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Rapid and Specific Duplex Detection of Methicillin-resistant 
Staphylococcus aureus Genes by Surface-enhanced Raman 
Spectroscopy  
Phani R Potluri,a Vinoth Kumar Rajendran,a Anwar Sunna, a, b, * and Yuling Wanga,* 

Methicillin-resistant Staphylococcus aureus (MRSA) is considered one of the important hospital-acquired pathogens. MRSA 
is also commonly associated with hospital-acquired infections and mortality. Providing quantitative and precise detection 
of MRSA is essential for rapid diagnosis and subsequent effective disease management strategies. We herein developed a 
highly specific method for rapid MRSA detection that combines surface-enhanced Raman spectroscopy (SERS) nanotags and 
polymerase chain reaction (PCR). SERS provided the sensitivity and spectral multiplexing capability while PCR provided the 
specificity required for the assay. The method was tested by simultaneous detection of two MRSA specific genes (mecA and 
femA) amplified from genomic DNA isolated from clinical specimens. Magnetic isolation and rapid duplex detection were 
used to obtain detectable signal down to 104 input copies within 80 min. This demonstrated the potential of the SERS-PCR 
based approach for accurate identification of MRSA at an early-diagnosis stage. This study also provides an alternative 
approach over existing methods for detecting clinical targets without compromising sensitivity and selectivity, and with 
minimal handling steps. We thus believe this approach will find a broad application in clinic application.

Introduction  
Staphylococcus aureus is known to be responsible for causing a 
significant number of infections from mild skin, tissue, respiratory 
tract infections to lethal diseases. S. aureus is also considered to be 
one of the most dangerous and versatile antibiotic-resistant 
pathogens 1. Of the many S. aureus antibiotic resistant variants, 
methicillin-resistant Staphylococcus aureus (MRSA) represents a 
major public health problem worldwide. MRSA is the main 
causative agent for various community-acquired nosocomial and 
hospital infections 2. The group of the infections arising due to 
MRSA have been associated with a substantial increase in 
morbidity and mortality rates 3-5.  

The increased resistance of MRSA to β-lactam antibiotics is due to an 
acquired gene, mecA, responsible for encoding the penicillin-
binding protein 2a (PBP2a), which has very low affinity for β-lactam 
antibiotics 6-8. In addition to the mecA regulator gene, methicillin-
resistance in MRSA is also influenced by other genes present in the 
chromosome 9. For example,  femA, a gene involved in the 
biosynthesis of cell wall 10. femA also appears to be a unique feature 
of MRSA and can be used to distinguish between S. aureus and other 
coagulase negative staphylococci strains. The presence of these two 
specific genes, mecA and femA, is considered as a molecular basis for 
the identification of MRSA.  

Standard methods used to identify MRSA relay on technologies such 
as direct-hybridization for DNA biomarker detection, which are 
expensive and involve time-consuming culture steps 11-13. Recent 
developments include a loop-mediated isothermal amplification 
method (LAMP) that utilize a newly developed colorimetric Mg2+ ion 
indicator dye in the detection kit which include a novel primer sets 
developed against MRSA14. Another detection system includes the 
MALDI-TOF MS combined Penicillin Binding Protein (PBP-2) latex 
agglutination assay. This assay is considered as an alternative way for 
molecular detection methods to shorten the duration and improve 
the efficiency of MRSA screening and has found to be reported in 18-
24h after the sample collection15. Furthermore, Wang et al have 
developed a reusable lateral flow strip-based biosensor coupled with 
nanoparticles for carrying out the detection of MRSA strains and 
various other bacterial strains16. Another recent advancement also 
includes the detection of MRSA by antibody recognition. This 
approach includes a strain-specific antibody functionalized with 
alkaline phosphatase for electrochemical detection and can 
effectively discriminate other strains17. Therefore, considering all 
the above techniques it is of great interest in developing rapid, 
portable and sensitive diagnostic systems capable to detect multiple 
analytes in a cost-effective manner. Surface-enhanced Raman 
scattering (SERS) is one such technique that can provides high levels 
of sensitivity and specificity due to the characteristic molecular 
multiplex fingerprint spectra that can be obtained 18. SERS nanotags 
are used as detection probes and when Raman reporter molecules 
are adsorbed onto metal nanoparticles, Raman scattering patterns 
are enhanced upon a single excitation 19. Each Raman reporter 
molecule has its own unique fingerprint spectrum, which makes SERS 
advantageous over other conventional techniques by allowing 
multiplexed analysis of different analytes 20. This multiplex analysis 
provides sharp, narrow and distinct peaks associated with the fingerprint 
of the Raman reporter molecules 21, 22. SERS nanotags have been used 
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for simple multiplex genotyping 23, multiplex detection of 
Mycobacterium avium 24, and detection of water-borne pathogens 
25. Microfluidic SERS-based systems have been used to detect 
bacterial infections including E. coli and S. aureus 26, 27 while dye-
labelled probe assay have been developed for multiplex detection of 
three genes associated with MRSA 22. SERS-based sandwich assay 
have also been developed for rapid detection of bacteria in 
environmental and food matrices 28. 

