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ABSTRACT: Optical-ruler-based distance measurements are
essential for tracking biomolecular processes in a wide range of
analytical biochemical applications. The normally used Förster
resonance energy transfer (FRET) ruler is not useful for
investigating distance-dependent properties when distances are
more than 10 nm. Driven by this limitation, we have developed
a long-range surface-enhanced Raman spectroscopy (SERS)
optical ruler using oval-shaped gold nanoparticles and Rh6G
dye-modified rigid, variable-length double-strand DNAs. The
bifunctional rigid dsDNA molecule serves as the SERS-active
ruler. Our experimental results show that one can tune the
length of the SERS ruler between 8 and ∼18 nm by choosing the size of the oval-shaped gold nanoparticles. A possible
mechanism for our observed distance-dependent SERS phenomenon is discussed using the Gersten and Nitzan model.
Ultimately, our long-range SERS molecular rulers can be an important step toward understanding distance-dependent biological
processes.

■ INTRODUCTION
Distance measurements based on an optical spectroscopy ruler
are essential for tracking biomolecular conformational changes,
drug discovery, and cell biology.1−3 In 1967, Förster resonance
energy transfer (FRET) was used for the first time by Stryer
and Haugland as a “spectroscopic ruler” to measure distances in
macromolecules.1 Stryer and Haugland’s report opened a new
window on the use of optical rulers based on FRET to
investigate a wide range of biological activities, which can now
be used for obtaining distance information on a single-
biomolecule level.2,3 The FRET process results from dipole−
dipole interactions; as a result, the energy-transfer process is
strongly dependent on the center-to-center separation.1−3 It also
requires a nonzero integral of the spectral overlap between donor
emission and acceptor absorption.1−3 This fact limits the length
scale of FRET rulers to a maximum of 10 nm, as discussed in
several articles.3−5 Due to the distance limitation, normal FRET
optical rulers are not suitable for investigation of biological structural
change phenomena for large biological systems, where the donor
and acceptor distances are much more than 10 nm.6−8 This fact
prompted scientists to look for a long-range optical ruler that could
be used for monitoring biological processes above the 10 nm
scale.9−11 Recently, several groups including ours have reported that
the limitations of the FRET optical ruler can be overcome with a
long-range plasmonic12−15 and nanoparticle-based surface energy-
transfer (NSET) ruler.16−18

The possibility of observing very weak normal Raman signals,
with enhancements on the order of 106−1014 in the presence of
a metal nanomaterial surface,19−23 makes surface-enhanced
Raman spectroscopy (SERS) very attractive for ultrasensitive

biological24−27 and chemical sensing.28−31 In addition to sensitivity,
another important feature of SERS is the level of detection
specificity that usually achieved by controlling the chemistry
around the metal surface.32−35 After incorporating a specific
chemical or biological moiety on the surface, one can target the
detection of a single species present in a complex sample mixture
at the femtomolar level without having to physically separate out
interfering species.36−39 The very high sensitivity along with the
highly informative spectral characteristics offered by SERS are very
valuable for biological process monitoring.40−43 As a result, the
development of a long-range SERS ruler will be very useful for
monitoring biological processes at very low concentration levels.
Driven by this need, we report in this article the development of a
long-range SERS ruler using oval-shaped gold nanoparticles
(AuNPs). We have developed a SERS ruler using an Rh6G dye
molecule that is spaced from oval-shaped AuNPs of 30 nm
diameter by double-strand DNA (dsDNA) of various lengths
(Scheme 1). Recently, Parak et al.17 and Murphy et al.44 reported
that the interaction between AuNPs and DNA can cause the DNA
to bend. Park et al.17 also showed that the more the DNA
molecule bonds to the surface, the lesser is the probability of
bending. As a result, in the work described in this article, we used
∼100−120 DNA/nanoparticle surface to minimize the bending of
the dsDNA. Using dsDNA, the length of the spacer was increased
in 0.32 nm steps with the addition of each DNA base pair. Since
dsDNA is known to be rigid up to 50 nm persistence length,45,46

we can assume that the SERS ruler length can be adjusted easily by
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changing the number of base pairs of dsDNA. SERS is often
thought of as a near-field phenomenon,18,20 and it has been
reported that SERS occurs when the Raman dye molecules are in
close proximity to the nanostructure’s surface. SERS enhancement
at 120 nm distance has been reported by Mirkin et al.34 using
Au−Ni multisegmented nanowires. In this article, we report that
one can tune the SERS ruler length from 8 to ∼20 nm by
choosing the size of the oval-shaped AuNPs. To understand our
experimentally observed long-range SERS phenomena, we have
employed the Gersten and Nitzan (GN) model,47 where the SERS
enhancement factor is described on the basis of the size of the
particle and the distance between the nanoparticle surface and
Rh6G Raman dye. The GN model47 is known to be adequate
when the nanoparticle size and the Raman molecule−nanoparticle
surface distance are small compared to the excitation wave-
length,48−52 which is true in our case.

