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We developed a method to fabricate sensitive and stable substrates that can be used in routine surface-
enhanced Raman scattering (SERS) spectral measurements. The substrates were fabricated by
immobilization of Ag colloidal particles on a glass plate coated with poly(4-vinyl pyridine) (P4VP),
adsorption of molecules on the immobilized colloidal particles, and second immobilization. In the
second step, we adsorbed weakly adsorbed molecules such as aniline instead of target molecules. We
purified pristine silver sols by centrifuging to increase the surface charge of the colloidal particles and
optimized Ag colloidal particle diameter to achieve high Raman signal enhancement from their dimers.
When purified silver sols were used in the immobilizations, dimers were predominantly formed with very
few trimers. When target molecular solutions were dropped in arrays on the substrate prepared by
adsorbing aniline and dried, a good SERS spectrum was observed from each spot without any peaks of
aniline and P4VP. The average enhancement was found to be 1.0 x 107 and the enhancement of the
dimers was ~1.6 x 107. The latter corresponds to the enhancement outside the hotspot regions, since
target molecules could not be adsorbed at the junctions after the formation of dimers. About one
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Accepted 25th May 2017 hundred samples could be tested on the substrate fabricated on a cover glass when target molecular
solutions were dropped by using a micropipette. Since dropping and drying are very simple and easy
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1. Introduction

The color of silver sols is yellow, while that of gold sols is pink.
These distinct colors are due to their localized surface plasmon
resonance (LSPR) absorption.”” When the frequency of light
photons matches the natural frequency of collective oscillation
of the conduction electrons of metal nanoparticles (NPs), their
LSPRs are excited.®* The Raman signal of the molecules adsor-
bed on the surface of Ag or Au NPs is enhanced greatly when the
LSPR of the NPs is excited by irradiation with light. This
phenomenon is known as surface-enhanced Raman scattering
(SERS).* As a result of its high sensitivity, SERS has attracted
substantial attention as a probing technique for biosensors.>® It
is known that the strongest SERS enhancement is attained from
the so-called “hotspot” sites, which may be the junctions
between two or more closely spaced metal NPs.”*> The dimer of
Ag or Au colloidal particles is surely one of the simplest junction
systems. The hotspot area of the dimers is relatively very narrow
compared to the total surface area of the dimers, and most
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spectral measurements and assays like bioassays.

prove molecules will be adsorbed on the areas outside the
hotspot regions. Therefore, alone the probe molecules adsorbed
on the areas outside the hotspot regions could show a fairly
good SERS spectrum.

Ag colloidal particles are one of the most commonly used
SERS substrates.”*™* Their synthesis is relatively simple and
they show a very high surface enhancement.*** However,
controlling their aggregation is difficult.>*** In 2011, Lee et al.**
of our group developed a three-step immobilization method to
fabricate stable clusters of metal colloidal particles. One year
late, Lu et al. reported a three-step electroless deposition
method.”® This method consists of three steps: immobilization
of the colloidal particles on a cover glass coated with poly(4-
vinyl pyridine) (P4VP), adsorption of target molecules on the
immobilized colloidal particles, and second immobilization.
With increasing the second immobilization time, large clusters
of Ag colloidal particles such as trimers and tetramers were also
formed significantly along with the dimers, and in the extinc-
tion spectrum the Apax of the longitudinal LSPR peak was red-
shifted. Like increasing the box size in the particle in-a-box
models, the energy gap between the successive energy levels
decreases with increasing the cluster size, and the A, of the
longitudinal LSPR peak is red-shifted with increasing the
cluster size.”® However, a good SERS spectrum was observed
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from the substrate, with enhancement of ~1 x 10°.* Herein, we
report the usefulness of the substrates prepared by adsorption
of weakly adsorbed molecules such as aniline, instead of target
molecules, in the second step. By using purified silver sols in the
immobilizations, we could form dimers predominantly. Also,
we optimized the colloidal particle diameter to achieve high
Raman signal enhancement from their dimers. When target
molecular solutions were dropped in arrays on the substrate
prepared by adsorbing aniline and dried, a good SERS spectrum
was observed from each spot without any peaks of aniline and
P4VP. When target molecular solutions were dropped by using
a micropipette, about one hundred samples could be tested on
the substrate fabricated on a cover glass. Since dropping and
drying are very simple and easy processes, and many samples
could be tested on a substrate, our SERS substrate can be used
in routine SERS spectral measurements and assays like
bioassays.