Herein, we propose a SERS-PCR combined approach to demonstrate 
simultaneous detection of two genes in MRSA. Gel electrophoresis 
was used to verify and compare our PCR-amplified products in terms 
of their sensitivity and assay time. This combined approach provides 
enough sensitivity, spectral multiplexing capability and specificity 
required for identification of MRSA from clinical specimens. The method 
offers the benefits of relative fast duplex detection with easy 
interpretation of the fingerprint spectra obtained as a detection outcome.  

Materials and Methods 

Reagents and materials 

All reagents used for synthesis of gold nanoparticles were purchased 
from Sigma Aldrich (Australia) and used as received without further 
purification. The buffers and oligonucleotides were re-suspended in 
nuclease-free water (Invitrogen, Australia). The oligonucleotide 
sequences used in this study were obtained from Integrated DNA 
Technologies (Singapore) and are shown in Table S1 (Electronic 
Supplementary Information).  

Synthesis of SERS nanotags 

Gold nanoparticles (AuNPs) were synthesized by citrate reduction of 
HAuCl4 29. The Raman reporter molecules used were 4-
mercaptobenzoic acid (MBA) and 4-mercapto-3-nitrobenzoic acid 
(MNBA). Initially 300 µM of the thiolated capture probe 
oligonucleotides (Table S1, ESI) was treated with 30 mM of tris (2-
carboxyethyl) phosphine at room temperature (RT) for 4 h. Then to 
synthesize SERS nanotags, AuNPs (8.9 × 1010  particles/mL) were 
incubated with respective Raman reporters (100 μL, 1.0 ×  10−3 M) 
followed by thiol reduced oligo capture probe (10 μL, 100 × 10−6 M) 
and allowed to react at RT for 12 h 30. After incubation, 0.6 M NaCl in 
water was used for ageing the SERS nanotags by incubation at RT for 
an additional 12 h. Subsequently, SERS nanotags were centrifuged at 
4200 g for 10 min and re-suspended into 1 × phosphate-buffered 
saline buffer (PBS) prior to use. UV extinction spectrum was used to 
determine the concentration of the final SERS nanotags attached to 
the surface of AuNPs. 

Hybridization to SERS nanotags and magnetic isolation 

Primers (Table S1, ESI) were designed to target the femA and mecA 
gene of MRSA. DNA from clinical samples of MRSA were provided by 
Dr. Slade O Jensen (Western Sydney University). DNA was amplified 
by duplex PCR targeting the femA and mecA genes. The final PCR 
products were detected by agarose gel electrophoresis and SERS 
nanotag assay. PCR was performed in 25 µL reactions containing 5 × 
MyTaq master mix (Bioline Pty Ltd, Sydney, Australia), 0.3 μL MyTaq 
DNA polymerase (5 Units/µL, Bioline), 1.5 μL genomic DNA, and 

0.4 μM forward and reverse primers. The amplification conditions 
were as follows: 95o C for 5 min and then 30 cycles of 95oC for 20 s, 
60oC for 20 s and 72oC for 20 s and a final extension at 72oC for 7 min. 
After amplification, the PCR products (10 μL) were incubated with 
5 μL of each of SERS nanotags for 20 min at 37°C. Following the 
incubation, 5 μL of streptavidin-magnetic beads (New England 
Biolabs, Australia) were added to the above mixture and incubated 
at RT for 10 min. Magnetic separation was used to purify the PCR 
product and SERS nanotag complexes using three successive washes 
(0.1 X PBS buffer supplemented with 0.01% Tween 20). 