■ MATERIALS AND EXPERIMENTS
Hydrogen tetrachloroaurate hydrate (HAuCl4·3H2O), sodium boro-
hydride (NaBH4), cetyl trimethylammonium bromide (CTAB),
trisodium citrate, and cystamine dihydrochloride were purchased

from Sigma-Aldrich and used without further purification. DNA
strands were purchased from Midland Certified Reagent.

Synthesis of Oval-Shaped Gold Nanoparticles. Oval-shaped
AuNPs with aspect ratio 1.1−1.2 (Figure 1) were synthesized using a

seed-mediated growth procedure in the presence of CTAB, as we
reported before.53 In the first step, very small spherical seed particles
are generated using trisodium citrate as a stabilizer and NaBH4 as a
strong nucleating agent.54−57 In the next step, ascorbic acid is used as a
weak reductant and CTAB as a shape-templating surfactant so that the
seeds can grow into larger particles of the particular morphology we
desired.54−57 The ascorbic anions transfer electrons to the seed
particles, which reduces gold ions to form a shell that grows into
different shapes in the presence of CTAB.54−57 Spherical gold seeds
were synthesized by mixing aqueous solutions of HAuCl4·3H2O w
ith trisodium citrate in 20 mL of double-distilled deionized water
(18 MΩ) so that the final concentration of HAuCl4·3H2O was 2.1 ×
10−4 M and the concentration of trisodium citrate was 10−4 M. An ice-
cooled, freshly prepared aqueous solution of NaBH4 (0.1 M, 55 μL)
was then added under vigorous stirring. The solution turned pink
immediately after the addition of NaBH4 and became red being kept
in the dark overnight. Nanoseeds exhibit absorption spectra with a
maximum at 510 nm that corresponds to 4.1 nm seeds, which has been
confirmed by transmission electron microscopy (TEM; JEM-2100F).
To prepare oval-shaped AuNPs, we used 4.75 mL of 0.0085 M CTAB
solution in a small vial, to which we added 0.2 mL of 0.01 M
HAuCl4·3H2O under constant stirring. After that, we added 0.03 mL
of 0.01 M AgNO3 dropwise to allow the solution to mix properly.
Once the solution was mixed properly, we added 0.032 mL of 0.1 M
ascorbic acid slowly as a reducing agent. The solution turned colorless.
To this colorless solution we added gold seeds 0.01 mL at a time and
gently mixed the solution for 30 s. The color changed immediately and
became dark blue within 2 min. TEM and UV−visible absorption
spectroscopy were used to characterize the nanoparticles. The TEM
image (Figure 1A) shows that the aspect ratio of the oval-shaped
nanoparticles is 1.1−1.2. As shown in Figure 1B, oval-shaped AuNPs

Scheme 1. (A) Synthetic Method for Developing a SERS
Ruler and (B) Illustration of a SERS Ruler Consisting of
5′-Rh6G- and 3′-SH-Modified dsDNA of Different Lengths
Attached to Oval-Shaped Gold Nanoparticles

Figure 1. (A) TEM image showing freshly prepared 5′-Rh6G-modified
DNA strands conjugated to oval-shaped gold nanoparticles. (B)
Absorption profile for 5′-Rh6G-modified DNA strands conjugated to
oval-shaped AuNPs. The strong long-wavelength band in the visible
region at 550 nm is due to oscillation of the conduction band
electrons.
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have only one plasmon band at 550 nm, like spherical AuNPs, but its
λmax is shifted by ∼35 nm in comparison to that for spherical AuNPs of
the same size. The concentration of oval-shaped AuNPs was measured
using the plasmon absorption peak at 550 nm, given that the
extinction coefficient of the oval-shaped AuNPs is 2.3 × 109 M−1 cm−1.
The extinction coefficient was measured by using inductively coupled
plasma analysis to quantitatively determine the concentration of oval-
shaped AuNPs in solution, and the nanoparticle volume was measured
by TEM. A similar method was used by El-Sayed et al.54 and Murphy
et al.55 to measure the extinction coefficients of AuNPs of different
shapes. This experiment was performed 4−5 times, and average values
are reported in this article.
Synthesis of Single-Strand DNA Attached to Oval-Shaped

