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Abstract 

In this paper, we discuss the use of a procedure based on polymerase chain reaction (PCR) and surface 
enhanced Raman spectroscopy (SERS) (PCR-SERS) to detect DNA mutations. 
Methods: This method was implemented by first amplifying DNA-containing target mutations, then by 
annealing probes, and finally by applying SERS detection. The obtained SERS spectra were from a mixture 
of fluorescence tags labeled to complementary sequences on the mutant DNA. Then, the SERS spectra of 
multiple tags were decomposed to component tag spectra by multiple linear regression (MLR). 
Results: The detection limit was 10-11 M with a coefficient of determination (R2) of 0.88. To demonstrate 
the applicability of this process on real samples, the PCR-SERS method was applied on blood plasma taken 
from 49 colorectal cancer patients to detect six mutations located at the BRAF, KRAS, and PIK3CA 
genes. The mutation rates obtained by the PCR-SERS method were in concordance with previous 
research. Fisher's exact test showed that only two detected mutations at BRAF (V600E) and PIK3CA 
(E542K) were significantly positively correlated with right-sided colon cancer. No other clinical feature 
such as gender, age, cancer stage, or differentiation was correlated with mutation (V600E at BRAF, G12C, 
G12D, G12V, G13D at KRAS, and E542K at PIK3CA). Visually, a dendrogram drawn through hierarchical 
clustering analysis (HCA) supported the results of Fisher's exact test. The clusters drawn by all six 
mutations did not conform to the distributions of cancer stages, differentiation or cancer positions. 
However, the cluster drawn by the two mutations of V600E and E542K showed that all samples with 
those mutations belonged to the right-sided colon cancer group. 
Conclusion: The suggested PCR-SERS method is multiplexed, flexible in probe design, easy to 
incorporate into existing PCR conditions, and was sensitive enough to detect mutations in blood plasma. 
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Introduction 
Colorectal cancer is the third and second most 

common cancer in men and women respectively, 
responsible for about 10% of the global cancer 
incidence[1]. The incidence of colorectal cancer is 
higher in developed countries such as Europe and the 
Americas due to higher intake of calories and animal 
fat. In China, colorectal cancer has also become a 

leading cause of death[2]. Although influenced by 
many external conditions, cancers including colorectal 
cancer are diseases that may be directly caused by 
harmful gene mutations[3]. Both point mutations and 
deletions have an important role in tumorigenesis, 
promotion, invasion, and metastasis of cancer, as well 
as chemotherapy resistance[4]. The detection of these 
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mutated genes is potentially useful for diagnosis[5], 
therapy selection[6] and prognosis[7] for colorectal 
cancer. The key "driver genes" for tumorigenesis 
regulate the three cellular processes of cell fate, cell 
survival and genome maintenance, which can all be 
classified into 12 signaling pathways[8]. Among these 
genes, BRAF, KRAS, and PIK3CA are the three 
participants in the cell survival process that are the 
most commonly mutated in colorectal cancer patients. 
As mutations exist at the molecular level, detection is 
a rather complicated process at present. Conventional 
methods for mutation detection include real-time PCR 
(RT-PCR), amplification refractory mutation system 
(ARMS), and DNA sequencing, among others[9]. 
However, those methods can be complicated, time- 
consuming, and may require sophisticated equip-
ment. Compared to these detection methods, Raman 
spectroscopy is rapid, easy to operate, and non- 
invasive. As an inelastic scattering spectroscopy 
method, Raman spectroscopy can examine solutions 
in glass containers without any special preparation 
and provide 'fingerprint' spectral patterns for those 
chemicals[10]. However, in the biomedical field, 
analytes are usually of very low concentration and 
Raman spectroscopy use is less common. This is due 
to the challenges of sample degradation, background 
fluorescence, and low scattering cross section[10]. 
Surface enhanced Raman spectroscopy (SERS) can 
conquer the above-mentioned shortcomings while 
maintaining the advantages of normal Raman and 
enhancing the signals of Raman scattering by up to 14 
orders of magnitude[11]. This is accomplished 
through the surface plasmonics effect, which works 
by adsorbing target molecules on noble metal 
surfaces. The enhancement mechanism can be further 
classified into physical (electromagnetic) and chemi-
cal mechanisms, with the physical mechanism serving 
as the major contributor[12]. Due to its nano-metal 
based nature, SERS is flexible enough to be 
incorporated with optical labels or other biomedical 
techniques[13, 14]. As such, SERS has been widely 
investigated for biofluid and DNA analysis and has 
shown promising results. 

