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Abstract 

 

Profiling DNA mutation patterns for cancer classification plays an essential role in precision and 

personalized medicine. Conventional PCR-based mutation assay is limited by the extensive labour on target 

amplification. We herein create an amplification-free surface enhanced Raman spectroscopy (SERS) biochip 

which enables direct and simultaneous identification of multiple point mutations in tumor cells. Without pre-

amplifying the target sequences, the SERS assay reads out the presence of cellular mutations through the 

interpretation of Raman fingerprints. The SERS sensor is integrated into a microfluidic chip, achieving one-

step multiplex analysis within 40 min. Importantly, by combining SERS spectra encoding technique with 

supervised learning algorithm, a panel of nucleotide mixtures can be well distinguished according to their 

mutation profiles. We initially demonstrate an excellent levels of classification in samples from colorectal 

cancer and melanoma cell lines. For final clinical validation, the system performance is verified by 

classifying cancer patient samples, which shows an accuracy above 90%. Due to the simplicity and 

rapidness, the SERS biosensor is expected to become a promising tool for clinical point-of-care diagnosis 

towards precision medicine. 
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1. Introduction 

Cancer is a remarkably heterogeneous disease which requires personalized therapy for each specific patient 

(Alizadeh et al., 2015; Bedard et al., 2013; Friedman et al., 2015; Ben-David et al., 2019). Increasing 

evidences have indicated that tumors with similar molecular features could share certain similarities in 

pathological characteristics and their responses to clinical therapies (van’t Veer et al., 2002; Ciriello et al., 

2013; Kuijjer et al., 2018). Accordingly, the accurate classification of cancer patients into clinically-

meaningful subtypes would help doctors make comprehensive decisions on therapeutic strategies. Cancer is 

also very dynamic, so molecular analysis needs to be a continuous effort through patient treatment and 

evolution (Bedard et al., 2013). The attempt to classify cancer patients based on expression profiles of 

biomarkers, such as surface proteins and mRNAs (Network, 2011; Network, 2012; Collisson et al., 2014), 

has been successfully applied to stratifying the subtypes of breast cancer and glioblastoma (Koboldt et al., 

2012; Sidaway, 2017; Zhang et al., 2018). However, for some other types of cancer, like colorectal and 

small-cell lung cancer, the expression levels of surface biomarkers do not seem to correlate well with 

clinical phenotypes, including the survival rate and response to therapies (Muzny et al., 2012; Hofree et al., 

2013; Rudin et al., 2019). In this case, the analysis of cancer driver and resistance mutations has proven to 

be crucial in lung cancer (Mitsudomi et al., 2010; Giaccone, 2005) and in colorectal cancer (De Roock et al., 

2010; Misale et al., 2012), respectively. It is widely acknowledged that the accurate identification of 

particular mutations which affect the efficacy of targeted therapy would help improve drug sensitivity, 

which further increases the overall survival rate (Jao et al., 2018; Jin et al., 2019). Consequently, to 

overcome the limitation of expression-based stratification, it is crucial to investigate the mutational spectrum 

in cancer patients for precision medicine.  

Classifying cancer types through mutational screening is challenging, mainly because of the low 

frequency and rich diversity of mutations in tumor cells. As mutant genes can represent an extremely small 

proportion in the entire genome network (Hofree et al., 2013; Martincorena et al., 2017), an ultrasensitive 

and specific approach is required to detect the sparse mutation among thousands of wild-type genes. In 

addition, the mutation patterns across different patients are remarkably diverse. Even within the same type 

of cancer, there usually exhibits different mutation profiles. It is common that patients with the same type of 

cancer share no more than a single mutation (Kuijjer et al., 2018; Hofree et al., 2013; Salk et al., 2010; 

Zhang et al., 2015). To divide the heterogeneous population of tumors into clinically relevant subtypes, it is 

required to develop a multiplex sensing tool which provides a comprehensive view of the mutational 

landscape. As such, molecular diagnosis has become the paradigm of precision medicine but, despite the 

added value, it is not yet fully implemented in clinical routine practice. 