Gold Nanoparticles. Oval-shaped AuNPs were synthesized using a
seed-mediated growth procedure in the presence of CTAB, which is
positively charged at physiological pH and, as a result, can easily attract
negatively charged proteins. However, CTAB is known to be cytotoxic,
so this method will not be ideal for in vivo diagnosis. To overcome this
problem, the CTAB surfactant on the surface of oval-shaped AuNPs
was replaced by mercaptohexanoic acid using a round-trip phase-
transfer ligand-exchange method reported recently by Wijaya et al.56

After that, 5′-Rh6G- and 3′-SH-modified single-strand DNA (ssDNA)
was gradually exposed to oval-shaped AuNPs in the presence of
sodium dodecyl sulfate, sodium chloride, and phosphate-buffered
saline (PBS) for ∼10−12 h. To remove the unbound ssDNA, we
centrifuged the solution at 6000 rpm for 20 min, and the precipitate
was redispersed in 2 mL of the buffer solution. To measure the
number of 5′-Rh6G-modified ssDNA molecules attached on each oval-
shaped AuNP after conjugation, we treated the Rh6G-modified DNA-
conjugated oval-shaped AuNPs with 10 μM potassium cyanide to
oxidize the oval-shaped AuNPs. After that, the solution containing the
released Rh6G-labeled DNA was collected for fluorescence spectros-
copy analyses. By dividing the total number of Rh6G-labeled DNAs by
the total number of oval-shaped AuNPs, we estimated that there were
∼100−120 DNAs per oval-shaped AuNP. This experiment was
performed 4−5 times, and average values are reported in this article.
SERS Probe for Monitoring Distance-Dependent SERS

Activities. For the SERS experiment, we designed a SERS probe, as
we reported recently.39,57 In brief, we used a continuous-wavelength
DPSS laser (LUD-670, Laser Glow Technology) operating at 670 nm
as an excitation light source. An InPhotonics 670 nm Raman fiber-
optic probe was used for excitation and data collection. It combines
90 μm excitation fiber and 200 μm collection fiber with filtering and
steering micro-optics. To collect SERS data, we used a miniaturized
QE65000 scientific-grade spectrometer from Ocean Optics and Ocean
Optics’ SpectraSuite spectroscopy data acquisition software.
NSET Study. For the NSET experiment, we used a 532 nm

continuous-wavelength OEM laser as an excitation light source. Details
of the NSET experimental setup were reported previously by our
group.9−11 In brief, the excitation light source was first attenuated
using an appropriate neutral density filter and coupled to the excitation
arm of a Y-shaped reflection probe through a plano-convex lens ( f =
4.5 mm). We used a miniaturized QE65000 scientific-grade
spectrometer from Ocean Optics as a NSET detector, which has
remarkable sensitivity for low-light-level applications. All the data were
collected using Ocean Optics’ SpectraSuite spectroscopy data
acquisition software.
Design of Different Length Raman Optical Rulers. To design

Raman optical rulers of different lengths, we used 5′-Rh6G- and 3′-SH-
modified ssDNA of different lengths. After hybridization with
complementary DNA (cDNA), the separation between the oval-
shaped AuNPs and Rh6G dye was systematically varied. Capture
sequences are shown below:

2mer: 5′-Rh6G-CT-3′-SH
3mer: 5′-Rh6G-CTG-3′-SH
4mer: 5′-Rh6G-CTG G-3′-SH

6mer: 5′-Rh6G-CTG GTC-3′-SH

8mer: 5′-Rh6G-CTG GTC AT-3′-SH

10mer: 5′-Rh6G-CTG GTC ATG G-3′-SH

12mer: 5′-Rh6G-CTG GTC ATG GCG-3′-SH

18mer: 5′-Rh6G-CTG GTC ATG GCG GGC ATT-3′-SH

24mer: 5′-Rh6G-CTG GTC ATG GCG GGC ATT TAA TTC-3′-
SH

28mer: 5′-Rh6G-CTG GTC ATG GCG GGC ATT TAA TTC TCG
G-3′‑SH

30mer: 5′-Rh6G-CTG GTC ATG GCG GGC ATT TAA TTC TCG
GGC-3′-SH

34mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC T-3′-SH

36mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG-3′-SH

38mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG GG-3′-SH

42mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG GGC ACG-3′-SH

45mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG GGC ACG CCG-3′-SH

52mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG GGC ACG CCG TAG TTT G-3′-SH

55mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG GGC ACG CCG TAG TTT GAA G-3′-SH

57mer: 5′-Rh6G-CTG TTC GCG CTG GTC ATG GCG GGC ATT
TAA TTC TCG GGC ACG CCG TAG TTT GAA GTT-
3′‑SH

■ RESULTS AND DISCUSSIONS
To design the SERS ruler, we first attached 5′-Rh6G- and 3′-
SH-modified ssDNA to oval-shaped AuNPs via thiol-gold
chemistry (Scheme 1). In this case, due to the conformationally
flexible backbone of ssDNA, a favorable conformation for the
attached oligomers is an archlike structure in which both the 3′
and 5′ ends are attached to the particle.9−11 To understand
whether Rh6G dyes at the distal end can loop back and adsorb
onto the surface of the same oval-shaped AuNPs, as shown in
Scheme 1, we performed SERS and NSET experiments. Our
experimental data (Figure 2A) showed a quenching efficiency
of nearly 99%, which clearly indicates that Rh6G was statically
adsorbed on the oval-shaped gold particle surface. Some insight
came from SERS studies in Figure 2, which showed that Rh6G
dyes are reversibly adsorbed on the surface of colloidal AuNPs;
as a result, we observed very strong SERS signal enhancement.
The Raman modes at 236, 252, 273, and 376 cm−1 in Figure 2B
are the N−C−C bending modes of the ethylamine group of the
Rh6G ring, and the Raman modes at 615, 778, 1181, 1349
1366,1511, 1570, 1603, and 1650 cm−1 are due to C−C−C ring
in-plane bending, C−H out-of-plane bending, C−N stretching,
and C−C stretching, as we reported before.57

The Raman enhancement factor, G, was measured
experimentally by direct comparison of normal Raman
spectra,20−34,57

=G
I
I

M
M

[ ]
[ ]

[ ]
[ ]

SERS

Raman

bulk

ads (1)

where ISERS is the intensity of the 1511 cm−1 vibrational mode
of Rh6G in the surface-enhanced spectrum, and IRaman is the
intensity of the same mode in the bulk Raman spectrum. Mbulk
is the number of molecules used in the bulk, and Mads is the
number of molecules adsorbed and sampled on the SERS-active
substrate. All spectra are normalized for the integration time.
The enhancement factor, estimated from the SERS signal and
normal Raman signal ratio for the 1511 cm−1 band, is ∼4.5 × 106.
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No significant changes in Raman frequencies are observed in
comparison to the corresponding SERS and Raman bands.

Hybridization was performed using a 1:10 ratio of probe-to-
target sequences in 10 mM PBS solution containing 0.3 M
NaCl. To remove the unbound ssDNA target, we centrifuged
the solution at 6000 rpm for 20 min and then redispersed the
precipitate in 2 mL of the buffer solution. Upon hybridization
with cDNA, due to the duplex structure, the dsDNA does not
adsorb onto the oval-shaped AuNPs surface, as shown in
Scheme 1A. As a result, after hybridization, fluorescence persists
and the SERS intensity decreases (Figure 2A,B). To quantify
the extent of DNA hybridization, fluorescence was measured as
a function of target strand concentration. In Figure 2C, the
fluorescence intensity increases until the target and probe DNA
ratio is 1:10, and then it remains almost the same. To make
sure that the hybridization was almost complete, we used a 1:10
ratio of probe-to-target sequence. Now, after hybridization, the
separation distance between the nanoparticle and the Rh6G dye
can be evaluated using the simple model reported by Clegg
et al.45 The distances are estimated by taking into account the
size of the Rh6G dye, 0.32 nm for each base pair, and 1.8 nm
for Au−S distance + base pair-to-dye distance. Duplex DNA
lengths of less than 100 base pairs are typically assumed to be
adequately modeled by a rigid-rod approximation with only
high-frequency oscillations along the backbone, as described by
Hagerman.46 Our experimental results (Figure 2B) clearly show
that, though after hybridization the distance between oval-
shaped AuNPs and Rh6G Raman dye is more than 10 nm, a
significant SERS signal can be observed, which is remarkable.
To understand whether our assumption of the rigid-rod
approximation is valid, we used dynamic light scattering
(DLS) measurement as well as the NSET experiment. DLS
measurement was performed using a Malvern Zetasizer Nano
instrument. Our DLS data indicate that our synthesized oval-
shaped AuNPs have an average size of ∼30 ± 2 nm, which can
be seen clearly from our TEM data. In the case of 5′-Rh6G- and
3′-SH-modified 30mer ssDNA attached to AuNPs, after
hybridization the diameter changes to ∼53 ± 2 nm. Our
DLS experiment indicates that the distance between AuNPs
and Rh6G dye is ∼11.5 nm, which is very close to our
estimated distance of 11.4 nm. In the same way, we also
measured the end-to-end distance between AuNPs and Rh6G
dye for other DNAs of different lengths, and our results
indicate that the DLS measurement data are quite close to our
estimated distances.
As we have discussed before, several groups including