The detection of DNA by SERS can be 
categorized into direct and indirect (through DNA 
tags) methods[15]. The direct detection method allows 
SERS to detect single base mismatches and 
methylations in DNA duplexes[16]. In indirect 
detection, DNA sequences can be detected using SERS 
tags by SERS spectra or electrochemically driven 
melting curve [17, 18], in combination with chromate-
graphic separations such as lateral flow assay[19, 20] 
or enrichment methods such as magnetic beads[21]. 
However, the small scale of base modifications only 
permits modifications on short DNA sequences to be 

detected without amplification. For the detection of 
mutations in long sequence genes that exist in blood 
or tissue, certain amplification methods are essential. 
The amplification process not only increases the 
concentration of target sequences, but can also limit 
the gene sequences to short lengths that include the 
target mutations. Examples of amplification methods 
that have been used before to detect gene mutations 
include polymerase chain reaction (PCR)[22, 23], 
exponential strand displacement amplification (SDA) 
[24], and ARMS[25]. The combination of such 
amplification methods and SERS can be accomplished 
either by melting the target PCR product onto 
immobilized probes on SERS substrates [22], by using 
amplification products as linking sequences to bind 
capture probes and reporter probes[24], or by directly 
detecting fluorescence-labeled primers that have 
participated in the amplification[25]. These papers 
ingeniously utilized biological amplification methods 
in combination with SERS. 

In this paper, we attempted to combine PCR and 
SERS by adding mutation-specific probes in the PCR 
product and then subsequently detecting the 
incorporated probes with SERS. After removing 
unincorporated probes, the remaining probes bound 
to the target mutations were extracted for SERS 
detection. This process converted the problem of 
detecting mutations into the problem of detecting 
probes. The advantage of this method is the 
exploitable multiplex detection ability and easy 
utilization of existing PCR conditions without any 
modification of primers. The suggested PCR-SERS 
method was first tested via application on three 
mixtures with known mutation types. Then, the 
plasma of 49 colorectal cancer patients was screened 
for six different mutations (distributed across BRAF, 
KRAS, PIK3CA). Finally, the relationship between the 
six mutation types and clinical characteristics of the 49 
patients were investigated by Fisher's exact test and 
hierarchical clustering analysis (HCA). The results 
indicated that the PCR-SERS method has a detection 
limit efficient for detecting plasma mutations (10-11 M) 
and that it can be used for the detection of up to three 
mutation types simultaneously. 

Materials and methods 
Materials and cells 

All chemicals used in this experiment were 
purchased at the highest grade from Sigma Aldrich 
(St. Louis, USA). Primers and fluorescence tagged 
probes were purchased from Sangon Biotech 
(Shanghai, China). The OVCAR cell line was bought 
from Bioleaf Corporation (Shanghai, China). 
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DNA solutions 
Three DNA mixtures with known mutation 

types were prepared for testing the multiplex ability 
of the suggested PCR-SERS method. As most patients 
harbor zero to three mutations in the six mutation 
types at BRAF, KRAS, and PIK3CA[26], we prepared 
each of the three DNA mixtures to have one, two, and 
three mutations. The mutation compositions and 
concentrations of the three DNA mixtures are 
displayed in Table 1. 

 

Table 1. Mutation compositions and concentrations of the three 
DNA mixtures 

 BRAF-V600E KRAS-G12C KRAS-G12D 
Mixture #1 10-10 M NA NA 
Mixture #2 10-10 M 10-10 M NA 
Mixture #3 10-10 M 10-10 M 10-10 M 

 
To determine the detection limit, wild-type 

KRAS solutions with six increasing concentrations 
ranging from 10-12 to 10-10 M (10-12, 10-11, 20-11, 50-11, 
80-11, and 10-10 M) were prepared. As the size of DNA 
fragments in blood plasma was most frequently 
70-200 bp[27], wild-type KRAS of 180 bp in length 
was used as the detection target to simulate real blood 
DNA conditions. Wild-type KRAS genes were 
obtained via PCR on an OVCAR cell line containing 
wild-type KRAS genes. Primers and PCR conditions 
were identical to the ones used on the blood plasma 
samples in the sample DNA section. OVCAR were 
cultured at 37oC in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal 
bovine serum. DNA in the OVCAR cell line was 
extracted using the QIAmp DNA mini kit (Qiagen, 
Hilden, Germany). 

