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Detection of Single Nucleotide Polymorphisms by a Gold Nanowire-on-Film
SERS Sensor Coupled with S1 Nuclease Treatment**

Seung Min Yoo,"” Taejoon Kang," Bongsoo Kim,*"' and Sang Yup Lee*!”!

Abstract: Single nucleotide polymorph-
isms (SNPs) can serve as important bi-
omarkers for genetic diseases, for
which accurate detection of SNPs is es-
sential for early diagnosis. We have de-
veloped a novel SNP sensor by com-
bining a Au nanowire-on-film surface-
enhanced Raman scattering (SERS)
platform with S1 nuclease reaction.
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Introduction

Single nucleotide polymorphisms (SNPs) are the most abun-
dant genetic variations that account for more than 90 % of
all sequence variations, as 3-10 million of them exist
throughout the human chromosome."? SNPs can provide
important clues for tracking disease-related genes, particu-
larly those affecting disease development at various stages
of life as well as disease susceptibility and drug sensitivi-
ty,”) and therefore the ability to detect SNPs is of great
clinical importance. Disease-associated point mutations can
change amino acid sequences of proteins, which can in turn
cause different levels of protein production and different
splicing, thereby resulting in various genetic disorders.?
Accordingly, detection of mismatched DNA sequences is
vital in early diagnosis, prevention, and treatment of human
diseases, and will become more important for developing
personalized medicine. Thus, much effort has been exerted
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The combined sensor system provides
reproducible SERS signals only in the
presence of perfectly matched target
DNAs, to probe DNAs as a result of
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single-stranded DNA-specific degrada-
tion by S1 nuclease. Furthermore,
point mutations in DNA causing
Wilson disease and Avellino corneal
dystrophy were successfully identified
by this sensor, thereby indicating its
practical ability to diagnose genetic dis-
eases.

to develop a rapid, accurate, and multiplex SNP detection
system.

Traditionally, SNPs have been detected mainly by employ-
ing diverse sequencing-based methods such as gel-based se-
quencing, restriction fragment length polymorphism
(RFLP), and single-strand conformation polymorphism
(SSCP). Recently, advanced techniques such as a conforma-
tion-sensitive gel electrophoresis (CSGE),!*” capillary elec-
trophoresis (CE), and DNA microarrays” were used in
practice for high-throughput detection of single-base mis-
matches in DNA.

Recently, novel detection methods have been developed
that employ rapidly advanced nanotechnology. For example,
a variety of sensing techniques, such as fluorescence,!'*!!l
electrochemistry,'? surface plasmon resonance,!® colorime-
try,!*5  and  surface-enhanced Raman  scattering
(SERS)!'*22 ytilizing nanostructures such as nanowires
(N'Ws) and nanoparticles, were reported for effective detec-
tion of SNPs. For real-world applications, however, these
nanotechniques need further improvement.

Herein, we report an advanced Au NW-on-film SERS
sensor that utilizes S1 nuclease treatment to identify single-
base mismatches in double-stranded DNA (dsDNA). This
system has the following distinct merits. First, the Au NW-
on-film platform provides highly reproducible SERS signals
due to its well-defined geometric architecture (Figure 1 and
Figure S1 in the Supporting Information).”! As minimizing
detection error is critically important in SNP sensing, the
NW-on-film sensor significantly reduces the detection error
of single-base mismatches. Second, by employing S1 nucle-
ase, which recognizes and cleaves the single-base mismatch-
es in dsDNA, detection error is decreased further relative to
the SNP detection methods utilizing thermal melting of
DNA hybridization. Additionally, multiply combining these
NW-on-film sensors would enable the multiplex detection
that is required for efficient SNP detection. As the present
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Figure 1. Schematic representation of the Au NW-on-film SERS-active
platform constructed by placing a single-crystalline Au NW on a Au film.
This sandwich nanostructure provides a SERS hot line at the gap be-
tween the NW and the film.

system only requires a single S1 nuclease reaction even for
multiplex SNP detection, the experimental process is sim-
pler than other methods employing multiple DNA hybridi-
zations or separation of the resultant products."®!7-2-%]

To develop disease diagnostic sensors, it is important to
verify that the sensor can identify SNPs in clinical practice.
Clinical tests demonstrated that the NW-on-film sensor suc-
cessfully identified mutations in the relevant DNAs in Avel-
lino corneal dystrophy (ACD) and Wilson disease (WD).
We expect that high-throughput SNP sensors that can diag-
nose various genetic diseases in a single assay can be devel-
oped by combining multiple Au NWs, each modified with
the corresponding DNAs.

