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ABSTRACT: We developed a route for synthesizing Ag nanostructures with tunable
morphologies for ultrasensitive surface-enhanced Raman spectroscopy. Through the
consecutive addition of three reducing agents (i.e., 4-mercaptobenzoic acid, trisodium
citrate, and ascorbic acid) to an aqueous solution of silver nitrate, hierarchical flower-
like Ag nanostructures were produced. The nanostructures had Ag petals in which
nanosized gaps were generated, and small Ag nanoparticles were incorporated within
the gaps. Theoretically, the nanostructures exhibited highly enhanced electric fields in
the outer-shell regions where the small Ag nanoparticles were densely located.
Combining the enhanced field effect with resonance effect of a Raman-active molecule
(methylene blue) at a specific wavelength, measurable Raman signals were obtained at
concentrations as low as 100 attomolar (107'¢ M; corresponding to 107! mol). Key
factors were discussed for the synthesis of the Ag nanostructures while finely controlling
the morphologies of hierarchical Ag nanostructures, thereby modulating the intensity of
surface-enhanced resonance Raman spectroscopy (SERRS) signals. Therefore, this
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synthetic method produces highly promising nanostructures for SERRS-based applications.
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1. INTRODUCTION

The detection of Raman-active molecules with high sensitivity
has become an important issue in various biosystems and other
areas."® The detection sensitivity of trace Raman molecules
can be enhanced by either modifying the geometries of
plasmonic nanoparticles (Ag- and Au-based)®™® or constructing
structures from these nanoparticles.”'® The improvements rely
mostly on the enhancement of the electric field developed on
nanoparticles or nanostructures.'” ' Most efforts have been
devoted to modulating gap distances between nanoparticles to
enhance the electric field.”'® Recently, it was reported that a
superhydrophobic plasmonic patterned structure could also
help increase detection sensitivity of Raman molecules,”® and
generation of nanosized gaps within plasmonic nanoparticles
could both increase the sensitivity of substrates for Raman-
active molecules and enhance the reproducibility of SERS-
active sites.”’ These understandings of signal enhancement
allow for the detection of Raman molecules at the zeptomole
level'® or even lower.”’

In this study, we present that the inclusion of Ag
nanoparticles between nanosized gaps generated in Ag
nanostructures (Scheme 1) could also greatly enhance electric
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fields of the Ag nanostructures and thus they could serve as
substrates for ultrasensitive surface-enhanced resonance Raman
spectroscopy (SERRS).*>”>° The Ag nanostructures are
synthesized on a wet basis and are composed of Ag petals in
which nanosized gaps (~20 nm in average) are generated, and
small Ag nanoparticles (5—10 nm) are included between the
gaps. Theoretical studies confirmed that the nanostructures
exhibit highly enhanced electric fields, especially in the outer-
shell regions where small Ag nanoparticles are densely located.
With a laser wavelength at which a Raman-active dye can highly
absorb, significant SERRS enhancement was obtained not only
due to the hot spots generated by the small Ag nanoparticles in
the Ag petals but also due to the resonance effect of the dye.
Therefore, measurable Raman signals from methylene blue with
concentrations as low as 100 attomolar (107'¢ M; correspond-
ing to 107" mol) were obtained. This result can be considered
the state-of-the-art level of sensitivity, and only a few studies
have reported such comparable achievements."** In addition,
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Scheme 1. Schematic Representation Showing a Route for Synthesizing Hierarchical Ag Nanostructures and the Simulated

Electric Field Distribution in the Corresponding Region
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herein, key factors were discussed while finely controlling the
morphologies of hierarchical Ag nanostructures, thereby
modulating the intensity of SERRS signals.

2. EXPERIMENTAL SECTION

Materials. AgNO; (>99%, Sigma-Aldrich) (90%, Aldrich), sodium
citrate tribasic dihydrate (>98%, Sigma-Aldrich), L-ascorbic acid (99%,
Acros Organic), hydrogen peroxide (H,0,, 30 wt % in water Merck),
sulfuric acid (H,SO,, 95—98%, Sigma-Aldrich), aminopropyltriethox-
ysilane (APTES, >98%, Sigma-Aldrich), and methylene blue (>95%,
Fluka) were used as received.

