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Influence of shell thickness on the refractive index
sensitivity of localized surface plasmon resonance
inflection points in silver-coated gold nanorodsf

Kyeong Rim Ryu® and Ji Won Ha (2 *@P

Silver-coated gold nanorods (Ag@AuNRs) have great potential for biological and chemical sensing, because
of their sensitive spectral response to the local environment and unique localized surface plasmon
resonance (LSPR) properties. Herein, we investigated the sensitivities of single Ag@AuNRs with different
shell thickness with respect to variations in the refractive index (RI) of the surrounding environment.
Single Ag@AuUNRs with thick shell thickness showed higher Rl sensitivity than single Ag@AuNRs with thin
shell thickness, which demonstrates the improvement of LSPR sensor due to increase in silver layer
thickness. Furthermore, we investigated homogeneous LSPR scattering inflection points (IFs) to better
understand the Rl sensitivity of single Ag@AuNRs with different Ag shell thickness. The LSPR IFs showed
higher RI sensitivity when compared with the frequency shifts of counterpart LSPR peaks observed for
single Ag@AuUNRs. Finally, single Ag@QAuNRs with thick Ag shell demonstrated improved RI sensitivity

rsc.li/rsc-advances

Introduction

Metallic nanoparticles (NPs) show distinct optical properties
which are sensitive to their shapes, sizes and refractive index
(RI), caused by the localized surface plasmon resonance (LSPR)
effect.” Therefore, in the previous few decades, LSPR in
metallic nanoparticles has been widely utilized in applications
pertaining to chemical and biological sensors.>” LSPR-based
biosensing is based on the sensitivity of the LSPR wavelength
to variations in local RI around the nanoparticle surface. The
refractive index sensitivity (RIS) aids to measure the displace-
ment in the wavelength shift of the LSPR peak.

Among metallic NPs, gold (Au) and silver (Ag) nanoparticles
have demonstrated the most fascinating physical properties
with regard to LSPR biosensing.*® AuNPs show good chemical
stability and biocompatibility,'®** and so they are studied to
a large extent in sensing and surface-enhanced Raman scat-
tering (SERS) applications."*** However, for a given shape and
size, AgNPs provide better RI sensitivity when compared with
AuNPs.”*"7 Nevertheless, AgNPs have been reported to show
numerous limitations when utilized for LSPR-based biosensing
applications due to their inferior chemical stability and
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when compared with single AuNRs with thin Ag shell in the homogeneous LSPR IFs.

biocompatibility.'® Recently, many improvements have been
achieved with the combination of AgNPs with Au. For instance,
mixing Au and Ag to form either alloys or Au-Ag core-shell NPs
results in a hybrid LSPR band which can be tailored continu-
ously by controlling the Au-Ag ratio.**®

However, for RI-based LSPR biosensing applications, limited
studies have been conducted so far on Au-Ag core-shell NPs by
mixing various ratios of Au and Ag. Furthermore, LSPR biosensors
are still prone to the occurrence of unsymmetric peak broadening
while detecting changes in the local environment at the nano-
particle surface.” The unsymmetrical nature of the LSPR peak has
the potential to negatively affect sensing efficiency.® Recent
studies have been conducted to overcome the aforementioned
limitation using homogeneous LSPR curvature (or LSPR inflection
points, IFs) changes in metallic NPs with respect to local RI
changes.”* There have been no studies, however, to elucidate RI
sensitivity at LSPR IFs of single Au nanorod (AuNR) coated with
versatile Ag shell thickness (Ag@AuNRs).

In this study, a single particle study was presented to reveal
the effect of Ag shell thickness on RI sensitivity at LSPR IFs of
scattering spectra of single Ag@AuNRs. The RI sensing effect of
single Ag@AuNRs embedded in three different surrounding
media (air, water, and oil) was studied by dark-field (DF)
microscopy and spectroscopy.

Experimental
Characterization of silver-coated gold nanorods

Ag-coated AuNRs with two different shell thickness were
purchased from NanoSeedz (Hong Kong, China). Structural
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characterization of Ag@AuNRs with different shell thickness
was performed by using transmission emission microscopy
(TEM, JEL-2100F, JEOL) to ensure their shapes and sizes.
Furthermore, their LSPR absorption spectra in water were
measured under a Varian Cary 100 UV-Vis spectroscope (Agi-
lent, USA).

