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Aresonance light scattering (RLS) spectrometry for determining DNA based on localized surface plasmon
resonance (LSPR) of gold nanorods was developed. The fabrication and characterization of the biosensor
utilized gold nanorods as the optical transducer was described. The DNA was determined based on the
binding of DNA to gold nanorods by electrostatic adsorption. The RLS intensity of the gold nanorods was
enhanced in the presence of DNA. The peaks of the enhanced RLS spectrum were at the wavelength 311
and 581 nm. The binding of DNA to the gold nanorods causes an increase of the RLS intensity that is
responsive to the concentration of DNA. Under the optimal conditions, the enhanced RLS intensities are
directly proportional to the DNA concentrations in the range of 0.05-0.5 p.g/mL. The proposed method

DNA was successfully applied to the determination of DNA in the samples and the results were satisfactory.

Gold nanorods

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Noble metal nanoparticles exhibit a strong absorption band
when the incident light frequency is resonant with the collec-
tive oscillation of the electrons, which is known as the localized
surface plasmon resonance (LSPR) [1-3]. LSPR was employed to
detect the immediate change in the interfacial refractive index
(RI) of the medium surrounding the nanoparticles. Noble metal
nanoparticles are highly sensitive to the RI of their surface bound
molecules and surrounding environment, which is the basis of
using LSPR for molecular sensing [4]. The increase in RI of the sur-
rounding environment of the noble metal nanoparticles leads to a
red shift of the LSPR band, which is greatly affected by the attach-
ment of biomolecules on the nanoparticle surface. The change of RI
around the surface of the noble metal nanoparticles can be moni-
tored easily by a scattering or absorption technique. Based on this
idea, nano-bio-sensors were designed to detect a small quantity of
biomolecules recently [5-7]. Gold and silver nanoparticles are of
great interest for label-free sensing because their absorption spec-
tra are highly sensitive to the dielectric constant of the surrounding
medium. In addition, the sensitivity to the surrounding medium is
strongly depended to the interparticle distance. With the analyte
binding on the surface of these nanoparticles, the local RI changes,
which thereby provides efficient optical transduction of interfacial
binding events [8].

Gold nanoparticles exhibit well-defined optical properties on
account of their LSPR phenomena and are developed rapidly and
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broadly. In aqueous solutions, gold nanoparticles exhibit strong
plasmon bands that are depended on their geometric shape and
size. The difference between gold nanorods and spherical parti-
cles is that gold nanorods appear a surface plasmon band at lower
energies and a strong LSPR has been observed [9,10]. For spherical
particles, a strong absorption band around 520 nm can be read-
ily observed due to the excitation of plasmon by incident light.
Compared to gold nanospheres, the optical and chemical proper-
ties of the gold nanorods have some advantages in a quenching
and RLS system. For nanorods, two LSPR bands could be observed,
one associated with the transverse mode (~520 nm) and the other
with the longitudinal mode (usually >600 nm) [11]. The longitu-
dinal plasmon wavelengths are more sensitive to the changes in
the dielectric properties of the surroundings and the sensitivity
increases with the aspect ratio of the nanorods [12-14]. For the
well-defined optical properties, gold nanorods have attracted much
attention in biomedical applications such as biosensing, bioimaging
and photothermal therapy [15,16].