SERS detection  

The pellet obtained after the final wash step was re-suspended in 
60 μL of 0.1 ×PBS buffer. The sample was then transferred to a quartz 
cuvette for SERS measurement on the IM-52 portable Raman 
microscope (Snowy Range Instruments, USA). An average SERS 
spectrum was obtained for each sample from 15 acquisitions of 2 s 
integration by a 785nm excitation laser at 70 mW.  

Results and discussion 
Working principle for duplex SERS-PCR assay  

The basic principle of duplex SERS-PCR assay is illustrated in Figure 1. 
Briefly, the genomic DNA extracted from clinical samples of MRSA 
were amplified by PCR targeting the mecA and femA genes. The 
primers contained a 5’ overhang sequence, which supports the 
hybridization to the capture sequence on the SERS nanotags. The 
overhang allows specific labelling of femA and mecA amplicons with 
the corresponding SERS nanotags (MBA and MNBA, respectively). 
The streptavidin magnetic beads were then challenged to react with 
the biotinylated PCR amplicons forming an AuNPs-PCR-magnetic 
bead complex 31. The excess overhang primers will not affect the 
detection of SERS nanotags on magnetic beads as both free primers 
and excess SERS nanotags are washed away before the SERS 
measurement. However, the amount of primers in the assay should 
be optimized and balanced because a large excess of primers may 
take up the binding sites on SERS nanotags (overhang primers) or 
streptavidin magnetic beads (biotin-primers) preventing PCR 
amplicons forming the sandwich assay. Therefore, a key 
consideration should be taken to balance PCR efficiency avoiding 
excess of primers that may impede formation of sandwich assay. The 
formed complex under optimized condition was then magnetically 
enriched and the SERS nanotag labelled PCR amplicons were 
detected by laser excitation to obtain respective SERS fingerprint 
corresponding to the specific genes. The whole assay time is 1.5 h 
with 1 h required for PCR and 0.5 h for SERS hybridization and 
detection. It should be noted that the gold nanoparticle monomer 
will generate minimal Raman signal as reported32, however, in this 
assay we assume that SERS nanotags assemble on the magnetic 
beads with a short distance and therefore, sensitive DNA detection 
is achievable. Thus, compared to the traditional gel electrophoresis, 
the proposed SERS-PCR assay will offer the advantages of sensitivity, 
multiplexed capability as well as short assay time.  
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Figure 1. Schematic illustration of duplex SERS-PCR assay for simultaneous detection of MRSA targeting the femA and mecA genes. 

Characterization of SERS-nanotags 

The successful synthesis of the bare AuNPs and the SERS nanotags 
was confirmed by transmission electron microscopy (TEM), UV-
absorption spectroscopy and SERS spectra of SERS nanotags (Figure 
2).  
 

 

Figure 2. TEM image of bare AuNPs (A), AuNPs-MBA (B), AuNPs-
MNBA (C), absorbance spectra of bare AuNPs and the synthesized 
SERS-nanotags (D), and the corresponding SERS spectra of Raman 
reporters (E). 

TEM images indicated that nanotags were identical in size (~40 nm 
diameter, Figure 2A-C). Further characterization was performed by 
UV-visible absorption spectroscopy (Figure 2D). A slight shift (2-5 
nm) of the absorbance spectral peak for Raman probes/oligo-
nucleotides-modified AuNPs (~538 nm and ~539 nm for MNBA probe 
and MBA probe, respectively) was observed as compared to bare 
AuNPs (535 nm). This shift was due to the refractive index change 
upon the surface functionalization of the AuNPs. Figure 2E shows the 
individual SERS signal of the two Raman reporter molecules. Distinct 
peaks for each Raman probe were observed at 1077 cm-1 (MBA) and 
1340 cm-1 (MNBA), which were assigned to ʋ C- S and symmetric nitro 
stretching vibration, respectively 33. A distinctive weak peak for 
MNBA at 1060 cm-1 is also observed which is about 15 cm-1 further 
apart and does not overlap with MBA.  The spectral peaks obtained 
were unique and easily distinguished during simultaneous duplex 
detection of the two targets genes. These unique and distinctive 
spectral fingerprints is in agreement with previous studies using 
Raman reporters for identification of plant pathogens 34.  

