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Diagnostics of Single Base-Mismatch DNA
Hybridization onGold Nanoparticles by Using the
Hyper-Rayleigh Scattering Technique**
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The integration of nanotechnology with biology and medicine
is expected to produce major advances in molecular diag-
nostics, therapeutics, and bioengineering.[1a–p] Detection of
specific DNA sequences has important applications in clinical
diagnosis, the food and drug industry, pathology, genetics, and
environmental monitoring. The increasing availability of
nanostructures with highly controlled optical properties in
the nanometer-size range has created widespread interest in
their use in biotechnological systems for diagnostic applica-
tions and biological imaging. Most assays identify specific
sequences through the hybridization of an immobilized probe
to the target analyte after the latter has been modified with a
fluorescent or Raman tag. Diagnostics of oligonucleotide
sequences by using unmodified DNA remains attractive
owing to simplified sample preparation, decreased assay
costs, and the elimination of potential artifacts from modifi-
cation. Herein, we demonstrate for the first time that the
hyper-Rayleigh scattering (HRS) technique,[2a–e,3a–e,4a–c] which
has emerged over the past decade as a powerful method to
determine the microscopic nonlinear optical (NLO) proper-
ties of species in solution, can be used to achieve the
ultrasensitive detection of single base-pair mismatches in
oligonucleotide strands without any modification of DNA.
The HRS or nonlinear light scattering can be observed from
fluctuations in symmetry, caused by rotational fluctuations. A
solution is only centrosymmetric on average in time and
space. Locally, deviations from centrosymmetry occur and

give rise to a second-order NLO response. Hence, scattering
by a fundamental laser beam can be detected at the second
harmonic wavelength. The HRS technique can be easily
applied to study a very wide range of materials because
electrostatic fields and phase matching are not required. The
HRS technique is 1–2 orders of magnitude more sensitive
than the usual colorimetric technique. Vance et al.[2a] have
shown that the HRS intensity was enhanced by a factor of up
to 105 in suspensions of nanocrystalline gold particles.
Although HRS spectroscopy has been shown[2a–e] to be
capable for the ultrasensitive detection of nanoparticle
aggregation, second-order nonlinear spectroscopy remains
unexplored for DNA-detection purposes.
Oligonucleotides with different chain lengths, for

example, 1) GGCCCCAAACCTTTTGAAAGGACCC-3’,
2) GGCCAAAACCTGGAGG-3’, 3) GGCAACCT-3’ and
their complement and noncomplements (one base-pair mis-
match) were purchased from MWG Biotech. Hydrogen
tetrachloroaurate (HAuCl4·3H2O), phosphate-buffered solu-
tion (PBS), sodium chloride, and sodium citrate were
purchased from Sigma–Aldrich and used without further
purification. The HRS technique[3a–e] is based on light
scattering—linear light scattering is caused by refractive-
index variations—and the typical HRS experimental setup
that was used in this project has been described previous-
ly.[3a–e] In brief, a Q-switched Nd:YAG laser (Spectra Physics)
that delivers 8 ns pulses and up to 800 mJ per pulse at 1064 nm
was used as a laser source. To avoid multiphoton photo-
luminescence contribution, an optical parametric oscillator
was used to generate the 1300 nm fundamental wavelength so
that the second harmonic is out of an absorption band for the
gold-coated DNA. Figure 1 shows the output signal intensities

at 650 nm from single-stranded DNA (ss-DNA) adsorbed
onto gold nanoparticles at different powers of 1300 nm
incident light. The linear nature of the plot implies that the
doubled light is indeed due to the HRS signal. The intensity
(IHRS) of the hyper-Rayleigh signal from an aqueous solution

Figure 1. Power dependence of HRS intensity at different concentra-
tions of ss-DNA (GGCAACCTGAGGACCC-3’) adsorbed on gold
nanoparticles. Squares: 3, 1016 cm�3 ; circles: 6, 1015 cm�3 ;
triangles: 4 ,1015 cm�3.
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of gold nanoparticles can be expressed as shown in [Eq. (1)],

