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ABSTRACT: Efficient DNA mutation-detection methods are required for diagnosis, personalized therapy development, and 
prognosis assessment for diseases such as cancer. To address this issue, we proposed a straightforward approach by combining active 
plasmonic nanostructures, surface enhanced Raman spectroscopy (SERS), and polymerase chain reaction (PCR), with a statistical 
tool to identify and classify BRAF wild type (WT) and V600E mutant genes. The nanostructures provide enhanced sensitivity, while 
PCR offers the high specificity towards target DNA. A series of positively charged plasmonic nanostructures including gold/silver 
nanospheres, nanoshells, nanoflowers and nanostars, were synthesized with a one-pot strategy and characterized. By changing the 
shape of nanostructures, we are able to vary the surface plasmon resonance from 551 nm to 693 nm. The gold/silver nanostar showed 
the highest SERS activity, which was employed for DNA mutation detection. We reproducibly analyzed as few as 100 copies of 
target DNA sequences using gold/silver nanostars, thus demonstrating the high sensitivity of the direct SERS detection. By means of 
statistical analysis (principal component analysis-linear discriminant analysis, PCA-LDA), this method was successfully applied to 
differentiate the WT and V600E mutant both from whole genome DNA (gDNA) lysed from cell line and from cell-free DNA (cfDNA) 
collected from cell culture media. We further proved that this assay is capable of specifically amplifying and accurately classifying a 
real plasma sample. Thus, this direct SERS strategy combined with the active plasmonic nanostructures has the potential for wide 
applications as an alternative tool for sensitively monitoring and evaluating clinical important nucleotide biomarkers. 

Due to increasing concerns over disease pathogenesis and the 
need for early diagnosis and therapy monitoring, an approach 
that can enable accurate, sensitive and rapid assessment of 
disease-related biomarkers is urgently required. DNA 
mutations have been widely studied as possible biomarkers, 
since mutations can result in disease occurrence by delivering 
adverse inherited information from the DNA level up to the 
level of the whole organism.1-2 For example, the mutational 
BRAF gene has been identified in many patients who suffer 
from colorectal cancer, metastatic melanoma, papillary thyroid 
carcinoma and other cancers.3 In 90% of the cases, thymine was 
found to have been replaced by adenine at nucleotide 1799, 
resulting in replacement of valine (V) by glutamate (E) at codon 
600 leading to the BRAF V600E mutant.4 

Numerous methods have been explored to analyze DNA 
mutations including next generation sequencing (NGS), 
quantitative polymerase chain reaction-based approaches 
(qPCR), droplet digital PCR, denaturing high performance 
liquid chromatography (DHPLC), and mass spectrometry 
(MS).5-9 However, most of these methods require complex 
labelling procedures, inevitable destruction of sample, absence 
of fingerprint information of the target, and often generate 
unstable signals from photo-bleaching.6, 10 Hence, there remains 
high demand for development of new approaches enabling 
simpler and more rapid analysis of DNA mutations. Although 
various electrochemical and fluorescence-based sensors11-14 

have been reported for the analysis of DNA mutations, these 
sensors rely on a specific property of the labelling molecules, 
so the signal indicates the number of label molecules, not 
directly that of the DNA target. Further, especially in 
fluorescence-based methods where photo-bleaching is an issue, 
the measurement process can destroy the reporter molecule 
itself, leading to significant quantitative errors.15 

Compared with the above mentioned approaches, direct 
surface-enhanced Raman spectroscopy (SERS) presents as an 
attractive and powerful alternative, offering  a rapid, sensitive 
and non-destructive analytical capability, and providing rich 
structural information of target molecules.16-18 As reported, 
ultrasensitive and robust SERS signals require high 
electromagnetic enhancement generated by plasmonic 
resonance of a surface with a “hot-spot” involved structure to  
provide enhanced SERS.19-20 Briefly, a hot-spot structure is 
defined as a junction of at least two plasmonic objects or a 
single plasmonic object with a small radius of curvature on the 
nanometer scale.21 Such features can enrich an incident 
electromagnetic field and effectively amplify the near field 
between and around the nanostructures. Therefore, to enhance 
surface area and plasmonic resonance, significant effort has 
been devoted to engineering substrates with different shapes, 
such as nanorods, nanotriangles, nanowires and nanocrystals.22-

