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Introduction

The human suffering exacted by the hepatitis C virus is
enormous. Hundreds of thousands of people die each year
from liver failure and cancer caused by this infection. The
hepatitis C virus (HCV) is a single-stranded RNA virus,
which is responsible for chronic liver diseases, such as cir-
rhosis, end-stage liver disease, and hepatocellular carcino-
ma.[1–5] At present, the most widely used method of diagnos-
ing HCV is the detection of anti-HCV antibodies using a
screening enzyme-linked immunosorbent assay (ELISA),
based on recombinant proteins from the HCV genome.[1–6]

While it is highly sensitive and specific, this assay has huge
limitations. For example, it cannot detect viruses during the
early stage of infection, at a time when antibodies against
HCV antigens are not produced. In addition, patients who
are immuno-suppressed following transplantation, or who
are immuno-compromised secondary to infection with the
human immunodeficiency virus (HIV), may have the HCV
infection, but without having any detectable antibodies.
There is a need for a direct RNA-based test, which detects
the presence of the HCV viral sequence. Recently reverse-
transcriptase (RT)-polymerase chain reaction (PCR)
method has been used to amplify and detect HCV RNA.[7,8]

Although these approaches are convenient and provide low
detection limits, these methods are time-consuming, labori-
ous, and they lack the procedural simplicity for on-site anal-
ysis. The nanoscience revolution that sprouted throughout
the 1990s is having a great impact on current and future
RNA/DNA detection technology around the world.[9–41] The
increasing availability of nanostructures with highly con-
trolled optical properties in the nanometer size range has

created widespread interest in their use in biotechnological
system for diagnostic application and biological imaging.[9–41]

Driven by the need, in this article we report ultra-sensitive
nanoparticle surface-energy transfer (NSET) probe, based
on gold nanoparticles, for screening of the hepatitis C virus
(HCV) with excellent sensitivity and selectivity.

Recently, there have been many reports on the develop-
ment of fluorescence-based assays for HCV RNA detec-
tion.[42,43] These assays are based on Fçrster resonance
energy transfer (FRET)[44] or non-FRET quenching mecha-
nisms. FRET is a spectroscopic technique for measuring dis-
tances in the 3–8 nm range.[45] Excitation energy of the
donor is transferred to an acceptor through an induced-
dipole/induced-dipole interaction. The efficiency of energy
transfer (E) is given by [1+ACHTUNGTRENNUNG(R/R0)

6]�1 in which R is the dis-
tance between the donor and an acceptor and R0 is the dis-
tance at which 50 % of the energy is transferred and is a
function of the spectral overlap of the donor emission and
acceptor absorption, refractive index of the medium, quan-
tum yield of the donor, and a factor k2 that depends on the
relative orientation in space between the transition dipoles
of donor and acceptor. Although FRET technology is very
convenient and can be applied routinely at the single-mole-
cule detection limit, the efficiency of FRET is very sensitive
to the distance between the donor and an acceptor. The
length scale for detection with the FRET-based method is
limited by the nature of the dipole–dipole mechanism,
which effectively constrains the length scales to distances on
the order of <100 � (R0�60 �) and FRET is observed
when the donor and an acceptor are placed 20 bases apart
on an oligonucleotide. The limitations of FRET can be over-
come with a dynamic molecular method based on the dis-
tance-dependent plasmon coupling of metal nanoparticles.
Recently several groups including ours[14,18–28,35–41] have re-
ported that nanoparticle surface-energy transfer (NSET) is a
technique capable of measuring distances nearly twice as far
as FRET in which energy transfer from a donor molecule to
a nanoparticle surface follows a predictable distance de-
pendence. Like FRET,[44, 45] the interaction for NSET is
dipole–dipole in nature, but is geometrically different be-
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cause an acceptor nanoparticle has a surface and an isotrop-
ic distribution of dipole vectors to accept energy from the
donor.[18–-22,24, 34–36,38] This arrangement increases the proba-
bility of energy transfer and accounts for the enhanced effi-
ciency of NSET over FRET. In the case of resonant surface-
plasmon excitation, a small dipole in the excited fluorophore
induces a large dipole in the particle, leading to an enhance-
ment in the energy-transfer efficiencies.[18–22,24,34–36,38] In this
article, we present size and distance-dependent NSET prop-
erties of gold nanoparticles for recognizing HCV RNA se-
quence selectively (single-base mutations) in a homogene-
ous format.