Sample plasma 
Blood samples were collected from 49 colorectal 

cancer patients from the Shengjing Hospital of China 
Medical University. Plasma was obtained by adding 
EDTA anticoagulant into the blood and centrifuging 
the blood at 3900 rcf for 10 min at 4oC. The resulting 
plasma was collected in a 1.5 mL Eppendorf tube and 
stored at -80oC. Plasma DNA was extracted with a 
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer's 
recommendations. The obtained DNA was stored at 
-20oC. Clinicopathological information (gender, age, 
TNM stages, differentiation, and cancer position) was 
obtained through medical records (Table 2). This 
study was conducted under the approval of the Ethics 
Committee in accordance with the principles of the 
Declaration of Helsinki. 

 

Table 2. Clinicopathological information of the 49 colorectal 
cancer patients 

Clinical characteristics Number (percentage) 
Gender  
 Female 23 (47%) 
 Male 26 (53%) 
Age  
 ≤39 6 (12%) 
 40-59 13 (27%) 
 ≥60 30 (61%) 
TNM stages  
 I 6 (12%) 
 II 7 (14%) 
 III 18 (37%) 
 IV 18 (37%) 
Differentiation  
 Well 4 (8%) 
 Moderate 36 (73%) 
 Poor 9 (18%) 
Position  
 Left-sided colon 12 (24%) 
 Right-sided colon 10 (20%) 
 Rectum 27 (55%) 

 

PCR and probes 
For each DNA sample taken from the 49 

colorectal cancer patients, six mutations located at the 
BRAF, KRAS, and PIK3CA genes were amplified 
using PCR. The six mutations were V600E at BRAF 
exon 15, G12C, G12D, G12V, G13D at KRAS exon 2, 
and E542K at PIK3CA exon 9. One multiplex PCR was 
designed to amplify all six mutations with primers 
and PCR conditions adopted and modified from the 
paper by Lurkin et al[28]. As the PCR was not allele 
specific, three pairs of primers targeting BRAF, KRAS, 
and PIK3CA were used (Table 3). PCR reactions were 
performed in a total volume of 25 μL containing 1x 
PCR buffer, 2 μL extracted DNA, 0.15 μM of each 
primer pair, 2.5 mM MgCl2, 0.3 mM dNTP, and 1.25 
units DNA polymerase. Thermal cycling conditions 
involved a 5 min initial denaturation at 95oC, a 
45-cycle amplification step (95oC for 30 s, 55oC for 50 s, 
and 72oC for 45 s), and a final extension step at 72oC 
for 10 min.  

 

Table 3. Primers in the multiplex PCR targeting BRAF, KRAS, and 
PIK3CA 

Genes Primers (5'⟶3') Product size (bp) 
BRAF F: TCTTCATGAAGACCTCACAGT 

R: CCAGACAACTGTTCAAACTGA 
96 

KRAS F: GGCCTGCTGAAAATGACTG 
R: GGTCCTGCACCAGTAATATG 

163 

PIK3CA F: AGTAACAGACTAGCTAGAGA 
R: ATTTTAGCACTTACCTGTGAC 

139 

 
Six probe sequences labeled with the different 

fluorescence tags of R6G, Cy3, Cy5, TAMRA, ROX, 
and FAM were used for targeting the six mutation 
types, and were purified for the following SERS 
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detection. 1 μL probe mix was first added and 
annealed to the PCR product by heating to 95oC for 5 
min, and subsequently the mixture was cooled. The 
resulting mixtures were then purified using the PCR 
purification kit (Qiagen, USA) to remove unincorp-
orated probes. Then, the purified DNA/probes were 
suspended in a formamide elution buffer and were 
heated to 65oC for 5 min to remove sDNA as stated by 
Graham et al[25]. Table 4 lists the probe sequences for 
the six mutation types. 

 

Table 4. Probe sequences targeting six mutation types 

Genes Mutations Probe sequences (5'⟶3') 
BRAF exon 15 1799T>A R6G-CTAGCTACAGAGAAATCTCG 
KRAS exon 2 34G>T Cy3-TTGGAGCTTGTGGCGTAGGCA 
 35G>A Cy5-TTGGAGCTGATGGCGTAGGCA 
 35G>T TAMRA-TTGGAGCTGTTGGCGTAGGCA 
 38G>A ROX-TTGGAGCTGGTGACGTAGGCA 
PIK3CA exon 9 1624G>A FAM-ATCCTCTCTCTAAAATCACTGAGC 

 

SERS 
Ag colloids were synthesized according to a 

modified Lee and Meisel procedure[29]. Briefly, 90 
mg silver nitrate was suspended in 500 mL distilled 
water at 45oC. The mixtures were heated to boiling 
under stirring. 10 mL of 1% sodium citrate solution 
were added to the mixture when the boiling 
commenced. The boiling was continued for 90 min 
with continuous stirring. 