2. Experimental section

A seed-mediated process was used to control the diameter of Ag
colloidal particles.”” The Ag seed solution was prepared by
mixing 0.30 mL of a silver nitrate solution (10 mM) and 20 mL of
a trisodium citrate solution (1 mM) and then rapidly injecting
1.8 mL of an ice-cold sodium borohydride (10 mM). The mixture
was then stirred vigorously and then allowed to stand at room
temperature for 3 h. The diameter of Ag colloidal particles was
controlled by varying the volume ratio between Ag seed solution
and water. X mL of the Ag seed solution, (20 — X) mL of water,
and 1.2 mL of a sodium ascorbate solution (20 mM) were mixed
together. To this solution, 1.2 mL of a silver nitrate solution (10
mM) was injected rapidly and then the resulting mixture was
stirred vigorously. To remove the ions or molecules present in
the silver sols, we centrifuged the silver sols at 13 500 rpm for
40 min and removed the supernatant by a pipette. The same
volume of distilled water was added to the residue left behind
and the resulting mixture was then shaken for 1 min.

P4VP (0.3 g) was dissolved in ethanol (100 mL). 100 pL of this
polymer solution was dropped on a cover glass (2.2 cm x 2.2
cm) and then the glass plate was rotated at 3000 rpm for 1 min.
The surface of the cover glass was then washed by dipping it in
ethanol several times. The cover glass coated with P4VP was
placed in a Petri dish containing 3.0 mL of silver sols to
immobilize Ag colloidal particles on it. After immobilization,
the surface was washed with ethanol and then the cover glass
was dried by blowing nitrogen gas. To adsorb aniline on the
immobilized Ag colloidal particles, the cover glass was dipped
in a 3.0 mL ethanol solution of aniline (200 nM) for 2 h. After
washing the surface with ethanol, the cover glass was again
placed in the Petri dish containing the 3.0 mL colloidal solution
of Ag for various durations to immobilize more colloidal parti-
cles. The surface of the cover glass (SERS substrate) was then
washed with ethanol and dried. To adsorb target molecules on
the substrate, the substrate was dipped in a 3.0 mL ethanol
solution of target molecules (100 nM) for 2 or 24 h or 20 uL
ethanol solutions of target molecules (100 nM) were dropped in
arrays on the substrate using a micropipette (Scheme 1).
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Scheme 1 A schematic of the fabrication of universal SERS substrates
consisting of dimers of Ag or Au colloidal particles; (a) immobilization
of the colloidal particles on a cover glass coated with P4VP, (b)
adsorption of weakly adsorbed molecules such as aniline, (c) second
immobilization, and (d) adsorption of target molecules by dropping
target molecular solutions in arrays on the substrate or dipping the
substrate in a target molecular solution.

SERS and normal Raman spectra were observed by using
a micro-Raman system equipped with a homemade sample
stage, monochromator (SPEX 500 M), and CCD camera cooled
with liquid nitrogen (Roger Scientific 7346-001 Model). A
514.5 nm Ar-ion laser line was used as the excitation source. The
laser power incident on the sample was approximately 10 pWw,
and acquisition times of 1 and 10 s were used. The Raman
spectrum of liquid benzenethiol was obtained from a sample
contained in a capillary (364 pm in diameter). Raman
frequencies were corrected by using the Raman peaks of
a mixture of toluene and acetonitrile (1:1 v/v). The UV-Vis
absorption spectra of Ag colloidal particles immobilized on
the cover glass coated with PAVP were obtained by a trans-
mission method. As the reference material, the cover glass
coated with PAVP was used. The morphology of the particles was
analyzed by using a scanning electron microscope (SEM; JEOL
Itd. JSM6700F (10 kV)) and high-resolution transmission elec-
tron microscope (HR-TEM; JEOL, JEM-3000F (300 kV)).