The current gold standard for profiling cellular mutation relies on sequencing (Mamanova et al., 2010) 

or polymerase chain reaction (PCR) (Thierry et al., 2014) techniques. DNA/RNA sequencing is a powerful 
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tool to gain insights into the biological and medical mysteries of cancer, but not an ideal choice for the 

clinical routine due to the long processing time and high cost. Some advanced PCR techniques, including 

COLD-PCR (Li et al., 2008), PCR clamping (Nagai et al., 2005) and ligase chain reaction (LCR) (Shi et al., 

2004), have successfully identified point mutations by selectively amplifying target sequence with a single 

base variation. However, it requires trained personnel and a number of handling steps, which limits its 

general application as a point-of-care tool. Additionally, multiplex PCR assays tend to induce unbalanced 

amplification of different DNA fragments. The primer pairs need to be carefully designed and optimized to 

achieve specific and even amplification of multiple target sequences (Quick et al., 2017). Therefore, a PCR-

free method which simultaneously profiles multiple mutations is urgently needed. 

Surface enhanced Raman spectroscopy (SERS) has gained increasing popularity in biosensing, 

especially due to the ultrasensitivity and multiplexing capability (Wang et al., 2013; Langer et al., 2019; 

Wang et al., 2019). On the one hand, the strong plasmonic enhancement allows SERS to detect targets at 

ultralow level down to single-molecule resolution (Chen et al., 2018; Zhang et al., 2019; Fang et al., 2019). 

On the other hand, the narrow width of vibrational Raman bands endows SERS excellent spectra encoding 

capacity to simultaneously detect multiple target molecules (Wang et al., 2018; Wang et al., 2020). Several 

research groups combined SERS technique with PCR amplification to analyse nucleic acids (Gracie et al., 

2014;  Wu et al., 2020), which have been sucessfully adapted for mutation detection (Wee et al., 2016; Li et 

al., 2018). Neverthless, there are some other impressive works aiming at amplification-free SERS mutation 

analysis. For example, Xu et al. employed iodide-modified silver nanoparticles for ultrasensitive SERS 

detection of DNAs with single-base selectivity (Xu et al., 2015). Tian et al. synthesized aggregated 

aluminium nanocrystals as the SERS substrate, which enabled direct quantification of nucleobase content 

without additional probe molecules (Tian et al., 2017). Recently, Huang et al. achieved SERS discrimination 

of single DNA bases in liquid phase by electro-plasmonic trapping (Huang et al., 2019). Luo et al. 

developed a plasmonic gold nanohole array for label-free SERS detection of DNA methylation (Luo et al., 

2019). Kowalczyk et al. employed the sputtered gold substrate to identify gene mutation based on the 

conformational change of alkanethiol DNA linker (Kowalczyk et al., 2019). While these amplification-free 

SERS sensors can be employed for direct identification of single base variation, they have currently been 

limited to analyse one kind of mutation at a time. It remains challenging to simultaneously identify multiple 

point mutations in real biological samples without pre-amplifying the target sequences. 

In our previous work, we developed an amplification-free SERS sensor to detect KRAS point mutation  

(Wu et al., 2019). However, analysing one kind of mutation can hardly classify heterogeneous tumors with 

diverse mutation patterns. Additionally, the analysis of clinical samples through multiplexed SERS spectrum 

is often limited by the band overlap and matrix interferences (Wang et al., 2017; Panneerselvam et al., 2018). 

To achieve cancer classification in real clinical samples, we herein created an advanced SERS biochip to 

profile multiplex mutational patterns in patient DNAs, in which Raman spectral encoding is combined with 



  

4 
 

supervised learning strategy for computational analysis and calculation. The intelligent SERS classifier was 

initially validated with the task of analysing cellular DNAs from different cancer cell lines, and finally 

challenged for analysing tumor DNAs from colorectal cancer patients, to demonstrate its potential for 

clinical applications. 

 

2....     Experimental Section  

2.1 Materials and instruments 

Information on materials and instruments is detailed in supporting information (SI). 

 

2.2 Preparation of SERS nanosubstrate 

The SERS nanosubstrate was fabricated by assembling Au@Ag nanorods (NRs) onto glass slides. Briefly, 

gold nanorods were synthesized by the typical seed-medicated growth method and then coated with silver 

shell through redox reaction. The obtained Au@Ag NRs were purified, concentrated and then assembled 

onto the thiol-modified glass slides through Ag-S bonding. Here, to immobilize the nanoparticles onto the 

substrate in the multi-stripe pattern, a drilled polydimethylsiloxane (PDMS) piece was employed to confine 

the nanoparticles in the desired regions. The protocols are detailed in SI. 