Sample preparation for single particle study

The samples were prepared simply. First, the colloid solution
was diluted with pure water to lower the concentration. The
diluted solution was sonicated for 10 min at room temperature.
Sonicated solution was dropped on the washed slide glass and
then covered with 22 mm x 22 mm No. 1.5 cover glass (Corn-
ing, NY). To obtain air surrounding medium condition, we
dried solution dropped on slide glass after covering with cover
glass because solvent of dropped solution is water. In case of oil
medium condition after drying solution in the same method of
sample preparation with air condition, immersion oil was
dropped. In this study, the concentration of Ag@AuNRs
deposited on the glass slide was adjusted to be approximately 1
um~? to minimize inter-particle LSPR coupling and to facilitate
measurement of single particle.

Single particle microscopy and spectroscopy

In this study, DF microscopy imaging was used under a Nikon
inverted microscope (ECLIPSE Ti-U). In DF mode, the micro-
scope utilized a Nikon Plan Fluor 100X 0.5-1.3 oil iris objective
and a Nikon DF condenser. An Andor iXonEM + CCD camera
(iXon Ultra 897) was employed to record DF images of
Ag@AuNRs. The collected images were analyzed with the Image
J software. Furthermore, DF scattering spectra were acquired
with an Andor spectrophotometer (SHAMROCK 3031, SR-303I-A)
and an Andor CCD camera (Newton DU920P-OE). When
recording a spectrum, the scanning stage moved the sample to
the desired location was collected by the objective. The scat-
tered light was directed to the entrance of the spectrometer,
dispersed by a grating (300 L mm ') and detected by the
Newton CCD camera. The background was measured at a region
without nanoparticles. Data analysis on the experimental data
was performed by Matlab programs specially designed for this
study.

Results and discussion

Transmission electron microscopy (TEM) was used to conduct
structural characterizations of Ag@AuNRs in terms of their size
and shape. Fig. 1A depicts Ag@AuNRs with two different Ag
shell thickness at the same size of AuNR core. Fig. 1B and C
show TEM images of Ag@AuNRs with thick shell (thick
Ag@AuNRs) and Ag@AuNRs with thin Ag shell (thin
Ag@AuNRs), respectively. The difference in the Ag shell thick-
ness between two samples are clearly confirmed in Fig. 1B and
C. More TEM images of Ag@AuNRs are provided in Fig. S1.7 As
shown in Fig. S1,f we noticed that thin Ag@AuNRs had the
shapes of cubic and hemisphere at their ends due to hetero-
geneity issue. But, a majority of thin Ag@AuNRs had the cubic
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Fig.1 (A) Schematics to show the size of Au—Ag core—shell nanorods
(Ag@AUNRs) with two different shell thickness. (B and C) TEM images
of Ag@AuUNR with thick Ag shell (B) and Ag@AUNR with thin Ag shell (C).

shape at their ends. As depicted in Fig. 1A, thick Ag@AuNRs
were determined to be 83 nm long and 38 nm thick, while thin
Ag@AuNRs were 78 nm long and 28 nm thin. In addition, it is
notable that, as shown in Fig. S2,} the size of AuNR core (18 nm
X 73 nm on average) was same for both of the Ag@AuNR
samples. Therefore, we were able to focus on the effect of Ag
shell thickness on sensitivity in LSPR-based RI sensing. We then
obtained extinction spectra of Ag@AuNRs with two different
shell thickness, by using a Varian Cary 300 UV-Vis spectropho-
tometer (Fig. S3t). The shape-induced distinctive LSPR peaks
were observed for Ag@AuNRs dispersed in water. Furthermore,
it is notable that the characteristic peaks for Ag are more
prominent for Ag@AuNRs with thick shell thickness in the
spectral range between 350 nm and 450 nm (Fig. S3Af).
However, the ensemble measurements are limited by the lack of
homogeneity. Owing to the stated reason, measurement of
properties of single particles is necessary to obtain a deeper
knowledge of their detailed optical properties.