ours5−11 have experimentally demonstrated that the NSET
ruler is capable of measuring distances more than twice the
FRET distance. As a result, we also performed NSET
experiments to measure the distance between Rh6G and the
oval-shaped AuNPs surface. After hybridization, by varying the
cDNA lengths, the separation between oval-shaped AuNPs and
Rh6G dye was systematically varied between 3 and 20 nm by
varying the number of base pairs.
Figure 3A shows how the quenching efficiency varies with

increasing distance between 30 nm oval-shaped AuNPs and
Rh6G dye. The quenching efficiency for each sample was
measured by comparison against control dsDNA−Rh6G dye in
the absence of NPs, using the following equation:4−11

= −Q
I A

I A
1eff

sample control

control sample (2)

where Qeff is the quenching efficiency due to NSET, Isample and
Icontrol are the integrated intensities under the curve for the

Figure 2. (A) Fluorescence intensity from 5′-Rh6G- and 3′-SH-modified
52mer ssDNA before and after hybridization when DNA strands were
attached to oval-shaped gold nanoparticles though −SH linkage. (B) SERS
intensity from 5′-Rh6G- and 3′-SH-modified 30mer ssDNA before and after
hybridization when DNA strands were attached to oval-shaped AuNPs
though −SH linkage. (C) Fluorescence response upon the addition of
different concentrations of target DNA to 5′-Rh6G- and 3′-SH-modified
45mer probe DNA attached to oval-shaped AuNPs. In this experiment we
varied the concentration ratio of target DNA to probe DNA from 0.5 to 20.
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fluorescence peak due to the sample and control, and Asmaple
and Acontrol are the absorption values of the sample and control
at the peak of the Rh6G dye. Our result clearly shows that a
NSET ruler based on 30 nm oval-shaped AuNPs is highly
sensitive to small changes in the Rh6G dye−particle distance
even if they are separated by 20 nm, which is 2 times larger
than the general FRET distance. To understand the distant-
dependent quenching process for oval-shaped AuNPs, we tried
to fit our data with the theoretical modeling using dipole-to-
nanoparticle surface energy transfer as described by Jenning
et al.5 In case of NSET, the quantum efficiency of energy
transfer can be written as5−11

Φ =
+ R R

1
1 ( / )nET

0 (3)

where R is the distance between donor and acceptor and R0 is the
distance between donor and acceptor at which the energy transfer
efficiency is 50% and n = 4, in case of NSET. As shown in Figure 3,
our result indicates that the long-distance quenching rate can be
better described with a 1/R4 distance dependence using the NSET
model. For the NSET model we used R0 = 7.8 nm.
Since the NSET model can be used to measure the optical

ruler distance, before each SERS measurement we measured

the optical ruler distance using NSET, and we found that
duplex DNA lengths measured by NSET and modeled by a
rigid-rod approximation match very well. Figure 4A shows how

SERS intensity changes as we move farther from the surface.
Figure 4B shows how the change of SERS enhancement factor

Figure 3. (A) Variation of fluorescence intensity for optical rulers of
different lengths when Rh6G-modified dsDNAs of different lengths are
attached to oval-shaped gold nanoparticles. (B) Variation of quenching
efficiency with the distance between 30 nm oval-shaped AuNPs and
Rh6G. Also shown are theoretical fitting data for the variation of the
quenching efficiency with distance using the NSET formula in eq 3.