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

Fig. 1 shows the SEM images and UV-Vis extinction spectra of
the substrates prepared by the three-step immobilization
method and adsorption of aniline in the second step, and the
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Fig. 1 (a—d) SEM images and (e) UV-Vis extinction spectra of

substrates prepared by a three-step immobilization method and
adsorption of aniline in the second step, and (f) histogram of the
number of Ag colloidal clusters counted from the SEM images. The
first immobilization time was all the same as 10 min, while the second
immobilization times were (a) 0, (b) 20, (c) 30, and (d) 40 min. Purified
silver sols whose colloidal particles had 28 nm in average diameter
were used in the immobilizations. The legend shows the second
immobilization times.
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histogram of the number of Ag colloidal clusters counted from
the SEM images. The average diameter of Ag colloidal particles
was about 28 nm, which showed the highest SERS intensity (see
Fig. S11). The Ag colloidal particles were first immobilized for
10 min on a cover glass coated with PAVP. [The density of Ag
colloidal particles immobilized by the first immobilization
affected to the density of the dimers formed during the second
immobilization step. For a high density of the dimers without
forming trimers, the average gap distance between the particles
immobilized during the first immobilization should be larger
than two times of the diameter of the particles and less than
three times. When the first immobilization time was 10 min, the
dimers were formed with a high density without forming the
trimers significantly]. After immobilizing, the substrate was
placed for adsorption of aniline in a 3.0 mL ethanol solution of
aniline (200 nM) for 2 h. [The amount of aniline adsorbed on
the Ag colloidal particles immobilized was not significantly
affected to the formation of the dimers compared to the first
immobilization time]. After adsorption aniline, the Ag colloidal
particles were immobilized again on the substrate for various
times. For both the immobilization steps, we used silver sols
purified by centrifuging. After the purification, the ions and
molecules present in the pristine colloidal solutions were
largely removed, and the surface charge of the colloidal parti-
cles was increased significantly. As a result, Ag colloidal parti-
cles were immobilized individually without any aggregation
during the first immobilization (see Fig. 1a). We believe that no
aggregation was due to the increased repulsion force between
Ag colloidal particles whose surface charge was increased by
purification. For the Ag colloidal particles immobilized in
isolation, a single LSPR peak is observed at 390 nm in the
extinction spectrum (see Fig. 1e). On the other hand, dimers of
Ag colloidal particles were formed predominantly and very few
trimers during the second immobilization. The number of the
dimers was increased with an increase in the second immobi-
lization time but not linearly. The total number of the mono-
mers and dimers after the second immobilization is larger than
that of the monomers after the first one. This is due to that
some colloidal particles were adsorbed individually even during
the second immobilization. From the SEM images, we can see
that the two colloidal particles composing each dimer are in
contact with each other. In some cases, they appear to be
overlapping. The dimers of Ag colloidal particles showed two
LSPR peaks at 380 and 519 nm. The former peak is attributed to
the transverse mode, while the latter is attributed to the longi-
tudinal mode.?®*® With an increase in the second immobiliza-
tion time up to 30 min, the intensity of both the peaks increased
without any shift in their extinction peak wavelengths (Amay). It
should be mentioned that when pristine silver sols were used in
the immobilizations, not all the colloidal particles were
immobilized individually during the first immobilization.**
Some dimers were also formed. During the second immobili-
zation, large clusters such as trimers and tetramers were also
formed significantly along with the dimers.>* Due to formation
of a relatively large number of trimers and tetramers, the A, at
519 nm red-shifted significantly with an increase in the second
immobilization time (see Fig. S27).
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Consider the effect of purification of silver sols to the cluster
formation. Silver sols are very stable without formation of
precipitation because the colloidal particles have the same kind
of surface charge, and hence repel each other. It should be
noted that for the fabrication of silver sols used in this study,
sodium citrate and silver nitrate were added as a stabilizer and
reagent, respectively. In addition, sodium ascorbate and
sodium borohydride were added as reducing agents. Therefore,
the Ag colloidal particles of silver sols were surrounded by the
ions present in the colloidal solutions such as citrate, nitrate,
borate, sodium, etc., and their surface charge was reduced
significantly. The pristine sols were purified by removing the
supernatant obtained after centrifuging them, and then adding
the same volume of distilled water to the residue left behind.
Consequently, the concentration of the ions present in the
colloidal solutions was significantly reduced by purification.
Therefore, the net surface charge of the colloidal particles
increased and the repulsion force between the colloidal parti-
cles increased significantly. There is no doubt that the proba-
bility of their aggregation during the immobilization would
decrease with an increase in the force of repulsion between the
Ag colloidal particles. This is the reason why the Ag colloidal
particles in the substrate prepared using purified silver sols
were immobilized individually without any formation of clus-
ters (Fig. 1a). When molecules were adsorbed on Ag colloidal
particles, the surface charge was reduced, and the force of
repulsion between the colloidal particles reduced. This can
result in the aggregation of colloidal particles. Actually, dimers
were formed predominantly, while trimers very few, during the
second immobilization after the adsorption of aniline (see
Fig. 1b-d). However, when pristine silver sols were used in the
immobilization, colloidal particle clusters such as dimers,
trimers, and tetramers were formed randomly during the
second immobilization (see ref. 24 and Fig. S27). Therefore, it is
concluded that the formation of trimers and tetramers is pro-
hibited when purified silver sols are used in the immobilization.
This may be related to the surface charge of the dimers formed.
Since the Ag colloidal particles in the purified silver sols had
arelatively higher surface charge than that in the pristine sols, it
can be expected that the dimers formed from the purified
colloidal particles had a higher surface charge than that formed
from the pristine ones. Therefore, we believe that the dimers
formed from the purified colloidal particles had surface charge
densities high enough prevent the attachment of new purified
colloidal particles to them. Hence, very few larger clusters such
as trimers and tetramers were formed when purified silver sols
were used in the immobilization steps.