Assay specificity 

Direct detection of Raman reporter molecules has the advantage of 
high specificity for protein and nucleic acid biomarkers used for 
various pathogen and cancer detection 35-38. To determine the 
specificity of our assay for pathogen detection, a set of primer pairs 
and the synthesized SERS nanotags were used for individual (Figure 
3A and 3B) and simultaneous (Figure 3C) detection of the two MRSA 
genes. The PCR amplicons obtained were combined with the 
individual gene specific nanotags. Previous studies by Strelau et al 
and Lierop et al have used dye-labelled nucleotides, which 
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functioned as Raman reporters for detection and demonstrated 
successful pathogen detection of PCR products by SERS. 39, 40. Here, 
Raman reporters MBA and MNBA were used for individual detection 
of SERS peaks for femA and mecA genes, which were observed at 
1077 cm- 1 and 1340 cm-1 (Figure 3A and 3B). The simultaneous 
detection of both genes was successfully achieved as indicated by the 
unique spectral peaks identify for each target gene (Figure 3C). 
Further confirmation of the duplex amplification was obtained from 
gel electrophoresis (Figure 3D). Lambda DNA was used as a negative 
control to check for cross reactivity between the samples. Both 
control samples (lambda DNA and no DNA sample) displayed 
insignificant to no background signal. Based on these observations, 
we can conclude that the SERS-PCR assay was specific and may be 
used as a viable system for accurately determining target sequences 
from samples with a large pool of non-target sequences. 

 

Figure 3. Specificity study of the assay. SERS spectra from the 
PCR product of the two genes encoding MRSA individually 
labelled with SERS nanotags (A) MBA for femA and (B) MNBA for 
mecA. (C) Duplex detection with the combination of two SERS 
nanotags; (D) Electrophoresis gel image of the two individual 
genes and the product by combining the primers. NTC; negative 
template control (lambda DNA); water; DNA was substituted for 
water in the sample. 

Assay sensitivity 

A major advantage of SERS assays is considered its ability to perform 
assays in reasonably less time and improving the signal-to-noise ratio 
by removing background noise and improving the sensitivity of 
detection limits in early detection of disease 41-43. To demonstrate 
the performance and evaluate the sensitivity of our assay, DNA was 
serially-diluted before PCR amplification and SERS detection (Figure 
4). Previous studies by Guven et al demonstrated SERS detection of 
E. coli without loss in detection sensitivity under an hour 44. They 
used immunomagnetic separation combined with a sandwich 
complex from magnetically separated solution which gave better 
sensitivity within a short period. Likewise, Zhang et al, also proposed 
a similar assay for fast detection of bacterial cells by SERS using 
superparamagnetic Fe3O4-Au core-shell nanoparticles 45. Based on 
these observations, we used magnetic separation combined with 
PCR for fast and simple detection with high sensitivity. Following 
hybridization of the nanotags and magnetic separation, SERS 
measurements were obtained using the conditions described in 
section 2.4. As shown in Figure 4A and 4D, there was a direct 

correlation between the Raman signal intensity and the 
concentration of the target DNA. Discrete SERS spectral peaks at 
1077 cm- 1 and 1340 cm- 1 indicated the presence of the target genes. 
Furthermore, the assay was repeated three times for each biological 
samples at different days. As shown in Figure 4B and 4E, the standard 
deviation (S.D) across the different measurements is very small, 
indicating the reproducibility of biological and technical replicates. 
Also, the intensity signal corresponding to each gene (femA and 
mecA) was found to be linear and proportional to the increasing 
concentration of the DNA input copies (R2=0.97) without any 
baseline correction performed (Figure 4B and 4E). The limit of 
detection (LOD) was calculated with the equation 𝐿𝐿𝐿𝐿𝐿𝐿 = 3𝑠𝑠

𝑚𝑚
, where 

m is the slope of calibration curve, s is the standard deviation of the 
lowest concentration in calibration curve46. Hence, the detection 
limit of the assay was determined as 1 input DNA copy and 4 DNA 
copies for femA and mecA genes, respectively. The copy number was 
further calculated based on the relationship between concentration 
of DNA and the genome size of S. aureus (~2.8 Mb) 47. As expected, 
the concentrations of the amplicons decreased with the increase in 
DNA dilution (less DNA copies) and the lowest detectable DNA copies 
was 104.  