DNA was often used as a reference for measurements of
other parameters in biological samples. And with the number
of diseases caused by genetic defects growing, the quantifica-
tion of DNA is critical to many biological studies. There have
been increasing demands for simple, rapid, and reliable meth-
ods for the detection of oligonucleotides. At present, there
are many determination methods for DNA, including SPR [17],
colorimetry [18], fluorescence spectrometry [19] and so on. Mean-
while, there are so many probes for the determination of DNA,
such as thidium bromide (EB), diaminobenzoic acid (DABA),
diaminophenyl indole (DAPI), cetyltrimethylammmonium bro-
mide (CTAB) [20-22]. Besides these probes, the complexes of
trivalent rare earth cations such as Tb(III), Eu(III), La(III), and Y(III)
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[23,24], can be intercalated into the base pair of DNA, resulting
in strong fluorescence enhancement due to energy transfer from
DNA to the organic dyes. Based on the enhancement effect of res-
onance light scattering (RLS), the determination of nucleic acids
is significantly documented in recent years [20-24]. RLS is a phe-
nomenon of elastic scattering. When the scattering wavelength
is near the absorption band of the scattering particles, the light
scattering intensity is much higher than the usual light scattering
intensity. The RLS spectrum can be easily obtained by simultane-
ously scanning the excitation and emission monochromators of a
common spectrofluorimeter with AA=0nm [25]. RLS technique
has the characteristics of simplicity, quickness and high sensitiv-
ity. Most of the RLS methods of determining DNA are based on the
RLS intensity change owing to the interaction between DNA and
RLS probe. There are many RLS probes for DNA, most of them are
the dyes and complexes. The anisotropy of gold nanorods is poten-
tially used as molecular probes for significant changes occur in the
plasmon spectra in response to RI changes in the vicinity of the
nanorods. Gold nanorods have a great driving force to the devel-
opment of the method for determining DNA because the method
eliminates the need for either organic fluorophores or radioactive
labeling.

In this paper, gold nanorods were synthesized by the seed-
mediated growth method and positively charged due to the
adsorption of the positively charged surfactant CTAB on their sur-
face. Therefore the use of the nanorods simplifies the conjugation
with unmodified DNA sequences, which are negatively charged.
The LSPR probe can be used to detect the fsDNA by RLS spectrom-
etry. The effect of the interaction of fSDNA and gold nanorods on
the RLS intensity was fully investigated. The experimental results
indicated that this method exhibited some benefits as sensitivity,
simplicity, speediness and stability.

2. Materials and methods
2.1. Materials

Tetrachloroauric acid (HAuCl4-4H;0, 99.99%), sodium borohy-
dride (NaBHy4, 99%), silver nitrate (AgNOs3, 99%), ascorbic acid
(AA, 99.7%), cetyltrimethylammonium bromide (CTAB, 99%) and
fish sperm DNA (fsDNA) were purchased from Beijing Ding Guo
Biotech. Co. Ltd., China. The fsDNA stock solutions were pre-
pared by dissolving solid fsDNA in doubly distilled water. At least
24h was needed and occasionally gentle shaking was made for
the solutions at 4°C. H3PO4-KH,PO4 buffer solution was used
to control the acidity of the interaction system. Aqua regia solu-
tion (3/1(v/v) HCI/HNO3) was used to clean the glassware. Other
chemicals used here were of analytical reagent grade and all the
solutions used in this study were prepared with doubly distilled
water.

2.2. Equipments

Absorption spectra were recorded on an Astralian GBC Cintra
10e UV-vis-NIR spectrometer within the wavelength range from
400 to 900 nm. Resonance light scattering experiments were con-
ducted on a Shimadzu RF-5301PC Spectrofluorometer fitted with a
xenon lamp using right-angle geometry. The excitation and emis-
sion monochromator wavelengths were coupled and adjusted to
scan simultaneously within the wavelength range from 220 to
800 nm. The slit widths for the excitation and emission were set as
1.5/1.5 nm. The transmission electron microscope (TEM)image was
obtained with a Hitachi H 800 transmission electron microscope
operated at an accelerating voltage of 200 kV. The samples for TEM
images were prepared by dropping the solutions containing gold

nanorods or gold nanorod-fsDNA conjugates on the carbon-coated
copper grid and drying at room temperature.

2.3. Preparation of gold nanorods

Gold nanorods were prepared by a seed-mediated growth
approach reported by El-Sayed [26,27] with slight modification. All
glassware used in these preparations was thoroughly cleaned by
immersion in aqua regia solution for 24 h and rinsed with doubly
distilled water, then oven-dried prior to use.

2.3.1. Preparation of gold seeds

An aqueous solution containing 5.0 mL of 0.02 mol/L CTAB and
5.0mL of 5 x 10~% mol/L HAuCl; were mixed in a round bottom
flask. Then, 0.6 mL of ice-cold 0.01 mol/L NaBH,4 solutions was
added into the solution with continuous stirring. The solution color
changed from dark yellow to brownish yellow immediately after
adding NaBHy4, which indicated the formation of the gold seeds.