O
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Results and Discussion

SERS is a fascinating phenomenon that enormously increas-
es Raman signals of molecules near the gap of noble-metal
nanostructures.” It provides unique advantages, such as
single-molecule-level sensitivity,?*?® molecular specificity,*”
and insensitivity to quenching,'®?! for DNA detection in-
cluding SNPs. However, fluctuating and irreproducible
signal enhancement by SERS sensors has been hampering
quantitative and reliable sensing. We overcame this problem
by newly fabricating a Au NW-on-film SERS-active plat-
form composed of a single Au NW on a Au film. This Au
NW-on-film structure has a simple and well-defined sand-
wich architecture, which provides a line of SERS hot spots
(i.e., a SERS hot line) at the gap between the NW and the
film upon optical excitation (Figure 1).”) Because the hot
spots are created at the NW position, by focusing the excita-
tion laser on the NW through the optical microscope we ob-
tained high-quality SERS spectra with reliable reproducibili-
ty, good time stability, and excellent sensitivity (Figure S1,
Supporting Information). By adopting this efficient NW-on-
film nanoplatform for SERS, we detected SNPs in a highly
quantitative and sensitive manner.

Figure 2 shows a schematic representation of the SERS-
based single-base-mismatched sequence detection by using
S1 nuclease that specifically hydrolyzes single-stranded
DNA (ssDNA). The probe DNA is attached to a Au NW
through a thiol group. When a target DNA is immersed in a
solution with a probe DNA, the probe DNA can hybridize
the target DNA even in the presence of SNPs in the target
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Figure 2. Schematic representation of the strategy for the detection of single-base-mismatched sequences in DNA by a Au NW-on-film SERS sensor

combined with S1 nuclease reaction.
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DNA. If perfectly matched (PM) target DNA is hybridized
with a probe DNA, it protects the probe DNA from S1 nu-
clease attack so that the Raman carrier Cy5 remains at a
probe DNA near the Au NW, thereby providing a strong
SERS signal. If the target DNA hybridized with probe
DNA has a mismatch (MM), then Cy5 is removed by the
hydrolysis of S1 nuclease and the SERS signal disappears.
From the difference of SERS signals before and after treat-
ment with S1 nuclease, the presence of SNPs can be clearly
identified. This specific enzymatic digestion is a key step for
increasing the specificity and reducing the error of SNP de-
tection. The specificity of S1 nuclease has been well known
and effectively employed in various DNA sensing applica-
tions, such as short tandem repeat detection,”® quantifica-
tion of the level of alternatively spliced mRNAs,*** and
single-base mismatch discrimination.”>%7% To enhance dis-
criminatory power, the probe DNAs were designed to have
a point mutation in the middle (eighth) of the 15-mer se-
quences, which is known to be destabilized more than a lo-
cation near the extremities.”!

To maximize the discriminating ability, we optimized the
concentration and reaction time of S1 nuclease. First, two
sets of Au NWs modified by Cy5-labeled probe DNA (A;
Table S1, Supporting Information) were prepared and hy-
bridized with two kinds of target DNA (B, for PM and B,
for MM; Table S1). These two different sets of hybridized
Au NWs were incubated in solutions containing various con-
centrations of S1 nuclease (20, 40, 60, 80, and 100 UmL ™)
at 37°C for 20 min. After washing and fabricating two NW-
on-film structures with these two sets of Au NWs, SERS
spectra were measured. The SERS intensity difference be-
tween the two sets of Au NW samples hybridized with PM
or MM target DNAs was maximized at an S1 nuclease con-
centration of 40 UmL™" (Figure 3a). At S1 nuclease concen-
trations lower or higher than 40 UmL™', incomplete cleav-
age due to insufficient enzyme or overdigestion by excessive
enzyme, respectively, were observed. Second, the S1 nucle-
ase reaction time was optimized to maximize the SERS in-
tensity difference (Figure 3b). Same as above, two sets of
Au NWs modified by Cy5-labeled probe DNAs were hy-
bridized with PM and MM target DNAs, respectively, and
treated with 40 UmL ™ S1 nuclease at 37°C for various incu-
bation times (10, 15, 20, 30, and 40 min). The discriminatory
power of the assay was maximum at an incubation time of
20 min. Figure 3¢ shows SERS spectra measured before and
after the treatment with S1 nuclease at an optimized reac-
tion time of 20 min, concentration of 40 UmL™', and 37°C.
Before S1 nuclease treatment, the SERS signal of Cy5 was
observed with all Au NW sets. After treatment with S1 nu-
clease, the SERS spectra from Au NWs hybridized with a
PM target DNA remain strong, whereas those from a MM
target DNA almost disappear. Note that comparison of the
SERS signal intensities after S1 nuclease treatment is
enough for the identification of SNPs under these test con-
ditions.