Figure 4. (A) Variation of the SERS intensity from Rh6G when the
dye is separated from the oval-shaped gold nanoparticle surface using
dsDNA of different lengths. (B) Variation of the SERS enhancement
change (ΔR = SERS enhancement before and after separation) with
the distance between 30 nm oval-shaped AuNPs and Rh6G dye when
they are separated by dsDNA. (C) Variation of ΔR with the distance
between 8 nm oval-shaped AuNPs and Rh6G dye when they are
separated by dsDNA. Panels B and C also show theoretical fitting data
for the variation of the Raman intensity with distance using the GN
model.
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(ΔR) varies with the distance, where ΔR is defined as the
difference in the SERS enhancement before and after
separation. Our result shows that the distance-dependent
SERS is a quite long-range phenomenon. Though SERS has
been known for almost 30 years, the SERS effect is still not fully
understood.18,28,29 Usually, the Raman signal enhancement in
the presence of SERS-active substrate is attributed to two
different effects.21,27 First is the strong amplification of the
electromagnetic fields near the plasmon resonances of metal
substrates.36−39 The electromagnetic enhancement effect
usually depends on the evanescent nature of localized plasmon
modes and can be significantly modified by surface
imperfections.28,29 The electromagnetic enhancement of
Raman scattering EEM can be expressed as37−39

ω
ω

ω
ω

∝E
E
E

E
E

( )
( )

( )
( )EM

0

0 0

2
Raman

0 Raman

2

(4)

where EEM is the average enhancement over the surface, E and
E0 are the induced and incident electric fields from incident
laser light, and ω0 and ωR are the incident laser frequency and
Raman scattered frequency. According to eq 4, the electro-
magnetic enhancement factor is proportional to E(ω)4. Second
is the chemical enhancement effect, which is responsible for
SERS. The chemical enhancement is mainly due to the
electronic resonance process, where charge transfer occurs
between the highest unoccupied molecular orbital of the
molecules and the Fermi level of the metal substrate.22,28,29

This charge-transfer enhancement is usually 12 orders of
magnitude and is attributed to the surface−dye charge-transfer
interaction.41−43 As in our case the Raman dye is separated
from the oval-shaped AuNPs surface by dsDNA, we can omit a
chemical enhancement factor. Thus, here we describe only the
electromagnetic enhancement contribution. Electromagnetic
enhancement usually occurs when the local field oscillates at
the frequency of the incident radiation used as a dipolar optical
radiation source.18,22,28,29 Also, the dipolar radiation scattered
by the molecules near the surface is capable of coupling to the
metal particle and enhancing the scattered light.18,28,29 As a
result, the distance-dependent SERS effect can be described as
the dipolar field of the particle inducing a radiating dipole in the
molecule, which is very similar to a London dispersion-type
interaction.18−21 Similarly, the distance dependence can be due
to the dipole induced in the particle by the dipolar field of the
scattering molecule. As a result, the overall distance depend-
ence of the electromagnetic enhancement should be 1/r12,
which indicates that the SERS should be a very short-range
phenomenon.18−21

Our experimental results in Figure 4 show that SERS can be
used as a long-range ruler. Our results clearly indicate that the
SERS signal can be easily detectable when the Raman-active
dyes are positioned at distances of more than 10 nm from the
surfaces of the nanoparticles, which shows that the distance-
dependent SERS cannot be explained using a 1/R12 distance
dependence. Kennedy et al.20 and Van Duyne et al.18 reported
that the distance-dependent electromagnetic enhancement of
SERS for Ag using self-assembled monolayers of straight-chain
alkanethiols can be explained using 1/R10 distance dependence,
where R is the effective distance from the center of the surface
to the Raman probe. Since a 1/R10 dependence cannot show
any Raman signal after 4−5 nm, the long-distance SERS
intensity change should be described with a longer-distance-
dependent quenching than their 1/R10 characteristic for silver

foil. As a result, we believe that for nanoparticles of large sizes,
it is necessary to include near-field, induction, and radiation
terms in the expression for a classical dipole radiator.
In general, the interactions between nanoparticles and