26 Among those, most of the syntheses involve seed-growth, 
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capping agents (e.g. surfactant), long reaction times, and 
complicated processes.27-29

Herein, to promote the application of plasmonic 
nanoparticles in DNA detection, we rationally designed and 
synthesized plasmonic nanostructures (NS) with the control of 
their surface charge and with tunable shapes. The morphology 
of the NSs was tuned based on differential chemical ratios and 
mechanical mixing forces. The surface charge of the NSs was 
further mediated to be positive to facilitate high affinity binding 
between a target DNA and the NSs via electrostatics. Sensitivity 
and the specificity tests were conducted with these NSs as 
SERS substrate to investigate the assay performance for DNA 
detection. As a proof-of-concept demonstration, we applied an 
approach that integrated data collection with multivariate 
statistical analysis to detect and differentiate BRAF WT and 
V600E DNAs from both genome DNA (gDNA) and cell-free 
DNA (cfDNA) collected from cell-culture media. We further 
tested the reliability of the assay for clinic applications by using 
healthy donor plasma as a test sample. The highly sensitive 
detection and desirable specificity and accuracy show this 
approach is able to discriminate one-base mismatch gene 
mutations for future point-of-care screening.

EXPERIMENTAL SECTIONS
Materials and Reagents. All reagents were purchased from 

Sigma-Aldrich (Sydney, Australia), unless otherwise stated. 
The synthetic oligonucleotide and primer sequences used in our 
experiments were ordered from Sangon Biotech (Shanghai, 
China). The sequences are shown in Table S1 and S2 
(Supporting Information). MilliQ water (18.2 M) was used 
to prepare all aqueous solutions. 

Instruments. Transmission electron microscopy (TEM, 
Philips CM10) was used to visualize the NS morphology. A 
Zetasizer (Malvern, United Kingdom) was applied to examine 
the surface charge of each type of NS. UV-visible spectroscopy 
(UV-vis, Cary 5000, Agilent) was employed to check the 
optical characteristics of the NSs. A Raman microscope 
equipped with a 785 nm wavelength laser (IM-52, Snowy 
Range Instruments) was utilized for SERS measurement. SERS 
spectra in the range of 200–2000 cm−1 were acquired with 70 
mW incident laser power and 10 s of illumination. 

Nanostructure synthesis. All NSs were prepared by using a 
seedless and surfactant-free method in aqueous phase at room 
temperature. The preparation of nanostars and nanospheres was 
according to the literature with slight modifications, while the 
synthesis of nanoshells and nanoflowers was performed by 
adjusting chemical ratios and mechanical mixing forces (Table 
S3, Supporting Information).30-31 Typically, HAuCl4 and 
AgNO3 with a molar ratio of 18:1 were mixed well in MilliQ 
water (10 mL), followed by adding ascorbic acid (AA) (6×10–3 
mmol and 4×10–3 mmol respectively for nanostars and 
nanospheres), and spermine (1×10–2 mmol) which was used as 
the capping agent to generate a positive surface charge.32 
Nanostars were vortex-mixed and nanospheres were 
magnetically stirred. The formation of the nanostructure was 
observed from the color change (greenish for nanostars and dark 
pink for nanospheres).

For the synthesis of nanoshells, AA (3×10–3 mmol) was 
vortex-mixed in MilliQ water (10 mL), followed by adding 
HAuCl4 (7.6×10–4 mmol) and mixing immediately with AgNO3 
(6×10–4 mmol) under vortex for a further 1 min. Lastly, 
spermine (1×10–2 mmol) was added. A dark purple was 

observed after the addition of HAuCl4 and AgNO3, which 
indicates the formation of nanoshells. 

For nanoflowers, AgNO3 (7.2×10–5 mmol) was injected into 
10 mL of HAuCl4 (1.1×10–3 mmol) under magnetic stirring and 
stirring was continued for 1 min. AA (5×10–2 mmol) was then 
added and the sample was stirred for another 1 min, followed 
by the addition of spermine (1×10–2 mmol). The final solution 
of nanoflowers is dark blue.

