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Abstract 

Sensitive and accurate identification of specific DNA mutations can influence clinical decisions. 
However accurate diagnosis from limiting samples such as circulating tumour DNA (ctDNA) is 
challenging. Current approaches based on fluorescence such as quantitative PCR (qPCR) and more 
recently, droplet digital PCR (ddPCR) have limitations in multiplex detection, sensitivity and the 
need for expensive specialized equipment. Herein we describe an assay capitalizing on the 
multiplexing and sensitivity benefits of surface-enhanced Raman spectroscopy (SERS) with the 
simplicity of standard PCR to address the limitations of current approaches. This proof-of-concept 
method could reproducibly detect as few as 0.1% (10 copies, CV < 9%) of target sequences thus 
demonstrating the high sensitivity of the method. The method was then applied to specifically 
detect three important melanoma mutations in multiplex. Finally, the PCR/SERS assay was used to 
genotype cell lines and ctDNA from serum samples where results subsequently validated with 
ddPCR. With ddPCR-like sensitivity and accuracy yet at the convenience of standard PCR, we 
believe this multiplex PCR/SERS method could find wide applications in both diagnostics and 
research. 
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Introduction 
Aberrant DNA base changes are hallmarks of 

cancer. [1-3] However, sensitive, accurate and timely 
identification of some DNA mutations can influence 
clinical decisions thus potentially leading to better 
prognosis and in some cases, remission. Currently in 
practise, multiplexed PCR-based assays used to detect 
such mutations rely on probe-based quantitative 
strategies (qPCR) or some form of targeted 
sequencing.[4] More recently, droplet digital PCR 
have been demonstrated to accurately quantify 
mutant copies from limiting DNA input e.g. 
circulating tumour DNA (ctDNA).[5] While highly 

accurate, these fluorescence-based approaches require 
expensive specialized equipment, have limited 
sensitivity and multiplexing capability. As such, novel 
approaches to address the limitations of current 
gold-standards are still in demand. 

Herein, we describe a novel multiplex 
PCR/SERS detection method using surface-enhanced 
Raman spectroscopy (SERS) nanotags to address the 
limitations of fluorescence-based detection. [6-15] 
SERS is a physical phenomenon that occurs on metal 
nanoparticles surfaces upon laser excitation resulting 
in enhanced Raman scattering that are characteristic 
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of the adsorbed molecules.[6] With potentially higher 
sensitivity to fluorescence probes,[16] SERS is also 
better suited for multiplexing due to the benefits of 
unique and narrow spectral peaks. [6-15] This 
multiplexing advantage is potentially very useful for 
maximizing the use of limited samples, such as 
detecting multiple mutations in ctDNA. In addition, 
only a single laser source is needed for excitation 
hence a SERS-based assay could also potentially lead 
to a simpler, lower-cost instrumentation. Thus a 
SERS-based approach could be an alternative strategy 
to fluorescence for sensitive multiplexed detection of 
DNA.[17-22]. Currently most PCR-based SERS 
applications use labelled DNA probes that hybridize 
within PCR amplicons followed by salt induced 
nanoparticle aggregation to detect a positive 
amplification.[23-27] While effective, these 
approaches have not been demonstrated for 
translational applications in detecting single DNA 
base changes from limiting inputs (e.g. ctDNA) which 
requires exquisite specificity and sensitivity. 
Therefore, there is still an urgent need to develop 
novel multiplexed PCR/SERS detection strategies. 

Our proposed multiplex PCR/SERS detection 
method was designed, as a proof-of-concept, for the 
sensitive and specific identification of 3 clinically 
important DNA point mutations in melanoma (BRAF 
V600E, c-Kit L576P and NRAS Q61K) which could 
potentially direct clinical decisions.[28-36] The 
combination of biochemical (PCR) and physical 
(SERS) amplification allowed the assay to detect as 
few as 10 mutant alleles from a background of 10,000 
wild type sequences (0.1%). From less than 5 ng of 
genomic DNA, the assay could accurately genotype 
cell lines and serum-derived ctDNA of melanoma 
patients. Results were also validated by droplet 
digital PCR (ddPCR). In addition to having the 
convenience of a single-tube multiplex assay, this 
method is potentially as sensitive as ddPCR, has assay 
times comparable to current qPCR-based methods, 
while potentially achieving higher multiplexing than 
standard fluorescence-based strategies. We believe 
the translational potential of our method could have 
wide applications in both diagnostics and research.  