Fig. 2 shows the SERS spectra of benzenethiol measured
from the substrates prepared by the three-step immobilization
method and adsorption of aniline in the second step, after
dipping each substrate in a 3.0 mL ethanol solution of 100 nM
benzenethiol for 24 h and drying. The first immobilization time
was all the same as 10 min, and the second immobilization time
was varied from 0 to 40 min with a 10 min step. All the spectra
are well characterized and have all the same spectral shape. The
distinct peaks in the SERS spectra correspond to the modes of
the benzene ring of benzenethiol.*® For example, the peak at
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Fig. 2 SERS spectra of benzenethiol measured from substrates
prepared by a three-step immobilization method and adsorption
aniline in the second step, after dipping each substrate in a 3.0 mL
ethanol solution of 100 nM benzenethiol for 24 h and drying. The first
immobilization time was all the same as 10 min, and the second
immobilization time was varied. The legend shows the second
immobilization times. A 514.5 nm Ar-ion laser line was used as the
excitation source. The acquisition time was 1 s.

1573 cm™ " corresponds to vg,, while that at 1000 cm ™" corre-
sponds to vy,. The peak at 417 em™" corresponds to vy, and
contributions from the C-S stretching vibration (vcs). It should
be noted that no peaks corresponding to aniline and P4VP were
observed. The highest intensity was observed from the substrate
whose second immobilization was 30 min. The SERS intensity
increased with an increase in the number of dimers but
decreased with red-shifting the Ap,ax from 519 nm by increasing
the number of larger clusters like trimers and tetramers at
longer second immobilization times. The standard deviation of
relative intensities measured at 10 different points of each
sample was less than 5% when a laser beam with a diameter of
~1 pm was used (see Fig. S3 and Table S17).

