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Single nucleotide polymorphisms (SNPs) are one of the
key diagnostic markers for genetic disease, cancer pro-
gression, and pharmcogenomics. The ligase detection
reaction (LDR) is an excellent method to identify SNPs,
combining low detection limits and high specificity. We
present the first multiplex LDR-surface enhanced Raman
spectroscopy (SERS) SNP genotyping scheme. The plat-
form has the advantage in that the diagnostic peaks of
Raman are more distinct than fluorescence, and in theory,
a clinically significant number of markers can be multi-
plexed in a single sample using different SERS reporters.
Here we report LDR-SERS multiplex SNP genotyping of
K-Ras oncogene alleles at 10 pM detection levels, opti-
mization of DNA labeling as well as Raman conditions,
and the linear correlation of diagnostic peak intensity to
SNP target concentration in heterozygous samples. Ge-
nomic DNA from typed cells lines was obtained and
scored for the K-Ras genotype. These advances are
significant as we have further developed our new SNP
genotyping platform and have demonstrated the ability to
correlate genotype ratios directly to diagnostic Raman
peak signal intensity.

SNPs are clinically useful for disease diagnosis and the
selection of the appropriate therapies.! The ability to genotype
multiple SNPs in limited clinical samples is important due to their
potential for heterogeneous distribution. For example, oncogenic
K-Ras alleles have been detected at G12V, G12A, G13D, and
Q61R.* The K-Ras genotype from a patient’s tumor is highly
informative, as tumors with different genotypes respond differently
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to treatment regiments.’”” Many methodologies have been
previously developed for SNP genotyping. Strategies include
primer elongation via PCR, enzymatic cleavage, hybridization, and
LDR (oligonucelotide ligation), with most of them relying on a
fluorescent spectra or mass spectrometry for signal output.®
Fluorescence is limited as a multiplex reporter due to spectral
overlap. Mass spectrometry is able to deconvolute more complex
mixtures since different mass tags can be used,®!° but the
equipment is cumbersome and difficult to integrate into a
diagnostic device with a small footprint.

We have recently developed a technology that utilizes SERS
to circumvent the spectral overlap of fluorescence spectroscopy
while retaining sensitivity and accuracy of LDR for SNP detec-
tion.!* Detection schemes utilizing SERS are advantageous over
fluorescence as Raman peaks are approximately 1 nm'? full width
half-maximum (fwhm) while fluorescent labels can be 100 times
larger fwhm.'® In addition to our LDR-SERS platform, Raman
spectroscopy has been utilized for DNA identification and SNP
detection using hybridization platforms!**° as well as PCR based
systems. % Importantly, multiplex identification systems have been
developed utilizing SERS technologies that require no additional
data processing other than simple peak recognition.'®~1#
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Table 1. Primers Used in LDR-SERS Experiments

template/primer

common LDR primer
G12D mutant LDR primer
G12A mutant LDR primer
wild type LDR primer

sequence for LDR (5'—3")

5Phos?/TGG CG/AmT’/AGG CAA GAG TGC CTT GAC
GAA TAT AAA CTT GTG GTA G/FlurT*/T GGA GCT GA
GAA TAT AAA CTT GTG GTA G/6FAM?/T GGA GCT GC
GAA TAT AAA CTT GTG GTA G/TAM*/T GGA GCT GG

@ 5Phos denotes a 5’ phosphorylation. > AmT denotes an aminated thymine. ¢ FlurT denotes a fluorescein dT. ¢ 6FAM denotes a 6-carboxyfluo-
rescein dT. ¢ TAM denotes a TAMRA dT. The 3’ base in mutant and wild type LDR primers (bold and italic) allow for specific discrimination of

the two templates.
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Figure 1. (a) Overview of LDR/SERS ligation and (b) schematic of multiplex SERS spectra. The silver spheres represent silver nanoparticles,

and colored circles represent fluorophores.

Here we demonstrate the multiplex genotyping capacity of our
LDR-SERS technology and how it may be used to identify multiple
SNP alleles. Varying Raman enhancer and excitation wavelength
conditions were tested to determine their effect on the signal-to-
noise ratio of each peak cluster. Additionally, the direct correlation
between diagnostic peak intensity and template concentration was
demonstrated. Finally, a three-plex detection system was demon-
strated with a 10 pmol limit of detection.

