fingerprint peaks, mainly at 1508 cm−1, along with a few other
peaks at 610, 774, 1184 and 1647 cm−1 (Fig. 3b). This unique
spectrum therefore confirms the successful immobilization
strategy of probe sequences onto GO-AuNR platform as well as
the pattern and position of the ATTO Rho6G fingerprint peaks.
The SERS spectrum of the hybridized composite also revealed
an identical but more intense spectrum to the GO-AuNR-SP
composite, including the D band at 1356 cm−1, G band at
1600 cm−1 and the dominant peak representing ATTO Rho6G
at 1508 cm−1, in addition to the presence of peaks at 610, 774,
1184 and 1647 cm−1 (Fig. 3b).44 This confirms the hybridiz-
ation of the DNA probes with the corresponding target DNA
and the consequent coupling of the two platforms. Hence,
based on this biosensing strategy, the intensity of the ATTO
Rho6G, which represents the fingerprint peaks of the hybri-
dized composites, can be correlated to the amount of corres-
ponding target DNA. Therefore, the peak at 1508 cm−1 was
selected as the standard peak for the qualitative and quantitat-
ive detection of the target pork DNA throughout the study.

The linking of the two platforms was also confirmed by the
HR-TEM images of the hybridized products (Fig. 4a–d), in
which the AuNPs were attached to the AuNRs of the GO-AuNR

composites. This indicates successful hybridization between
the complementary target sequences with the two strands of
CP and SP sequences. However, a few AuNPs were also found
on the GO sheets, indicating non-specific adsorption of AuNPs
over the GO-AuNRs. This suggests a failure of hybridization
due to the absence of DNA probe sequences or the absence of
complementary target sequences to be hybridized.45

Performance of the dual platform based SERS DNA biosensor

Quantitative detection of the target DNA was accomplished by
determining the intensity of the representative SERS peak at
1508 cm−1 for the ATTO Rho6G intercalated in the SP DNA.
The quantitative evaluation was performed by varying the con-
centration of target DNA from 10 aM to 1 µM and showed a
steady upward trend of the SERS signal intensity at 1508 cm−1

(Fig. 5a and b). However, no ATTO Rho6G fingerprint peak at
1508 cm−1 was distinguishable for the hybridized composite at
a target DNA concentration of 10 aM, while the peak of the 100
aM concentration of target DNA was still well distinguished
and detectable; therefore, 10 aM is considered the LOD.
Moreover, the peak intensity showed a linear response with
respect to the target DNA concentration from 100 aM to 1 µM
with a correlation coefficient value (R2) of 0.9828. The error
bars were calculated by three repeated measurements of each
concentration of target DNA (Fig. 5c). Compared to other
works on DNA detection, this dual platform based SERS bio-
sensor with a very short-length DNA probe provides higher sen-
sitivity for detecting minute amounts of DNA in the sample.
The excellent performance of this fabricated biosensor relies
on the use of two different SERS-active platforms and the
Raman dye-intercalated short-length DNA probe in which the
ATTO Rho6G was spontaneously positioned within a few nano-
meters of the AuNPs surface due to the unique design of the
DNA probe. In addition, the GO-AuNRs nanocomposite, as the
sensor platform, has great influence on SERS signal enhance-

Fig. 3 Raman spectra of (a) pure ATTO Rho6G, AuNPs first functionalized with SP DNA intercalated with ATTO Rho6G and subsequently partially
hybridized with the corresponding target DNA, (b) GO-AuNR, GO-AuNR functionalized with SP DNA and the hybridized composite
GO-AuNR-CP-Target-SP-AuNP.
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ment owing to the strong light scattering and local field
enhancement properties of AuNRs induced by the anisotropic
splitting of the SPR into transverse SPR and longitudinal SPR,
as well as the synergistic effect of GO and AuNR
components.30,38 Moreover, the coupling of the two platforms
via hybridization between the target DNA with the signal and
capture probes brought together the GO-AuNR and AuNP, con-
sequently generating hot spots at the nanoparticle junctions
that led to an increased SERS signal by electromagnetic
enhancement.46 Furthermore, the two platforms were attached
via probe–target sequence linking; hence, the ATTO Rho6G
integrated into the SP sequences was aligned in the interstices
of the GO-AuNR and AuNPs, where the hot spots actually orig-
inate. The Raman tag also directly contributes to the SERS

signal enhancement by the charge transfer mechanism
between the AuNPs and Raman dye.47,48 The dual platforms
and the Raman tag functionalized SP have an overall influence
on the SERS intensity through the combined effects of electro-
magnetic and chemical enhancement mechanisms, hence
increasing the sensitivity of detection.