To identify the resultant mutated nucleotide among the
four bases of adenine (A), thymine (T), guanine (G), and
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Figure 3. Determination of the optimal conditions for S1 nuclease reac-
tion on the Au NW-on-film SERS sensor. a) Effect of the concentration
of S1 nuclease on the SERS intensity of the 1580 cm™' band. The Au
NWs assembled with probe DNAs were hybridized with PM or MM
target DNAs, and then exposed to various concentrations of S1 nuclease
(10, 20, 40, 60, 80, and 100 UmL™") at 37°C for 20 min. After the trans-
port of Au NWs on Au film, SERS spectra were measured. b) Effect of
the exposure time of S1 nuclease on the SERS intensity. The Au NWs as-
sembled with probe DNAs were hybridized with PM or MM target
DNAs, and then exposed to S1 nuclease (40 UmL ") at 37°C for various
incubation times (10, 15, 20, 30, and 40 min). c) SERS spectra obtained
before and after the exposure to S1 nuclease. The enzyme reaction was
performed at a concentration of 40 UmL ™" at 37°C for 20 min.

cytosine (C), four Au NWs modified by four different probe
DNAs (A, A,, A;, and A,; Table S1, Supporting Informa-
tion) having the same sequences except the mutated point
as T, C, G, or A, were hybridized with four kinds of target
DNAs (B, B,, B;, and B,; Table S1) with point mutations;
B, was complementary to A;. Then, the SERS spectra were
measured after incubation with S1 nuclease. Figure 4a indi-
cates that SERS signals were observed only when NWs
modified by A; probe DNA were immersed together with
complementary B, target DNA in a sample solution, thereby
demonstrating the superb SNP detection ability of this
Sensor.
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Figure 4. a) SERS intensities of the 1580 cm™' band from probe DNA-im-
mobilized NWs (A, A,, A;, and A,; Table S1, Supporting Information)
after hybridizing with different target DNAs (B;, B,, B, and B,; Table
S1) and exposure to S1 nuclease. A; is perfectly complementary to B,
b) Plot of 1580 cm™! band intensity versus concentration of PM target
DNAs.

The detection limit of the sensor was then determined.
Figure 4b shows a plot of the intensity of the 1580 cm™'
Raman band versus concentration of PM target DNAs. The
SERS intensity is linearly proportional to concentrations of
DNA from 107" to 10~°M. At concentrations below 107! m,
a Raman signal was not detectable, which indicates that the
detection limit of this sensing system is about 100 pm.

The diagnostic ability of this sensor was then clinically
tested. Most genetic disorders are divided into two types:
autosomal dominant and autosomal recessive disorders.
Humans have two copies of DNA for each gene. Autosomal
dominant requires only a single mutated copy of DNA for
disease expression, whereas autosomal recessive requires
two copies of mutated DNA. For effective diagnosis and
treatment of genetic disorders, therefore, genetic mutations
in both copies of DNA should be identified.

Firstly, we chose WD, a representative autosomal reces-
sive disorder, and examined the Arg778Leu mutation
(CGG —CTQG) in the ATP7B gene, the most frequent muta-
tion in Korean WD patients.’”! The four NWs modified by
four different probe DNAs (A, A,, As;, and A,; Table S1,
Supporting Information), which have sequences of CTG,
CCG, CGG, and CAG, respectively, were hybridized with
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unknown target DNAs (91 base pairs (bp) in size; Figure S2,
Supporting Information). The four NWs were then treated
by S1 nuclease and laid on a Au film. Figure 5 shows the
SERS spectra obtained from these four NWs. Figure Sa dis-
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Figure 5. SERS spectra for validation of WD-related mutation. Target
DNA has the a) nonmutated sequence of CGG, b) mutated sequence of
CTG, and c) both sequences of CGG and CTG.

plays a target DNA showing a SERS signal only at A; probe
DNA (CGG), thus indicating that both copies of human
DNA have a nonmutated sequence of CGG and the person
is healthy. Figure 5b displays a target DNA showing a SERS
signal only at A; probe DNA (CTG) and no signal at A,
probe DNA, which means that both copies of DNA are mu-
tated from CGG to CTG and the person is ill. Figure 5S¢
shows that a SERS signal was obtained from A; and A;
probe DNAs, meaning that one copy is mutated and the
other is not and the person is healthy. These diagnoses
agree with those from direct sequencing.