Fig. 3 shows the SERS spectra recorded from the spots after
dropping several target molecular solutions in arrays on the
substrate prepared by the three-step immobilization and
adsorption of aniline in the second step, and drying. The first
and second immobilization times were 10 and 30 min, respec-
tively. In the second step, the substrate was placed in a 3.0 mL
ethanol solution of aniline (200 nM) for 2 h. 20 pL target
molecular solutions (100 nM) were dropped by using a micro-
pipette. Each spot produced a very good SERS spectrum. No
peaks corresponding to aniline and P4VP were appeared. The
spectrum of aniline was very weak (see Fig. S4F). The SERS
spectra of the target molecules are well agreed with reported
SERS spectra.**** For comparison purposes, we also measured
the SERS spectra after dipping the substrates prepared by
adsorbing aniline in each target molecular solution (see
Fig. S47). The SERS spectra measured after dropping were
slightly better in the signal to noise ratio than those measured
after dipping. This might be due to a different surface concen-
tration of target molecules between two samples prepared by
dipping and dropping.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SERS spectra of several molecules measured from the spots
after dropping target molecular solutions in arrays on the substrate,
which was prepared by a three-step immobilization method and
adsorbing aniline in the second step, and drying. The first and second
immobilization times were 10 and 30 min, respectively. A 20 pL of
target molecular solutions (100 nM) was dropped by using a micropi-
pette. A 514.5 nm Ar-ion laser line was used as the excitation source.
The acquisition time was 1 and 10 s for the bottom three molecules
and the others, respectively.

It should be mentioned that the intensity of the SERS spec-
trum measured from the substrate prepared by adsorption of
a target molecules in the second step is significantly higher than
that measured from the substrate prepared by adsorption of
aniline after dipping in a target molecular solution (see
Fig. S57). For the former substrate, target molecules are adsor-
bed on the Ag colloidal particles immobilized during the first
immobilization process, and then the dimers are formed in the
second immobilization process. Therefore, a certain portion of
target molecules exists at the junction region of the dimers. For
the latter substrate, target molecules are adsorbed on the
surface of all the colloidal particles present on the substrate.
However, the dimers have already been formed before taking
place adsorption of target molecules. Therefore, in order to be
adsorbed at the dimer junction, target molecules need to
penetrate into the narrow gap of the junction between two
attached colloidal particles. By this reason, target molecules
could not be adsorbed at the dimer junction. It is well known
that the strongest signal enhancement is obtained from the
junctions, which are hotspot sites.”*> Therefore, the intensity
difference of two kinds of substrates is attributed to the fact that
some of the target molecules are present at the junctions when
the adsorption takes place before the formation of dimers,

This journal is © The Royal Society of Chemistry 2017
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while none could adsorb at the junctions after the formation of
dimers. However, the fabrication by adsorbing target molecules
in the second step needs a lot of efforts for measuring SERS
spectra of many different target molecules because the
substrate for each kind of target molecules must be prepared.
On the other hand, many SERS spectra of different target
molecules can be measured on the substrate prepared by
adsorption of aniline.

By excitation with a 514.5 nm laser line, we obtained the
highest enhancement when the A,,,x of the longitudinal mode
of the dimers of Ag colloidal particles was around 519 nm. The
optimum value of A, was slightly greater than the wavelength
of the laser line used. This is because of the fact that the SERS
intensity is strongly correlated to the extinction at excitation
and Stokes wavelengths.?* When a 514.5 nm laser line is used
for excitation, for example, the Stokes Raman scattering wave-
length becomes greater than the laser line wavelength by 10-
45 nm depending on the modes. Therefore, the SERS intensity
reaches the maximum value when A;,,x of the longitudinal
mode of Ag dimers is somewhat greater than the wavelength of
the laser line used. The Anax Of the longitudinal mode of the
dimers red-shifted with an increase in the diameter of the metal
colloidal particles. A Apnax of 519 nm was achieved when dimers
were formed from the Ag colloidal particles whose average
diameter was about 28 nm.