This fabricated biosensor based on short-length split DNA
markers with direct incorporation of the Raman tag to the
DNA sequences is a novel approach that exerts no hindrance
on hybridization, but rather enhances the SERS signal and is
therefore advantageous for the detection of DNA. It also exhibi-
ted better performance compared to the biosensor fabricated
by our group using the dual SERS-active platforms, co-adsorp-
tion of Raman tag along with the probe sequence on AuNPs

Fig. 4 HR-TEM images of the hybridized composites (GO-AuNR-CP-Target-SP-AuNP) at 100 nm (a) and 50 nm (b–d) magnifications. The hybri-
dized composites were formed via probe–target hybridization mediated coupling of AuNPs onto GO-AuNR. In the images, the AuNPs are mostly
found attached to the AuNRs of GO-AuNR hybrid, indicating successful hybridization.
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and following the same hybridization principle for detecting
MBT.45 Moreover, this biosensor is efficient compared to the
biosensors comprised of a single platform and using reporter
DNA with a Raman tag labelled at a terminal end,49 either
SERS non-active44,50 or SERS active dual platforms using the
sandwich assay procedure.51,52 Therefore, to minimize the
shortcomings of the previously reported SERS DNA biosensors
as well as to adopt a straightforward and convenient tech-
nique, herein, we have employed dual SERS-active platforms
with Raman tag intercalated SP DNA. Moreover, the fabricated
SERS biosensor showed greater efficiency toward the detection
of pork compared to other techniques such as PCR,16,53 colori-
metry,54 enzyme immunoassay13 and electrochemical detec-
tion techniques.21 To the best of our knowledge, this is the
first reported SERS technique for the detection of pork resi-
dues. Hence, this SERS DNA detection strategy could be con-

sidered efficient for the definite identification of pork residues
as a quality control or screening procedure in the food chain
or in industrial applications.

Selectivity, specificity and reproducibility study of the
biosensor

The selectivity of the biosensor platform was investigated by
assessing the hybridization capability of the biosensor with
non-target DNA as interference factors. Because of its comp-
lementary nature, only the corresponding target DNA of pork
hybridizes with the probe sequences and forms duplex struc-
tures, as characterized by the appearance of the D and G
bands of GO with an obvious distinct peak at 1508 cm−1 attrib-
uted to the ATTO Rho6G (Fig. 6a). This intense SERS spectrum
is due to the generation of hot spots at the interstices between
GO-AuNR and AuNPs,55 indicating a positive result. As

Fig. 5 (a) The stacked SERS spectra of hybridized composites obtained from the target DNA of pork species from 1 µM to 10 aM. (b) The spectra of
the hybridized composites (1 µM to 10 aM) cropped to 1490 to 1520 cm−1 to magnify and distinguish the intensity of the peak at 1508 cm−1. (c) The
linear curve of SERS intensity at 1508 cm−1 vs. target DNA concentration. Error bars were calculated from three repeated Raman scan results for
each target DNA concentration.
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depicted in Fig. 6a and b, the blank sample (negative control)
and interference samples (non-target DNA sequences of goat,
rat, sheep, cow, horse and buffalo) at a concentration of 1 µM
produced low Raman intensity for the peak at 1508 cm−1, the
signatory peak of hybridization. Therefore, the peak intensity
at 1508 cm−1 for the blank sample was considered the baseline
signal for the ATTO Rho6G and the obtained spectrum is
denoted as the true negative. However, the small ATTO Rho6G
signal from the blank as well as the non-target treated hybri-
dized composite might be due to a non-specific interaction
between the fabricated GO-AuNRs-CP and AuNPs-SP-Target
composites.45 Therefore, the results of the interference study
showed that the SERS intensity of the ATTO Rho6G signal at
1508 cm−1 was much stronger in the presence of the target
sequence compared to the other non-target DNA of variable
length and nucleotide mismatches, indicating the excellent
selectivity of the biosensor for the detection of pork DNA.

Furthermore, the biosensor was tested to differentiate
target DNA with a single nucleotide base mismatch and three-
base mismatches. The SERS intensity of the ATTO Rho6G
signal at 1508 cm−1 from the hybridized composite formed by

the single base-mismatch was more intense than the three-
base mismatches (Fig. 6b). Both these SERS spectra were
obviously less intense compared to the complementary target
sequences, but more intense compared to the other inter-
ference non-target DNA (Fig. 6b). This is attributed to the
hybridization between the single-base mismatch target
sequences with the SP followed by the CP sequences. However,
the chances of hybridization are lowered by the mismatch of
bases. The plots in Fig. 6a and b indicate a lower occurrence of
hybridization, so the lower SERS intensity is due to the larger
number of nucleotide mismatches in the sequence. We believe
the excellent specificity of this fabricated biosensor is due to
the selection of a short-length DNA probe, which was further
split to produce two very short segments of DNA probe
sequences that can easily recognize complementary nucleotide
bases in the target sequences.24