Secondly, we examined the Argl24His mutation (CGC—
CAC) in the human transforming growth factor-p-induced
(BIGH3) gene responsible for ACD.F** ACD is an autoso-
mal dominant disorder that makes the cornea become
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blurry, finally leading to eyesight loss. In particular, when an
ACD patient receives in situ keratomileusis (LASIK) sur-
gery, ACD develops rapidly, causing blindness. To detect
point mutation in the BIGH3 gene, target DNAs (147 bp in
size) from six clinical samples were incubated with Au NWs
carrying four different probe DNAs (C,, C,, C;, and Cg;
Table S1, Supporting Information). The C,; probe contained
a nonmutated sequence (G) at position 371 in the BIGH3
gene whereas C,, C;, and C, contained mutations A, T, and
C, respectively, at the same nucleotide position. A SERS
signal appearing at C; probe DNA indicates that both
copies of DNA are not mutated, whereas a signal only at C,
probe DNA indicates that both copies of DNA are mutated.
SERS signals at both C; and C, probe DNAs indicate that
only a single copy of DNA is mutated. Among the six clini-
cal samples examined by the SERS sensor, two samples
showed a SERS signal at the C, probe DNA, two samples at
the C, probe DNA, and the remaining two samples at the
C, and G, probe DNAs (Figure S3, Supporting Information).
The SERS diagnosis results were consistent with those ob-
tained by DNA sequencing.

By employing the Au NW-on-film SERS sensors, the mu-
tations causing the genetic disorders WD and ACD have
been successfully identified. These clinical tests demonstrate
that this sensor provides accurate and convenient diagnosis
of both autosomal dominant and autosomal recessive disor-
ders. Even though the sequences of the two disease-relevant
DNAs are different, the correct diagnosis was accomplished
by using a simple enzymatic reaction without requiring com-
plicated processes of finding optimal conditions for se-
quence-specific hybridization.

Conclusion

We have developed a Au NW-on-film SERS sensor coupled
with S1 nuclease treatment for the efficient and accurate de-
tection of single-base mismatches in DNA. A well-defined
NW-on-film nanostructure and careful optimization of the
S1 nuclease reaction minimize the detection error of SNPs
synergistically. Successful identification of SNPs causing dis-
ease in real patients demonstrated the efficiency of this
system as an effective SNP diagnostic sensor. Generally,
about tens or hundreds of different mutations have been
known to cause ACD or WD. As only a single mutation can
cause the disease, a multiplex SNP sensor that can handle a
large number of DNAs simultaneously is highly desirable.
The very small size of this NW-on-film sensor of a few mi-
crometers would make it possible to detect SNPs in high-
throughput systems by employing a large number of Au
NWs modified by the corresponding DNAs.

Experimental Section

Synthesis of Au NWs: Single-crystalline Au NWs were synthesized by
direct evaporation of pure Au powder (99.99%, Sigma—Aldrich), by
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using a horizontal furnace system. The NWs were grown on a c-sap-
phire substrate that was placed a few centimeters downstream from an
alumina boat filled with Au powder (0.02 g). Argon gas was provided at
a rate of 100 sccm, maintaining a total pressure of 1 to 5 Torr. The
higher-temperature zone of the furnace was heated to 1100°C.

Materials: All oligonucleotides were synthesized and purified by Geno-
tech, Daejeon, Korea (Table S1, Supporting Information). Thiol-function-
alized probe DNAs were treated with 1M dithiothreitol (DTT, Sigma—Al-
drich) to reduce disulfide bonds and were purified by using a NAP-5
column (GE Healthcare Co.). Genomic DNAs from clinical samples
were kindly provided by Yonsei Severance Hospital for ACD samples
(Seoul, Korea).

Immobilization of probe DNAs on the Au NWs: The 5 um probe DNAs
in 1M KH,PO, (pH 6.75) were immobilized on the Au NWs at room tem-
perature for 24 h, and excess DNA was removed by washing with 0.2%
(w/v) sodium dodecyl sulfate (SDS) for 5 min.