SERS spectra were recorded on a Renishaw 
Raman microspectrometer system (Gloucestershire, 
UK) equipped with a He-Ne laser (λ = 632 nm, beam 
diameter: 1.5 μm) and an electrically cooled CCD 
detector. The laser power at the sample was 4 mW. 
Exposure time of the CCD was 10 s. The SERS 
measurements were done by mixing target probes, Ag 
colloid and spermine (0.1 M) in a 1:1:1 volume ratio. 
The spermine acted as a colloid aggregating agent and 
allowed the probe to adsorb the Ag colloid[30]. The 
positively charged spermine and the negatively 
charged probe sequences can form stable electrostatic 
attraction. Probe sequences will be positioned in the 
interparticle hot spots, which can ensure high 
enhancement and reproducibility[31]. 

Statistical analysis 
Statistical analyses were all performed in the R 

language environment (https://www.r-project.org). 
To eliminate noise, all spectra were pre-processed 
with smoothing and baseline correction. 
Normalization was not performed to avoid any 
removal of information from the spectra. All samples 
were measured three times and the averaged spectra 
were used. 

Multiple linear regression (MLR) was utilized on 

the obtained SERS spectra for deconvolution into 
component spectra[32, 33]. For each SERS spectrum 
obtained from the PCR methods, the spectrum was 
deconvoluted by the combination of weighted SERS 
spectra of each reference tag. The analysis was done 
by inputting the SERS spectra of the mixtures and the 
SERS spectra of the six tags. The resultant data was a 
data matrix with one line composing the six 
coefficients of one sample. 

SERS of mixture = coefficient 1 × SERS of tag 1 + 
coefficient 2 × SERS of tag 2 + ... + coefficient 6 × SERS 

of tag 6 + Constant 

The obtained coefficients represent the weights 
of each component tag, indicating corresponding 
mutations. In the MLR, the coefficients of each tag 
were obtained by comparison with the SERS spectrum 
of the corresponding tag itself; the differences in 
enhancement factors between different tags does not 
influence the MLR results. 

The correlation between mutation types and the 
five clinical characteristics (gender, age, TNM stages, 
differentiation and cancer position) were analyzed 
using Fisher's exact test. Finally, dendrograms were 
drawn by hierarchical clustering analysis (HCA) to 
visualize the grouping of samples based on binary 
mutation status. 

Results 
PCR-SERS 

Figure 1 illustrates the suggested PCR-SERS 
method for the detection of plasma gene mutations. 
Primers were designed to amplify selected gene 
regions that enclose the target mutation points. This 
results in the amplification of all wild-type and all six 
types of targeted mutant DNA within this region. 
After PCR, the PCR product was added to and 
annealed with florescence-labeled probe sequences 
that were complementary to the target mutations. 
This annealing process resulted in gene sequences 
with target mutations labeled with dyes, while 
wild-type or non-targeted mutations were unlabeled. 
Then, purification was performed on the 
probe-labeled PCR products to remove unbound 
probes. This process ensured that only probes bound 
to PCR products (probes that harbored existing 
mutations) remained. The above annealing and 
removal process transformed the problem of 
detecting mutations in genes into the problem of 
detecting fluorescence tags on probes. 

The obtained SERS spectra of the probe mixtures 
were then deconvoluted into SERS spectra of 
individual tags by MLR. The SERS spectra of all tags 
that were labeled to probe sequences were measured 
and used as reference spectra (independent variables) 
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in the MLR (Figure 2). The weights of each tag were 
obtained through the coefficients of MLR. Peak 
numbers for the six fluorescence tags ranged from 3 to 
10. Despite some overlap, the six spectra of the tags 
have differing peak profiles. This difference makes the 
use of MLR possible. 

As a test, three mixtures with known DNA 
mutation content were created and then measured by 
the suggested PCR-SERS method. One solution 
contained BRAF-V600E), another V600E and 
KRAS-G12C, and the last V600E, G12C, and 
KRAS-G12D. The three mutations (V600E, G12C, and 
G12D) were mixed at the ratios 1:0:0, 1:1:0, and 1:1:1. 
This combination of mutations was selected since 
most colon cancer patients harbored fewer than three 
of the six targeted mutations studied in this 
experiment. Figure 3 shows the SERS spectra of the 
three mutation mixtures. From the spectra, we can see 
that the PCR-SERS method successfully retained the 

feature peaks of each fluorescence tag in the output 
spectra, even when the tags were mixed. 