Validation of the hybridization procedure, preparation of
samples for Raman experiments, and the repeatability of the
SERS-based DNA biosensors were justified by the SERS spectra
from six different randomly chosen points of a slide prepared
with the hybridized composite and 100 pM target. All the SERS

Fig. 6 (a) SERS spectra for the selectivity study of the fabricated biosensors using different DNA sequences: complementary (1 µM), LOD concen-
tration (100 aM), 1 µM concentration of blank sample, single mismatch, triple mismatches and interference samples (non-target sequences of goat,
rat, sheep, cow, horse and buffalo) and (b) the corresponding intensity of the SERS fingerprint signals at peak position 1508 cm−1. Standard error
bars were the outcome of three consecutive measurements obtained at each DNA concentration. (c) SERS spectra of the hybridized composite (100
pM target DNA) from six different spots and (d) the RSD of the SERS peak intensity at 1508 cm−1 for 6 different spots.
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shapes are generally alike (Fig. 6c) and the relative standard
deviation (RSD) value of the corresponding SERS intensity of
the representative peak (1508 cm−1) is only 6.65% (Fig. 6d),
which indicates that the hybridization occurred uniformly
throughout the reaction system and the method is reproducible.

Application of the SERS DNA biosensor for real samples

To validate the feasibility and efficiency of the fabricated SERS
biosensor, DNA extracted from the pork sample (described in
ESI†) was used. The extracted pork DNA was further diluted to
attain the LOD concentration that was established for the syn-
thetic target DNA. The serially diluted DNA solution was then
heat-treated in a water bath at 95 °C for 15 min, followed by
rapid cooling in an ice bath for further 15 min and finally ultra-
sonication of the heat-treated denatured ssDNA solution for
20 min to obtain small-fragment ssDNA.56,57 The fabricated
sensor showed extraordinary sensitivity for the detection of the
corresponding target DNA from real samples. The SERS peaks
at 1508 cm−1 for the DNA concentrations from 10 nM to 1 fM
were well distinguished. The LOD was established as 1 fM
(Fig. 7a), which is 10 times lower than the obtained results (100
aM) for the synthesized synthetic target DNA. The curve
obtained from the peak intensity at 1508 cm−1 vs. target DNA
concentration also showed an excellent linear relationship with
an R2 value of 0.9827 (Fig. 7b). The lower LOD value may be due
to the variable length of the corresponding target DNA and the
presence of some inhibitory components from the extraction
procedure. Therefore, it can be concluded that the efficiency of
the coupling of two platforms using real DNA sample mediated
hybridization is well-justified for practical applications.

Conclusion

In this work, the 24-mer length DNA probe sequence used for
the detection of pork DNA was split into two parts. The 5′

terminal was chemically functionalized using a novel design
with ATTO Rho6G adjacent to the C6 spacer arm with a term-
inal thiol modifier and immobilized onto AuNPs surface. The
3′ end of the split-probe DNA was functionalized with C3-S-S
and immobilized onto SERS-active GO-AuNRs. The introduc-
tion of complementary target sequences coupled the two plat-
forms via the target–probe sequence hybridization and conse-
quently produced an identical, distinguishable and enhanced
SERS signal. The greater SERS intensity is due to the combined
effect of electromagnetic and chemical enhancements at the
hot spot region originating at the junction of GO-AuNRs and
AuNPs. Therefore, by the combination of the two different plat-
forms and a very short-length Raman tagged DNA probe
sequence, the fabricated biosensor showed an LOD as low as
100 aM and differentiated the DNA sequences of closely
related non-target species (goat, rat, sheep, cow, horse and
buffalo) and a single-base mismatch in the complementary
target sequences. Moreover, the biosensor was validated for
real sample analysis. The biosensor thus exhibited excellent
selectivity, sensitivity and efficiency for the qualitative and
quantitative detection of pig DNA, which is a potential appli-
cation in industries and regulatory agencies. Thus, it is
believed that, as a whole, this approach could be considered a
model and adopted for forensic applications, detection of
various pathogenic microorganisms and even cancer detection
using very short DNA markers. Finally, we strongly believe that
different SERS-active sensor platforms using this facile fabrica-
tion procedure and a species-specific Raman tag integrated
into short-length oligo probe sequences could lead to the fab-
rication of multiplex biosensors for the detection of a panel of
biomarkers, which is in high demand.
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Fig. 7 (a) SERS spectra for the hybridized composites with target DNA (100 aM to 10 nM) from real pork samples. (b) The linear curve of SERS inten-
sity at 1508 cm−1 vs. target DNA concentration for the real sample.
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