MATERIALS AND METHODS

Ligase Detection Reaction. Template DNA used in LDR
reactions was genomic DNA extracted from nondiseased colon,
DLD1, and SW1116 cell lines for WT, G12D, and G12A detection
experiments, respectively. The oligonucleotide sequences of all
the probes used in these experiments are shown in Table 1. All
DNA primers were synthesized (Integrated DNA Technologies
Coralville, IA) and adapted by previous work done by Khanna et
al.* Thermostable 9° North DNA ligase and buffer were purchased
from New England Biolabs (Beverly, MA). The LDR reaction
contained the following in a 10 uL reaction: 20 pmol of template,
100 pmol of each primer, 1 uL of 9° N DNA ligase, 1 uL of supplied
9° N DNA ligase 10x buffer, and water to 10 uL. The LDR
reactions used the following thermocycler program in a M]J
Research PTC-200 Peltier Thermo Cycler: (1) 90 °C for 2 min,
(2) 90 °C for 30 s, (3) 50 °C for 4 min, (4) repeat steps 2 and 3 29
times then 50 °C for 10 min, and (5) hold at 4 °C.

LDR Functionalization and Purification. The completed
LDR reaction mixture was treated with 2 uL of DMSO, mixed,

(18) Sun, L.; Yu, C.; Irudayaraj, J. Anal. Chem. 2008, 80, 3342-3349.

and allowed to sit for 2 min. A total of 100 pmol of the NHS ester
of thioctic acid was added to the treated LDR reaction and allowed
to react for 1 h. The reaction mixture was then added to 200 uL
of 60 nm Ag or Au nanoparticles and allowed to react for 1 h and
purified as previously described.!!

Raman Spectroscopy Measurements. Raman measure-
ments were made using an inVia Raman spectrometer (INVIA
Medical Imaging Solutions, Ann Arbor, Michigan) coupled to a
Leica microscope. The experiments were conducted by focusing
the excitation laser on the electro-active microwell as previously
described.''* The 488 and 785 nm laser lines were used as optical
excitation sources, and the scattered signal was collected by a
Peltier-cooled CCD detector. A 50x (NA = 0.55) objective lens
was used to focus the laser beam spot onto the sample surface
with a diameter of about 2 yum. Wavenumbers ranging from 1100
to 1800 cm™! were examined for all SERS experiments.

RESULTS AND DISCUSSION

An example of our multiplex LDR-SERS scheme is presented
in Figure 1. An oligonucleotide primer, common to all haplotypes
for a given gene locus, binds downstream of a SNP. This primer
contains an amine for conjugation to a Raman enhancing nano-
particle after ligation has occurred. A second primer containing a
Raman active fluorophore and a discriminating base at the 3" end
binds upstream of the SNP, adjacent to the first primer. This
discriminating, terminal base allows for allele specificity, as ligation
only occurs if the upstream primer matches perfectly with the

(19) Huh, Y. S;; Chung, A. J.; Cordovez, B.; Erickson, D. Lab Chip 2009, 9,
433-439.
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Figure 2. Investigation of Raman enhancers and excitation source. Samples 1 and 2 were excited at 488 nm while samples 3 and 4 were
excited at 785 nm. Odd numbered samples contained silver Raman enhancers and even numbered samples contained gold Raman enhancers
as indicated by colored spheres: (a) wild type TAMRA labeled DNA and (b) G12D mutant fluorescein labeled DNA.

DNA template. Therefore, the Raman signal will only be detected
if ligation of the two primers occurs, since the Raman enhancer
must be very close to the signal source. Different Raman active
fluorophores are placed on the SNP allelic specific primers, which
produce a signature Raman profile as diagramed in Figure 1b.

As described in Table 1, a TAMRA fluorescent label was
attached to the wild type discriminating primer while a fluorescein
and 6-carboxyfluorescein (6-FAM) labels were attached to the
G12D and G12A discriminating primers, respectively. Samples
containing all three templates produce an aggregate spectrum that
has elements of all Raman reporters, but diagnostic peaks of each
marker can still be discerned and quantified. After the ligation
occurs, the Raman enhancer is attached to the DNA strand,
purified, and then concentrated in an electroactive nanowell.!*"'°