MLR analysis was utilized on the resulting three 
SERS spectra to identify the composition of each 
spectrum. The inputs of MLR were seven SERS 
spectra, each with two dimensions (wavenumber and 
intensity). One of the seven inputs was the SERS 
spectrum obtained from PCR-SERS (dependent 
variable), and the other six were reference SERS 
spectra of the fluorescence tags used in this study 
(independent variables). The outputs of MLR were the 
coefficients (weights) of each reference spectrum. 
Table 5 shows the resultant MLR coefficients for the 
three mixtures. The mixing ratio of each mixture is 
also listed in the right columns of Table 5 for better 
comparison. The table indicates that the obtained 
coefficient values were less than 0.078 away from the 
actual mixing ratios (and expected values) of 1.0. 

 

 
Figure 1. Schematic of the PCR-SERS method for the detection of DNA mutations in blood. Genes at Braf15, Kras2, and Pik3ca9 were amplified using mutation 
non-specific primers. Six mutation types in the three genes were detected using specific probes by probe annealing and subsequent separation. The final SERS 
measurements were conducted by mixing tags and Ag colloids together. 

 

Table 5. MLR coefficients for the three DNA mixtures 

Mixtures MLR coefficients Actual mixing ratios 
Ref 1 
(V600E) 

Ref 2 
(G12C) 

Ref 3 
(G12D) 

Ref 4 
(G12V) 

Ref 5 
(G13D) 

Ref 6 
(E542K) 

Ref 1 
(V600E) 

Ref 2 
(G12C) 

Ref 3 
(G12D) 

#1 0.975 0.027 -0.005 -0.006 0.017 0.007 1 0 0 
#2 0.925 0.975 0.019 -0.0003 -0.001 0.045 1 1 0 
#3 0.926 0.961 0.992 0.078 -0.074 0.038 1 1 1 
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Figure 2. SERS spectra of the six fluorescence tags of R6G, Cy3, Cy5, TAMRA, 
ROX, and FAM. The six tags probing mutations V600E, G12C, G12D, G12V, 
G13D, and E542K, respectively.  

 

 
Figure 3. SERS spectra results of PCR-SERS applied on the three mixtures with 
mixing ratios of 1:0:0, 1:1:0, and 1:1:1, respectively. 

 
Next, the detection limit of the PCR-SERS 

method was found by trialing the method on six 
wild-type KRAS gene solutions of varying 
concentrations (10-12, 10-11, 20-11, 50-11, 80-11, and 10-10 
M). Figure 4A shows the obtained SERS spectra. The 
concentration of KRAS in solution correlated with 
spectral feature peak intensity. A linear regression 
line was drawn using the highest spectral peak of R6G 
located at 1314 cm-1 (Figure 4B). The determination 
coefficient (R2) of the regression line was 0.88. The 
detection limit was calculated by tripling the standard 
deviation of the highest peak height and was found to 
be 5.15 × 10-11 M with a root mean square error 
(RMSE) of 1.25× 10-11 M. 

Application on sample plasma 
The PCR-SERS method was applied on real 

plasma samples taken from 49 colorectal cancer 
patients. Six mutations of interest at BRAF, KRAS, and 
PIK3CA were detected as mentioned in the method 
above. Figure 5 shows the obtained SERS spectra. For 
better differentiation, a pairs plot was drawn 
according to mutation type. Sub-plots on the diagonal 
line represented samples with only one mutation. 
Apparent feature peaks for corresponding tags can be 
identified in the averaged spectra in each of the 
sub-plots. 

The MLR coefficients that represent whether 
each mutation exists are shown in Table S1. These 
coefficients are numbers ranging between 0 and 1. We 
considered coefficients more than 0.5 as indicative of a 
positive result for mutation state, and vice versa. The 
value of 0.5 was selected to minimize the interference 
of noise. Based on the binary converted coefficients, a 
heatmap was drawn (Figure 6A) to show the 
distribution of the six mutation types across all 49 
samples. The heatmap indicated that 67% (33 
samples) of the samples did not have any of the 
specified six mutations. The incidence of the 
BRAF-V600E, KRAS-G12C, KRAS-G12D, KRAS- 
G12V, KRAS-G13C, and PIK3CA-E542K mutations in 
our samples was 6.1%, 4.1%, 14.3%, 8.2%, 10.2%, and 
4.1%, respectively (Figure 6B). Seven samples 
harbored two mutations, and nine samples harbored 
one mutation (Figure 6A). In general, two samples 
harbored PIK3CA mutations, 14 samples harbored 
KRAS mutations, and three samples harbored BRAF 
mutations. One sample had both PIK3CA and KRAS 
mutations, and two samples had both KRAS and 
BRAF mutations (Figure 6C). 