The average SERS enhancement of the substrate prepared by
adsorption of aniline was calculated by comparing the intensity
of the 1575 cm™ ' peak in the benzenethiol SERS spectrum with
that in the normal Raman spectrum. In the preparation of the
substrate, the first and second immobilization times were 10
and 30 min, respectively. From the substrate prepared under
these conditions, the highest SERS intensity was observed (see
Fig. 2). The SERS spectrum was observed after dipping the
substrate in a 3.0 mL ethanol solution of 200 nM benzenethiol
for 24 h and drying. We assumed that benzenethiol was
adsorbed completely on Ag colloidal particles, since benzene-
thiol was strongly chemisorbed on silver surface, the surface
coverage was well below a monolayer, and the adsorption time
was long enough as 24 h. The average enhancement factor for
the SERS substrate prepared by adsorption of aniline in the
second step was founded to be approximately 1.0 x 107 (see
Fig. S6T and the calculation). When the substrate prepared by
adsorption of aniline was dipped in a benzenethiol solution,
benzenethiol molecules would adsorb on the surface of all the
colloidal particles of the substrate. However, the molecules
adsorbed on the dimers could contribute significantly to the
SERS signals. For the SEM image shown in Fig. 1c, there are 73
monomers, 78 dimers, and 5 trimers. If molecules were adsor-
bed evenly on the surface of all the particles, about 64% of
benzenethiol molecules was adsorbed on the dimers. Therefore,
the enhancement of the dimers was about 1.6 x 10" [=1.0 x
107/0.64]. Since the adsorption of benzenethiol took placed after
the formation of dimers, no benzenethiol molecules could be
adsorbed at the junctions of the dimers. Therefore, the
enhancement of the dimers corresponded to the enhancement
outside the hotspot regions.
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The average enhancement of our universal SERS substrates
is ~1.0 x 10’. This value is about one order higher than that of
the substrates prepared by the three-step immobilization
method and using unpurified silver sols whose colloidal
diameters were not optimized.”* After dropping the target
molecular solutions on our substrates and drying, very good
SERS spectra were observed. Therefore, it can be concluded that
the substrate prepared by adsorption aniline has a high enough
sensitivity for qualitative SERS spectral measurements. A block
of 2 mm x 2 mm was large enough to load a sample solution by
dropping using a micropipette without overlapping with the
nearest neighbor blocks and the SERS spectrum was obtained
reliably from each block. Since the substrate fabricated on
a cover glass (2.2 cm x 2.2 cm) could be divided into 11 x 11
sampling blocks (2 mm x 2 mm in unit size), about one
hundred samples could be tested on the substrate. Therefore,
our substrates can be used in assays such as bioassays. Since
dropping and drying are very simple and easy processes and
many samples could be tested on a substrate, our substrates can
be used in routine SERS spectral measurements. In this aspect,
we called our substrates as universal SERS substrates.

4. Conclusions

We developed a simple method to fabricate sensitive and stable
SERS substrates that can be used conveniently in routine SERS
spectral measurements and assays such as bioassays. In the
fabrication of SERS substrates by the three-step immobilization
method, we adsorbed aniline, which is a weakly adsorbed
molecule on Ag, instead of target molecules in the second step.
Also, we optimized the diameter of colloidal particle to achieve
high Raman signal enhancement from their dimers. To
increase the surface charge of Ag colloidal particles, we purified
pristine silver sols by centrifuging. When silver sols purified by
centrifuging were used in the immobilization, the dimers of Ag
colloidal particles were formed predominantly with very few
trimers. It is concluded that the formation of trimers and
tetramers is prohibited when purified silver sols are used in the
immobilization. This is possible when the dimers formed from
the purified colloidal particles have surface charge densities
high enough prevent the attachment of new purified colloidal
particles to them. A good SERS spectrum was observed from
each spot when target molecular solutions were dropped in
arrays on the substrate prepared by adsorbing aniline and
dried. The enhancement of the dimers was found to be 1.6 X
107, which corresponded to the enhancement outside the
junctions. Since dropping and drying are very simple and easy
processes and many samples could be tested on a substrate, the
substrates fabricated by adsorption of aniline can be used
conveniently in routine SERS spectral measurements and assays
such as bioassays.
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