This study first attempted to elucidate the scattering prop-
erties of single Ag@AuNRs under conventional dark-field (DF)
microscopy and spectroscopy.”* The experimental setup for
single particle DF microscopy and spectroscopy is shown in
Fig. S4.f The sample was obtained by drop casting the
Ag@AuNRs in water onto a pre-cleaned glass substrate for DF
scattering measurements. Subsequently, the prepared samples
were illuminated with a tungsten lamp (white light) focused by
an oil-immersion condenser with high numerical aperture (NA)
and only the light rays that was scattered from the sample was
gathered by the objective lens as depicted in Fig. S5.f The DF
scattering image of single Ag@AuNRs with thick shell thickness
is presented in Fig. 2A, and the corresponding single particle
scattering spectra of four Ag@AuNRs indicated by a green
square in (A) are shown in Fig. 2B. As shown in Fig. 2B, the
scattering spectra of thick Ag@AuNRs embedded in water
showed a broad LSPR peak at about 1.98 eV. Moreover, a scat-
tering image of single Ag@AuNRs with thin shell thickness

This journal is © The Royal Society of Chemistry 2020
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Fig.2 (A) Dark-field image of single Ag@AuNRs with thick Ag shell. (B)
Corresponding scattering spectra of single Ag@AuNRs with thick Ag
shell squared with green in (A). (C) Dark-field image of single
Ag@AuUNRs with thin Ag shell. (D) Corresponding scattering spectra of
single Ag@AuUNRs with thin Ag shell squared with yellow in (C).

(Fig. 2C) was obtained, and single thin Ag@AuNRs measured in
water also exhibited a broad LSPR peak at about 1.77 eV
(Fig. 2D).

Subsequently, the influence of changing the RI of the
surrounding medium on the LSPR wavelength of Ag@AuNRs
having two different shell thickness was investigated. Single
particle scattering spectra of Ag@AuNRs were collected in three
kinds of RI mediums namely, air, water, and oil. Fig. 3A and B
show the scattering spectra of single Ag@AuNRs that have
different shell thickness, fixed on a slide and surrounded by air,
water, and oil. As seen in Fig. 3A and B, the LSPR wavelengths of

Thick Ag Shell: Ag/AuNR1 (38 nm x 83 nm)

~——Air
0 !

Thin Ag Shell: Ag/AuNR1 (28 nm x 78 nm)

1 —Air
€ —Water
Red shift on

e o
5 -
e o o
S 5 &

°
o

Norm. Scattering Intensity /a.u. >
&
e
N

Norm. Scattering Intensity /a.u.

~—Water
oil

18 2 22 24 26 15

Photon energy /eV

o

21

17 i
Photon energy /eV

C 23 D 1
== 38 nm x 83 nm Ag/AuNR
22 = 28 nm x 78 nm Ag/AUNR
< 08
2
32 3
>
B2 308
: 3
H 2
<9 204
i 3
a8 S g
e 902
17
16 - 0

12 14 16

3 o Thick Ag Shell ThinAg Shell
Local refractive index

Fig. 3 (A) Change in the LSPR scattering spectra of single Ag@AuNRs
with thick Ag shell in the different local Rl media, air, water, oil. (B)
Change in the LSPR scattering spectra of single Ag@AuNRs with thin
Ag shell in the different local Rl media, air, water, oil. (C) LSPR wave-
length shifts for thick Ag@AuNRs (blue-curve) and thin Ag@AuNRs
(red-curve) as a function of the local Rl of medium. (D) Comparison of
RI sensitivity at the maximum LSPR wavelength for thick Ag@AuNRs
(left) and thin Ag@AuUNRs (right).
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a Ag@AuNR increased with increasing the RI from air to oil,
which is in good agreement with the earlier studies.”** Fig. 3C
presents the comparison of LSPR frequency shifts with respect
to the local RI for thick Ag@AuNR (blue-curve) and thin an
Ag@AuUNR (red-curve). It was confirmed that Ag@AuNR with
thick Ag shell showed increased LSPR frequency shift and RI
sensitivity than thin Ag@AuNR (Fig. 3C and D). Therefore, the
result indicates that single Ag@AuNRs with thick shell thick-
ness yields a higher RI sensitivity in LSPR sensing, which is
consistent with the previous results.

It has been reported that in single Au bipyramids with sharp
tips the LSPR IFs present superior RI sensitivity when compared
with the LSPR wavelength maximum peak.*”> Nevertheless, to
the best of our knowledge, there have been no studies to report
the RI sensitivity of LSPR curvatures (or IFs) in single
Ag@AuNRs with variation in Ag shell thickness. We therefore
investigated how the shell thickness affects the RI sensitivity at
LSPR IFs while considering the first and second derivatives of
homogeneous scattering spectra of Ag@AuNRs.”” The rows 1-3
in Fig. 4A-C present the scattering spectra of single Ag@AuNR
with thick Ag shell and the respective first and second order
derivatives. Unlike the rows, the columns are differentiated by
three local RI media used, namely, air, water, and oil. The
maxima of LSPR scattering peak in the three mentioned RI
environments represented by the legend B occurs at 2.17 eV,
2.04 eV, and 1.82 eV for air, water, and oil, respectively. Addi-
tionally, the local minima and maxima of the first order deriv-
atives (shown by A and C respectively) occur at 2.09 eV/2.24 eV,
1.98 eV/2.12 eV and 1.75 eV/1.87 eV for the three different RI
media, respectively. It is noticed that markers A and C represent
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Fig. 4 Inflection point method for single particle LSPR scattering

