
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12902  | https://doi.org/10.1038/s41598-021-92410-w

www.nature.com/scientificreports

Localized surface plasmon 
resonance inflection points 
for improved detection 
of chemisorption of 1‑alkanethiols 
under total internal reflection 
scattering microscopy
Kyeong Rim Ryu1,3, Geun Wan Kim1,3 & Ji Won Ha1,2*

Plasmonic gold nanoparticles are widely used in localized surface plasmon resonance (LSPR) sensing. 
When target molecules adsorb to the nanoparticles, they induce a shift in the LSPR scattering 
spectrum. In conventional LSPR sensing, this shift is monitored at the maximum of the LSPR 
scattering peak. Herein, we describe the sensitivity of detecting chemisorption of 1‑alkanethiols 
with different chain lengths (1‑butanethiol and 1‑haxanethiol) on single gold nanorods (AuNRs) of 
fixed diameter (25 nm) and three different aspect ratios under a total internal reflection scattering 
microscope. For single AuNRs of all sizes, the inflection point (IF) at the long‑wavelength side (or low‑
energy side) of the LSPR scattering peak showed higher detection sensitivity than the traditionally 
used peak maximum. The improved sensitivity can be ascribed to the shape change of the LSPR peak 
when the local refractive index is increased by chemisorption. Our results demonstrate the usefulness 
of tracking the curvature shapes by monitoring the homogeneous LSPR IF at the red side of the 
scattering spectrum of single AuNRs.

Plasmonic gold nanoparticles (AuNPs) have attracted considerable attention in biosensor  developments1 because 
their localized surface plasmon resonance (LSPR) e�ect confers unique optical  properties2–5; moreover, AuNPs 
are  biocompatible6, chemically  stable7, and are conveniently surface-modi�ed with organic and biological 
 molecules8,9. Conventional LSPR biosensors employ AuNPs functionalized with receptors that confer speci�c 
binding abilities to target molecules. When a target molecule adsorbs on the nanoparticle surface, the LSPR peak 
is shi�ed and  dampened10. �us, by monitoring the shi�s and broadening of the peaks in the LSPR spectrum of 
 AuNPs11, we can detect the presence of target  molecules12.

Improving the sensitivity of LSPR sensors has been the goal of many researchers. In one approach, plasmonic 
nanoparticles with high polarizability are synthesized, such as nanorods, nanostars, nanoshells, nanoholes, and 
alloy  nanoparticles13. Another approach uses a simple mathematical method that tracks the shi�s at the in�ection 
points (IFs) of the LSPR spectrum. LSPR-IF tracking is a complementary method that further improves the detec-
tion sensitivity of LSPR biosensors. Chen et al. showed that the refractive index (RI) sensitivity was higher at the 
IFs located at the long-wavelength (low-energy) side of the LSPR extinction peak than at the short-wavelength 
 side13–15. Very recently, the RI sensitivities of homogeneous LSPR IFs have been reported for a range of single 
AuNPs: gold nanocubes, gold bipyramids, and bimetallic gold nanorods (AuNRs). �e LSPR IFs exhibit a higher 
RI sensitivity than the frequency shi�s of their counterpart LSPR  peaks16–18. However, at present, understand-
ing the response from the change in the local RI induced by molecular binding to AuNPs is still very limited 
at the single-particle level. Furthermore, there have been no studies to characterize the detection sensitivity at 
the LSPR IFs of single AuNRs induced by chemisorption of 1-alkanethiols with di�erent carbon-chain lengths. 
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�us, it is necessary to better understand the e�ect of carbon-chain length on the detection sensitivity at the 
LSPR IFs in single AuNRs.

In addition, conventional dark-�eld (DF) spectroscopy has been widely used so far to investigate the RI 
sensitivities of homogeneous LSPR IFs of single AuNPs. However, total internal re�ection scattering (TIRS) 
 microscopy19–21 based on evanescent �eld illumination at the interface has rarely been used for the sensitivity 
of LSPR sensors.

In the present study, we evaluate the detection sensitivity of the LSPR IFs in the homogeneous scattering 
spectra of single AuNRs to chemical adsorption of 1-alkanethiols with di�erent carbon-chain lengths. Single 
AuNRs of constant diameter (25 nm) and three di�erent aspect ratios (ARs) were employed for this purpose. 
�e results indicate that by tracking the homogeneous LSPR IF at the red side, we can sensitively detect the 
chemisorption of thiol molecules on single AuNRs.