Preparation of target DNAs: Genomic DNA samples from normal
human chromosomes were extracted by using the JETQUICK Blood &
Cell Culture DNA Spin Kit (GENOMED GmbH, Lohne, Germany).
The region containing the Arg778 sequence was amplified in reaction
mixture (50 pL) containing 1x Taq buffer, (Takara Shuzo Co., Shiga,
Japan), 0.2 mm deoxyribonucleotide triphosphates (dNTPs), Taq poly-
merase (2 units; Takara Shuzo Co., Shiga, Japan), genomic DNA (5 ng),
forward primer (5 pmol; 5-GCCCTGTGACATTCTTCGA-3'), and re-
verse primer (5pmol; 5-GCTGCTGTTACCTTTGCCA-3') under the
following amplification conditions: 94°C for 4 min, followed by 40 cycles
of 94°C for 1 min, 57°C for 1 min, and 72°C for 30s, and a final exten-
sion to 72°C for 5 min. The polymerase chain reaction (PCR) product
was cloned into the pTop V2 vector (Topcloner kit, Enzynomics Co. Inc.,
Daejeon, Korea) and the resulting WT plasmid was used as a template
for mutagenesis. By using the EZchange site-directed mutagenesis kit
(Enzynomics Co. Inc.) and the mutagenic primer pair (forward primer:
5-GTGGCTGGAACACTTGGCA-3' and reverse primer: 5-AGGCC-
CAGGGCAATGAACACA-3'), the product was cloned into pTop V2
vector, thereby resulting in WD plasmid. The target DNAs for hybridiza-
tion were prepared from WD and WT plasmid in reaction mixtures
(50 uL) containing 1x Taq buffer, 0.2 mm dNTPs, Taq polymerase
(2 units; Takara Shuzo Co., Shiga, Japan), genomic DNA (5 ng), forward
primer (5 pmol; 5-GCCCTGTGACATTCTTCGA-3'), and reverse
primer 25 pmol; 5-GCTGCTGTTACCTTTGCCA-3') under the follow-
ing amplification conditions: 94°C for 4 min, followed by 40 cycles of
94°C for 1 min, 57°C for 1 min, and 72°C for 30 s, and a final extension
to 72°C for 5 min. Genomic DNA samples from ACD patients and non-
ACD controls were extracted using the JETQUICK Blood & Cell Cul-
ture DNA Spin Kit from the peripheral blood of participants who provid-
ed their informed consent before the tests, and were used as template
DNAs for the PCR reaction. The region containing the ACD-associated
mutation was amplified in reaction mixtures (50 uL) containing 1x Taq
buffer, 0.2 mm dNTPs, Taq polymerase (2 units; Takara Shuzo Co.), ge-
nomic DNA (5 ng), forward primer (5 pmol; 5-AGCCCTACCACTCT-
CAAACC-3), and reverse primer 25 pmol; 5-CAGGCCTCGTTGC-
TAGGG-3') under the following amplification conditions: 94°C for
4 min, followed by 40 cycles of 94°C for 30's, 58°C for 1s, and 72°C for
30 s, and a final extension to 72°C for 5 min.

Hybridization and S1 nuclease reaction: The synthesized oligo and ampli-
fied products (5 mm) were directly added to the hybridization solution
containing 6x SSPE (0.9m NaCl, 10 mm NaH,PO,-H,0, 1 mm EDTA,
pH 7.4), 20% (v/v) formamide (Sigma-Aldrich), and 0.1% (w/v) SDS
and hybridized with NWs at 30°C for 6 h. After washing with 2x SSPE
buffer containing 0.1% (w/v) SDS for 5 min, the NWs were immersed
into 1x S1 nuclease buffer for pre-equilibration at 37°C for 5 min and
then S1 nuclease (Takara Shuzo Co.) was added to the buffer with agita-
tion. After nuclease treatment, the NWs were sequentially washed with
2 x saline sodium citrate (SSC) containing 0.1 % (w/v) SDS for 5 min and
dried. The Au NWs were then transferred onto Au film for the construc-
tion of the Au NW-on-film architecture by using a nanomanipulator.

Instrumentation: The nanomanipulator consisted of a tungsten tip
(~100 nm diameter at the end) mounted on a three-dimensional piezo-
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electric stage. SERS spectra were measured from a micro-Raman system
based on an Olympus BX41 microscope. The 633 nm radiation of a He—
Ne laser was used as an excitation source and the laser light was focused
on the sample through a x 100 objective (NA =0.7, Mitutoyo). The SERS
signals were recorded with a thermodynamically cooled electron-multi-
plying charge-coupled device (EMCCD, Andor).
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