 

2.3 Fabrication of the SERS-microfluidic sensor 

The prepared multi-stripe SERS substrate was conjugated with molecular beacon probes (sequences are 

shown in SI) for multiplex analysis. First, all of the nucleotide probes were heated to 95 °C for 10 min, and 

then slowly cooled down to room temperature at a rate of around 2 °C /min. Second, 100 μL of 0.5 μM 

probe (in phosphate buffered saline (PBS)) was added to each stripe of the SERS nanosubstrate for 12 h 

reaction at room temperature. To achieve stable DNA immobilization, the substrate was then treated with 

100 μL of 0.1 M sodium chloride (NaCl) (in PBS) for 12 h. Finally, the PDMS piece was peeled off the 

substrate and the glass slide was washed 3 times with milli-Q water and dried with nitrogen gas. For spatial 

encoding-based parallel analysis, each strip was conjugated with one kind of molecular beacon probe. For 

spectral encoding-based multiplex sensing, 3 molecular beacon probes were mixed and then modified onto 

one stripe of SERS substrate. The concentration ratio among the probes was carefully adjusted to normalize 

the peak intensity of Raman bands from different Raman reporters (Cy5, FAM and ROX on KRAS G12V, 

BRAF V600E and PIK3CA P449T probes, respectively). Typically, the ratio among KRAS G12V, BRAF 

V600E and PIK3CA P449T probes was 1:3:3. 

The functionalized glass slides were bonded against PDMS microchannels to form the SERS-

microfluidic sensor. Here, the PDMS microchannels were fabricated through replica molding as previously 

reported (Garrido-Maestu et al., 2017).  To promote the irreversible bonding, the PDMS channel was treated 
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with oxygen plasma for 1 min and then pressed onto the functionalized glass slide. To ensure effective 

bonding, a heavy weight is pressed onto the chip for 1 h.  

 

 

2.4 Mutation assay on chip 

All the mutant and wild-type control samples were prepared by diluting with the reaction buffer solution 

(0.01 M tris (hydroxymethyl) aminomethane-hydrochloric acid (Tris-HCl) buffer with 0.1 M potassium 

chloride (KCl) and 1 mM magnesium chloride (MgCl2), pH=8) and then introduced into microtubes using 

the negative pressure induced by the syringe. Next, 25 μL of samples were loaded into the microchannels at 

5 μL/min for 5 min, followed by incubation at 50 ℃ for 30 min. To remove unbound nucleotides, PBS-

tween (PBST) solution was flowed through the microchannels at 5 μL/min for 5 min. Prior to SERS 

measurement, the chip was sealed in a container to avoid liquid evaporation.  

 

2.5 Cell culture and DNA extraction 

All cell lines used in this work were cultured in Dulbecco's Modified Eagle's Medium (DMEM) with 10% 

fetal bovine serum and 1% penicillin-streptomycin. They were seeded into flasks and cultured under 

standard cell culture conditions (5% CO2, 37 ℃). DNA extraction was carried out using the PureLink 

Genomic DNA Mini Kit (ThermoFisher Scientific), following manufacturer instructions. In brief, for cancer 

cell lines (SW480, MDA-MB-435 and HT-29), 5×106 cells were detached by trypisinization and 

resuspended in 200 μL PBS solution. For paraffin-embedded patient tissue samples, each sample was mixed 

with 1 mL of xylene, purified with pure ethanol, and then resuspended in 200 μL PBS solution. Each of 

these pre-processed samples was added with 20 μL of proteinase K, 20 μL of RNase A and 200 μL of 

lysis/binding buffer, followed by incubation at 55 ℃ for 10 min. Next, the cell lysate was mixed with 200 μL 

of pure ethanol. Finally, a spin column was used to purify the DNAs. The concentration and quality of the 

obtained genomic DNAs were measured with NanoDrop Spectrophotometer. All the DNA extractions used 

for mutation tests were ensured high purity with an absorption ratio (A260/A280) above 1.80. They were 

stored at -20 ℃ for later use. Before mutation analysis, they were incubated at 95 ℃ for 10 min and 

immediately immersed into iced water for 5 min. 