Results and discussion
Experiments were performed on AuNRs with a �xed diameter (25 nm) and three di�erent ARs (2.4, 2.9 and 
3.5). �e sizes and shapes of the AuNRs were characterized by scanning electron microscopy (SEM), and the 
images are displayed in panels A–C of Fig. 1 (additional SEM images are provided in Fig. S1). Figure 1D shows 
the extinction spectra of the AuNRs dispersed in water, obtained in a UV–Vis spectrophotometer (Fig. 1D). As 
the AR of the AuNRs increased, the longitudinal LSPR peak was red-shi�ed. However, heterogeneity issues limit 
the usefulness of ensemble-level measurements, and single-particle measurements are required for a deeper 
understanding of their characteristic optical properties.

�e optical properties of the AuNRs were characterized by TIRS microscopy and single-particle spectros-
copy (see Fig. 2)19,22. �e experimental setup for single-particle TIRS microscopy and spectroscopy is shown in 

Figure 1.  (A)–(C) SEM images of AuNRs with di�erent aspect ratios: (A) 2.4 (25 nm × 60 nm), (B) 2.9 
(25 nm × 73 nm), (C) 3.5 (25 nm × 87 nm); (D) Overlaid extinction spectra of AuNRs with ARs of 2.4, 2.9, and 
3.5 measured in water.
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Figs. 2B and S2. For TIRS scattering measurements, aqueous solutions of the AuNRs were drop-casted on a pre-
cleaned glass slide, then illuminated with LED light delivered through an optical �ber (Fig. 2). Figure 3A shows 
the TIRS scattering images of three single AuNRs with an AR of 2.4 (25 nm × 60 nm), and Fig. 3B shows their 
corresponding scattering spectra. In the single-particle scattering spectra of AuNRs in ethanol, a longitudinal 
LSPR peak was observed around 656 nm (1.89 eV). In the TIRS scattering image of single AuNRs with an AR 
of 2.9 (25 nm × 73 nm; Fig. 3C), the longitudinal LSPR peak was redshi�ed to approximately 716 nm (1.73 eV) 
(Fig. 3D). �e longitudinal LSPR peak of single AuNRs with an AR of 3.5 (25 nm × 87 nm) was further redshi�ed 
to 785 nm (1.58 eV) (Figs. 3E and 3F).

�iol reactions with Au have been widely exploited in both the synthesis and surface modi�cation of Au 
 nanoparticles23,24. For this reason, we employed thiol molecules as the adsorbate molecules to AuNRs. Figure 4A 
shows the structures of 1-alkanethiols with two di�erent carbon-chain lengths (1-butanethiol and 1-hexanethiol) 
used in the detection sensitivity analysis of the LSPR IFs in the homogeneous scattering spectra of single AuNRs. 
As depicted in Fig. 4B, thiol molecules can strongly bond with the Au surface through so�–so� Au–sulfur 
 interactions16,25.

First, we investigated the LSPR peak shi�s caused by chemical interactions between the 1-alkanethiols in 
ethanol and single AuNRs (25 nm × 60 nm; AR = 2.4). �e �rst, second, and third rows of Fig. 5 show the scat-
tering spectra of single AuNRs with an AR of 2.4 (25 nm × 60 nm) and their �rst- and second order derivatives, 
respectively. �e maxima of the LSPR scattering peaks (labeled “B” in Fig. 5) appeared at 1.91 eV for bare AuNR 
(no thiol; Fig. 5A), 1.75 eV for AuNR chemisorbed to 1-butanethiol (Fig. 5B), and 1.85 eV for AuNR chemisorbed 
to 1-hexanethiol (Fig. 5C). Furthermore, second-order derivatives were obtained at the IFs in the LSPR scattering 