Experimental Section

Hydrogen tetrachloroaurate (HAuCl4·3H2O), NaBH4, buffer solution,
NaCl, and sodium citrate were purchased from Sigma–Aldrich and used
without further purification. The HCV genome RNAs with different
number of bases for example, RNA, 5’-(Cy3) UGUACUCACCG-
GUUCCGCAGACCAC �3’, labeled with a Cy3 dye on the 5’-end, its
complementary strand, complementary RNA with one base-pair mis-
match and noncomplementary RNA strand, were purchased from Mid-
land Certified Reagent (Midland, TX). These RNAs came as HPLC puri-
fied and were used without further purification.

Gold nanoparticle synthesis : Gold nanoparticles of 15 nm or above diam-
eters were synthesized using reported method.[15–28] Gold nanoparticles of
different sizes and shapes were synthesized by controlling the ratio of
HAuCl4·3H2O and sodium citrate concentration as we reported recent-
ly.[15–22] For smaller gold nanoparticles, we used a sodium borohydride
method as reported before.[15–21] HAuCl4·3 H2O (0.01 m, 0.5 mL) in water
and sodium citrate (0.01 m, 0.5 mL) in water were added to deionized
H2O (18 mL) and stirred. Next, an aqueous solution of freshly prepared
0.1m NaBH4 (0.1 m, 0.5 mL) was added and the solution changed from
colorless to orange. Stirring was stopped and the solution was left undis-
turbed for 2 h. The resulting spherical gold nanoparticles were 4 nm in di-
ameter. Transmission electron microscopy (TEM), UV/Vis absorption
spectra, and colorimetric observation were used to characterize the nano-
particles (as shown in Figure 1). The particle concentration was measured
by UV/Vis spectroscopy by using the molar extinction coefficients at the
wavelength of the maximum absorption of each gold colloid as reported
recently [e(15)518 nm =3.6� 108 cm�1

m
�1, e(30)530 nm =3.0� 109 cm�1

m
�1,

e(40)533 nm =6.7 � 109 cm�1
m
�1, e(50)535 nm =1.5� 1010 cm�1

m
�1, e(60)540 nm =2.9�

1010 cm�1
m
�1, and e(80)550 nm =6.9� 1010 cm�1

m
�1].[15–22]

Preparation of gold nanoparticle adsorbed RNA probes : Probe RNA
was incubated with gold particles for about 2 h at a ratio of 10 to
12 RNA molecules per particle. This ratio was used to ensure that each
particle was conjugated to at least few RNA molecules. The RNA–gold
nanoparticle conjugates were gradually exposed to NaCl (0.1 m) in a PBS
buffer over a 1 h period, according to a procedure reported by
us.[16, 17, 20, 21] Since the ss-RNA is sufficiently flexible to partially uncoil its
bases, they can be exposed to the gold nanoparticles. Under these condi-
tions, the negative charge on the backbone is sufficiently distant so that
attractive van der Waals forces between the bases and the gold nanopar-
ticle are sufficient to cause ss-RNA to adsorb to the gold. Unadsorbed
RNA probes were removed from the solution by centrifugation at
12000 rpm for 20 min. The final product was a red precipitate, which was
resuspended and stored in 10 mm phosphate buffer.

Hybridization assays : A trial hybridization was performed by using 1:5
ratio of probe to target sequences in a phosphate buffer solution (PBS;
10 mm) containing NaCl (0.3 m). To break any secondary structure in the
RNA target and allow hybridization with the probe, the trial solution was
heated to 95 8C for 3 min and then cooled to an appropriate temperature
for the desired assay for 1 min. The temperature for the hybridization ex-
periment for simple sequence detection was typically ambient, while

single-base-mismatch detection was performed at a temperature between
the melting temperature of the mismatch and that of the perfect match.