Relationship between clinical characteristics 
and mutation profile 

Finally, the correlations between the clinical 
characteristics of our participants and their mutation 
states were explored by Fisher's exact test. P values 
obtained through Fisher's exact test that represent the 
correlations are listed in Table 6. Included in this test 
were five factors: gender, age, and the clinical 
characteristics of TNM stage, differentiation, and 
cancer position. The results indicated that among the 
observed factors, cancer position had a statistically 
significant correlation with the presence of the 
BRAF-V600E (p=0.007) and PIK3CA-E542K (p=0.038) 
mutations.  

For a better visualization of the relationship 
between mutations and the three clinical features of 
TNM stage, differentiation, and cancer position, HCA 
was performed. The HCA results were displayed 
using a dendrogram (Figure 7). In the figure, each of 
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the 49 rows represents one sample, and each of the 
columns represents one mutation type. Cells that are 
blue indicate positive expression of the mutation and 
grey colour indicates negative expression. In Figure 
7A, all six mutation types were included in the 
construction of the cluster. The colored squares on the 
right indicate states of the three clinical features of 
TNM stage (S), differentiation (D) and cancer position 
(P), respectively. The grouping of the three clinical 
features (colour distribution of each column) does not 
show apparent correlations with the branches of the 
HCA clustering. Due to the fact that right-sided 
colorectal cancer was associated with higher mutation 
percentages at BRAF-V600E and PIK3CA-E542K 
versus left-colon cancer in our samples, the mutation 
states of BRAF-V600E and PIK3CA-E542K alone were 
used to construct a new hierarchical clustering. From 
Figure 7B, we can see that all samples with a V600E or 

E542K mutation presented with right-sided colon 
cancer (blue squares on top of Figure 7B). However, 
there were still 5 samples with right-sided colon 
cancer that did not possess a corresponding V600E or 
E542K mutation. These results mirrored Fisher’s exact 
test and indicated that the two aforementioned 
mutations were significantly correlated with 
right-sided colon cancer. 

 

Table 6. P values obtained through Fisher's exact test 

Clinical features Ref 1 
(V600E) 

Ref 2 
(G12C) 

Ref 3 
(G12D) 

Ref 4 
(G12V) 

Ref 5 
(G13D) 

Ref 6 
(E542K) 

Gender 0.237  0.215  1.000  0.612  0.018  1.000  
Age 0.693  0.145  0.411  1.000  0.813  0.630  
TNM stages 0.168  1.000  0.540  0.413  0.840  0.724  
Differentiation 0.612  0.189  0.284  1.000  0.524  1.000  
Cancer position 0.007 (<0.05)  0.702  0.752  0.050  0.222  0.038 

(<0.05)  
 

 

 
Figure 4. A) PCR-SERS spectra of the six KRAS wild-type solutions with increasing concentrations (10-12, 10-11, 20-11, 50-11, 80-11, and 10-10 M). B) Linear regression 
line drawn by the peak intensities of the highest peak at 1314 cm-1. 

 

 
Figure 5. SERS spectra of PCR products of plasma samples illustrated using pairs plots. Sub-plots with non-existent mutation combinations are marked as "NA". 
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Figure 6. A) Heatmap indicating states of six mutation types for all 49 plasma samples. Blue and gray rectangles represent the existence or non-existence of certain 
mutations, respectively. B) Mutation percentages for the six mutations (V600E, G12C, G12D, G12V, G13D, and E542K) in the 49 plasma samples. C) Venn diagram 
showing the occurrence and overlap of the mutations at BRAF, PIK3CA, and KRAS 

 

Discussion 
The development of colorectal cancer is a 

multi-step and complex process that involves a 
number of genes[1]. Both the clinical behavior and 
response to therapy of a tumor are associated with 
genetic composition. Therefore, the clinical value of 
detecting DNA mutations continues to increase. 
Blood is a good candidate for mutation detection due 
to its ease of sampling relative to other tissues. 
Critically, blood also contains cell-free DNA (cfDNA), 
which is partially released by tumor cells undergoing 
apoptosis and necrosis[34]. Although the tumor origin 
of cfDNA makes it a valuable biomarker, the low 
frequency of mutations and interference from 
wild-type sequences are both challenges for cancer 
gene detection[34]. These drawbacks demand a 
detection method with high sensitivity. Fortunately, 
SERS serves as a highly sensitive spectroscopy 
method that has been largely investigated for the 
detection of genes and DNA[15]. The combination of 
SERS and biological amplification methods can 
further increase detection sensitivity. For example, a 
Taqman assay-based SERS detection method reached 

a detection limit of 7×10-15 mol/m3 for DNA 
sequences[35], an ion-mediated cascade amplification 
SERS method had a detection limit of 30 fM for target 
DNA[36], and a single base extension-based SERS 
method detected methylation down to 3 pM[37]. 
These combinations either utilize dyes to probe target 
sequences, Ag nano-particles tagged by complement-
ary sequences with target mutations, or they use 
dye-labeled single bases in the amplification process.  