Results and Discussion 
Multiplex PCR/SERS assay 

Melanoma lesions with single base changes 
resulting in the BRAF V600E mutation and c-Kit 
L576P mutations have potent corresponding targeted 
drug therapies that can significantly improve 
prognosis.[28-34] While NRAS mutations, such as 
Q61K, have novel drug therapies that are currently 
being evaluated in clinical trials.[35, 36] Hence, 

detecting such DNA anomalies in multiplex in clinic 
is extremely useful. To this end, as a proof-of-concept, 
we coupled SERS with end-point PCR for a simple 
3-plex assay to simultaneously amplify DNA 
sequences that resulted in BRAF V600E (c.1799T>A), 
c-Kit L576P (c.1727T>C) and NRAS Q61K (c.181C>A) 
mutations (Figure 1A). Each forward primer had a 15 
nt unique barcode sequence followed by an internal 
carbon spacer upstream of the mutation-specific 
sequence. This effectively created a 5’ overhang after 
PCR as DNA polymerases cannot extend beyond the 
carbon spacer on the reverse strand. The reverse 
primers contained a 5’-biotin molecule which later 
allowed for convenient enrichment by streptavidin 
coated magnetic beads (SMB). If a mutation was 
present, the resulting PCR amplicon would have a 
biotin handle on one end and a 5’ overhang barcode 
on the other. SERS-nanotags were gold nanoparticles 
(AuNPs) modified with Raman reporters and DNA 
probes that were complementary to barcodes 
sequences on the amplicons thus resulting in a 
SERS/DNA/biotin molecule. After enrichment with 
SMB to remove excess SERS nanotags, the identity of 
the remaining SERS nanotags was ascertained with a 
Raman spectrometer, which in turn, reflected the 
presence of a particular mutation. Raman reporters 
used in this study were 4-Mercaptobenzoic acid 
(MBA) for BRAF V600E at Raman shift of 1076 cm-1, 
2,7-mercapto-4-methylcoumarin (MMC) for NRAS 
Q61K at 1174 cm-1 and 4-mercapto-3-nitrobenzoic acid 
(MNBA) for c-Kit L576P at 1334 cm-1 (Figure 1B). To 
the best of our knowledge, this is the first 
demonstration of a nanotag-based PCR/SERS assay 
for multiplexed detection of clinically important point 
mutations. 

Specific multiplex assay 
Amplification specificity is crucial for 

multiplexed point mutation detection. To this end, we 
challenged the 3-plex PCR assay with BRAF V600E, 
c-Kit L576P and NRAS Q61K synthetic targets 
individually and with a 3-plex mixture of SERS 
nanotags (Figure 2). The rational of this experiment 
was to demonstrate that when only specific products 
were amplified, as determined by the input target, 
only the corresponding SERS signal representing the 
target mutation would be detected. As expected, only 
a single SERS spectrum corresponding to the input 
was observed (MBA at 1076 cm-1 for BRAF V600E; 
MMC at 1174 cm-1 for NRAS Q61K and MNBA at 1334 
cm-1 for c-Kit L576P).  

Clinically, BRAF, c-Kit and NRAS mutations are 
mutually exclusive, i.e., only in extremely rare cases 
will a tumour contain more than one mutation.[37-39] 
Nonetheless, to further demonstrate the specificity of 
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the assay in a hypothetical “multi-mutant” tumour, a 
1:1:1 mix of all three targets was challenged. As 
expected, only three distinct SERS spectra of similar 
intensity were observed. In contrast, no SERS signal 
was detected for wild type (WT) sequences, indicating 
that the assay was specific only to mutant sequences. 
Specific PCR amplification was also verified with 
standard gel electrophoresis, where the presence of 
amplicons associated with their respective SERS 
peaks. Similar results were also obtained with 
WT-specific primers where only WT sequences 
amplified (Fig 4). Together, the data indicated the 
high specificity and unbiased detection of target 
mutations in multiplex. To evaluate the potential 
interference/overlap between the 1063 cm-1 peak of 
MMC with the main 1076 cm-1 peak of MBA, we 
performed a deconvolution of the 3-plex spectra (Fig. 
S2). Due to highly similar profiles of the raw and 
deconvoluted spectra, we concluded that genotyping 
could be easily done without post-processing.  