 

3. Results and discussion 

3.1 Principle and overview 

The working principle of this SERS-based DNA sensor is depicted in a schematic view in Figure 1. Here, 

the representative detection targets were KRAS, BRAF and PIK3CA genes, which are commonly altered in 

cancer cells. The following three cancer cell lines were selected as representatives for these mutations: 

SW480 colorectal cancer cell line carrying KRAS G12V (mutation on exon 2 in codon 12), MDA-MB-435 
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melanoma cell line carrying BRAF V600E (mutation on exon 15 in codon 600), and HT-29 colorectal cancer 

cell line which simultaneously carries BRAF V600E and PIK3CA P449T (mutation on exon 12 in codon 

449)  (Ahmed et al., 2013; Ikediobi et al., 2006). Three kinds of molecular beacon probes, which were 

designed to specifically hybridize with KRAS G12V, BRAF V600E and PIK3CA P449T respectively, were 

covalently bound to the SERS nanosubstrates assembled with gold@silver nanorods (Au@Ag NRs) (Figure 

1b). Upon hybridization with the target DNA, the hairpin nucleic acid probe experienced a structure change, 

in which the Raman reporter labelled at the free end of the probe moved away from the surface of the SERS 

substrate (Figure 1e), thus leading to a decrease in SERS intensity (Figure 1f). As different probes were 

labelled with different Raman reporters, their distinct Raman fingerprint can be identified through the 

spectrum decoding, which enables simultaneous detection of multiple mutations. By clustering the SERS 

spectra of mutation assay for various cancer cells and patient samples, different types of cancer were 

classified with the help of supervised training algorithm based on classical least square (CLS)-linear 

discriminant analysis (LDA) (Figure 1g).  

 

3.2 Specific mutation analysis with array-based SERS sensor 

Array-based sensor is a perfect choice for the cross-validation of the specificity (Geng et al., 2019; Wu et al., 

2015). Three molecular beacon probes labelled with Cy5, FAM and ROX molecules were designed to 

specifically detect the KRAS G12V, BRAF V600E and PIK3CA P449T mutations respectively (sequences in 

supporting information (SI)). To inspect the selectivity of each molecular beacon probe, a PDMS chip with 8 

microchannels was bonded against a glass slide patterned with 3 stripes of SERS substrate (Figure 2a). As 

each strip was modified with one specific probe, the target sequences flowing through the microfluidic 

channels successively hybridized with the corresponding probes in the 3×8 array, which allowed parallel 

testing of KRAS G12V, BRAF V600E and PIK3CA P449T in 8 samples on one chip. 

The specificity of these probes was evaluated with the synthetic mutant sequences of KRAS G12V, BRAF 

V600E and PIK3CA P449T, respectively. For each molecular beacon, the complementary mutant sequence 

was tested as the specific target while the other two non-complementary mutants were used as negative 

controls. As shown in Figure S4, the cross reaction of 3 probes with 3 sequences results in 9 SERS spectra in 

the 3×3 array. The histogram in Figure S4 was plot using the peak area at 1589, 1325 and 1493 cm-1 to 

characterize the SERS intensity of Cy5, FAM and ROX respectively (Figure 2b). Among the several 

predominant Raman bands, these three were chosen due to their relatively strong intensity and less overlap. 

It can be observed that the hybridization of specific target DNAs with their corresponding probes results in a 

lower SERS intensity, while that of negative controls leads to a higher intensity, which demonstrated that the 

designed molecular probes can specifically detect each of these mutations. 

To examine the specificity for testing a mixture of multiple targets, a group of samples containing a 

combination of KRAS G12V, BRAF V600E and PIK3CA P449T were tested (Figure 2a, table). As shown in 
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Figure 2c, a significant decrease in SERS intensity of the probe has been observed for samples carrying the 

corresponding mutations. For example, the measurement results of Sample F carrying KRAS G12V and 

PIK3CA P449T exhibited a significant decrease in SERS intensity for Cy5 and ROX, which confirmed the 

presence of these two mutants. For all of these 8 samples, the colour map in Figure 2c demonstrated that 

multiple targets can be identified with excellent specificity using this spatially encoded array sensor. 

Moreover, to evaluate the sensitivity of this SERS assay, the dependence of SERS intensity on the 

concentration of target mutation was investigated. Concentrations of target DNAs ranging from 1 nM to 10 

fM were measured together with a blank sample. The peak areas at 1589, 1325 and 1493 cm-1 were 

employed to characterize the intensity of the corresponding KRAS, BRAF, PIK3CA mutation probes 

respectively. It is reflected in Figure S5 and Figure 2d that the SERS intensity decreased with the increasing 

of target concentrations over 5 orders of magnitude, achieving a detection limit of 10 fM.   