Synthesis of Nanostructures. In a typical experiment, an
ethanolic solution of MBA was mixed with an aqueous solution of
AgNO; (10 mM). After S min, different amounts of SC (30 mM) were
added and stirred for another S min. Finally, freshly prepared L-
ascorbic acid (10 mM) was added under stirring at room temperature,
and it was continually stirred for 1 min and then placed undisturbed
for 1 h. The resulting particles were centrifuged and redispersed
repeatedly in deionized water and ethanol alternatively to remove
excess surfactant. Before characterization, the samples were dried in a
vacuum environment to prevent the oxidation on the Ag surface.

Characterization. Field-emission scanning electron microscopy
(FE-SEM) was performed on the JEOL instrument (JSM-6700F) at an
acceleration voltage of 5 kV and a working distance between 7 and 8
mm. The powder X-ray diffraction pattern was recorded on a Philips
PW 1140 X-ray diffractometer using Cu Ka radiation (1 = 1.5406 A).
Transmission electron microscopic (TEM) studies were carried out by
using a JEOL JEM-2100 microscope working at 100 kV. Raman
spectra were collected using a Renishaw inVia confocal Raman
spectrometer mounted on a Leica microscope with a 50X objective
lens (NA = 0.80) in the range of 100—2000 cm™' with one
accumulation and a 10 s exposure time. A 633 nm wavelength HeNe
laser (85 uW at the sample surface) was used to excite the sample.

Substrate Preparation for SERRS Studies. Ag nanostructures
were coated on a silicon substrate (5 mm X § mm) for SERRS studies.
First, the substrates were cleaned in a “piranha” bath (30% H,0, and
concentrated H,SO, was mixed in the ratio of 1:4) at 60 °C for 15 min
and then thoroughly rinsed with water and ethanol. (CAUTION:
“Piranha” solution reacts violently with organic materials; it must be
handled with extreme care.) To achieve the uniform coating of Ag
nanostructures on the silicon substrate, the substrate was modified
with APTES by dipping it in 10% APTES solution in ethanol for 1 h,
washing with ethanol under sonication, drying at 120 °C for 30 min,
and cooling to room temperature. Then, the surface-modified silicon
substrate was dipped in a Ag nanostructure aqueous dispersion for 30
min, washed with water, and dried under vacuum. Then, 10 uL of
aqueous methylene blue solution was deposited and dried under
vacuum.

Discrete Dipole Approximation (DDA). It divides an arbitrary
shape of target structure into finite cubic arrays of dipoles, which
respond to the external electric field by forming dipole moments.>*~>’
In DDA, optical spectra (ie., extinction, absorption, scattering) and
local electric field of target structure are calculated by the following
step. The dipole moment P;, induced by local electric field is expressed
as

B = aiEloc(ri) (1)
where a; is the polarizability tensor and E,.(r;) is the external electric
field at the position of dipole r; with i = 1, 2, 3---N. Clausius-Mossotti
polarizability”*° is used for a, which is expressed as

3d> e — 1
a = —

4m £+ 2 (2)

i

where ¢, is the dielectric function of target structure. Ey(r;) is the sum
of the incident electric field (E,;) and the dipole field; thus, P,
becomes

N
B = a(E;; — Z A;P)
j=1
i#j (3)

Eq 3 can be rearranged to be

N

z AP = Eype;

j=1 (4)
Eq 4 is solved by the iteration scheme in the DDA method; then,

the extinction cross-section is obtained by the following expression

4k <
ext ﬂ Z Im(E::lC,}I)])
inc’ =1 (5)
In this paper, we use the Discrete Dipole Scattering (DDSCAT)
program, which performs DDA, developed by Drain and Flatau.>"*?
Computation Details. We use the dielectric function (&) of Ag
from Johnson and Christy’s work.*® The ambient medium is air, of
which the refractive index is taken to be 1.00028. The SERS
enhancement factor of particular nanostructure can be approximated
by the following expression,**

¢ = (E(w)P/E) x (IE(0')P/Ey?) (6)

where |E(w)I*/E,? is the local enhancement factor, |E(w’)I>/E,?* is the
Stokes-shifted enhancement factor, E, represents a reference, which is
the incident electric field, and the incident and Stokes-shifted
frequencies are @ and @', respectively. Stokes-shift frequency is
1624 cm™ in this paper.