2.3.2. Preparation of gold nanorods

3.0 mL of 4 mmol/L AgNOj3 solutions was added into 50.0 mL of
0.2 mol/L CTAB solution at 25 °C. Then 50.0 mL of 1 mmol/L HAuCl,
was added into this solution. The two solutions were gently mixed
to obtain the growth solution, and 1.05mL of 0.1 mol/L ascorbic
acid was added into the growth solution. Ascorbic acid as a mild
reducing agent made the color of the growth solution change from
dark yellow to colorless. Then, 0.24 mL of the gold seed solution was
added into the growth solution at 27-30°C. The color of the solu-
tion gradually changed within 10-20 min. The temperature of the
growth solution was kept constant at 27-30°C for 24 h to ensure
the growth of the gold nanorods complete. The solution was then
centrifuged at 14,000 rpm for 20 min twice to remove the excess
surfactant CTAB. The obtained gold nanorods were collected and
diluted by water until its absorbance at 705.12 nm was equal to
1.000 and the concentration of gold nanorods in the resulting solu-
tion was referred to as 1x. The TEM image in Fig. 1(b) indicates that
the shape of the gold nanorods is dogbone. The length of the gold
nanorods is about 58 + 5 nm and the diameter of the gold nanorods
is about 26 & 3 nm.

2.4. Determination of fSDNA

In a series of 10 mL colorimetric tubes, 3mL gold nanorod
solution, 500 wL H3PO4-KH,PO4 buffer agent and an appropriate
volume of fsDNA solution were added. A series of solutions contain-
ing different concentrations of fsSDNA and the same concentration
of gold nanorods were prepared. Then, the solutions were diluted
to 10 mL with doubly distilled water and mixed thoroughly with
gentle shake. After a certain incubation time, all the measurements
were made at room temperature. The RLS spectra were obtained
by scanning synchronously with the same excitation and emission
wavelengths (Aex =Aem) from 220 to 800 nm. The enhanced RLS
intensity is expressed as Alg;s = Igs — I3 . Here Ig;s and IQ) ¢ are
the RLS intensities of the system in presence and the absence of
fsDNA, respectively. All experiments were performed in triplicate.

3. Results and discussion
3.1. TEM image of gold nanorods

Fig. 1(a) shows the typical nanostructures of gold nanorods.
Compared to {111} facet, CTAB was apt to adsorb in {110} facet
and formed bilayer structure [28,29]. Therefore, the formed bilayer
structure by CTABin {11 0} facet prevented gold ions from deposit-
ingin this facet and the gold ions were apt to depositin {11 1} facet,
which made the dogbone shape gold nanorods be synthesized.
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Fig. 1. (a) Nanostructures of the gold nanorod, (b) TEM images of gold nanorods and
(c) gold nanorod-fsDNA conjugates.

Fig. 1(b) shows the TEM image of the gold nanorods synthesized
by the seed-mediated growth method in the presence of the cation
surfactant CTAB. The gold nanorods are positively charged due to
the adsorption of the positively charged surfactant CTAB on the
surface of the gold nanorods. It is can be seen from Fig. 1(b) that
the prepared gold nanorods are of nearly monodisperse and homo-
geneous. The shape of the gold nanorods is dogbone. The average
length of the gold nanorods is about 58 +5nm and the average
diameter of the gold nanorods is about 26 + 3 nm. El-Sayed et al.
reported that CTAB molecule formed bilayer structure on the sur-
face of the gold nanorods and has different adsorption ability to
different part of the gold nanorods. When the fsDNA was added
to gold nanorod suspension, negatively charged DNA adsorbed
on the positively charged surfactant CTAB on the gold nanorod
surface, which caused the aggregation of gold nanorods. The aggre-
gation has two modes: end-to-end and side-to-side [30,31]. Foss
and co-workers said the end-to-end interaction caused a red shift
of the longitudinal band that becomes less apparent as the aspect
ratio of the rod(s) increases. Conversely, side-to-side interactions of
nanorods lead to a blue shift in the main plasmon resonance band
with the corresponding growth in the short axis band [32]. Fig. 1(c)

Fig. 2. UV-vis-NIR absorption spectra of gold nanorods in the absence (1) and pres-
ence (2-5) of fsDNA for different incubation time: (2) 10s, (3) 2 min, (4) 5 min and
(5) 10 min.

shows that the end-to-end interaction plays the main role in this
test but the side-to-side interaction also exists.