 

3.3 Multiplex mutation analysis & Cancer type classification  

SERS possesses excellent multiplexing ability due to the narrow Raman bands. With SERS spectral 

encoding, the signatures of different Raman reporters can be clearly identified even in a mixture, making it 

possible to simultaneously profile multiple targets with one SERS measurement (Li et al., 2018; Kamil Reza 

et al., 2017; Wang et al., 2018). Different from the parallel multiplex detection (as described in the previous 

section) which collects a single spectrum on each stripe of the SERS substrate, the SERS spectral encoding 

technique enables one-channel multiplex analysis with just one spectrum acquisition. By decoding the 

superimposed Raman fingerprints, simultaneous detection can be achieved with one sensing element and 

one SERS measurement.  

In the experiment, molecular beacon probes targeting at KRAS G12V, BRAF V600E and PIK3CA P449T 

were immobilized onto the same strip of SERS substrate (Figure 3a), resulting in a superimposed Raman 

signature of Cy5, FAM and ROX molecules. The hybridization of target DNAs with their specific probes 

would lead to the changes in SERS intensity of the corresponding Raman labels. By monitoring the signal 

change of each Raman reporter, simultaneous detection of three DNA mutations can be achieved, the results 

of which were subsequently employed for sample classification. 

Figure 3b illustrates the workflow for the spectrum acquisition and analysis. The overall idea was to 

establish an algorithm to classify unknown samples into one of the classes, through a supervised learning 

strategy using samples of known classes. First, samples of known classes were tested with the SERS-based 

multiplex mutation assay, in which the superimposed SERS spectra were obtained. Second, to accurately 

and automatically identify the contribution of each Raman reporter, CLS algorithm was applied to 

decompose the superimposed spectra (Chuong et al., 2017), resulting in an estimation of contributions from 

each Raman reporter, as represented by a set of coefficient: {Pi1, Pi2, Pi3} (i refers to the sequence of group). 

Third, using {Pi1, Pi2, Pi3} as the input data, the supervised learning algorithm, LDA, was employed for 
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classification, as plotted by the clusters using canonical variables {Ci1, Ci2} (i refers to the sequence of 

group).  

To evaluate the multiplexing ability using this platform, 8 groups of samples with a combination of 

three mutations were tested (the composition of each group is shown in Figure 2a). Applying CLS algorithm 

to decompose the spectra, the contributions of each Raman reporter were obtained and plotted in Figure 3c, 

which was used as a primary training dataset. The superimposed SERS spectrum is assumed as a linear 

combination of the individual Cy5, FAM and ROX spectra, and the calculation gives an estimated 

contribution of each reporter with minimum errors. Afterwards, LDA was further applied to create an 

algorithm that can organize the samples into one of the defined classes. The resulting LDA scatter plot in 

Figure 3d showed well-separated clusters, which indicated the selectivity and discrimination ability of this 

CLS-LDA classifier. The cross-validation results in Figure 3f shows an accuracy of 98.75% for 80 tests (1 

error in 80 tests). In addition, the average SERS spectrum of each group shown in Figure 3e provides a 

distinct Raman fingerprint for each group. All the above results confirmed that the combination of multiplex 

SERS DNA assay with supervised CLS-LDA classifier enables accurate and automatic classification of 

unknown samples into different groups. 

To evaluate the ability for cancer classification, the developed assay was employed to test DNA lysates 

from different cancer cell lines. Here, two colorectal cancer cell lines, SW480 and HT-29, as well as a 

melanoma cell line, MDA-MB-435, were used as classical representatives to validate the ability of this 

system to detect KRAS G12V, BRAF V600E and PIK3CA P449T. Multiplex SERS detection was performed 

with the DNA lysates extracted from these cancer cell lines, in which SW480 contains KRAS G12V, HT-29 

contains BRAF V600E and PIK3CA P449T, while MDA-MB-435 contains BRAF V600E (Figure  4d). The 

mutational status of cancer cell lines was confirmed with droplet digital PCR (Table S1). Considering that 

the components of DNA lysates from cancer cell lines are much more complicated than those of the pure 

synthetic DNAs used in our prior tests, it is necessary to establish a new database for the following 

validation. Hence, we collected SERS spectra of assays on 3 cancer cell lines to establish a training database, 

in which 10 SERS assay results for each cell line were used. Figure 4a shows the SERS spectra for different 

cancer cell lines, which exhibit a distinct fingerprint. As shown in the clusters in Figure 4b and c, SW480, 

MDA-MB-435 and HT-29 cancer cell lines were well-differentiated. Additionally, the cross-validation and 

another 15 blind tests (5 tests for each cell line) were performed to validate the whole working network 

(Figure 4e). It is reflected in the table that the blind samples were correctly allocated to the corresponding 

groups. 