3. RESULTS AND DISCUSSION

For the synthesis of the Ag nanostructures, we successively
added three types of reducing agents, i.e., 4-mercaptobenzoic
acid (MBA), trisodium citrate, and ascorbic acid, to an aqueous
solution of silver nitrate (AgNO,) at room temperature. Figure
la shows photographs showing the color changes of the
aqueous solution at every addition step of each reducing agent.
When 1 mL of 1 mM MBA ethanolic solution was added to 1
mL of 10 mM AgNO;, small nanoparticles (8.8 + 6.4 nm) were
produced (Figure 1b). The nanoparticles showed a clear
twinned boundary, implying that they were formed from more
than two Ag seeds. The surfaces of the Ag nanoparticles were
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Figure 1. (a) Photographs showing the color changes of the reaction
medium and (b—d) TEM and SEM images showing the morphology
changes of Ag nanostructures during the consecutive addition of (b) 1
mL of 1 mM MBA solution, (c) 200 uL of 30 mM trisodium citrate
(SC), and (d) 1 mL of 10 mM ascorbic acid (AA) to 1 mL of 10 mM
AgNO;. (e) Shows a magnification of the SEM image shown in (d).
The scale bar in the inset of (c) is SO nm.

expected to have been modified with a mixture of acid and thiol
groups either via an Ag—thiol chemical bond or by the
adsorption of carboxylic acid on the nanoparticle surfaces. The
solution mixture appeared transparent. Because significantly
larger mole numbers of Ag* than MBA were used in the system
(ie, 10 and 1 umol, respectively), a considerable amount of
Ag" still remained in the aqueous mixture.

By the subsequent addition of 200 uL of 30 mM trisodium
citrate to the aqueous mixture, a portion of the remaining Ag*
ions was reduced to form raspberry-like nanoparticle clusters
(79 + 20 nm, Figure 1c). As shown in the TEM image (inset),
a number of large (~30 nm) and small (~15 nm) Ag
nanoparticles randomly aggregated to form clusters, and the
solution mixture subsequently became milky. The subsequent
addition of 1 mL of 10 mM ascorbic acid to the aqueous
dispersion changed the color of the solution to a bluish hue.
The nanoclusters were transformed into hierarchical nano-
structures measuring 400 + 5SS nm (Figure 1d; referred to as
Ag-M,C4A o, implying that 1, 6, and 10 umol of MBA,
trisodium citrate, and ascorbic acid were, respectively, used). As
shown in the magnified SEM image (Figure le), the
nanostructures appeared flower-like and each petal was highly
branched, creating many gaps in the petal. The X-ray diffraction
pattern (Figure S1, Supporting Information) of the nanostruc-
tures showed sharp peaks at 26 values of 38.1°, 44.3°, 64.5°,
77.4°, and 81.5° which are well indexed to the (111), (200),
(220), (311), and (222) planes, respectively, for face-centered
cubic Ag crystals; thus, it was confirmed that the developed
nanostructures were crystalline in nature.>>

On the basis of a number of experiments in which the ratio of
the three reducing agents was varied, we found that the size and
morphology of the Ag nanoclusters produced from the

consecutive addition of MBA and trisodium citrate could affect
the final morphologies of the hierarchical Ag nanostructures. In
particular, the morphologies of the Ag nanostructures could be
finely regulated by the molar ratios of trisodium citrate to MBA.
Figure 2a plots the average sizes of the nanoclusters as a
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Figure 2. (a) Plot showing the sizes of Ag nanoclusters synthesized
after the consecutive addition of MBA and trisodium citrate for various
molar ratios of trisodium citrate (SC) to MBA. Insets show SEM and
TEM images of nanoclusters for each composition (scale bar: 50 nm).
(b—d) SEM images of Ag nanostructures containing different amounts
of trisodium citrate (30 mM): (b) 50 uL, (c) 100 uL, and (d) S00 uL.
The amounts of MBA (1 mL of 1 mM) and ascorbic acid (1 mL of 10
mM) were held constant. (¢) SEM image of an Ag nanostructure
produced with 1 mL of 0.1 mM MBA, 200 uL of 30 mM trisodium
citrate, and 1 mL of 10 mM ascorbic acid.