DNA sample preparation. SW480 and Colo205 cell lines 
were purchased from ATCC (Manassas, USA) and cultured in 
RPMI-1640 growth media (Life Technologies, Australia) 
containing 10% (v/v) fetal bovine serum (Life Technologies, 
Australia) and 1% (v/v) penicillin/streptomycin (Invitrogen, 
Australia) in a humidified 37 ◦C incubator with 5% CO2. gDNA 
from SW480 and Colo205 was extracted with DNeasy Blood 
and Tissue Kit (Qiagen, Hilden, Germany), while cfDNA was 
collected using Isolate II PCR & Gel Kit (Bioline, Australia) 
from cell culture media of SW480 and Colo205. Concentrations 
of gDNA and cfDNA were determined by using a NanoDrop 
1000 spectrophotometer (Thermo Scientific, USA). 

PCR reactions were carried out with MyTaq HS DNA PCR 
Kit (Bioline, Australia) in a total volume of 25 μL containing 
5× PCR buffer (5 μL), extracted gDNA or cfDNA (5 μL), each 
primer pair (0.5 μL, 10 μM), DNA polymerase (0.2 μL, 5 U/μL) 
and nuclease-free water (13.8 μL). Thermal cycling conditions 
involved a 5 min initial denaturation at 94 ◦C, followed by 30 
cycles amplification step (94 ◦C for 30 s, 50 ◦C for 30 s, and 72 
◦C for 30 s), and a final extension step at 72 ◦C for 5 min. After 
PCR, amplicons were purified by using Agencourt AMPure XP 
Kit (Beckman Coulter, USA) and then eluted in nuclease-free 
water. 

Quantitative PCR (qPCR) reactions with SYBR Green I 
(Sigma-Aldrich, Australia) were performed with KAPA 2G 
Robust Kit (Sigma-Aldrich, Australia) by using the same 
reaction conditions, template and primers as the PCR. The 
reactions were also carried out with a 30 cycles amplification 
step (94 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 30 s) on Rotor 
Gene 6000 real-time PCR machine and the fluorescence signal 
was measured using the fluorescein (510 nm) channel. 

For gel electrophoresis, purified amplicons (2 μL) was loaded 
on 2% agarose gels containing Gelred Nucleic Acid Gel Stain 
in tris-acetate-EDTA buffer (4 μL stain per 100 mL gel). 

Preparation for SERS measurement. For exploring the 
SERS enhancement of different NSs as substrate, 2,3,5,6-
tetrafluoro-4-mercaptobenzoic acid (TFMBA) was used as 
standard Raman reporter molecule. TFMBA (1 µL, 1 mM) was 
mixed with the four types of plasmonic NSs (with 
concentrations to ensure the same intensity of absorption 
spectra), then SERS spectra were immediately acquired. For 
DNA analysis, freshly prepared NSs (60 μL) were mixed with 
PCR amplicons (10 μL). 

Data analysis. The final spectra were calculated from the 
average of 10 measurements for each spectrum. Background 
noise was removed from the raw SERS spectra using the 
Vancouver Raman Algorithm (a five-order polynomial fitting 
algorithm).33-34 In order to compensate for gross differences in 
the spectral response due to physical effects, area normalization 
of the spectroscopic data was performed by using a self-
designed program written with LabView 2016 (National 
Instrument, USA).35 
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Figure 1. The schematic illustration of a direct SERS assay combined with positively charged plasmonic NSs and statistical analysis (PCA-
LDA) for DNA mutation detection.

Figure 2.  The hypothesized mechanism for the formation of Au–Ag alloyed NSs.

For statistical analysis, the SERS spectra were firstly 
processed with principal component analysis (PCA), followed 
by an independent T-test, and subsequently analyzed with linear 
discriminant analysis (LDA). The combined method is termed 
PCA-LDA. This approach enables multivariate statistical 
classification. The SPSS 20.0 software package (SPSS Inc., 
Chicago, USA) was used for PCA-LDA analysis. 