Finally, the platform was challenged with the task of classifying patients diagnosed with colorectal 

cancer, in which DNAs extracted from 8 patient tissue samples were tested. In parallel to SERS detection, 

the KRAS G12V and BRAF V600E mutations were tested with real-time PCR. As shown in Figure 5d and 

Figure S8, 2 of these 8 samples (patients 2 and 3) were positive for KRAS G12V while all of the 8 samples 
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were negative for BRAF V600E.  Consequently, we allocated patient 1, 4, 5, 6, 7 and 8 into Group A and 

patient 2 and 3 into Group B. In the trials analysing KRAS G12V and BRAF V600E with the SERS method, 

the corresponding probes were attached to the substrate for multiplex mutation detection. Figure 5a shows 

the SERS spectra of 10 tests for each sample, among which the spectra for patients 1-6 were employed as 

the training database for patient classification. As shown in Figure 5b and c, patients with different mutation 

patterns were well separated, where the cross validation showed an accuracy of 90% (54 of 60 tests) (Figure 

5e). Next, another 20 blind tests (10 tests for each of the patients 7-8) were performed with the established 

CLS-LDA classifier, where the accuracy reached 95% (19 of 20 tests) (Figure 5e). Additionally, the 

developed system was also capable of classifying colorectal cancer patients through the mutational profiling 

of plasma DNA lysates (Figure S9). As patients with same kind of gene mutations could show similar 

pathological characteristics and responses to the specific therapy, this supervised SERS classifier could 

become a promising tool for personalized medicine. 

 

4. Conclusion 

We have developed a SERS approach to classify cancer types by profiling mutational patterns in tumor 

DNAs. The chip-based mutation sensor which combines SERS spectral encoding technique with supervised 

learning strategy enabled intelligent cancer classification according to their mutational landscape. Compared 

with the conventional PCR-related methods, the proposed SERS classifier possesses the following 

advantages. First, due to the ultrasensitivity of Au@Ag NRs substrate, amplification-free detection of 

cellular mutations has been accomplished. Second, only one SERS measurement is needed to 

simultaneously profile multiple mutations, thanks to the great encoding capacity of Raman spectroscopy. 

Third, heterogeneous samples carrying different mutations can be intelligently classified into groups through 

the supervised spectrum analysis based on CLS-LDA algorithm. Our experimental results demonstrated 

rapid (40 min), straightforward and highly automated clustering of tumor cell lines and colorectal cancer 

patients according to their mutational profiles. While it is difficult to classify all types of cancers through the 

expression profiles, this SERS mutational classifier could become an indispensable and complementary tool 

for clinical precision medicine.   
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Figure 1. Schematic design of the multiplex SERS mutation assay for cancer classification. (a) 
Microfluidic chip fabricated by bonding PDMS microchannels (represented by the blue bars) with SERS 
nanosubstrate (represented by the grey bars). (b) Enlarged view of a single sensing unit. Three hairpin-
structured molecular beacon probes targeting at KRAS G12V (violet), BRAF V600E (yellow) and PIK3CA 
P449T (green) were assembled onto the SERS substrate fabricated with Au@Ag NRs (represented by the 
grey rods). The Raman reporters (represented by the stars)) on the molecular beacon probes were Cy5 (dark 
violet), FAM (orange) and ROX (dark green) respectively. (c) SEM image of the Au@Ag NRs substrate. 
The scale bar indicates a length of 1 μm. (Inset: enlarged SEM image. The scale bar indicate a length of 250 
nm) (d) DNAs extracted from three cancer cell lines were used as the analytes, including SW480 cells 
carrying KRAS G12V (represented by the dark violet helix), MDA-MB435 cells carrying BRAF V600E 
(represented by the orange helix) and HT-29 cells carrying BRAF V600E and PIK3CA P449T (represented 
by the dark green helix). (e) Hybridization of target sequences with the molecular beacon probes. The 
specific interaction between target DNA with the corresponding molecular beacon probes makes the Raman 
reporter moving away from the surface of the nanorods, during which the SERS signal switch from ‘on’ to 
‘off’. (f) Acquisition of the SERS spectra. The characteristic Raman bands of different reporters were 
represented in different colours. (g) Classification of cell types using supervised spectrum analysis. 
  



