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SERS detection of DNA cancer with single-
base mutation for KRAS-gene
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We present a method based on surface enhanced Raman spectroscopy (SERS) to
detect DNA KRAS-gene with single-base mutation. The KRAS gene belongs to the
oncogenes class of genes. KRAS mutations cause normal cells to become cancerous. The
detection utilizes DNA gene probes labeled by CY3 dye (as Raman marker) and
plasmonic silver nanoparticles (Ag NPs) deposited on SERS substrates. SERS detect
DNA via hybridization to the complementary DNA (target) sequences with single-base
mutation. This SERS technique is a powerful tool and has a great potential gives both
affectability and selectivity. Also, we utilized the Raman mapping to provide chemical
information coupled with spatial information. The mapping image was obtained using
scanning with three Raman bands over selected areas of the sample. The limit of
detection (LOD) was accomplished down to a concentration 9 nM after the addition of
magnesium sulfate (MgSO,) aggregated agent, causing hot spots of the aggregated Ag
NPs.
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1. Introduction

After discovering the double helix structure of deoxyribonucleic acid
(DNA) in 1953, the identification and sequencing of the DNA molecules
attracted attention ™. The sequence of nucleic acid that varies from one
living organism to another, pathogen or virus, offers experimental methods
for recognizing and discriminating different diseases “*. Therefore, the
evolution of DNA-based diagnostics took place, including the DNA
polymerase isolation, restriction fragment length polymorphism (RFLP),
random amplified polymorphic DNA (RAPD), and the technique of
polymerase chain reaction (PCR) P\ Cancer as an uncontrollable cell
growth begins when changes in the genes take place, causing gene mutation.

Human DNA contains more than 20,000 genes, and when a portion of
those genes is mutated, a wild cell multiplication happens to cause cancer.
Those genes are then oncogenes, and KRAS is one of those oncogenes and
occurs in 22% of all tumors ¥4 analyzed (the highest among RAS
isoforms). Traditional approaches to study gene mutations are PCR and
DNA sequencing 1. The sequencing technique is ideal for profiling long
nucleic acid sequences; however, the significant expense and extensive
stretch of investigation make it not suitable for single-base mutation
detection. Though PCR and Sequencing are currently the standards for
mutation screening of malignant tumors, scientists are starting to create
intensification-free techniques for point mutation analysis. This way, Raman
emission can be enhanced by utilizing specific metals that are in-tune with
laser frequency, inclining toward an effect named Surface Plasmon
Resonance (SPR) '#**. Using nanoparticles or nanostructures of a metal like
gold or silver, analytes may come in legitimate vicinity to this SPR effect
and lead to a dramatic amplification of Raman emission photons called
surface enhanced Raman spectroscopy (SERS). SERS has become a
powerful technique for cancer diagnoses 2. Since it is offering
amplification-free mutation detection with extremely high sensitivity down
to single-molecule level **?*1 by simply attaching the complementary DNA
sequence probe with Raman marker dye onto metal nanoparticles and
obtaining the distinct amplified Raman signatures of the Raman marker after
hybridizing with a single base mutation, the mutated template could be
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directly identified . The enhanced signal from the marker is due to Ag
NPs are deposited in the proximity of the probe. These SERS sensors are
easy to fabricate and low cost. In this work, we present an integrated method
for detecting single nucleotide DNA cancer KRAS mutation with such a
simplified procedure. The key to this method is the specific DNA sequence
complementary probe, labeled with a Raman marker, in our case CY3 Dye.

2. Experimental
2.1. Materials

Samples utilized in this work are synthetic DNA templates, with a
single-base mutation (C changed to A) and Raman marker (CY3 dye)
labeled probes that were purchased from (Eurofins, Germany). For
comparison, sequences of both normal (wild type) and mutated templates
were used. The

wild type (WT) and mutated (MT) DNA samples with a labeled

complementary probe for the mutated templates are shown in Table 1.
Table 1: DNA samples (KRAS exon2 gene from 5’ to 3°)

Wild type (WT) Template:
TCTGAATTAGCTGTCGTAAGGCATCTTGCCTACGCCACCAGCTCCAACTACCACAAGTTTATATTCAG

Mutated (MT) Template:
TCTGAATTAGCTGTCGTAAGGCATCTTGCCTACGCCACAAGCTCCAACTACCACAAGTTTATATTCAG

MT Cya3 labeled Probe:
TTGGAGCTTGTGGCGTAGGCA(CY3)

2.2. Synthesis of silver nanospheres

The amplification of the probe Dye Raman signal in the SERS is done
by the increased plasmonic electromagnetic field of the silver nanoparticles
(Ag NPs) participating in the SERS substrate. We synthesized Ag NPs using
the chemical reduction method. First, all solutions of reacting materials were
prepared in deionized water. In brief, 50 ml of 0.001 M AgNO3 was heated
to boil. Then 5 ml of 1 % trisodium citrate was added drop by drop to the
boiling solution. During the process, solutions were blended enthusiastically
and warmed until the change of color was evident (pale yellow). At that
point,
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Figure 1 UV-Vis absorption spectrum and TEM image of Ag NPs

it was taken out from the heating plate and mixed until cooled to room
temperature. 2 ml silver colloid reduced by sodium citrate was centrifuged
(5000 rpm, 10 min), and the supernatant was removed. The final
concentration of Ag nanoparticles in the concentrated colloid was about
23.55 nM, as determined using Beer-Lambert Law 7.