A simple multiplex genotyping method based on 
SERS was put forward by Graham et al[25]. This 
research used an amplification refractory mutation 
system (ARMS) to amplify different mutations with 
different primers. By labeling different primers with 
different dyes, the attached dyes could predict the 
existence of certain mutations. In this research, we 
used the mutation non-specific primer pairs to 
amplify target genes, and used dye-labeled probes to 
tag the existence of mutations. This method is easily 
applied to existing PCR conditions and only requires 
additional probe sequences. Due to the narrow bands 
of SERS, this method is especially convenient for 
detecting multiple mutations simultaneously. One 
drawback of this method however is that the mutation 
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sequences should be known beforehand in order to 
design the probes. MLR was first used for spectral 
deconvolution by Lutz et al[32] and then Yuan et 
al[33]. In Lutz's research, the spectral fitting error of 
MLR was 1-2% of the total signal intensity. Such a low 
fitting error demonstrated the efficiency of MLR 
deconvolution on spectral data. In this experiment, by 
using MLR for the determination of mutation states, 
six mutation types were discriminated successfully in 
a single measurement. The detection limit of this 
method reached a level of 10-11 M, which in our 
opinion made the suggested PCR-SERS method 
competent for cfDNA detection. This value is 
comparable with reports from previous research that 
examined the combination of PCR and SERS for 
cancer cell mutation detection (0.2 fM)[38]. This value 
is also competitive with traditional mutation detection 
methods (with sensitivities ranging from 0.01% to 
10%)[39]. 

The genes examined in this paper (BRAF, KRAS, 
and PIK3CA) were all frequently mutated and have 
been widely studied in colorectal cancer patients. 
These three genes were found to be indicative of 
clinicopathological features and therapy selection. 
BRAF mutations appear to be associated with 
unfavourable clinicopathological features and often 
resulted in a poorer prognosis[40, 41]. The frequency 
of BRAF mutations is 2-5 times higher in high-grade 
tumors than in low-grade tumors[42]. Wild-type 
KRAS was found to be a necessary condition for 
panitumumab efficacy in patients with colorectal 
cancer[3]. Mutant KRAS on the other hand was found 
to be associated with the mucinous subtype of cancer 
and was associated with greater differentiation, 
high-grade dysplasis, and metastases[43–45]. 
Research has indicated that PIK3CA may predict 
resistance to anti-EGFR (epidermal growth factor 
receptor) therapy in late stage colorectal cancer[46]. 
The mutation percentages obtained by PCR-SERS of 
the six mutation types (BRAF-V600E, KRAS-G12C, 
KRAS-G12D, KRAS-G12V, KRAS-G13C, and 
PIK3CA-E542K) all had good concordance with 
previous research. In this paper, the mutation 
percentages obtained from the 49 samples for BRAF, 
KRAS, and PIK3CA were 6.1%, 28.6%, and 4.1%, 
respectively. In previous research, mutation 
percentages for BRAF, KRAS, and PIK3CA were 
found to be 5-22%[42], 45%[45], and 15-20%[47], 
respectively. As only one to four mutation types were 
detected for each of the three genes in this experiment, 
the mutation percentages are lower than published 
values. For correlation between clinical features and 
mutation profiles, our results indicated that 
BRAF-V600E (p=0.007) and PIK3CA-E542K mutations 

(p=0.038) occurred more often in patients with 
right-sided colon cancer than left-sided colon and 
rectal cancer. These results are consistent with the 
reports by Sclafani et al[42] and are reasonable given 
that cancer in the right colon is biologically distinct 
versus cancer in the left colon[1]. 