NSET experimental setup : For fluorescence excitation, we used a contin-
uous wavelength Melles–Griot green laser pointer (18 Lab 181) operating
at 532 nm, as an excitation light source. Excitation light source was first
attenuated using appropriate neutral density (ND) filter and coupled to
the excitation arm of the Y-shaped reflection probe through a plano-
convex lens (f :4.5 mm). Details of this portable sensing system have been
reported recently.[18–20] A typical laser energy at the sample was adjusted
to �1.3 mW with 0.3 ND filter. The fluorescence signal from sample was
simultaneously collected by a ring of six optical fibers around the single
illumination channel, in the backward direction (1808 collection geome-
try). The collected emission signal was transmitted through an online
filter module (containing a 570 nm cut-off filter to suppress the detection
of the back-scattered excitation light) to a 600 mm core diameter UV
grade fused silica auxiliary fiber prior to feeding it to the spectrometer.
We used 200 mm illumination fiber and 50 mm read fiber. The collected
laser-induced fluorescence (LIF) signal was fed into highly sensitive
ocean optics OOI spectrometer. The emission spectrum was collected
with Ocean Optics data acquisition software. All measurements per-
formed with 5 ms integration time were instantaneously averaged with
5 spectra using the software. The averaged data were processed using Mi-
crosoft Excel program.

Results and Discussion

Size-dependent quenching properties : As shown in Figure 2,
we observed a very distinct emission intensity change from
fluorophore-tagged ss-RNA adsorbed on the gold nanoparti-
cle. When a dye-labeled oligonucleotide molecule is ad-
sorbed onto a nanoparticle, the fluorophore at the distal end
can loop back and adsorb on the same particle (as shown in
Scheme 1). Our experimental data showed a quenching effi-

Figure 1. Top: Photographic image of (from left to right) 8, 20, 45, 70,
and 110 nm gold nanoparticle solution. Bottom: TEM image of 8 nm
(left, scale bar 50 nm) and 45 nm (right, scale bar 20 nm) gold nanoparti-
cles.
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ciency of nearly 98 % when the fluorophore was statically
adsorbed on the particle (static quenching).

Since the backbone of a single-stranded RNA is confor-
mationally flexible, a favorable conformation for the ad-
sorbed oligos would be an arch-like structure, in which both
the 3’- and 5’-ends are attached to the particle but the RNA
chain does not contact the surface.

Molecular chromophores situated in the vicinity of isolat-
ed colloidal metal particles in suspension usually experience
quenching of their fluorescence, whereas photoluminescence
may be enhanced in more complex structures that arise
from the deposition of aggregated metal particles onto sur-
faces. The local field enhancement leads to an increased ex-
citation rate, whereas nonradiative energy transfer to the
particle leads to decrease of the quantum yield (quenching).
Because of these competing effects, experiments showed
either fluorescence enhancement or fluorescence quenching
depending on the distance regime. The net luminescence
can either decrease or increase depending on how the gold
particle affects the chromophore�s excitation rate Rexc, and
the radiative and nonradiative decay rates of its excited
state, Rrad and Rnonrad, which together determine the ob-
served luminescence emission rate Remiss.

[14,18–28,46–48]

Figure 2 demonstrates the quenching behavior of 5’-Cy3-
modified 5’-(Cy3) UGUACUCACCGGUUCCGCAGAC-
CAC’ �3’ RNA as a function of 45 nm gold nanoparticle
concentration (�10�11

m). The Stern–Volmer relationship[47]

between quencher concentration and fluorescence intensity
is given by Equation (1) in which f0 and F0 are quantum
yield and emission intensity in the absence of quencher, re-
spectively; f and F are the same parameters in the presence
of quencher; kq, ke, and kd are the rates of quenching, emis-
sion, and deactivation, respectively; KSV is the Stern–Volmer
quenching constant for collisional deactivation; and CQ is
the concentration of nanoparticle quencher.

�0

�
¼ F0

F
¼ 1þ

�
kq

kcþkd

�
½CQ� ¼ 1þKSV½CQ� ð1Þ

Figure 3 (top) shows a linear, have F0/F =1 intercepts, and
exhibit slopes of KSV�2.7 �1010

m
�1 expressing very high

quenching efficiency of the fluorophore excited state. Our
results indicate that gold nanoparticle of 45 nm is 7–8 orders
of magnitude more efficient than typical small-molecule
dye–quencher pairs.[45] Figure 3 (bottom) shows how the

Figure 2. The quenching behavior of 450 nm 5’-(Cy3) UGUACUCACCG-
GUUCCGCAGACCAC3’ �3’ RNA as a function of 45 nm gold nanopar-
ticle concentration (0 to 850 pm).

Scheme 1. Schematic representation of the RNA hybridization process,
when RNA is adsorbed on gold nanoparticle.