sensing with Ag@AuNRs with thick Ag shell thickness in the three local
refractive indexes (air, water, and oil). (A—C) LSPR scattering efficien-
cies (first row), LSPR scattering efficiencies first order derivatives
(second row), and LSPR scattering efficiencies second order deriva-
tives (third row). (D) Peak energy plotted against the three local RI for A,
B, and C. (E) Sensitivity of local Rl media on peak shifts A, B and C.
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the two LSPR IFs which show a value 0 for the second order
derivatives of the LSPR scattering spectra (third row). A match
between the local minima/maxima of the first order derivatives
and the LSPR IFs is observed at the same points of A and C that
occur in the photon energy axis for the three RI media consid-
ered. Analogous to the first order derivative, the point B appears
to be the critical point of LSPR scattering spectra of Ag@AuNR,
which represents null value for the first order derivatives
spectra.

In our previous report, we presented LSPR IFs collected from
extinction spectra of gold nanoparticles recorded at the
ensemble level.* It is evident from Fig. 4 that the nature of LSPR
scattering spectra of single Ag@AuNRs corresponding to the
first and second order derivatives collected in this study are in
agreement with our previous report. In addition, it is noticed
that the first order derivatives records zero perfectly on the
point of symmetry for the three local RI media. This point is
represented by the legend B which also marks the LSPR peak
maxima. An analysis on the curvature confirmed that both the
LSPR scattering curves and second order derivatives are even
functions that are symmetric about the intensity axis, whereas,
the first order derivatives represent odd functions that are
symmetrical about the photon energy axis.

In order to confirm the reproducibility and compatibility of
the results shown in Fig. 4, we measured and analyzed LSPR
scattering spectra of 10 more Ag@AuNRs with thick shell for
each local RI environment. The results of these experiments are
presented in ESI tables (Tables S1-S37), which yielded the LSPR
peak maxima (B) to be 2.21 (£0.06) eV, 1.96 (£0.06) eV and 1.85
(£0.01) eV for air, water, and oil RI media, respectively. We then
determined the values of LSPR IFs to be 2.15 (£0.06) eV (A) and
2.29 (40.06) eV (C), 1.92 (40.04) eV (A) and 2.04 (0.07) eV (C),
and 1.78 (£0.05) eV (A) and 1.92 (+0.05) eV (C), respectively. In
the regime relevant to sensing properties, we observed that the
peak energies show good approximation linear functions of
local RI media.*® We considered A, B, and C peak energies and
examined their linearity with respect to local air, water, and oil
RI media. Fig. 4D shows plots of energy peaks A, B, and C
against local air, water, and oil RI media with corresponding
values equal to 1.00, 1.33, and 1.52, respectively. As demon-
strated in Fig. 4D, the peak energies at A, B, and C linearized
with the local RI media. It should be noted that inflection point
C exhibited the highest sensitivity with respect to A and the
LSPR peak maxima (B) as shown in Fig. 4E.

To further comprehend the effect of shell thickness on RI
sensitivity at the LSPR IFs, Ag@AuNRs with thin shell thickness
were measured by scattering-based DF microscopy and spec-
troscopy. The RI sensitivity of LSPR IFs of thick Ag@AuNRs was
then compared with that of thin Ag@AuNRs. Note that both
thick Ag@AuNRs and thin Ag@AuNRs have almost same size of
AuNR core at the different Ag shell thickness. Therefore, this
investigation focuses on influence of the Ag shell thickness of
Ag@AuNRs on the RI sensitivity at LSPR IFs at the single
particle level.