RESULTS AND DISCUSSION 
Working Principle. For the goal of achieving a more efficient 

detection of DNA mutation, the NSs were coated with the 
cationic spermine that make an electrostatic force-driven and a 
plasmonic NSs-boosted SERS platform. The whole strategy of 
DNA mutation detection using the designed positively charged 
plasmonic nanostructures and the statistical analysis tool is 
illustrated in Figure 1. With the aid of selective PCR 
amplification, a specific BRAF gene region was obtained from 
whole gDNA or cfDNA and used as the target for direct SERS 
measurement on the designed-plasmonic nanostructures. The 
variance of the SERS spectra of WT and V600E amplicons was 
further identified and classified by multivariate statistical 
analysis (principal component analysis-linear discriminant 
analysis, PCA-LDA).  

Nanostructures synthesis and characterization. In the 
synthesis of tunable plasmonic nanostructures, HAuCl4 plays 
the role as the precursor, while ascorbic acid and AgNO3 act as 
reducing agent and shaping agent, respectively.31 It should be 
noticed that the mixing mode and the chemical ratio also 
contribute to the morphology. The proposed mechanism for the 
formation of Au–Ag alloyed NSs with different structures is 
depicted in Figure 2. Both HAuCl4 and AgNO3 are highly 
soluble in water, leading to the release of Ag+, Cl– and AuClx

y– 
and the subsequent formation of AgCl, which can be observed 
from a milky solution after mixing HAuCl4 and AgNO3. The 
addition of ascorbic acid first induces the reduction of Au+. This 
is because Au+/Au (E0=1.83 V) has higher standard reduction 
potential than Ag+/Ag (E0=0.79 V).27, 36 In the following stage, 
reduced Au0 starts to nucleate into a seed particle and grow, 

meanwhile, AgCl is reduced by the ascorbic acid as shown in 
Figure 2. The force from mechanical mixing assists the 
generation of different structures.30, 37 To test the NS products 
from the synthesis, TEM, UV-vis, Zeta potential and Raman 
spectroscopy were applied to characterize the NSs. 

Firstly, the size and morphology of the synthesized particles 
were examined by TEM (Figure 3), which clearly shows 
nanoflowers formed with short, blunt spikes around the center, 
and nanostars equipped with relatively long, sharp spikes. 
Compared with nanostars, nanospheres have a smoother surface 
which we attribute to less ascorbic acid being used in the 
nanospheres preparation and thus less Ag0 being available to 
deposit on Au core surface.37 The hollow feature of nanoshells 
is also captured by TEM, illustrating that ascorbic acid has not 
enough time to reduce Au+ to form a solid Au core when 
HAuCl4 and AgNO3 are almost simultaneously introduced to 
system. The NSs size distribution was further analyzed as 
displayed in the histograph (Figure 3), which shows fairly 
mono-dispersed of NSs with size between 50 nm and 70 nm. 

Figure 3. TEM images of NSs with different shapes. The insert 
histograph is the size distribution.
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Figure 4. UV-vis spectra of four different plasmonic NSs with a 
concentration of similar absorbance intensity, including nanostars, 
nanoflowers, nanoshells and nanospheres. 

Absorption spectra of the NSs are shown in Figure 4, 
wherein all the spectra show a single peak. With the sequence 
from nanospheres to nanoshells, nanoflowers and nanostars, the 
maximum absorption peak position red shifts from 551 nm to 
693 nm, which is in accord with the solution color of the NSs 
being from pink, purple to blue and greenish. The surface 
plasmon resonance (SPR) peak of the nanostars is thus at 693 
nm, which is closest to the wavelength of excitation laser (785 
nm) of Raman microscope. Thus, it was anticipated that the 
nanostars would provide a stronger electromagnetic field for 
SERS effect due to the localized surface plasmon resonance 
(LSPR).38-39

Table 1. Zeta potential of NSs (n=6).
NSs Nanoflower Nanostar Nanoshell Nanosphere

Zeta 
potential 

(mV)
+33.01.0 +25.60.3 +28.50.4 +25.71.0

Figure 5. SERS spectra of TFMBA on NSs with different shapes.

The surface charge of the NSs was measured using a 
Zetasizer (Table 1). All NSs have positively charged surfaces 
which are expected to facilitate binding with negatively charged 
DNA40-42 via electrostatic attraction. To confirm this, the SERS 
effect of the NSs with/without spermine coating is also 
compared in Figure S1 (Supporting Information): the NSs 
with a spermine coating show substantially enhanced SERS 
intensity with an anionic analyte (TFMBA) compared to NSs 
without a spermine coating. This demonstrates that a positively 
charged surface enables faster and stronger electrostatic binding 
towards negatively charged molecules and is consequently 
favored for instant and direct SERS measurement.