Figure 2.  (A) Schematic and (B) photograph of the experimental setup for TIRS microscopy and spectroscopy.
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spectra (third row) of bare AuNR and AuNR chemisorbed to 1-alkanethiols (1-butanethiol and 1-hexanethiol). 
Note that the LSPR IFs coincide with the local maxima/minima of the �rst-order derivatives. As observed in 
the �rst order derivative, the LSPR maxima (labeled “B”) are the apparent critical points in the LSPR scattering 
spectra of AuNRs, as their values in the �rst-order derivative spectra are zero in each case. Moreover, the charac-
teristic shapes of the �rst- and second-order derivatives of the LSPR scattering spectra of single AuNRs matched 
those of a previous report on the LSPR IFs of  AuNPs16,17. As evidenced from their curvatures, the LSPR scatter-
ing curves and their second-order derivatives were even functions and symmetrical about the axis of intensity, 
whereas the �rst-order derivatives were odd functions and symmetrical about the axis of photon energy. Fig. S3 
plots the energy peaks in points A, B, and C against the adsorption of 1-butanethiol and 1-hexanethiol on the 
Au surface in ethanol. IF A, located at the long-wavelength (low-energy) side of the LSPR scattering peak, more 

Figure 3.  (A) TIRS scattering images of single AuNRs (25 nm × 60 nm, AR = 2.4) illuminated by white light; 
(B) Scattering spectra of the single AuNRs enclosed by the yellow circle in (A); (C) and (D): As for (A) and (B), 
respectively, but for single AuNRs with AR = 2.9; (25 nm × 73 nm); (E) and (F): As for (A) and (B), respectively, 
but for single AuNRs with AR = 3.5 (25 nm × 87 nm).
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sensitively detected both 1-alkanethols (1-butanethiol and 1-hexanethiol) than the traditionally used LSPR peak 
maximum (B) (see Figs. 5D and 5E).

To check whether IF A indeed has a higher detection sensitivity than the peak maximum in the LSPR, we 
observed single AuNRs with a higher AR (25 nm × 73 nm; AR = 2.9). Panels A, B, and C of Fig. 6 show the scat-
tering spectra of single AuNRs (A = 2.9) and their corresponding �rst and second order derivatives, respectively. 
Columns A, B, and C of this �gure correspond to bare AuNR (no thiol), AuNR chemisorbed with 1-butanethiol, 
and AuNR chemisorbed with 1-hexanethiol, respectively. �e maxima of the LSPR scattering peaks (again labeled 
B) in the environments of panels A, B, and C were 1.72, 1.68, and 1.69 eV, respectively. Fig. S4 plots the energy 
peaks in points A, B, and C against the adsorptions of 1-butanethiol and 1-hexanethiol on the Au surface. IF A, 
located at the long-wavelength (low-energy) side of the LSPR scattering peak, again exhibited higher sensitivity 
than the LSPR peak maxima (B) for 1-alkanethol detection (Figs. 6D and 6E), consistent with the results of single 
AuNRs with lower AR (2.4; see Fig. 5).

Finally, we obtained the scattering spectra of single AuNRs with the highest AR (25 nm × 87 nm; AR = 3.5) and 
their corresponding �rst and second order derivatives. �e results are displayed in panels A, B, and C of Fig. 7, 
respectively. In the LSPR scattering spectra of the bare AuNRs, AuNRs adsorbed to 1-butanethiol, and AuNRs 
adsorbed to 1-hexanethiol, the peak maxima appeared at 1.67, 1.58, and 1.60 eV. respectively. Fig. S5 plots the 
energy peaks in points A, B, and C against the adsorptions of 1-butanethiol and 1-hexanethiol on the Au sur-
face. Similarly to Figs. 5 and 6, the highest detection sensitivity to 1-alkanethiols was found at IF A of the LSPR 
(Figs. 7D and 7E). �us, regardless of AR and adsorbate type, the sensitivity of single AuNRs to chemisorption of 
1-alkanethols is higher at IF A (long-wavelength side) of the LSPR than at the maximum of the counterpart peak, 
which is widely used in LSPR sensing. �e improved sensitivity at IF A can be ascribed to the shape change of 
the LSPR peak when the local refractive index is altered by  chemisorption13,15. �erefore, tracking the curvature 
shapes through the homogeneous LSPR IF at the red side of the scattering peak (rather than the shi�s of their 
counterpart peak maxima) can enhance the detection sensitivities of di�erently sized AuNRs.