  

19 
 

 

Figure 2. Specificity test of the molecular beacon probes. (a) Schematic view of the array sensor. PDMS 
chip with 8 microchannels was bonded against glass slides patterned with 3 stripes of SERS substrate, which 
were modified with KRAS (violet), BRAF (yellow) and PIK3CA (green) molecular beacons respectively. 
Sample A-H (table) were flowed through the channels following the direction of the arrow.  (b) SERS 
spectra of the Cy5, FAM and ROX molecules labelled on the KRAS, BRAF and PIK3CA mutation probes. 
(c) Results of the specificity test plotted in colour map. 8 samples containing different combinations of 3 
mutations were tested on the array sensor. The peak area at 1589 (violet), 1325 (orange) and 1493 (green) 
cm-1 were used to characterize the SERS intensity of Cy5, FAM and ROX, which corresponds to the KRAS, 
BRAF and PIK3CA mutation probes. (d) Quantitative detection of synthetic KRAS G12V, BRAF V600E and 
PIK3CA P449T sequences. Plot of peak area as a function of the concentration for three targets. Error bars 
represent the standard deviation of 3 measurements. 
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Figure 3. Multiplex mutation analysis and sample classification. (a) Schematic view of the multiplex 
detection based on SERS encoding. The SERS substrate was modified with a mixture of 3 molecular beacon 
probes for simultaneous detection. (b) Workflow for the spectrum analysis. The acquired SERS spectra were 
successively processed with CLS and LDA algorithm. CLS was employed to calculate the contribution of 
each Raman reporter, the results of which were plotted as the scattering diagram. LDA algorithm was then 
applied to the results of CLS analysis to establish a new algorithm which classifies samples into groups. (c) 
3D scattering plot of the contribution of each Raman reporter calculated with CLS algorithm. 8 groups of 
samples (A-H, in different colours), which contain a combination of KRAS G12V, BRAF V600E and 
PIK3CA P449T, were tested (10 tests for each sample). The component of each group is the same as shown 
in Figure 2a. The plot shows the results of 10 tests for each of the 8 groups. (d) Scattering plot of the 
canonical variables calculated with the LDA algorithm, in which 8 groups of samples were classified. (e) 
Average SERS spectra for 8 groups of samples. (f) Cross-validation results for the 8 groups of samples. 
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Figure 4. Multiplex detection of cellular mutations and cancer classification. (a) SERS spectra for DNA 
lysates from SW480, MDA-MB-435 and HT-29 cells. The shadows indicate the standard deviation among 
spectra. (b) 3D scattering plot of each Raman reporter’s contribution calculated with CLS algorithm. DNAs 
extracted from SW480, MDA-MB-435 and HT-29 cells were tested (10 tests for each cell line). (c) 
Scattering plot of the canonical variables calculated with the LDA algorithm, in which 3 cancer cell lines 
were classified (10 training tests, plotted as dots, and 5 blind tests, plotted as stars, were tested for each cell 
line). (d) Mutation status of cell lines. (e) Cross-validation and blind test results for 3 cancer cell lines. 
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Figure 5. Patient sample test and classification. (a) SERS spectra for tissue DNA lysates extracted from 8 
colorectal cancer patients (p1-p8). The shadows indicate the standard deviation among spectra. (b) 
Scattering plot of each Raman reporter’s contribution calculated with CLS algorithm. The KRAS G12V and 
BRAF V600E mutations were tested (10 tests for each patient sample). (c) Scattering plot of the canonical 
variables calculated with the LDA algorithm. 10 training tests (plotted as solid labels, p1-p6) and 10 blind 
tests (plotted as hollow labels, p7-p8) were performed with samples from each patient. (d) Mutation status of 
patient samples. (e) Cross-validation and blind test results for patient samples. 
 

 

 
 
 

 

 

 

 



Highlights: 
 

• A SERS biochip for analyzing cellular DNA mutation is developed. 

• Amplification-free detection of multiple cellular point mutations is achieved. 

• Supervised learning algorithm is employed for cancer classification. 

• The chip is capable to analyze real clinical samples from colorectal cancer patients. 
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