Furthermore, SERS effect with TFMBA as a standard Raman 
reporter molecule for the different NSs was examined. The 
Raman spectra of NSs alone have no obvious peaks (Figure S2, 
Supporting Information), indicating the NSs will not interfere 
with the Raman analysis of the target molecules. As illustrated 
in Figure 5, all four NSs are good SERS substrates for 
enhancing the target signal with the highest SERS signal for 
distinct peaks of TFMBA being generated by the nanostars. 

This result suggests that the long and sharp spikes of the 
nanostars present high anisotropy thereby providing a strong 
hot-spot effect for 785 nm laser excitation, which couples into 
the SPR of nanostars.21 We further evaluate the SERS 
enhancement factor (EF) of positively charged nanostars to 
TFMBA, which was determined as 1.49×106 by using the 
equation of EF=ISERS×NRaman/IRaman×NSERS, where ISERS and 
IRaman correspond to SERS and normal Raman intensity of 
TFMBA at 1380 cm–1 (Figure S3), respectively. NSERS and 
NRaman refer to the number of TFMBA molecules excited in laser 
spot during SERS and Raman measurements, respectively.26 
The detailed calculation is provided in the Supporting 
Information. It indicates that nanostars as SERS substrates can 
significantly enhance the Raman signal of target molecules. 

The stability of positively charged nanostars was further 
investigated over one week by monitoring the UV absorbance 
of nanostars and the SERS spectrum of TFMBA with nanostars. 
As displayed in Figure S4 (Supporting Information), the 
average decrease of UV absorbance intensity over 7days is 
around 0.03 (a.u.) in each day from initial 1.5 (a.u.) and the 
absorbance peak does not obviously shift. The SERS spectra are 
also consistent during this period, especially the intensity of the 
1636 cm–1 peak does not significantly change. The relative 
standard deviation (RSD) value is calculated as 4% with three 
measurements in each day. These results illustrate that 
positively charged nanostars are stable when used as SERS 
substrates for DNA detection purposes.

The SERS enhancement with DNA on positively charged 
nanostructures was also investigated by utilizing a synthetic 
V600E DNA sequence with a length of 98 bp (Table S1, 
Supporting Information). It was observed that the colloid color 
slightly changed when the DNA sample is introduced and 
mixed with the colloid, indicating the binding of DNA on the 
positively charged nanostructures. As shown in Figure S5 
(Supporting Information), nanostars exhibit the highest SERS 
enhancement towards DNA samples for adenine and cytosine 
peaks located at 732 cm–1 and 790 cm–1 respectively.43-44 They 
are therefore ideal for quantification study. In order to 
understand the behavior of nanostars upon the binding of DNA 
for SERS detection in our study, we employed dynamic light 
scattering (DLS) to investigate the size distribution of nanostars 
before and after mixing with DNAs. As shown in Figure S6 
(Supporting Information), the hydrodynamic size of nanostar 
is about 79 nm on average, which is slighter larger than that 
measured by TEM (Figure 3A). Upon the binding of DNA (at 
the concentration of 12 ng/µL), the size of nanostars increased 
to 256 nm, indicating the formation of small aggregates (about 
3-4 nanostars) presumably due to the electrostatic force 
between positively charged nanostar and negatively charged 
DNA. We further measured the SERS signal on the DNA-
nanostar aggregate at different time points to test the 
signal/aggregate stability. As illustrated in Figure S7 
(Supporting Information), SERS spectra of DNA exhibit 
typical DNA signatures, particularly with intensity maxima at 
732cm–1 and 790 cm–1, which are assigned to adenine and 
cytosine. These peaks remain constant for 30 min (Figure S7B, 
Supporting Information) demonstrating that the formed small 
DNA-nanostar aggregate is stable for a SERS detection and 
quantification study. 