Figure 3. Top: Stern–Volmer plots of emission intensity change due to
photoluminescence quenching by 45 nm gold nanoparticles. Bottom: Var-
iation of Stern–Volmer Quenching Constant (KSV) with gold nanoparticle
size.
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Stern–Volmer quenching constant (Ksv) varies with particle
size. We can see from the figure that the quenching efficien-
cy increases with the increase in particle diameter. The KSV

parameter increases from 4 � 107 to 5 � 1010, three orders of
magnitude, as the particle size increases from 5 to 70 nm.
This increment of quenching efficiency with particle size can
be due to several factors: 1) reduced surface area of smaller
nanoparticles will limit the dye accommodation on the gold
nanoparticles; 2) we note the difference in the extinction co-
efficients (from 8 � 107 to 3.2 �1010) of visible absorption
spectra of 5- to 70 nm gold nanoparticles; and 3) our data
indicate increase in overlap between nanoparticle absorp-
tion with Cy3 emission with particle size. Due to this high
KSV, quenching can be observed even at subpicomolar con-
centrations of nanoparticles, suggesting that the combination
of Cy3-modified DNA with the proper size of gold nanopar-
ticles can potentially lead to highly sensitive optical biosen-
sors.

Distance-dependent NSET: Although FRET technology is
very convenient and can be applied routinely at the single-
molecule detection limit, the length scale for detection by
using Fçrster method is limited by the nature of the dipole–
dipole mechanism. The quantum efficiency of energy trans-
fer is given by Equation (2), in which R is the distance be-
tween donor and acceptor, R0 is the distance between donor
and acceptor at which the energy transfer efficiency is 50 %.

FEnT ¼
1

1þ
�

R
R0

�n ð2Þ

In the case of Fçrster or dipole–dipole energy transfer,
n= 6 and R0�3–8 nm for typical fluorophores.[45] To under-
stand the limitation of our NSET probe in terms of length
of RNA and size of gold nanoparticle, we have used HCV
genome RNA of different lengths. Here we have used ss-
RNA of different lengths attached to gold nanoparticles of
different sizes by using thiol–gold chemistry (as shown in
Scheme 2, top). For this purpose, �SH-linked RNAs were
gradually exposed to gold nanoparticles in a PBS buffer
over a 16 h period, according to a procedure reported by
Mirkin and co-workers.[13] Unlike the previous experiments,
in this case the RNA cannot come off the particles upon hy-
bridization. Scheme 2 (bottom) shows a schematic diagram
of the NSET probes and their operating principles for differ-
ent length RNA. After hybridization, by varying the RNA
lengths, the separation distance between gold nanoparticle
and Cy3 dye can be systematically varied between 8 and
50 nm, by varying the number of base pairs. The distance
from the center of the molecule to the metal surface is esti-
mated by taking into account the size of the fluorescent dye,
0.32 nm for each base pair,[49,50] and 1.8 nm for Au�S dis-
tance and base-pair-to-dye distance. As a result, after hy-
bridization the distance becomes 8.2 nm for 20 bp RNA,
14.6 nm for 40 bp RNA, 24.2 nm for 70 bp RNA, and
40.2 nm for 120 bp RNA. We have assumed a linear ds-

RNA configuration, because ds-RNA is known to be rigid
having a persistence length of 90 nm.[32]

Figure 4 (top) shows how the quenching efficiency varies
with the increase in the distance between gold nanoparticle
and Cy3 dye for gold nanoparticles of different particle size.
Figure 4 (bottom) shows how R0 (distance at which the
energy transfer efficiency is 50 %) value varies with the size
of gold nanoparticles. Our results indicate that one can tune
R0 ranging all the way from 8 nm, which is very near to the
accessible distance of conventional FRET (6 nm), to about
40 nm by choosing gold nanoparticles of different diameters.