IHRS ¼ GhNw b2wþNnano b2nanoiI2w e�Nnanoe2wl ð1Þ

whereG is a geometric factor,Nw andNnano are the number of
water molecules and gold nanoparticles per unit volume,
respectively, bw and bnano are the quadratic hyperpolarizabil-
ities of a single water molecule and a single gold nanoparticle,
respectively, e2w is the molar extinction coefficient of the gold
nanoparticle at 2w, l is the path length, and Iw the fundamental
intensity. The exponential factor accounts for the losses
through absorption at the harmonic frequency.
The HRS signal intensities were normalized to the square

of the fundamental beam power. To extract absolute values
for the hyperpolarizabilities, the intensities were normalized
again with para-nitroaniline (pNA) in methanol. The mea-
sured hyperpolarizability for pNA was 34.6 C 10�30 esu at
1064 nm excitation, which is in complete agreement with the
reported values[3b–c] and 25.6 C 10�30 esu at 1300 nm excitation.
Through the use of bw= 0.56 C 10

�30 esu, as reported in the
literature, we have found that bnano= 4.5 C 10

�26 esu for 13-nm
gold nanoparticles and 4.8 C 10�26 esu for DNA-adsorbed gold
nanoparticles, which is much higher than the b values
reported for the best available molecular chromophores.
The HRS response from spherical particles has two

origins. The first one is a surface contribution that arises
from the breaking of centrosymmetry at the particle surface.
Because the particle diameter is much smaller than the
wavelength of incident light, it is always possible to find a
surface element opposite to the surface element of consider-
ation with an inverted orientation of its nonlinear polar-
ization. The second-harmonic light emitted from the surface
of the sphere only originates from a nonlocally excited
effective electric dipole and a locally excited effective electric
quadrupole. As a result, the SH signal intensity scales with the
sixth power of the particle radius and may be resonantly
enhanced when the dipolar or the quadrupolar mode of the
local field is excited at either the fundamental or the
harmonic frequency. The second contribution is owing to
the bulk contribution that arises from the electromagnetic-
field gradients due to the presence of the interface. This
contribution extends to over several nanometers away from
the interface. Figure 2 shows how the HRS intensity varies
after the addition of target DNA into probe DNA
(GGCAACCTGAGGACCC-3’; 50 nm). We observed a very
distinct HRS intensity change after hybridization even at the
concentration of 10 nm probe ss-DNA. The HRS intensity did
not change when we added the target DNAwith one base-pair
mismatch with respect to the probe DNA. One can note that
although the visible color changes (as shown in Scheme 1) can
be observed only after addition of 250 nm complementary
DNA, the HRS signal change can be observed even after
addition of complementary DNA (10 nm).
The HRS intensity change is mainly owing to two factors.

First, when target DNA with a complementary sequence is
added to the probe DNA, a clear colorimetric change from
red to blue-gray is observed as shown in Scheme 1. This is
owing to the fact that in the presence of ss-DNA, the
oligonucleotides adsorb onto the gold colloid through van der

Waals electrostatic forces and provide negative charges that
enhance the repulsion between the gold nanoparticles. The
electrostatic forces are due to dipolar interactions and depend
on the configuration and orientation of the ss-DNA. As
transient structural fluctuations permit short segments of the
ss-DNA to uncoil, the bases face the gold nanoparticle.
Attractive electrostatic forces between the gold nanoparticles
and nucleotides cause the ss-DNA to adsorb onto the gold
colloid. After hybridization, ss-DNA forms ds-DNA (double-
stranded DNA) that has double-helix geometry. As a result,
the ds-DNA cannot uncoil sufficiently (unlike ss-DNA) to
expose its bases toward the gold nanoparticle. Repulsion
between the charged phosphate backbone of ds-DNA and the
citrate ions from the gold nanoparticle dominates the electro-
static interaction and does not allow the ds-DNA to adsorb
onto the gold nanoparticle. As a result, gold nanoparticles
undergo aggregation owing to the presence of NaCl (as shown
in Scheme 1).
A two-level model that has been extensively used for

donor–acceptor NLO chromophores can be used to explain

Figure 2. Plot of HRS intensity versus concentration of target DNA,
Squares: target DNA; circles: target DNA with one base-pair mis-
match.