Upon examination of the differences in spectra, several possible
diagnostic peaks were identified with the most prominent at
approximately 1315, 1370, and 1488 cm™ for fluorescein (G12D),
TAMRA (WT), and 6-FAM (G12A) labeled DNA, respectively.
In order to optimize the SERS output signal and resolution
between diagnostic peaks, the interplay between laser excita-
tion wavelength and nanoparticle enhancers was investigated
using a two-plex model. Figure 2a plots TAMRA labeled DNA
SERS intensity as a function of laser excitation wavelength and
Raman enhancers. While the 785 nm excitation source (Figure
2a(3),(4)) did provide 3-fold more intense peaks at the 1500 cm™!
cluster in the TAMRA sample, the 488 nm excitation source
gave much more distinct peaks, reducing the peak width of
the 1370 cm™! diagnostic peak by a factor of 3 in both the silver
and gold enhanced samples. A similar pattern was seen for
fluorescein-labeled DNA in Figure 2b. The 488 nm laser provided
an approximately 3-fold higher signal as compared to the 785 nm
excitation source for the peak at 1650 cm™! and a 1.4-fold average
enhancement when comparing the silver enhanced samples.
This is most likely attributable to a resonance Raman effect,
where both dyes are excitable to their first electronic state at
488 nm but not at 785 nm.'®?° Resonance Raman effects can
greatly increase the Raman signal, which has been previously
shown in assays detecting DNA base changes using the hybridiza-
tion format.!*

The difference between gold and silver nanoparticle SERS
enhancers was also investigated, with silver nanoparticles provid-
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ing a much better signal-to-noise ratio as seen in Figure 2. In the
TAMRA labeled sample, silver provided an average 1.5 SNR
enhancement over gold when averaging all the peaks and a 1.7-
fold better SNR at the 1370 cm™! diagnostic peak when excited
at 488 nm. An average 1.33 SNR enhancement of silver
compared to gold was achieved in the TAMRA sample excited
at 785 nm. In the fluorescein labeled sample, an average 3.2
SNR was achieved over gold when excited at 488 nm. SNR of
the fluorescein labeled samples excited at 785 nm was not
readily comparable in silver versus gold enhancements due to
the large peak broadness of the gold enhanced samples. The
metal dependent, Raman enhancement trends conform to
previously observed behavior that silver is often a better Raman
enhancer than gold.?! This effect is due to the localized surface
plasmon resonance of the aggregated silver particles having a
greater maximum absorbance than gold and better matching
the excitation wavelength. Again, higher Raman signal output
may be obtained by matching the excitation wavelength to the
absorbance wavelength of the fluorescent label, inducing an
electronic transition to achieve surface enhanced resonance
Raman (SERRS). Quantitatively maximizing the Raman signal
based on nanoparticle composition and excitation wavelength
has been thoroughly analyzed previously.?? Design and selec-
tion of Raman molecules for multiplex analysis have also been
previously investigated.?*~%

Figure 3 shows two-plex data obtained for a mixture of WT
and G12D targets using both LDR primers. Figure 3a shows the
SERS spectra profiles of a mixture of WT and G12D with silver
or gold as the SERS enhancer (silver for 1 and 3, gold for 2 and
4) and an excitation wavelength of 488 nm (1 and 2) and 785 nm
(3 and 4). The multiplex sample conformed to the trends observed
in Figure 2, with silver nanoparticles demonstrating 1.5- and 2-fold
SNR enhancement for the fluorescein and TAMRA diagnostic
peaks, respectively, when excited at 488 nm as compared to gold.
The 488 nm laser reduced the peak width of the fluorescein and
TAMRA diagnostic peaks by a factor of 1.8 and 1.2, respectively,
as compared to the 785 nm excitation source for silver enhanced
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Figure 3. Two-plex SNP samples: (a) mixed genotype SERS spectra. (b) Overlay of singleplex SERS spectra with WT in blue and G12D
mutant in red against the multiplex spectrum in black. TAMRA and fluorescein diagnostic peaks are highlighted with labeled arrows. (c) Diagnostic
peak intensities of mix genotype samples, varying the LDR template concentration of mutant to wild type template DNA as (1) 0.1:1, (2) 0.5:1,
(3) 1:1, (4) 3:1, (5) 5:1. (d) Plot of template molar ratio against diagnostic peak intensity. / denotes intensity, M denotes moles, T denotes