To understand the distant-dependent quenching process,
we tried to fit our data (as shown in Figure 5) with theoreti-
cal modeling by using general FRET and dipole-to-NSET
employed by Jeening et al.[22] Our results indicate that the
long-distance quenching rate is better described with a
slower distance-dependent quenching rate than the classical
1/R6 characteristic of Fçrster energy transfer. Our results
also point out that NSET model provides a better descrip-
tion of the distance dependence of the quenching efficien-
cies for 8 nm gold nanoparticle (as shown in Figure 5, top),
but agreement is very poor for 40 and 70 nm gold nanoparti-
cles (as shown in Figure 5 middle and bottom), for which
the measured values were always larger than the predicted
ones. We also tried to fit our data with dipole-to-metal-parti-
cle energy transfer (DMPET) model as used by Pons
et al. ,[36] but in this case there is only good agreement with
experimental data for the 8 nm gold nanoparticle. Although
in general the interactions between nanoparticle and dye
are quite complex when considering all illumination polari-
zations, distance ranges, and particle sizes, the situation can
be understood as follows.

Scheme 2. Top: Schematic representation of the RNA hybridization pro-
cess, when one end of the RNA is covalently coupled through thiol–gold
chemistry. Bottom: Schematic illustration of 5’JOE and 3’-SH-modified
DNA of different lengths
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1) Since FRET physically originates from the weak electro-
magnetic coupling of two dipoles, one can imagine that
introducing additional dipoles and thus providing more
coupling interactions can circumvent the FRET limit.
Light induces oscillating dipole moments in each gold
particle, and their instantaneous (1/r)3 coupling results in
a repulsive or attractive interaction, modifying the plas-
mon resonance of the system. The softer dependence of
the interaction strength on particle separation r results in
a much longer interaction range compared to general
FRET.

2) The fluorescence quantum yield is determined by the ra-
diative rate constant, kr, and its nonradiative counterpart,
knr: t= (kr +knr)

�1. At small distances (1–2 nm), the large
fluorescence quenching efficiency of 99.8 % is due to two
effects: a) gold nanoparticles increase the nonradiative
rate Rnonrad of the molecules due to energy transfer;
b) the radiative rate Rrad of the molecules decreases be-
cause the molecular dipole and the dipole induced on
the gold nanoparticles radiate out of phase if the mole-
cules are oriented tangentially to the gold nanoparticle�s
surface. At higher distance, the distance dependent quan-
tum efficiency is almost exclusively governed by the radi-
ative rate as reported recently by Seelig et al.[35] They
found that nanoparticle-induced lifetime modification
can serve as a nanoscopic technique for the distance

range well beyond 10 nm, which is the upper limit of
FRET. Their result shows that the lifetime (tr) highly de-
pends on the particle size as well as the distance between
nanoparticle and dyes. Their data indicate that for bigger
size nanoparticle (20–40 nm in diameters), tr is highly
sensitive with small changes in the dye–particle distance
even if they are separated by up to 40 nm, which explains
our observation of high variation of R0 with gold nano-
particle size.

Figure 4. Top: Variation of the quenching efficiency with distance be-
tween gold nanoparticle and Cy3 dye. Bottom: Variation of R0 with the
size of gold nanoparticle.

Figure 5. Fitting of data of variation of the quenching efficiency with dis-
tance using FRET, NSET theoretical model and experimental values for
8 nm (top), 40 nm (middle), and 70 nm (bottom) gold nanoparticles.
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Our observations also indicate that when one chooses the
experimental parameters for optimizing the NSET sensitivi-
ty, it is very important to take into account the effect of the
gold nanoparticle size, which strongly affects the quenching
efficiency and distance-dependent NSET. One has to re-
member that due to the effect of surface charge, surface
coverage, and mutual strand interaction on the bending
properties of individual RNA strand, the apparent length of
the oligonucleotides can be smaller than their expected mo-
lecular length.

RNA hybridization detection : Scheme 1 shows a schematic
diagram of the nanoparticle probes and their operating prin-
ciples for single RNA hybridization detection process. Upon
target binding, due to the duplex structure, the double-
strand (ds) RNA does not adsorb onto gold and the fluores-
cence persists. This structural change generates a fluores-
cence signal that is highly sensitive and specific to the target
RNA. In this case, instead of covalently binding the probe-
RNA to the gold nanoparticle, as we used for understanding
the distant dependent NSET process, the probe-RNA is re-
versibly adsorbed to the gold nanoparticle. Thus, upon hy-
bridization of the target-RNA, the resultant ds-RNA is com-
pletely released into the solution instead of being left teth-
ered to the gold particle. There are several advantages in
this adsorption method over covalent linking method and
these are as follows:

1) The covalent binding process between gold nanoparticle
and RNA is very time consuming and takes about two
days, whereas the adsorption of RNA on gold nanoparti-
cles occurs within an hour.