Compared to conventional mutation detection 
methods, the PCR-SERS protocol has the advantages 
of rapidity, multiplex ability, high sensitivity, and 
simple data analysis (Table 7)[9, 48, 49]. In 
comparison with fluorescence, which is the main 
means of detection in comparable methods, SERS are 
fingerprint spectra of secondary structures of 
molecules. This feature of SERS makes SERS more 
capable of multiplex detection without the need of 
separation process such as electrophoresis. As an 
extension to multiplex PCR, PCR-SERS eases the 
detection step by measuring the tagged probes using 
SERS, and improves the sensitivity of multiplex PCR. 
By using subsequent analysis such as MLR, the 
existence of certain mutations can be determined. 
New mutation detection methods can be created by 
varying or combining certain steps. For example, 
multiplex ligation-dependent probe amplification 
(MLPA) can be used to extend the ligation assay for 
the quantitative assessment of mutations[49]. Further 
research can be conducted on the combination of 
SERS with other PCR-like methods. 

Conclusion 
In conclusion, a PCR-SERS method for multiplex 

mutation detection was proposed, verified and 
applied on real plasma samples taken from colorectal 
cancer patients. This PCR-SERS method utilized 
dye-labeled probes, which attached to targeted 
mutations and were extracted for detection using 
SERS. MLR was used on the obtained SERS spectra to 
deconvolute the mixture spectra into the composing 
tag spectra. The effectiveness of this technique was 
verified on three prepared mixtures with known gene 
mutations. The determined detection limit was 5.15×
10-11 M, which is competent for cfDNA detection. For 
the 49 patient samples, the PCR-SERS method 
obtained mutation frequencies of 6.1%, 28.6%, and 
4.1% for the BRAF, KRAS, and PIK3CA genes, 
respectively. Among the six mutation types studied, 
the BRAF-V600E and PIK3CA-E542K mutations 
occurred more often in samples from right-sided 
colon cancer patients than those from left-sided colon 
and rectal cancer patients. Overall, this PCR-SERS 
method is a multiplex mutation detection method that 
is highly sensitive for potential use in clinical 
mutation screening. 
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Figure 7. Results of HCA. A) Cluster drawn by all six mutation types (with groupings of TNM stages, differentiation, and cancer position shown on the right). B) 
Cluster drawn by mutations of V600E and E542K (with grouping of cancer position shown on the right). D: differentiation (poor: brown; moderate: red; well: cyan). 
S: TNM stages (I: red; II: brown; III: cyan; IV: purple). P: cancer position (left colon: red; right colon: cyan; rectum: brown). 

 

Table 7. Comparison of the main steps and features of conventional molecular mutation detection methods  

Method Unknown 
mutation 

Quantitative Amplification Differentiation Detection Advantages Disadvantages 

PCR-SERS in this 
paper 

- + multiplex PCR with 
mutation-specific 
probes 

tags on probes SERS rapid multiplex detection, 
high sensitivity, simple data 
analysis 

uniform SERS 
substrate 

Multiplex PCR - - PCR with multiple pairs 
of primers 

size differences 
 

electrophoresis reduces time and labor 
requirements 

low sensitivity 
and specificity 

Real-time PCR - + PCR amplicon is 
monitored as the PCR 
progresses 

tags on probes fluorescence high sensitivity, can be 
multiplexed, no post-PCR 
analysis, simple data analysis 

expensive in 
equipment and 
staff training 

ARMS - - allele-specific 
amplification 

size differences, 
tags on primers 

electrophoresis, 
fluorescence 

high sensitivity, quick, 
inexpensive, simple to devise 

high cost 

Ligation assay - - primers annealed to 
adjacent sites 

tags on primers fluorescence can be multiplexed, can be 
used on a single nucleotide or 
a few adjacent nucleotides 

linear 
amplification 
rather than 
exponential one 

Sequencing + + PCR amplicon used as 
the template 

tags on the 
dideoxynucleotide 

fluorescence, 
mass 
spectroscopy 

a “gold standard” mutation 
screening technique, 
high-throughput, 
high-accuracy 

expensive 

Single strand 
conformational 
polymorphism 
(SSCP) 

+ - optional PCR different DNA 
conformation 

fluorescence, 
electrophoresis 

high sensitivity, detects close 
to 100% of point mutations 

complex 

Denaturing 
gradient gel 
electrophoresis 
(DGGE) 

+ - optional PCR different melting 
behavior 

fluorescence, 
electrophoresis 

high sensitivity, detects 
~80–90% of point mutations 

low throughput, 
complex primer 
design 
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ARM: amplification refractory mutation system; 

cfDNA: cell-free DNA; DMEM: Dulbecco's modified 
Eagle's medium; HCA: hierarchical clustering analy-
sis; MLR: multiple linear regression; PCR: polymerase 
chain reaction; RMSE: root mean square error; SDA: 
strand displacement amplification; SERS: surface 
enhanced Raman spectroscopy. 
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