Figure 1 shows the UV-Vis absorption spectrum and TEM image of
synthesized Ag NPs obtained by reducing silver nitrate by trisodium citrate.
The absorption peak was found at 410 nm, which indicates the particle size
of about 36nm 2%,

2.3. Fabrication of SERS substrate

A multi-well glass slide was used as a substrate with ten wells, every
0.02 cm® The procedure for sample preparation, their immobilization, and
hybridization in the multi-wells are presented in Figure 2. The used
configuration for differentiation between normal and mutated DNA
templates can be described in four steps. First, surface modification of the
wells with cationic polymer (polyethyleneimine PEI) was carried out (Step
a). Next, DNA template immobilization (Step b). DNA hybridization with a
complementary probe labeled with a Raman marker (Step c). Finally, SERS
measurement for the Raman marker using Ag NPs was obtained (Step d).
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Figure 2 Schematic representation for the hybridization process

2.4. DNA immobilization

DNA (normal and mutated) templates were immobilized inside the
multi-wells substrate using polyethyleneimine (PEI) coating. This is done to
achieve electrostatic adsorption. PEI is a polycationic polymer with a
repeating unit
that contains a positively charged amine group. The electrostatic interaction
between negatively charged phosphate groups of DNA and the positively
charged glass modified surface affects the immobilization of the DNA.
To test the immobilization, we use the following steps:

« 500 ng/ul DNA human genome was diluted in the same volume of

40% glycerol solution.

« Glass slide was coated by PEI.
. DNA droplets are pipetted on the surface
. Substrate was placed at 50 °C in the incubator overnight.
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« Ethidium Bromide dye binds to DNA by a van der walls force to
stain the DNA.
« Substrate was washed by dipping in PBS for 15 mins, and then the
slide is placed under a UV lamp.
Figure 3 Shows immobilized DNA stained with ethidium bromide under the
UV lamp illumination.

Figure 3 immobilized DNA stained with ethidium
bromide under the UV lamp.

2.5. DNA hybridization

After testing the immobilization, we achieve the DNA hybridization
using the following procedure:

« 0.04 g/ml PEI solution was injected by a micro pipette in a freshly
prepared substrate to fill the wells for 20 min.

« The multi-wells substrate was washed with deionized water for 1
min, and the substrate was left to dry in air.

o 2ul drop of 10uM normal DNA template was placed inside each well
on the PEI modified wells (the same was done for the mutated DNA
template).

« The multi-wells substrate was incubated at 50 °C overnight.

To achieve high assay specificity, it is crucial to minimize the non-specific

biomarker (labeled probe) adsorption. Therefore, we used egg albumin as a
surface blocking reagent to block any space on the substrate not covered by
DNA. 1% egg albumin in PBS solution was injected into the wells and left
for an hour at room temperature, and then the wells were washed with PBS
for 1 min. The probe complementary to the mutated DNA was prepared by
dissolving in Saline Sodium Citrate (1x SSC), used as a hybridization buffer,
to a final concentration of 0.16 uM. DNA hybridization of the probe to DNA
is then carried out by injecting the DNA probe with Cy3 dye as a Raman
marker into the wells. The substrate is then incubated at 50 °C overnight,
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then washed three times in 1xSSC only to remove any un-attached DNA
probes.

3. Result and Discussion

3.1. SERS measurements

SERS measurements were carried out for mutated and normal DNA template
wells to detect the Cy3 molecules using the HORIBA Scientific Labram HR evolution
machine. 2ul of concentrated Ag NPs were added to wells, both having mutated and
normal DNA. A 532nm laser source was used with the 10x microscope lens. The
acquisition time was 10 sec, and the grating used was 600 lines/mm. Figure 4 shows the
obtained SERS spectra for (a) CY3 dye, (b) mutated DNA template (c) wild type
(normal) DNA template. Cy3 Raman spectrum peaks for Raman marker are much more
pronounced in the case of the mutated DNA template. This means that the Cy3 molecules
have a significantly higher concentration in the area having mutated DNA template,
indicating binding of the probes to the mutated template in a stable double strand. On the
other hand, a trace amount of Cy3 was found in the case of a normal DNA template. In
contrast, binding between the probes and the wild-type template results in much less
stable double strands. The amount of mutated DNA detected was estimated for the
number of DNA probes per laser spot area inside each well; the amount of DNA is found
to be about 2 fmole.
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Figure 4 SERS measurement for mutated (a) CY3 Dye Raman Spectrum
(b) Mutated DNA template SERS spectrum (c) Wild type DNA template
SERS spectrum