3.2. Optical characterization of gold nanorods

3.2.1. UV-vis-NIR spectrum

Gold nanorods have well-defined optical properties in
UV-vis-NIR region. Gold nanorods in aqueous suspension have
two distinct plasmon bands that were named the transverse band
and the longitudinal band, respectively. The long wavelength
plasmon band originates from the longitudinal mode of oscillation
of the free electrons along the long axis of the rod, while the
short wavelength plasmon band originates from the transverse
mode perpendicular to the former one. It is can be seen from
Fig. 2 that the gold nanorods before mixed with fSDNA exhibit
two well-defined absorption bands, the transverse band located
at 533.28 nm and the longitudinal plasmon band at 705.12 nm in
UV-vis-NIR spectrum. After mixed with fsDNA solution, the longi-
tudinal band shows a red shift from 705 to 724.32 nm in only 10 s of
incubation time and the absorbance decreases significantly. At the
same time, the width of the absorption band increases. When the
incubation time increases from 2 to 10 min, the longitudinal band
shows a red shift from 749.28 to 884.64 nm and the absorbance
decreases. Due to the end-to-end interaction between the gold
nanorods, the longitudinal band shows a red shift (Fig. 1(c)).
Compared to the longitudinal band, the transverse band shows
a red shift from 533.28 to 542.88 nm and the absorption peak is
weakened gradually. It can be concluded that the longitudinal
band is more sensitive than the transverse band.

3.2.2. RLS spectrum

According to the resonance light scattering theory [25,29],
the RLS effect is observed as increased scattering intensity at or
very near the absorption wavelength of an aggregated molecular
species. The effect can be dramatically enhanced when the strong
electronic coupling exists among the chromophores. The valuable
information on the binding of fsDNA to the surface of the gold
nanorods can be obtained from the RLS spectrum. Gold nanorods
are the aggregates of Au atoms at nanoscale and their transverse
band locates at 533.28 nm (Fig. 2). Therefore, the light scattering
peak of gold nanorod-fsDNA system at 581 nm can be character-
ized as the RLS peak. Fig. 3 shows the light scattering spectra of gold
nanorods and the conjugates of gold nanorods at different concen-
trations of fsSDNA in the wavelength range from 220 to 800 nm. It
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Fig. 3. RLS spectra of gold nanorods in the presence of fsSDNA. Concentration of
fsDNA: (1) 0 pg/mL, (2) 0.05 pg/mL, (3) 0.1 pg/mL, (4) 0.25 pg/mL, (5) 0.5 pg/mL
and (6) 1.0 pg/mL.

is can be seen from Fig. 3 that the gold nanorods exhibit two light
scattering peaks located at 311 and 584 nm. When a small amount
of fsSDNA was added into the solution containing gold nanorods, the
light scattering peak located at 581 nm is greatly enhanced, while
the light scattering peak located at 311 nm is weakened insignifi-
cantly. The RLS signals increase with the increasing concentration of
fsDNA. At the same time, the RLS wavelength is reduced to 581 nm.
It can be concluded that the assembly of gold nanorods and the
interparticle plasmons coupling result in great enhancement of
RLS of gold nanorods. Additionally, Fig. 1(c) is the TEM image of
gold nanorod-fsDNA conjugates that also clearly shows that gold
nanorods aggregate with short interparticle distance through the
interaction with fsDNA. On the other hand, the assemble of gold
nanorods and fsDNA leads to the increase of the size of scatters,
which results in the Rayleigh light scattering enhancement in all of
the wavelength range from 220 to 800 nm.