function of the trisodium citrate to MBA molar ratios. The
insets show SEM and TEM images that illustrate the
corresponding morphologies of the nanoclusters. Overall, a
larger molar ratio of trisodium citrate to MBA led to the
formation of smaller Ag nanoclusters. When 1 gmol of MBA
and 1.5 pmol of trisodium citrate were used (ratio: 1.5), large
Ag clusters (110 + 20 nm) containing small Ag nanoparticles
(5—10 nm) on the surface were formed. The resulting Ag
nanostructures appeared flower-like (1.3 &+ 0.2 um) with large
and smooth petals (Figure 2b; referred to as Ag-M,C,A,).
When the amount of trisodium citrate was increased to 3 gmol
(ratio: 3), 15—20 nm particles were assembled into raspberry-
like clusters (90 + 15 nm) and the corresponding Ag
nanostructures (Figure 2c; referred to as Ag-M,C;A,) were
branched, similarly to those shown in Figure 1d (Ag-M,C¢A,)
but larger (0.58 + 0.1 pm). The clusters and resulting Ag
nanostructure obtained at a ratio of 6 are shown in Figure 1.
With 15 umol of trisodium citrate (ratio: 15), the cluster size
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Figure 3. TEM images of hierarchical Ag nanostructures: (a) Ag-M;C, A, (b) Ag-M,C;A;, (c) Ag-M,;CcA;, (d) Ag-M,CsA , and (e) Ag-
Mj1CeAyo. Scale bars are (top) 200 nm and (bottom) SO nm. (f) SERRS spectra of the five Ag nanostructures treated with 10 M methylene blue.
Raman peaks of methylene blue (), MBA (V), and silicon substrate (#) are indicated. (g) SERRS intensities at 1624 and 1397 cm™" of the five Ag

nanostructures treated with 107 M methylene blue.

was further reduced (to ~30 nm). The corresponding
nanostructures were smaller (300 + 50 nm) than those formed
at a ratio of 6, and many clear crevices were observed in the
petals (Figure 2d; referred to as Ag-M;C5A,,). With 0.1 pgmol
of MBA and 6 pmol of trisodium citrate (ratio: 60), a few
nanoparticles were aggregated, and the corresponding nano-
structures (200 + 30 nm) were composed of several irregularly
shaped nanoparticles (Figure 2e; referred to as Ag-M, ;CeA;o)-

A number of reports on the synthesis of flower-like
hierarchical structures using copper,”” gold,>*® silver,**~*
iron oxide,® magnesium oxide,” and zinc oxide® have been
published. These flower-like hierarchical structures were mostly
constructed via three growth steps: the generation of small
nanoparticles, nanoparticle aggregation, and the subsequent
growth of metals/metal oxides from the a&gre§ate surfaces or
growth of aggregates with nanoparticles.>*”***>** In addition,
flower-like Ag nanostructures were also produced by using
mandelic and ascorbic acids at low temperatures:** the acid
molecules formed complexes with Ag" ions and/or were
adsorbed on Ag nucleates, which subsequently directed the
newly formed Ag nanoparticles to assemble into hierarchical
nanostructures.

Our hierarchical nanostructures were assumed to be typically
synthesized via a mechanism similar to that reported in the
literature.>*”**** To further understand the growth mech-
anism of our nanostructures, the possible roles of the three
reducing agents were investigated through additional experi-
ments. First, it appears that MBA directed the hierarchical
structure of Ag nanocrystals because, in the absence of MBA,
we obtained large and smooth nonhierarchical Ag nanoparticles
(Figure S2a, Supporting Information). With an increase in
MBA concentration (Figure 2e for 0.1 ymol and Figure S2b,
Supporting Information, for 0.5 pmol), the resulting Ag
nanostructures displayed a more hierarchical tendency with
increased sizes. Furthermore, with 5 pmol of MBA (ratio of
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trisodium citrate to MBA = 1.2; Figure S2¢, Supporting
Information), micron-sized and disordered structures were
produced. The hierarchical tendency was also indicated by the
Ag nanostructures produced with only MBA and ascorbic acid
(without the addition of trisodium citrate), as reported
elsewhere,” and various hierarchical structures were produced.
For example, Ag nanosheets were aggregated to form micron-
sized particles with 1 gmol of MBA and 10 pmol of ascorbic
acid (Figure S3a, Supporting Information); micron-sized
flower-like hierarchical Ag nanostructures were produced with
increasing MBA concentration (Figure S3b, Supporting
Information), and 400 nm nanoclusters resulted from the
increase in the concentration of ascorbic acid (Figure S3c,
Supporting Information). However, these morphologies
deviated from those of the nanostructures shown in Figures
Ic and 2b—d and the nanoclusters shown in Figure 2a.
Moreover, it was hard to find factors to manipulate the
morphologies of hierarchical structures. Therefore, the addition
of trisodium citrate might be essential to the morphology-
controlled synthesis of flower-like nanostructures. In the
presence of Ag nanoclusters, the Ag atoms reduced by ascorbic
acid may have been primarily deposited on the nanocluster
surfaces to form the hierarchical nanostructures. With an
increase in the concentration of ascorbic acid from 10 gmol to
50 and 100 pmol, flower-like Ag nanostructures were still
synthesized (Figure S4, Supporting Information). However, the
hierarchical structures became more disordered with 100 p#mol
of ascorbic acid.