While we have only demonstrated a 3-plex 
system, the method could easily be multiplexed to a 
higher capacity to fully exploit the discrete spectral 
separation which was only possible with SERS.[6-15] 
Nonetheless, compared to current commercial assays, 
e.g. the Roche Cobas systems[4] and ddPCR,[5] which 
required multi-tube/reactions qPCR assays to 
evaluate multiple mutations, PCR/SERS assay 
described herein could interrogate at least 3 targets 
per tube/reaction. In the future, higher multiplex 
could be achieved and thus lead to reduced 

reagent/sample requirements. 

Sensitive mutation detection 
High sensitivity assays are required for early 

disease detection and for detecting low copy numbers 
of targets e.g. tumour DNA in a background of 
normal DNA. Hence to evaluate the performance of 
our proposed PCR/SERS method, we titrated known 
copies of the BRAF V600E sequence in a background 
of WT BRAF sequences (10,000 copies in total). To 
simulate the complexity of a typical biopsy-derived 
sample, 5 ng of salmon sperm DNA was included to 
further increase the complexity of the system. As little 
as 0.1% mutant sequence (10 copies) could be detected 
reproducibly (t-test p < 0.01) over the no input control 
(Figure 3). The inter- and intra- assay coefficient of 
variability (CV) was found to be 8.7% (n = 3) and 8.8% 
(n = 6) respectively, indicating good assay 
reproducibility. 

This level of sensitivity (0.1%) in detecting low 
levels of targets as achieved by our method (Figure 3) 
was 10 fold higher than that described for commercial 
PCR-based assays (1%), e.g. Roche Cobias 4800 BRAF 
assay [4]. Our method was, therefore, a potentially 
more sensitive yet specific alternative assay for 
detecting BRAF mutations (Table S1). In addition, 
compared to a recent SERS nanotag assay[14] for 
single DNA base changes via the ligase chain reaction 
(10% sensitivity), the current approach was 100 times 
more sensitive in detecting low abundance targets. 

 
Figure 1. Conceptual schematic of the multiplex PCR/SERS assay and SERS nanotags. (A) Multiplex mutation specific primers were used to amplify tumour DNA. 
Amplicons were then tagged with mutation-specific SERS nanotags and enriched using magnetic beads. Mutation status was then evaluated using Raman spectroscopy where 
unique spectral peaks indicate the presence of the mutation of interest; (B) Molecular structure of Raman reporters and the corresponding SERS spectra of the SERS nanotags. 
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Figure 2. Specific multiplex detection by SERS. Specific detection of individual mutant (MT) targets: (A) BRAF V600E, (B) cKIT L576P and (C) NRAS Q61K. (D) 3-plex 
detection of 3 mutant targets. (E) Negligible signal from wild type (WT) sequences. NoT (dotted lines) is the no template control. (F) Gel electrophoresis verification of specific 
amplification. 

 
Figure 3. Detecting low levels of mutation load. (A) Typical raw Raman spectra and (B) bar graph of average SERS intensities at 1076 cm-1 over a range of mutation loads 
for 10,000 input copies. NoT is the no template control. Error bars represent SD of 3 independent experiments. Inserts are magnification of data at 1%, 0.1% and 0% mutation 
loading and the NoT control. 
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Accurate genotyping in cells and circulating 
serum DNA 