Furthermore, we evaluate the laser wavelength for SERS 
enhancement effect. Two laser excitations (532 nm and 785 nm) 
were utilized to explore SERS enhancement towards TFMBA 
with nanostar. As shown in Figure S8 (Supporting 
Information), under 785 nm laser excitation, nanostar exhibits 
much higher SERS enhancement to TFMBA than that excited 
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by 532 nm laser. Therefore, 785 nm is determined as the 
optimal laser wavelength used in this work.

Taken together, these results led us to choose the positively 
charged nanostar as the preferred SERS substrate for DNA 
mutation detection at 785 nm laser excitation in subsequent 
experiments.

Sensitivity study. To investigate if a nanostar-induced SERS 
signal possesses high enough sensitivity for future application 
in the clinic, a synthetic BRAF V600E sequence with a length 
of 218 bp (as shown in Table S1, Supporting Information) was 
applied as input template in PCR amplification for the 
sensitivity study. By varying the input copy numbers of the 
template, a series of BRAF V600E amplicons were obtained 
and incubated with the nanostar for SERS measurement. As 
indicated in Figure 6A, with increasing copies of V600E 
amplicons, continuously improved SERS signals of 
characteristic DNA peaks appeared. Even for the lowest 
detectable amount of DNA (102 copies, black curve), distinct 
peaks in the SERS spectrum are evident. These, however, are 
absent from the spectrum of the no-DNA control (nanostar, 
green curve). Hence, the analytical range for this assay is 102 to 
105 input copies. 

Among the peaks observed, vibration modes at 729 cm–1 and 
788 cm–1 were chosen for a sensitivity assessment (Figure 6B). 
These vibrations are assigned to ring breathing modes of 
adenine and cytosine, respectively.45 Linear fitting was 
performed to explore further the relationship between SERS 
response and increasing DNA input copies. As depicted in 
Figure S9 (Supporting Information), the linear relationship 
was obtained between the peak intensities at 729 cm–1 and 788 
cm–1 with increasing DNA input copies, generating the 
correlation coefficient (R2) of 0.94 and 0.97 for the 729 cm–1 

and 788 cm–1 peaks, respectively. Then, the detection limit 
(LOD) was calculated with the equation of LOD=3s/m, where 
m is the slope of calibration curve, s is the standard deviation of 
the lowest concentration in calibration curve.46 Hence, the 
detection limit of our assay is determined as 1 input copy 
calculated with both fitting curves of SERS responses at 729 
cm–1 and 788 cm–1. 

Furthermore, gel electrophoresis and qPCR, as common 
techniques of DNA separation and purification, were employed 
to determine if the sensitivity of our assay is comparable to 
currently used methods and can meet the requirement of real 
situations. The insert picture of Figure 6B indicates that band 
intensities increased with the increase of input copies. The 
lightest visible band in the gel is that generated from 103 input 
copies, indicating that the detection limit of gel electrophoresis 
is ~103 copies of input DNA. The results of qPCR (Figure S10, 
Supporting Information) show that after 30 cycles, the serial 
diluted input templates can be effectually amplified with 
designed primers and the lowest detectable number of 
amplicons is from an input template of 102 copies. Hence, we 
can conclude that our assay has sensitivity 10-fold higher than 
that of gel electrophoresis and comparable to that of qPCR. 

Figure 6. (A) SERS spectra of BRAF V600E amplicons with 
nanostars as a function of input copies. (B) Averaged SERS 
intensities of peaks at 729 cm–1 and 788 cm–1 (n=10) vs. the input 
copy number of DNA. The insert is the gel electrophoresis image 
(NTC: no template control). 