Similar to the analysis method adopted for thick Ag@AuNRs
(Fig. 4), we considered the first and second derivatives of our
experimental LSPR scattering spectra of Ag@AuNRs with thin
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shell. The rows 1-3 shown in Fig. 5A-C present the scattering
spectra of single Ag@AuNRs and the respective first and second
order derivatives. The maximum peaks of LSPR scattering curve
in the three RI environments air, water, and oil are shown by B.
It is noticed that they take the values of 1.91 eV, 1.79 eV, and
1.75 eV. The points of local minima and maxima of the first
order derivatives flanking the LSPR peak maxima (B) are rep-
resented by A/C, situated at values of 1.87 €V/1.94 eV, 1.76 eV/
1.83 eV and 1.71 eV/1.78 eV for air, water, and oil mediums.
Consequently, A and C show the two LSPR IFs of thin
Ag@AuNRs for which the second order derivatives tend to zero.

Same results were recorded when we measured the LSPR (B,
maximum) scattering spectra of 10 more Ag@AuNRs for each
local RI. The values were calculated to be 1.90 (+0.09) eV, 1.77
(£0.01) eV and 1.74 (+0.04) eV for local air, water, and oil RI,
respectively (Tables S4-S67). Similarly, the LSPR IFs were also
computed to be 1.86 (+£0.09) eV (A) and 1.94 (+0.09) eV (C), 1.74
(£0.01) eV (A) and 1.81 (£0.02) eV (C), and 1.71 (+0.03) eV (A)
and 1.78 (£0.04) eV (C), respectively. We then plotted peak
energy A, B, and C as a function of the three selected RI media.
As shown in Fig. 5D, the peak energies at A, B, and C revealed
a linear behavior with the three selected RI media. Similar to the
experimental result of thick Ag@AuNRs in Fig. 4, it is also
notable that inflection point C showed the highest sensitivity
with respect to the IF A and the LSPR peaks maxima (B) as
clearly presented in Fig. 5E. The result is consistent with that of
thick Ag@AuNRs in Fig. 4. However, it should be noted that the
RI sensitivity at IF C of thick Ag@AuNRs in Fig. 4D was about 2
times higher than that at IF C of thin Ag@AuNRs in Fig. 5E.
Therefore, this study found that IF C recorded better RI
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Fig. 5 Inflection point method for single particle LSPR scattering
sensing with Ag@AuNRs with thin Ag shell thickness in the three local
refractive indexes (air, water, and oil). (A—C) LSPR scattering efficien-
cies (first row), LSPR scattering efficiencies first order derivatives
(second row), and LSPR scattering efficiencies second order deriva-
tives (third row). (D) Peak energy plotted against the three local RI for A,
B, and C. (E) Sensitivity of local Rl media on peak shifts A, B and C.
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sensitivity than the LSPR peak maximum for Ag@AuNRs with
two different sizes. Furthermore, thick Ag@AuNRs showed
higher RI sensitivity than thin Ag@AuNRs at the locations of
LSPR peak maximum (B) and LSPR IFs (A, C) (Fig. 4E and 5E).

Last, we demonstrated the RI sensitivity at the LSPR IFs upon
the adsorption of pyridine molecules on thick Ag@AuNRs
having higher sensitivity than thin Ag@AuNRs. In this study, we
chose pyridine molecules with nitrogen as a target analyte
because they are effectively adsorbed on the Ag surface through
the nitrogen lone pair (or Ag-nitrogen interaction). After the
adsorption of pyridine molecules, the LSPR peak of thick single
Ag@AuNR was red-shifted due to the increased local RI around
the nanoparticle (Fig. S6A-CT). Furthermore, the IF C showed
the highest sensitivity to detect the adsorbate molecules with
respect to the IF A and the LSPR peaks maxima (B) as clearly
presented in Fig. S6D.f This result is consistent with that of
thick Ag@AuNRs in Fig. 4.

Conclusions

In summary, the LSPR sensitivities of single Ag@AuNRs with
two different shell thickness towards changes in the three-
different surrounding RI media (air, water, oil) were pre-
sented. Single Ag@AuNRs with thick shell thickness showed
higher RI sensitivity than single Ag@AuNRs with thin shell
thickness. Furthermore, higher RI sensitivity was shown at
LSPR IF Cs than the variation in the frequency of counterpart
LSPR maximum peak for single Au@AuNRs. Therefore, this
study provides a deeper insight into the effect of Ag shell
thickness on the LSPR RI sensitivity of Ag@AuNRs at LSPR IFs
(or curvature). This study further described that homogeneous
LSPR IFs in the LSPR scattering spectra of single Ag@AuNRs
can be effectively employed for the improvement of sensitivity
in LSPR-based RI sensing.
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