Next, we evaluated the accuracy of genotyping 
melanoma cell lines for BRAF V600E, c-Kit L576P and 
NRAS Q61K mutations and compared our results 
with that obtained using ddPCR (Figure 4). Separate 
PCR/SERS assays for the mutant (MT) and wild type 
(WT) sequences were also performed concurrently. As 
expected, the PCR/SERS assay was as accurate as 
ddPCR at correctly genotyping the cell lines. For 
instance, LM-MEL-1a was homozygous for NRAS 
Q61K mutations but WT for cKIT and BRAF. So, in the 
MT profile, only the peak for NRAS was observed. 
Conversely, only peaks for cKIT and BRAF was seen 
in the WT assay. Likewise, inferring from the profiles 
of the MT and WT assays, LM-MEL-3 was genotyped 
to be heterozygous for bothV600E and WT BRAF but 
WT for cKIT and NRAS while LM-MEL-97 was 
heterozygous for L576P and WT cKIT but WT for 
BRAF and NRAS. These genotyping results were also 
consistent with that in literature. [40]  

Finally, we performed the PCR/SERS assay on 
ctDNA derived from the plasma of melanoma 
patients (Figure 5). As samples were limiting, only the 
MT assay was performed on ctDNA samples. Again, 
BRAF V600E mutation calls concurred with that of 
ddPCR. Of note, Patient 4 was negative for the BRAF 
V600E mutation but positive for the V600K and thus 
was not detected by our assay, further underscoring 
high assay specificity. 

The current iteration of the method was not able 
to quantify the levels of tumour DNA due to the 
nature of an “end point” PCR assay. This limitation 
was evident in the rapid saturation in SERS signal as 
target loading increased above 10% (Figure 3). This 
could also explain in part the high SERS signal for 
Patient 1 while ddPCR measured only a 3% ctDNA 
loading. Perhaps, compartmentalization of the PCR 
assay similar to BEAMing digital PCR[41] may 
resolve this limitation by enabling an absolute 
quantitation scheme in the future. Nonetheless, the 
method in its current form was able to accurately 
identify mutation carriers which may be sufficient for 
clinicians to make treatment decisions based on the 
presence of targetable mutation(s).  

Conclusion 
In conclusion, we have demonstrated, as a 

proof-of-concept, a multiplex PCR/SERS assay for 
detecting clinically important BRAF V600E, c-Kit 
L576P and NRAS Q61K resulting DNA anomalies in 
ctDNA. The method was successfully applied to cell 
lines and serum derived DNA where results were 
subsequently validated with ddPCR. With its 
specificity and sensitivity approaching that of ddPCR 
yet at the simplicity of standard PCR techniques 
(Table S1), we believe this PCR/SERS approach could 
have wide applications as a tool for developing novel 
multiplex assays in both diagnostics and research. 

 

 
Figure 4. Accurate genotyping of melanoma cell lines. (A-C): typical SERS spectra for three melanoma cell lines. Solid lines represent MT. Broken lines represent WT. 
(D): Genotype assessment by PCR/SERS compared to ddPCR. 
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Figure 5. Accurate genotyping of ctDNA samples. (A-E): Typical SERS spectra for 5 ctDNA samples. (F): Genotype assessment by PCR/SERS compared to ddPCR. 

 

Material and Methods 
Cell line DNA sample preparation 

Melanoma cell lines were obtained from Ludwig 
Institute for Cancer Research, Melbourne. They were 
established, typed and cultured as previously 
described.[40] Genomic DNA (gDNA) was purified 
using the DNeasy Blood and Tissue kit (Qiagen) as 
instructed by the manufacturer. gDNA concentrations 
were determined using spectrometry (NanoDrop, 
Thermo Scientific) and 5 ng were used as input for the 
PCR/SERS assay. 

Patient serum ctDNA samples 
Patients provided their written informed consent 

for the samples collected for the research study 
protocol, which was approved by the Human 
Research Ethics Committee of the Austin Hospital, 
Melbourne (H2012/04446) and The University of 
Queensland Human Research Ethics Committee 
(2011001315). Five patients with known BRAF V600E 
and V600K mutation statues previously determined 
by sequencing and ddPCR[5] were used in this study. 
ctDNA was isolated from 1 mL frozen aliquots of 

plasma using the QIAamp Circulating Nucleic Acid 
kit (Qiagen). gDNA amounts were then determined 
using the Qubit dsDNA High Sensitivity kit (Thermo 
Scientific). Generally, 0.2 - 1 ng/µL of ctDNA was 
obtained. Two microliters was then used in the 
PCR/SERS assay. 