Specificity study. To investigate the specificity of the direct-
SERS assay, we first tested the primers (Table S2, Supporting 
Information) both for BRAF WT and V600E in the presence 
of gDNA extracted from two colorectal cancer cell lines: 
SW480 and Colo205, respectively. As reported, gDNA from 
SW480 is homozygous for BRAF WT, which means there is no 
BRAF mutant present. By way of contrast, gDNA from 
Colo205 is heterozygous with both WT and the V600E 
mutation present. As shown in Figure 7A, the BRAF WT gene 
from SW480 cells are specifically amplified with only the WT 
primer. The gDNA from Colo205 is amplified by both WT 
primer and V600E primer owing to the heterozygous gDNA 
presented in Colo205 cell line, which including both WT and 
V600E mutant types.4 Moreover, in the absence of gDNA (no-
template-control: NTC group), no distinct signal of amplicons 
is obtained, which is close to the baseline signal from the 
nanostars (purple curve). These features are further confirmed 
by listing SERS intensities at 728 cm–1 and 786 cm–1 in 
histogram, which represent vibrational peaks from adenine and 
cytosine (Figure 7B). To validate the SERS results, gel-
electrophoresis was performed with the gel image shown in 
Figure S11 (Supporting Information), which aligns well with 
the SERS spectra. 
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Figure 7. (A) SERS spectra and (B) averaged SERS intensities of 
peaks at 728 cm–1 and 786 cm–1 (n=10) for specificity study: (a) 
SW480 gDNA amplicons amplified with WT primer; (b) Colo205 
gDNA amplicons amplified with V600E primer; (c) SW480 gDNA 
amplicons amplified with V600E primer; (d) Colo205 gDNA 
amplicons amplified with WT primer; (e) not template control 
group with WT primer; (f) no template control group with V600E 
primer and (g) nanostar.

Differentiation of BRAF WT and V600E from whole genome 
DNA (gDNA). We further examined how effectively BRAF WT 
and V600E can be differentiated from whole genome DNAs of 
SW480 and Colo205 cell lines. gDNAs extracted from the two 
cell lines were used as templates for PCR amplification with 
well-designed primers which have been shown to be specific to 
BRAF WT and V600E genes (with a length of 218 bp, Table 
S1, Supporting Information). The PCR amplicons were then 
measured by SERS with nanostars. As displayed in Figure 8A, 
no Raman signals were detected for amplicons alone, however, 
the Raman signal of the DNA amplicons is significantly 
enhanced with nanostars, demonstrating that positively charged 
nanostars bind to negatively charged DNA to provide an 
effective SERS substrate for DNA detection 

The assignment of the main peaks is summarized in Table 2. 
A strong peak which appears at 1030 cm–1 is due to residues of 
thymidine, guanosine, cytidine, adenine and also 
deoxyribose.35, 45, 47 The 729 cm–1 and 1336 cm–1 bands are 
assigned to the ring breathing and stretching vibrations of 
adenine, while the bands observed at 790 cm–1 and 1469 cm–1 
are attributed to ring breathing of cytosine and CH2 scissoring 
mode of deoxyribose, respectively.35, 45, 47

Figure 8. (A) SERS spectra of DNA amplicons with nanostars; 
(B~D) Box plots of PC1, PC2, PC3 scores of amplicons. (E) 3D 
mapping of the PCA results for DNA amplicons. (F) Box plot of 
discriminant scores of amplicons. The line within each notch box 
represents the median, and the lower and upper boundaries of the 
box indicate first and third quartiles, respectively. Error bars 
(whiskers) represent the 1.5-fold interquartile range.

Table 2. Typical vibrational assignments of major peaks for 
SERS spectra of WT and V600E DNAs.
Peak positions

(cm–1) Major peak assignments

729 Adenine

790 Cytosine ring breathing mode, DNA backbone 
phosphodiester symmetric stretch

1030 Thymidine, guanosine, cytidine, deoxyribose, 
adenine

1184 Thymine
1336 Ring breathing of adenine
1469 Adenine, deoxyribose, CH2

1639 C=O stretching of cytosine
To differentiate BRAF WT and the V600E mutation with 

greater discrimination, we employed a PCA-LDA–based 
multivariate statistical method to deconvolute different SERS 
spectra with 100 measurements for each sample. The 
differentiation is enhanced by considering relative magnitudes 
of peaks via principal components (PCs). Briefly, the principal 
factors, that contain 80% of the most important information of 
original spectra, are extracted after a dimension reduction 
treatment of up to 100 original SERS spectra from each sample. 
Then, an independent T-test is performed on these chief factors 
to determine the significant principle components by judging 
the p value < 0.005. PC1, PC2 and PC3 with significant scores 
(Figure 8B, C and D) were finally retained for further LDA 
analysis, since these three components carried rich information 
for differentiating spectra of WT and V600E. From 3D 
scattering plots of the PCs (Figure 8E), two sharply defined 
clusters can be observed. Subsequently three statistically 
significant PC scores were input into the LDA model. The 
classification result (Figure 8F) shows that the discriminant 
scores of WT group and V600E group do not overlap, 
indicating that this PCA-LDA method was capable of 
differentiating two DNA sequences with one-point mismatch. 
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Such accurate and sensitive classification results can be 
attributed to one-base mismatch, which causes two changes of 
DNA sequence: one is from spatial structure, and another is due 
to attachment affinity between DNA sequence with NSs. 