2) As we have shown in Figure 4 (top), the quenching effi-
ciency is above 95 % even for distance at 4 nm. So in
case of covalent binding system, since after hybridiza-
tion, the distance between dye and gold nanoparticle is
less than 4 nm for RNA with less than 10 base pairs, one
cannot use gold-nanoparticle-based NSET method to
detect RNA hybridization for RNAs having 2–10 base
pairs. On the other hand, the nonlinking system that we
have used here can be conveniently used for shorter
RNA systems (2–10 base pairs).

3) In the linking system, the aggregation process is slower
than that of the nonlinking system, as we and others re-
ported before.[16, 20,52–54]

When target RNA with complementary sequence is added
to the probe RNA, a clear colorimetric change from red to
blue-gray is observed within few minutes (as shown in
Figure 6, top) and we noted the plasmon band shifted from
512 to 750 nm (as shown in Figure 6, middle). Figure 6
(bottom) shows the TEM image after hybridization and our
results indicate that gold nanoparticles undergo aggregation
after hybridization, owing to the presence of sodium chlo-
ride. Gold nanoparticles in solution are typically stabilized
by adsorbed negative citrate ions whose repulsion prevents
the strong van der Waals attraction between gold particles

from causing them to aggregate. As soon as the ds-RNA
separated from the gold nanoparticle, aggregation of gold
nanoparticle occurs. This is due to the screening effect of
the salt, which minimizes electrostatic repulsion between the
nanoparticles. Our zeta potential measurement using Zeta-
sizer NanoZS shows that negatively charged surface (zeta
potential �63.5 mV) of the nanoparticles reduced surface
charge (zeta potential �9.8 mV) in presence of 0.08 m NaCl.
So after hybridization, due to presence of around 0.4m

NaCl, screening effect of salt leads to more linked particles

Figure 6. Top: Photograph showing colorimetric change upon addition of
exact complementary RNA (left), complementary RNA with one base-
pair mismatch (middle) and noncomplementary RNA (right). Middle:
Absorption spectral change before and after hybridization. Bottom:
TEM image showing aggregation after hybridization (scale bar 50 nm).
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and hence larger damping of the surface plasmon absorption
of Au nanoparticle surfaces. This structural change gener-
ates a fluorescence signal that is highly sensitive and specific
to the target RNA.

As shown in Figure 7 (top, left), we observed a very dis-
tinct NSET intensity change after hybridization even at
120 pm concentration of probe fluorophore-tagged ss-RNA.
Since the surface adsorption energies of organic dyes on
gold are usually in the range of 8–16 kcal mol�1, which are
much smaller than the energies involved in RNA hybridiza-
tion (80–100 kcal mol�1), after hybridization the constrained
conformation is opened and the fluorophore is separated
from the particle surface. This high fluorescence enhance-
ment clearly demonstrates that nanoparticle-based SET
assay can be used as a highly sensitive probe for monitoring
RNA hybridization. Figure 7 (top, left) also illustrates
single-mismatch detection capability. Our result indicates
that our NSET probes are highly specific in discriminating
against noncomplementary RNA sequences and single-base
mismatches. The addition of noncomplementary nucleic
acids had no effect on the fluorescence, and a single-base
mismatch reduced the fluorescence intensity by 90 % (in
comparison with the fluorescence intensity of perfectly

matched targets). So our NSET probes will be applicable
for rapid detection of single-nucleotide polymorphisms
(SNPs) in genomic RNA, an exciting prospect for eliminat-
ing time-consuming and expensive gel-sequencing proce-
dures that are currently the standard protocol.

Size-dependent sensitivity and quantitative measurement of
sequence specific target DNA concentration : To evaluate
whether our NSET probe is capable of measuring target
RNA concentration quantitatively, we performed NSET in-
tensity measurement at different concentrations of target
RNA. As shown in Figure 7 (top, right), the NSET emission
intensity is highly sensitive to the concentration of target
RNA and the intensity increased linearly with concentra-
tion. Our data indicate that NSET with 45 nm gold nanopar-
ticles, exhibits sensitivity to detect RNA as low as 880 fm.
Linear correlation was found between the emission intensity
and the concentration of target RNA over the range of 15–
550 pm (as shown in Figure 7 bottom, left). So our NSET
probe can provide a quantitative measurement of HCV
genome RNA concentration in a sample. Figure 7 (bottom,
right) shows how the NSET detection limit for HCV 25
bases RNA detection varies with particle size. The detection