Preparation of SERS nanotags 
SERS nanotags were prepared according to our 

previous report.[14] The gold nanoparticles (AuNPs) 
were synthesized by citrate reduction of HAuCl4.[42] 
SERS nanotags were synthesized by the coating of 
Raman reporters and DNA probe on the AuNPs 
surface. Briefly, 1mL AuNPs were mixed with 10 μL 
50 μM TCEP treated thiolated DNA oligonucleotides 
(IDT) at RT for 12 hours. Then, 100 μL of 1 mM Raman 
reporters, 4-Mercaptobenzoic acid (MBA), 
2,7-mercapto-4-methylcoumarin (MMC) or 
4-mercapto-3-nitrobenzoic acid (MNBA) were added 
to the AuNPs and incubated at RT for overnight. Then 
0.6 M NaCl in 1 mM PBS was used to age the SERS 
nanotags at RT for 12 hours before being centrifuged 
and resuspended into 10 mM PBS solution prior to 
use on the SERS detection assay. Successful 
functionalization of SERS nanotags were confirmed 
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with UV-Vis (Fig S1A). The enhancement factor of 
gold nanoparticles to the Raman reporter was 
estimated to be 106-108, consistent with previously 
reported values.[43] SERS nanotag concentrations 
were then normalized by diluting in PBS such that a 
1:1:1 SERS signal was obtained for a 1:1:1 target mix. 
Final concentration of the SERS nanotag mix was 0.5 
nM as determined by the UV extinction spectra for 
AuNPs. DNA sequences are provided in Table 1. 

PCR/SERS assay 
Multiplex PCR was performed using the 

Robust2G Hotstart PCR kit (KapaBiosistems) with 
major modifications. Each 10 µL reaction contained 
1.25x Buffer A, 3.125 mM MgCl2, 1.8 M ethylene 
glycol, 800 ng BSA, 166 nM of each primer, 200 nM of 
dNTP and 0.2 U of polymerase. Thermal cycling 
conditions were 95°C for 2 min followed by 32 cycles 
of 95°C for 30 s, 55°C for 30s and 72°C for 30s. After 
PCR, 5 µL were then evaluated by gel electrophoresis 
to confirm amplification. The remaining 5 µL was 
then used for SERS detection. DNA sequences are 
provided in Table 1. For cell line experiments, WT and 
MT specific assays were performed separately. For 
ctDNA experiments, there were only sufficient 
material for 3 replicates of MUT-specific assay. For all 
other experiments, 3 independent experiments were 
performed with 3 technical replicates each. 

To prepare PCR samples for SERS, 1µL SERS 
nanotag mix was added to each sample and incubated 
at 35°C for 15 mins. Subsequently 5 µL of streptavidin 
coated magnetic beads (SMB) was added to the 
PCR/SERS mix and left to incubate for another 10 
mins at room temperature. The PCR/SERS/SMB 
complex was then isolated with a magnet and washed 
3 times by resuspending the pellet with 0.25x PBS 
supplemented with 0.01% Tween 20. After the final 
wash, the pellet was then resuspended in 60 µL 2x 
PBS and transferred to a quartz cuvette prior to SERS 
measurement on the IM-52 portable Raman 
microscope (Snowy Range Instruments). SERS spectra 
were obtained from five 2-second acquisitions using a 

785 nm excitation laser at 70 mW. The 
binding of the SERS nanotags on magnetic 
beads was confirmed by Transmission 
Electron Microscopy (TEM), in which SERS 
nanotags were clearly observed on the bead 
surface only in the presence of target DNA 
(Fig S1B-C). 

Supplementary Material  
Supplementary tables and figures.  
http://www.thno.org/v06p1506s1.pdf   
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