TAMRA, and F denotes fluorescein.
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Figure 4. Multiplex SNP samples: (a) (1) G12D (fluorescein) mutant, (2) WT KRAS (TAMRA), (3) G12A (6-FAM) mutant, (4) WT & G12D
2-plex, (5) WT, G12D, G12A 3-plex. Dotted lines indicate diagnostic peaks. (b) Dilution series of LDR three-plex containing variable amounts

of template: (1) 20, (2) 10, (3) 5, and (4) 2 pmol.

samples. Figure 3b shows a resultant two-plex spectra with the
fluorescein and TAMRA spectra overlaid, demonstrating that the
diagnostic fluorescein peak at ~1315 cm™! is clearly distinguish-
able from the diagnostic TAMRA peak at ~1370 cm™!, which
identify the G12D mutant and wild type genotypes, respectively.
These spectra were obtained from silver enhanced samples
excited at 488 nm. Figure 3c depicts the correlation of SNP
concentration to signal intensity. In the mixed sample, the
population of the mutant (fluorescein) to wild type (TAMRA) DNA
template was varied in the LDR reaction of at ratios of 0.1:1, 0.5:
1, 1:1, 3:1, and 5:1 in samples 1—5, respectively. As expected, as
the ratio of mutant to WT SNPs is increased, the 1315 cm™! signal
increases while the 1370 cm™! signal decreases.

Figure 3d plots the molar ratio of WT to mutant template
concentration against signal intensity of the diagnostic peaks as
obtained from Figure 3c. A linear trend is generated with
diagnostic signal intensity directly correlating to the genotype

molar ratio. Unlike PCR, LDR does not produce exponential
amplification of the product since the product of the ligation is
not a template for the LDR primers. The signal is linear with the
initial target concentration.

Figure 4 demonstrates three-plex capabilities of the system.
In the presence of all three diagnostic primers, LDR reactions
were run with one, two, or three templates then functionalized
with silver nanoparticles and their Raman spectra analyzed. Figure
4a(1) shows a diagnostic peak for the G12D mutant (fluorescein)
at approximately 1315 cm™!. Parts a(2) and a(3) pf Figure 4 are
representative spectra for WT (TAMRA) and G12A (6-FAM)
haplotypes, respectively. While 1370 cm™! was potentially a
diagnostic peak for TAMRA-labeled WT templates, it overlaps
with the 6-FAM peak seen for the G12A allele. An alternative
diagnostic peak for the WT spectrum can be seen at ~1225
cm™ !, however, and can be used for WT haplotype identifica-
tion. The G12A haplotype has a unique diagnostic peak at
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~1488 cm~!. Figure 4a(4) demonstrates that the presence of all
three diagnostic primers in the reaction not inhibit two-plex
detection, as diagnostic peaks for WT and G12D mutations are
present. Figure 4a(5) demonstrates detection of all three haplo-
types with diagnostic peaks for all three alleles clearly present.
Figure 4b shows a dilution series that demonstrates a 10 pmol
limit of detection.

CONCLUSIONS

Here we have demonstrated an important step toward a LDR-
SERS detection platform for SNPs. This system allows accurate
discrimination of multiple alleles and does not require a microarray
format or capillary electrophoresis.?® Additionally, it displays the
ability to quantify SNP allelic ratios based on relative signal
intensity. This technology is an important advancement in moder-
ate scale SNP detection as it retains the advantages previously
shown with LDR and increases the potential for multiplex
detection in a relatively simple technology platform. SERS
multiplex detection of oligonucleotides labeled with common
fluorophore tags has been previously demonstrated.?”?® 1t is
important to note that fluorophores are often used as Raman tags
due to their wide availability on oligonucleotides, but any chro-
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mophore or molecule with a high Raman cross section and unique
spectral signature could be used as a label.2*3° This opens up a
very large spectral space for detection and multiplexing possibili-
ties. Multiplexing is particularly amenable to this system because
even if diagnostic peaks overlap, their sources can still be
determined through spectral fitting analysis, which identifies
peaks not discovered by linear analysis and direct observations.?®
Furthermore, isotopically different variants of a given probe may
be detected as different signals allowing for further multiplexing.®!
Because of the adaptability and sensitivity of our system, we
believe our technology is a step toward an eventual point-of-care
genotype analysis system for clinically relevant SNPs. In order to
achieve this point-of-care goal, attachment of Raman enhancers
to oligonucleotides prior to the ligase detection reaction must be
achieved and is currently being investigated.
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