We collected TEM images to further investigate the
morphologies of the Ag nanostructures shown in Figures 1
and 2 (Figure 3a—e). The petals generated more nanosized
gaps from their ends with increasing amounts of trisodium
citrate. In addition, a close look at the image revealed that tiny
nanoparticles (5—10 nm) were incorporated between the petals
(Ag-M,C, A, Figure 3a) or within the gaps (~20 nm

DOI: 10.1021/acsami.5b03109
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Figure 4. SERRS spectra of the Ag nanostructures for various concentrations of methylene blue: (a) Ag-M,C;A,, (b) Ag-M;C¢A,,, and (c) Ag-
M,CsAo- Raman peaks of methylene blue (), MBA (V), and silicon substrate (#) are indicated. (d) Detection limits of the four Ag

nanostructures.

average) generated in the flower petals (Figure 3b—d). These
small nanoparticles were likely produced via homogeneous
nucleation by ascorbic acid. The number of nanoparticles varied
depending on the synthesis conditions; a large number of
nanoparticles was observed when Ag-M,C;A;; or Ag-M;C4A |,
was used. Meanwhile, only irregularly shaped nanostructures
were observed when Ag-M,.;C4A,, was used (Figure 3e).

We compared the Raman signal intensities of methylene blue
when using the five different types of nanostructures shown in
Figure 3a—e as substrates. All the Ag nanostructures were
uniformly coated to sufficiently cover the laser beam sizes (1.5
um) on APTES-modified silicon wafers (see Figures 1d and SS,
Supporting Information). Therefore, we could minimize the
possible effect of inhomogeneity of surface and/or different
concentrations of Ag on the Raman signals. The positively
charged amine groups in methylene blue interacted electro-
statically with the carboxylic groups on the surfaces of the Ag
nanostructures. It is worth noting, through the experiment, that
we used a laser having 633 nm, which is very close to the
absorption maximum of methylene blue. Due to this reason
(resonance effect of methylene blue), the amplification of
Raman signals were expected for all the Ag nanostructures we
tested:>>~>° thus, it is better to use SERRS, instead of using
SERS, for the Raman signals of methylene blue.

First, a 10~® M methylene blue aqueous solution was used to
tag the surface of the nanostructures. Generally, as shown in
Figure 3f, intense SERRS signals were observed for the
nanostructures containing a number of small Ag nanoparticles
(Ag-M;C;A,, and Ag-M,C4A,,) within the nanosized gaps in
the Ag petals, whereas the signals were weak or negligible for
the nanostructures with smooth petals (Ag-M;C,sA),
branched petals containing fewer Ag nanoparticles (Ag-
M,CsAy), and irregular shapes (Ag-M,;C¢A,(; see also Figure
S6, Supporting Information). In Figure 3g, we compare the
SERS intensities among five nanostructures for the peaks at

14797

1624 cm™ (C—C ring stretching) and 1397 ecm™' (C—H in-
plane ring deformation).*** The highest SERS intensities
were achieved by the nanostructures where many nanoparticles
were incorporated within petals (Ag-M;C¢A,o); ie., the values
were ~S times higher than those with fewer nanoparticles (Ag-
M,Cy5A,0) and approximately 150 times higher than those with
no small Ag nanoparticles in the petals (Ag-My;CeAyo).