3.3. Optimization of experimental conditions

3.3.1. Effect of pH value

The pH values of the solution play an important role in the inter-
action between gold nanorods and fsDNA. Therefore, the effect of
pH values on the RLS intensity was investigated in the pH range
from 2.0 to 4.2. The KH,PO4-H3PO,4 buffer solution was used to
control the acidity of the analytical solution. As shown in Fig. 4, the
RLS signals of the gold nanorods increase with the decrease of pH
values. The RLS intensity of gold nanorod-fsDNA conjugates greatly
depends on the pH values of the solution and reaches the maximum
at pH 2.2. At pH 2.2, by electrostatic interaction, negatively charged
fsDNA can easily react with positively charged gold nanorods. Based
on the above discussion, pH 2.2 of H3PO4-KH, PO, buffer solution
was selected to control acidity of the analytical solution.

3.3.2. Effect of the concentration of buffer agent

The effect of the concentration of buffer agent is shown in Fig. 5.
With the increase of the concentration of buffer agent, the RLS
intensity of the gold nanorods increases. The gold nanorod-fsDNA
conjugates produce the maximum RLS intensity at the buffer agent
concentration of 5.0 mmol/L, and then the RLS intensity gradu-
ally decreases with increasing buffer agent concentration. With the
increase of the buffer agent concentration, the concentrations of K*
and H,PO4~ increase and the ionic strength of solution increases,
which can influence the electrostatic attraction. Moreover, increas-

Fig. 4. Influence of pH value on the RLS intensity of gold nanorods (a) and gold
nanorod-fsDNA system (b). Concentration of fsSDNA, 0.5 wg/mL. Concentration of
gold nanorods, 0.3 x. Concentration of buffer agent, 5.0 mmol/L.

ing ionic strength can also slightly induce the aggregation of gold
nanorods. The results indicate that a high ionic strength can destroy
the electrostatic binding of the gold nanorods with fsDNA. There-
fore, the high concentration of the buffer agent was not suitable.
Here, 5.0 mmol/L H3PO4-KH,PO4 buffer solution (pH 2.2) was used
to adjust the pH value of solution.

3.3.3. Effect of the concentration of gold nanorods

The concentration of gold nanorods is another important param-
eter in this method. Fig. 6 shows the effect of the concentrations of
gold nanorods on the signals. When the concentrations of the gold
nanorods are varied from 0.05x to 0.4 x, the RLS intensities increase
with the increase of the concentrations of gold nanorods. The shift
of RLS intensity reaches the maximum when the concentration of
gold nanorods is 0.3 x. Therefore, the optimal concentration of gold
nanorods was selected as 0.3 x for subsequent work.

3.3.4. Effect of the incubation time

The effect of the incubation time on the light scattering intensity
of gold nanorods and the gold nanorod-fsDNA system was tested.
Fig. 8 shows the change of the RLS intensity with the incubation
time. The results show that the reaction between gold nanorods

Fig. 5. Effect of buffer agent concentration on the RLS intensity of gold nanorods (a)
and gold nanorod-fsDNA system (b). pH, 2.2. Concentration of fsSDNA, 0.5 pg/mL.
Concentration of gold nanorods, 0.3 x.
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Fig.6. Influence of gold nanorod concentration on the RLS intensity of gold nanorods
(a) and gold nanorod-fsDNA system (b). pH, 2.2. Concentration of fsSDNA, 0.5 pg/mL.
Concentration of buffer solution, 5.0 mmol/L.

and fsDNA occurs rapidly at room temperature. It can be seen from
Fig. 7 that the RLS intensity of system reached a maximum at 2 min
and changed slightly until 10 min. After 10 min, the RLS intensity
decreases gradually. To make the reaction between gold nanorods
and fsDNA complete, all the RLS intensities of analytical solutions
were measured at incubation time of 10 min.

3.4. Interference study

Because the fsDNA binding to the gold nanorods was due to
electrostatic adsorption, the substances with positive or negative
charges will exert an effect on the interaction between the gold
nanorods and fsDNA. To study the selectivity for the determina-
tion of fSDNA with the proposed RLS method, the RLS responses
of various metal ions, sugar and protein were measured accord-
ing to the general procedure and compared with that of 0.5 wg/mL
fsDNA. The effect of some foreign substances on the determination
of fsDNA was investigated and the experimental results are listed
in Table 1. It can be seen that most of the foreign substances have
little influence on the RLS intensity of this system and Na*, K*, CaZ*,
Mg?2* can be allowed with higher concentration levels. Sugar and

Fig. 7. Effect of incubation time on the RLS intensity of gold nanorods (a) and gold
nanorod-fsDNA system (b). pH, 2.2. Concentration of fSDNA, 0.5 pwg/mL. Concentra-
tion of gold nanorods, 0.3 x. Concentration of buffer agent, 5.0 mmol/L.