Raman-active dye are quite complex due to the involvement
of several parameters: excitation polarizations, wavelength,
distance ranges, Raman-active dye characterization, nano-
particle surface coating, and particle shape and size.4−11 Light
induces oscillating dipole moments in each gold particle, and
their instantaneous (1/R)3 coupling results in a repulsive or
attractive interaction, which obviously will modify the plasmon
resonance of the system.13−16 For that reason, the lesser
dependence of the interaction strength on particle separation r
results in a much longer interaction range compared to 1/R12

distance dependence, as we observed in our experiment. Next,
to understand the experimental distance-dependent SERS
phenomena, we also performed theoretical modeling using
the GN model,47 which is known to be useful when both the
nanoparticle size (r) and the Raman dye-to-nanoparticle
distance (d) are small compared to the excitation wave-
length.48−50 According to the GN model, the Raman cross
section can be expressed as48−51

σ π ω α
α

α
= Δ ∂

∂ −
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+
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where σRaman is the Raman cross section at ω excitation
frequency, α is the induced polarizability for the molecule due
to the change of the nuclear coordinate (Q), and αi is the ith-
pole polarizability, which can be defined as50,51

α
ε ε

ε
α=

−
+ +

+i
i i

( )
( 1)i

iM 2 1

(6)

where αi depends on metal dielectric constant ε, medium
dielectric constant εM, and b2i+1. In eq 5, G is the image-field
factor, which can be defined as48−51

∑ α= +
+ +G
i

r d
( 1)

( )i
i i
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2

2 4
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The SERS enhancement ratio, which we define as the ratio of
σRaman in the presence and absence of nanoparticle, can be
expressed as48−51

α
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⎛
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1
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For the calculation of ε(ω), we used the Drude model with
damping factor γ, due to electron scattering, as shown
below:48−51

ε ω
ω

ω ω γ
= −

+ i
( ) 1

( )
p

2

(9)

where ω is the laser excitation frequency and ωp is the plasmon
frequency for nanoparticle.
Figure 4B,C shows how the SERS enhancement change

(ΔR) varies with distance. It is very fascinating to note from
Figure 4B,C that the trend of distance-dependent SERS
enhancement change can be explained adequately using the
simple GN model.
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Next, to understand whether the distance-dependent SERS
depends also on the size of the particle, we performed the same
experiment with 8 nm AuNPs. Figure 4C shows how the SERS
enhancement change varies with increasing distance between
8 nm oval-shaped AuNPs and Rh6G dye. Our result shows
that the distance-dependent SERS is highly dependent on the
particle size. The distance dependence of SERS intensity
change for 8 nm oval-shaped AuNPs can be better described
with the much faster distance-dependent Raman enhancement
quenching. As we discussed before, according to the GN model,
the Raman cross section should depend on the size of the
particle. Therefore, we used the GN model to explain the size-
dependent changes in the Raman ruler distance. The trend of
the distance-dependent SERS enhancement change for 8 nm
AuNPs also can be explained adequately using the simple GN
model. So, our results indicate that one can tune the SERS ruler
length between 8 and ∼20 nm by choosing the size of oval-
shaped AuNPs. One has to remember that due to the effects of
the surface charge, surface coverage, mutual strand interaction,
and interaction with AuNPs, the apparent length of the DNA
can be a little smaller than the expected molecular length. But
since we calibrated the length with respect to NSET data, we
believe that the above error will be insignificant, if any.

■ CONCLUSION
In this article, we report the development of a rigid SERS
nanoruler using oval-shaped gold nanoparticles and Rh6G dye
separated by dsDNA. Though SERS is often thought of as a
near-field phenomenon, our reported data show that a SERS
ruler based on oval-shaped AuNPs is highly sensitive to small
changes in the dye−particle distance through dsDNA, even if
they are separated by more than 15 nm. Our distance-
dependent SERS intensity change data show that the distance
dependence of the Raman intensity change is better described
with a much longer distance-dependent quenching than the
classical 1/R12 characteristic. Our theoretical modeling results
indicate that the long-distance SERS intensity change for 30 nm
oval-shaped AuNPs can be better described with the classical
GN model. We also demonstrate that the distance-dependent
SERS ruler length is highly dependent on the particle size. Our
results show that one can tune the SERS ruler length between 8
and ∼20 nm by choosing the size of oval-shaped AuNPs. Since
plasmonic nanomaterials are known to exhibit a great range of
variability in their sizes and shapes, and systematic tunability of
their optical plasmonic bands, the examples of the development
of a SERS ruler in this article can be readily generalized to other
plasmonic nanoparticles. The long-range SERS ruler developed
by us can provide a spectral fingerprint of larger biological
structures and will be useful for understanding structural
dynamics like RNA and protein folding and DNA/RNA−
protein interactions.
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