Scheme 1. Schematic representation of the DNA-hybridization process.
The circles represent colloidal gold nanoparticles. Dots in ss-DNA
represent one base-pair mismatch
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the difference in first-order nonlinearity owing to the change
in color of nanoparticles. According to the two-state model
[Eq. (2)],[5] where meg is the transition dipole moment between

btwo state ¼
3m2egdmeg
E2eg

w2eg

ð1�4w2=w2egÞ ðw2eg�w2Þ
static factor dispersion factor

ð2Þ

the ground state j gi and the charge-transfer excited state j ei,
Dmeg is the difference in dipole moment, and E10 is the
transition energy.
As the color changed from red to blue-gray, the lmax

changed from 520 nm to 640 nm and b changed tremendously.
This is owing to the fact that at the laser wavelength of
1300 nm and a lmax of 520 nm, there is a small two-photon
resonance enhancement (factor of 3.31). For the lmax at
640 nm, however, this resonance enhancement factor is much
larger (factor of 43) owing to the closeness of lmax with the
second-harmonic wavelength at 650 nm.
Second, after hybridization, the gold nanoparticles

undergo aggregation and the HRS intensity increases tre-
mendously with the increase in particle size. Figure 3 shows

how the HRS intensity increases with the particle size of gold
aggregates by varying NaCl concentration. The HRS intensity
was enhanced by a factor of 20 as compared to the HRS signal
of the pure gold solution which was decreased slightly and
then finally saturated at higher NaCl concentrations. The
enhancement factor after hybridization is about the same for
pure and DNA-adsorbed gold nanoparticles. To understand
the limitation of HRS assays on long target DNA sequences,
we have performed our experiment by using 8-, 16-, 25-, 45-,
65-, and 75-base oligonucleotides. Our results indicate that
the HRS assay can be easily used to probe longer oligonu-
cleotides (< 75 bases), with the only limitation being that the
hybridization process is slow owing to the adsorption process
of long ss-DNA sequences on gold nanoparticles.
In summary, we have demonstrated that the HRS assay

for ss-DNA sequence recognition at the 10-nanomolar level is
based on the differences in electrostatic properties between

ss-DNA and ds-DNA. Our experimental results reported
herein open up the new possibility of rapid, easy, and reliable
diagnosis of single base-mismatch DNA by measuring the
HRS intensity from DNA-modified gold nanoparticles. This
method has several advantages: 1) unmodified protein and
DNA can be used to probe single base-mismatch DNA in
solution by the HRS technique, 2) it can be 1–2 orders of
magnitude more sensitive than the usual colorimetric tech-
nique, and 3) single base-pair mismatches are easily detected.
For the development of practical bioassays, much more
research needs to be done on the improvement of the HRS
experimental system and the variation of the HRS intensity
with the shape and size of metal nanoparticles should also be
investigated. It is probably possible to improve the HRS
intensity by several orders of magnitude by choosing proper
materials and detection systems. We believe that the HRS
method has enormous potential for the application of
pathogen detection, clinical analysis, and biomedical
research.

Experimental Section
Gold nanoparticles with 15 nm diameter were synthesized by using a
reported method.[1a–d,q] In brief, aqueous solutions of HAuCl4·3H2O
(0.01%) and sodium citrate (1 wt%) were prepared. A solution of
HAuCl4·3H2O (100 mL) was heated to reflux while being stirred. A
solution of sodium citrate (3 mL, 1%) was added to the boiling
solution. The solution then underwent a series of color changes and
finally turned wine red after which it was boiled for a further 30 min.
After cooling to room temperature, the gold nanoparticle solution
was diluted to 100 mL with deionized water. The gold nanoparticles
were characterized by TEM (as shown in Figure 4) and were found to

be mostly spherical with the average diameter of 15	 3 nm. The UV/
Vis absorption spectrum shows a well-developed surface plasmon
absorption peak at 512 nm. Hybridization of the probe and the target
was conducted for 5 minutes in PBS with NaCl (0.3m) for a few
minutes at room temperature. An aliquot of the hybridization
solution was added to the gold colloid solution (1 mL), and PBS
(1 mL) was then added immediately to the same solution. To estimate
the number of DNA probes adsorbed on the gold nanoparticle
surface, dithiothreitol was added to release the probes from the
nanoparticles into solution. By using the ss-DNA quantification kit,
we measured the concentration of the released DNA to be about

Figure 3. Plot of HRS intensity from gold nanoparticles versus different
concentrations of NaCl. Squares: gold nanoparticles; circles: probe
DNA adsorbed gold nanoparticles after hybridization.

Figure 4. TEM image of aggregate gold nanoparticles after the addi-
tion of target DNA in probe DNA
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220 DNA probes per nanoparticle. To remove non-adsorbed probes,
the solution was centrifuged at 13000 rpm for 20 min and the
supernatant was replaced by buffer solution (2 mL). After another
centrifugation under the same conditions, the precipitate was redis-
persed into the same buffer solution (1 mL) to make a stock solution,
which was then used for the HRS experiments.
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