Table 1
Selectivity of the fsDNA assay.

Substance Concentration (x10-5 mol/L) Change of Iris (%)
Ca%, Cl- 100.0 +11.7
Co?*, CI- 0.01 -10.3
Cu?, Cl- 1.0 -0.8
K*, Cl- 200.0 -84
Mg?*, ClI- 100.0 +8.3
Na*, Cl- 500.0 -1.2
Zn**, Cl- 1.0 =21
Glucose 1.0 +12.5
Protein, BSA 0.12 +7.5

2 Indicate pg/mL.

protein which seem not interact with fsDNA in the optimal con-
ditions and can be allowed at higher concentration levels also. In
conclusion, the present assay can be used for the determination of
fsDNA in practical samples.

3.5. Determination of fsSDNA

The gold nanorods were synthesized and stabilized by CTAB,
which was a powerful surfactant and likely attached only onto the
lateral surface of the rods. Under the optimal conditions, differ-
ent concentrations of fSDNA were detected. AI was measured at
581 nm and the dependence of AI on fsDNA concentration was
established. It is can be seen from Fig. 3 that the RLS intensity is
obviously related to concentration of fsNDA. As shown in Fig. 8, Al
is directly proportional to the fsDNA concentrations in the range
0.05-0.5 pg/mL. The regression equation is Al=9.946 +7.204C and
the corresponding regression coefficient is 0.998, which indicates
that there is a good linear relationship between Al and fsDNA con-
centration.

3.6. Analysis of synthetic samples

To examine the applicability and accuracy of this assay for
fsDNA, two synthetic samples containing some foreign substances
were analyzed according to the above assay procedure and the
experimental results are listed in Table 2. The recovery of analyte
in the sample containing Ca*, K*, Mg2*, Na* is 94.2% and that con-
taining glucose and BSA is 103.8%. The RSDs are less than 2.8%. The
results obtained for the synthetic samples indicate that the assay
of fsDNA based on LSPR of gold nanorods is sensitive, simple and
satisfactory.

Fig. 8. RLS intensity in dependence on the concentration of fSDNA.
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Table 2
Analytical results of synthetic samples.

DNA concentration in sample (pg/mL) Main additives? Mean concentration found (g/mL) Recovery (%) RSD (%,n=3)
0.50 Ca%*, K*, Mg?*, Na* 0.519 103.8 24
0.50 Glucose, BSA 0.471 94.2 2.8

2 The concentrations of CaCl,, KCl, MgCl, and NaCl are 10.0 x 10~ mol/L. The concentrations of glucose and BSA are 0.1 x 10-6 mol/L and 0.05 pg/mL, respectively.

4. Conclusions

Gold nanorods have specific optical characters and were widely
used in bioanalysis in recent years. The use of gold nanorods as a
probe was investigated for the detection of fSDNA by RLS spectrom-
etry. FSDNA molecules bound to the gold nanorods were detected
based on the change of the RLS intensity at the wavelength at
581 nm, which reflects the change in refractive index in the vicinity
of gold nanorods. Based on the technology of RLS, the gold nanorods
was applied to determining fSDNA with satisfactory results in
this assay. At pH value of 2.2, the electrostatic interaction occurs
between gold nanorods and fsDNA. The RLS intensity of the gold
nanorods is enhanced greatly in the presence of fSDNA, and directly
proportional to the concentration of fsDNA. In the application of the
LSPR sensing coupled with RLS spectroscopy to the biosensor, this
assay has its own merit in convenience and sensitivity and can be
adopted to suit the purpose of the detection. The proposed method
was applied to the determination of fSDNA in synthetic samples
with satisfactory results.
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