 
Figure 4. Sensitivity study of the assay: (A and D) SERS spectra 
of the PCR amplicons with four different input DNA copies of 
mecA and femA genes. (B and E) Corresponding SERS intensities 
response to varying DNA copies derived from SERS peaks in 
parts A and D. Error bars represent SD (n=±3). (C and F) 
Electrophoresis gel image for validation and comparison 
between various DNA copies for both femA and mecA genes. 
NTC; negative template control (lambda DNA), Water; DNA was 
substituted for water in the sample. 

Validation on clinical samples of MRSA 

Numerous studies on MRSA detection include the use of aptamer-
based biosensors, DNA sensors and bead-based methods 48, 49. 
Similarly, a multiplexed real-time PCR-based SERS detection was 
reported for identification of both mecA and femA genes of MRSA 
using a thermoplastic chip and labelled probes 50. More recently a 
PCR approach has been used to determine the occurrence of femA 
and mecA in MRSA isolates51 Compared to these techniques, SERS-
PCR approach described here has the key advantage of using only 
Raman reporters as labels for SERS detection providing potential for 
cost reduction and more importantly, shorter assay times (80 min). 

To further demonstrate the feasibility of this assay for MRSA-SERS 
detection, evaluation of varying DNA concentrations obtained from 
clinical samples was performed. The duplex detection successfully 
measured the levels of both, mecA and femA, genes (Figure 5). 
Amplification of both the genes was confirmed by gel electrophoresis 
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against appropriate controls which showed no detectable signal after 
PCR amplification (Figure S1, ESI). Figure 5A shows the Raman 
spectra for clinical isolates which clearly indicated the presence of 
both genes with femA detected at 1077cm-1 and mecA at 1340 cm-1. 
Figure 5B shows the corresponding intensity response for the peaks 
derived from 5A. Moreover, the data obtained from Figure 5A also 
demonstrates the reproducibility of the experiment for various 
technical replicates. In addition to the above-mentioned MRSA 
clinical samples, data has also been analysed for negative and non-
MRSA strains. (Figure 5C and 5D). As confirmed from gel 
electrophoresis and Raman spectra, no signal was obtained from the 
negative samples. These results provide an initial validation for the 
applicability of the combined SERS-PCR assay in clinical samples of 
MRSA for identification of the relative amount of both genes. To the 
best of our knowledge, this is the first time a simple and rapid 
combined PCR-SERS approach has been used for direct detection of 
MRSA.  

 
Figure 5. A) Corresponding Raman spectra of the 14 different clinical 
isolate samples showing the presence of both genes femA and mecA 
genes of various clinical isolate samples (MRSA 1-14) distinguished at 
1077cm-1 and 1340cm-1 B) Target response derived from SERS peaks 
in part A... NTC; negative template control (lambda DNA), Water; 
DNA was substituted for water in the sample C) Gel electrophoresis 
showing the PCR-amplified product with femA and mecA genes of 
various non-MRSA strains and control sample. D) Corresponding 
Raman Spectra of the strains shown in 5C. 

Conclusions 
A simple and rapid duplex detection strategy has been 
developed for simultaneous detection of MRSA genes in clinical 
isolates. The combination of PCR and SERS provides high 
specificity with potential to increase the detection sensitivity. In 
addition, the duplex SERS also delivered a faster detection of 
the target genes by providing distinctive Raman peaks and thus 
ensuring easy interpretation of the data. This assay has also 
potential for use on real patient clinical samples and showed 
reproducibility in both biological and technical replicates. The 
assay can be developed further for multiplex detection by 
synthesizing new SERS nanotags with different Raman encoded 
probes. In addition to pathogen detection the assay may also 
find application in disease biomarker detection.  
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