The limit of detection (LOD) for the SERS method was determined by
taking the SERS signal for eight solutions of labeled probes with varying



Tamer Abdallah 151

concentrations, as shown in Figure 5. The concentrations of probes used
were 10000, 5000, 2500, 1250, 625, 313, 156, and 78.1 nM. The DNA
concentration is correlated with the spectral feature peak intensity of the
CY3 Raman band at 1470 cm™. 2 ul drop of these concentrated labeled
probes are placed inside the multi-wells glass substrate let dry in air. A 2ml
drop of concentrated Ag NPs (23.55 nM) is placed on the probe and let dry
before SERS measurement. A linear regression line was drawn using the
spectral peak of Cy3 located at 1470 cm-1 (Figure 5). The LOD was
obtained from the intensity versus concentration curve shown in Figure 6.
The regression coefficient (R2) of the line was 0.96. The limit of detection
LOD was calculated by tripling the standard deviation (SD) then dividing by
the slope (LOD = 3 SD/slope ) ™ and was found to be about 14nM.
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Figure 5 SERS spectra of the eight Cy3 labeled probes solutions with
increasing concentrations.
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Figure 6 Linear regression line drawn by the peak intensities of Raman
band at 1470 cm™.

As opposed to Raman spectroscopy, which gives discrete chemical
information at different positions within the sample, Raman mapping offers
such chemical information combined with spatial information %, This is
an invasive technique with high chemical specificity. In Raman mapping,
the laser spot scans the examined sample area with preset step size and
obtains total Raman spectra at each setpoint, then color images are obtained.
This image is based on material composition with high sensitivity and
resolution. Raman images in our case were obtained by selecting one Raman
band of the CY3 dye and scan the over-determined area of the sample for
this band. The scanned area was about 100x100 um?®, with a step of 10 um
along the X and Y axes. Three Raman images were obtained using Raman
bands at 560cm™, 1470 cm™, and 1590cm™. The band at 560 cm™ is
associated with the bending vibrations of the C-C(CH3)-C moieties. The
strong band near 1470 cm™ is attributed to the CH3 symmetric deformation
in Cy3. The strong band at 1590 cm™ is associated with C=N stretching
mode. The 2D-Raman images obtained for different Raman bands for
mutated and wild type (normal) DNA templates after hybridization with the
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labeled mutated probe are shown in Figure 7. In the three-dimensional (3D) images,
where the third dimension represents the SERS intensity of the selected Raman band line.
The intensity of the mutated template is much higher than that of the normal one for the
three-band lines. The low intensity of the wild type due to the inhomogeneity of the
blocking layer allowing some binding of the probe with the PEI. Figure (7-d) shows the
mean intensity of the Raman band line over the scanned area for the three bands.

3.2. Effect of the aggregating agent

To enhance the Raman signal, several approaches have been developed to
increase the number of "hot spots"” of Ag NPs, which leads to an increase in the chances
to trap the DNA probe molecules in a "hot spot". This can improve the detection limit by
adding aggregation agents ***!. 2 uL drop of 0.01 M magnesium sulfate (MgSO.) was
added to force the aggregation of the Ag NPs. The color of the colloids turns from
yellow-green to chocolate immediately under such conditions. DNA probe concentration
down to 9 nM (one order of magnitude smaller than without aggregation agent) is
detected.Figure 8 shows the Raman Spectrum for 9 nM labeled probe after the addition of
aggregated Ag NPs.

1470 cm band
Mutated

- (b) -

1590 cm® band
Mutated '

Intensity (Arbitrary Units)

560 cm™? 1470 cm™ 1590 cm™?

Figure 7 2D and 3D Raman maps for mutated and wild type (normal) DNA templates
using (a) 560 cm™ (b) 1470 cm™ (c) 1590 cm™ and (d) the intensities of the mutated
DNA.
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Figure 8 SERS spectrum for labeled DNA probes with 9 nM concentration.

Conclusion:

Our experiment was committed to distinguishing single nucleotide DNA cancer
mutations through a sensitive and explicit strategy offered by SERS, with minimal
sample preparation and low cost to achieve early recognition of malignant growth. DNA
concentration down to 9 nM was accomplished utilizing hot spots to aggregated Ag NPs.
SERS technique is a powerful tool for detecting single nucleotide DNA mutation
compared to the PCR technique. SERS technique is based on the amplification of the
signal of the Raman marker using plasmonic NPs. In PCR, the amplification is carried
out for the samples, which consume time and are complicated. This procedure is not
dedicated to KRAS gene mutation only but could as well be applied to differentiate
between mutated DNA and normal DNA for any type of cancer.
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