Figure 9. (A) Normalized average SERS spectra of BRAF WT 
amplicons (SW480 cfDNA) and BRAF V600E amplicons 
(Colo205 cfDNA), with the shaded areas representing the SDs of 
the means. Box plots of (B) PC1, (C) PC2, (D) PC3 scores, and (E) 
3D mapping of the PCA results of SW480 cfDNA amplicons (WT) 
and Colo205 cfDNA amplicons (V600E). (F) Box plots of 
discriminant scores of cfDNA ampli-cons from SW480 (WT) and 
Colo205 (V600E), and cfDNA amplicons from healthy donor 
plasma.

Application for cell free DNA (cfDNA) detection. To explore 
if the proposed SERS assay has the potential for circulating 
DNA detection, we established a model to simulate free and 
short DNA fragments by collecting cell-free DNA (cfDNA) 
from a cell culture media of SW480 cells and Colo205 cells, 
respectively. The SW480 cfDNA was used as template and 
amplified with WT primers to get BRAF WT amplicons, while 
Colo205 cfDNA was amplified with V600E primers for BRAF 
V600E amplicons. Each amplification was performed with 
three replicates. As displayed in Figure 9A, the averaged SERS 
spectra with standard deviations (SDs, shaded area) indicate 
that the SERS signals are relatively stable with few variations, 
indicating the good reproducibility of our assay. PCA-LDA 
may be conducted to differentiate WT and V600E. As indicated 
in Figure 9B~E, PC1, PC2 and PC3 have statistically 
significant scores distributed into two clear areas, thus 
providing for LDA discrimination. Finally, the LDA 
classification result shows two completely separated groups 
(Figure 9F), illustrating our assay could be a promising 
approach for circulating DNA detection and differentiation. 

To further examine whether our assay could be used for 
potential clinic sample analysis, circulating DNA from healthy 
donor plasma was extracted and amplified with both WT and 

V600E primers. As shown in gel image (Figure S11, 
Supporting Information), only WT primer can amplify the 
circulating DNA from healthy donor plasma, indicating that 
BRAF gene type in this plasma sample is WT. Three replicated 
amplicons (WT) were prepared by using circulating DNA 
extracted from plasma and WT primers for SERS measurement. 
PCA-LDA model built on cfDNA samples concludes that the 
healthy donor plasma amplicons belong to WT (Figure 9F). 
This result confirms that the established method can be applied 
for real sample analysis and classification.

CONCLUSION
In summary, four plasmonic nanostructures with different 

shapes were designed and synthesized. Among them, the 
nanostar shows the highest SERS activity which we attribute to 
its highly anisotropic structure and the coupling of the SPR of 
nanostar with the laser excitation (785 nm). Using the 
nanostars, a sensitive, direct and rapid approach has been 
established for direct DNA mutation identification and 
differentiation by integrating PCR/SERS of the synthesized 
plasmonic nanostars in the presence of DNA with a statistical 
tool. This approach requires no sample labelling, provides a rich 
fingerprint of target DNA, and reduces analysis time. A low 
detection limit of 100 input copies was obtained with the strong 
electromagnetic enhancement by nanostars of the SERS effect. 
This detection sensitivity is comparable with current most 
commonly used qPCR methods, and is 10-fold higher than that 
of traditional gel electrophoresis. The high specificity of the 
assay was further confirmed by SERS and gel image for the 
detection of both BRAF WT and V600E gene. We have also 
demonstrated that the assay is able to specifically identify 
BRAF WT and V600E from the whole genome DNA and cell-
free DNA. Finally, this assay has been proven to be capable to 
detect and discriminate real sample into correct cluster. 
Accordingly, we believe this proposed strategy is a competitive 
candidate for genetic biomarker detection in either research or 
routine clinic diagnosis.
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