Figure 7. Top left: Plot of fluorescence intensity versus wavelength for 40 pm 5’-Cy3-modified HCV RNA (Cy3–5’UGUACUCACCGGUUCCGCA-
GACCAC-3’) adsorbed onto 45 nm gold nanoparticles before hybridization; after hybridization with complementary RNA, which has one base-pair mis-
match at the end; and after hybridization with exact complementary RNA. Top right: Fluorescence response upon addition different concentration of
target RNA on 150 nm probe RNA. Bottom left: Plot of fluorescence intensity vs. target RNA concentration in pm. Linear correlation exists over the
range of 15–550 pm with R=0.994. Bottom right: Variation of NSET sensitivity with gold nanoparticle size.
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limits for NSET such that the NSET intensity change is 12,
before and after hybridization. As we can note from the
figure, NSET sensitivity highly depends on the particle di-
ameter. As the particle diameter increases, the detection
limit becomes better and better and our data indicate that
NSET can detect RNA as low as 300 fm, when the particle
size is 110 nm. This variation of sensitivity efficiency with
particle size can be due to several factors: 1) reduced sur-
face area of smaller nanoparticles will limit the dye-tagged
RNA accommodation on the gold nanoparticles and 2) in-
creasing overlap between nanoparticle absorption with Cy3
emission and KSV values with increasing particle size. So our
experimental data suggests that the combination of Cy3-
modified RNA with the proper size of gold nanoparticles
can potentially lead to highly sensitive optical biosensors.

Conclusion

In conclusion, in this manuscript we have reported ultra-sen-
sitive gold-nanoparticle-based SET for screening of the hep-
atitis C virus (HCV) RNA, with excellent sensitivity
(800 fm) and selectivity (single-base-pair mismatch). We
have shown the particle size-dependent super-quenching
properties of gold nanoparticles with Stern–Volmer con-
stants approaching 1011

m
�1, 7–8 orders of magnitude higher

than the small-molecule dye–quencher pairs. Our experi-
ment indicate that the quenching efficiency increases by
three orders of magnitude, as the particle size increases
from 5 to 70 nm. Due to this extraordinarily high KSV,
quenching can be observed even at subpicomolar concentra-
tions of the Cy3 dye-tagged RNA oligomers, suggesting that
the combination of Cy3-modified RNA with these gold
nanoparticles of appropriate size can be potentially used as
highly sensitive optical biosensor. Linear correlation was
found between the emission intensity and concentration of
the target RNA over the range of 15–550 pm, which indi-
cates that the NSET probe can provide a quantitative mea-
surement of HCV RNA concentration. The NSET size de-
tection limit indicates that NSET sensitivity is highly depen-
dent on the particle size. Our observation indicates that the
distance-dependent quenching efficiency is highly dependent
on the particle size. We show that we can tune R0 (distance
at which the energy transfer efficiency is 50 %) ranging all
the way from 8 nm, which is very near to the accessible dis-
tance conventional FRET (6 nm), to about 40 nm by choos-
ing gold nanoparticles of different diameters. The long-dis-
tance quenching rate is better described with a slower dis-
tance-dependent quenching rate than the classical 1/R6 char-
acteristic of Forster energy transfer. In addition the DMPET
and NSET models provide a better description of the dis-
tance dependence of the quenching efficiencies for 8 nm
gold nanoparticles, but agreement is poor for 40 and 70 nm
gold nanoparticles, for which the measured values were
always larger than the predicted ones. This distance-depend-
ence phenomenon can be engineered by choosing the size of
the nanoparticle and serves as a nanoscopic method for

measuring distances beyond that which is accessible to
FRET. By designing more efficient optical nanoantennas
and tailoring their plasmon resonances, one could considera-
bly enhance the sensitivity of this method. Looking into the
future, we expect that these sensor developments will have
important implications in the development of better biosen-
sors and bioassay for application to clinical analysis and bio-
medical research. Continued optimization of different pa-
rameters is necessary to determine the applicability of these
assays in point-of-care settings. The ability of an assay to
detect RNA in complex environments with high background
and competing targets requires exquisite selectivity and sen-
sitivity and will ultimately serve as a yardstick for determin-
ing its applicability in real environmental settings.
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