We further investigated the detection sensitivities of the three
Ag nanostructures shown in Figure 3b—d by decreasing the
concentration of methylene blue (Figure 4). Interestingly, for
the Ag nanostructures shown in Figure 3b (Ag-M;C;A,,) and
Figure 3c (Ag-M;C¢Ay), significant SERRS signals were
detected even at a methylene blue concentration of 107 M
(Figure 4ab), which essentially corresponds to 107" mol
(because we used 10 uL of 107'¢ M). Among the plasmonic
nanostructures with methylene blue,*~>* Jana et al.* reported
1072 M as a detection limit with Ag plate on alumina support.
Sinha et al.>° reported 107> M with Au-coated ZnO nanorods
with a laser wavelength of 632.8 nm. It is rather cautious to
compare our present detection limit with the literature values
due to some different experimental conditions, but the present
record is the lowest value until now. To minimize the
resonance effect of a dye molecule, we further investigated
the sensitivity of the Ag-M;C¢A;, with Rhodamine 6G, which
weakly absorbs at 633 nm. A significant SERS signal was
recorded with 107 M of this dye (see Figure S7, Supporting
Information). For similar plasmonic hierarchical nanostruc-
tures,>*>*>%> 10 M with Rhodamine 6G,* § ppm with
melamine,*” and 10™® M with 4-mercaptobenzoic acid®® were
reported, respectively. Putting this together, the present result
is worth demonstrating that our hierarchical Ag nanostructures
are having a high potentiality to detect a trace of Raman
molecules.

To better understand the morphology-dependent SERRS
sensitivity, we next investigated the electric field distribution for
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the three nanostructures (Figures 3c—e) using a computational
method by establishing three models (Figure $5): Ag petals
generating many nanosized gaps with many nanoparticles
between the gaps (model 1 simulating Figures 3c and Sa,c), Ag
petals generating nanosized gaps but with fewer nanoparticles
(model 2 simulating Figures 3d and Sb,d), and nanostructures
with no nanoparticles (model 3 simulating Figures 3e and Sce).
We used the discrete dipole approximation method. The sizes
of models 1 to 3 agree with the average sizes obtained by
experimental measurements, and the averaged intensity was
calculated over the radial-shell area to exclude the dependence
on particle size. Each model contains the number of dipoles of
247 464, 240 651, and 151 440, respectively, with the dipole
space of 2 nm. By averaging the induced electric fields in three
directions (i.e, E1, E2, E3), the intensity of the induced electric
field (i, the enhancement factor |E(w)I>/Ey*) in the outer-
shell region) was observed to be on the order of the intensities
measured for models 1, 2, and 3 (Figure Sg). To evaluate the
experimental SERS intensity, the SERS enhancement factor ¢,
which is a product of enhancement factors at the targeted (i.e,,
633 nm) and Stokes-shifted (i.e, 705.53 nm) wavelengths, was
obtained and is shown in Figure Sh. The results clearly indicate
a large enhancement effect on the electric field, which is
primarily attributed to the existence of a number of small Ag
nanoparticles in the gaps of the nanostructures. To estimate the
collective effect of the petals on the enhancement, we also
obtained the extinction spectra (see Figure S8a, Supporting
Information), the intensities of which were on the same order
as the induced electric field at the incident wavelength of 633
nm; furthermore, we compared the UV—vis extinction spectra

from the three synthesized nanostructures (Figure S8b,
Supporting Information). The trends of the computational
enhancements are in agreement with those observed for the
experimental extinction spectra. We note that certain
discrepancies exist at high wavelengths, which may have
resulted from the use of a limited version of the model systems
(i.e,, a small portion of the petals).

4. CONCLUSIONS

Ag- and Au-based flower-like nanostructures were previously
considered possible SERS substrates with high concentrations
of Raman-active molecules.”***>>> However, a strategy has not
yet been reported to enhance/modulate the electric fields of the
hierarchical nanostructures to further enhance the correspond-
ing SERS/SERRS signals. In the current study, we developed a
synthetic route to engineer the morphologies of flower-like
hierarchical Ag nanostructures for use as ultrasensitive SERRS
substrates. On the basis of the results of both experimental and
theoretical studies, we suggest that the nanostructure composed
of flower petals with nanosized gaps and tiny nanoparticles
located between the gaps enhances the electric fields.
Combining the enhanced field effect with resonance effect of
a Raman-active molecule (methylene blue) at a specific
wavelength, the Ag nanostructures provided an effective
substrate for the detection of methylene blue even if the
nanostructures are treated with 107'® M (corresponding to
107" mol) of tag molecules. Therefore, we suggest that the
proposed method provides highly promising nanostructures for
SERRS/SERS-based applications.
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