Conclusions
We demonstrated the detection sensitivity of single AuNRs for chemisorption of 1-alkanethiols with two di�erent 
chain lengths. Single AuNRs with the same diameter and di�erent ARs (2.4, 2.9, and 3.5) were employed, and 
single-particle TIRS microscopy and spectroscopy techniques were used to examine them. In the chemisorption 
of both 1-butanethiol and 1-haxanethiol, IF A at the long-wavelength side of the homogeneous LSPR scattering 
peak more sensitively detected the absorbates than the conventionally used peak maximum of the LSPR. �e 
detection improvement was consistent for the AuNRs with three di�erent ARs. �e higher sensitivity of IF A at 
the red side was attributed to the shape change of the LSPR scattering peak when the local refractive index was 

Figure 4.  (A) Chemical structure of 1-butanethiol and 1-hexanethiol used as the adsorbate molecules; (B) 
Schematic of a single AuNR interacting with a 1-alkanethiol through a strong Au–sulfur bond.
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increased a�er chemisorption. �erefore, this study provided a deeper understanding of improved detection 
sensitivity of 1-alkanethiol adsorption at homogeneous LSPR IFs in single AuNRs under TIRS microscopy and 
spectroscopy.

Methods
Chemicals and materials. Cetyltrimethylammonium bromide (CTAB)-stabilized AuNRs of three di�er-
ent sizes (25  nm × 60  nm, 25  nm × 73  nm, 25  nm × 87  nm) were purchased from Nanopartz (Loveland, CO, 
USA). 1-alkanethiols (1-butanethiol and 1-hexanethiol) were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Immersion oil was also purchased from Sigma-Aldrich.

Figure 5.  In�ection-point method for single-particle LSPR scattering sensing with AuNRs (25 nm × 60 nm, 
AR = 2.4) in the presence of 1-alkanethiols (1-butanethiol and 1-hexanethiol) in ethanol: (A–C) LSPR scattering 
e�ciencies (�rst row), and their �rst-order (second row) and second-order (third row) derivatives; (D, E) 
Detection sensitivities of peak shi�s in A, B and C.
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Characterization of AuNRs. �e shapes and sizes of the AuNRs were determined by scanning electron 
microscopy (SEM, JSM-6500, JEOL, Japan). �e LSPR extinction spectra of the AuNRs dispersed in water were 
measured using a Varian Carry 300 UV–Vis spectrophotometer (Agilent, USA).

Sample preparation for single‑particle study. Microscope cover glasses were cleaned by sonicating 
in methanol for 10 min, followed by acetone for 10 min. �e solution containing the AuNRs was diluted to the 
proper concentration and sonicated for 10 min to prevent aggregation of the AuNRs. Samples were prepared by 
drop-casting the diluted AuNR solution onto the glass slides. �e concentration of Au nanoparticles deposited 

Figure 6.  In�ection-point method for single-particle LSPR scattering sensing with AuNRs (25 nm × 73 nm, 
AR = 2.9) in the presence of 1-alkanethiols (1-butanethiol and 1-hexanethiol) in ethanol: (A–C) LSPR scattering 
e�ciencies (�rst row), and their �rst-order (second row), and second-order (third row) derivatives; (D, E) 
Detection sensitivities of peak shi�s in A, B and C.
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on the glass slide was adjusted to approximately 1 μm−2 to facilitate the measurement of single particles without 
inter-particle LSPR coupling.

Total internal reflection scattering microscopy. Scattering images of the AuNRs were collected on 
a home-built TIRS microscope. �e TIRS microscope was excited by LED lamps through an inverted Nikon 
microscope (Nikon Eclipse Ti-2). For TIRS microscopy, the beam from the LED source passed through an opti-
cal �ber with a core diameter of 100 µm. Collimating lenses were placed at both ends of the optical �ber. Incident 
light was directed into the samples through a glass prism at �xed incident angle (70°). �e microscope utilized 
a Nikon Plan Fluor oil objective [100 × , numerical aperture (NA) = 0.5 − 1.3]. Here, the NA of the objective was 
maintained at 0.7. �e DF and TIRS images of the AuNRs were recorded by an Andor  iXonEM + CCD camera 
(iXon897). �e collected images were analyzed by ImageJ and Matlab.

Figure 7.  In�ection-point method for single-particle LSPR scattering sensing with AuNRs (25 nm × 87 nm, 
AR = 3.5) in the presence of 1-alkanethiols (1-butanethiol and 1-hexanethiol) in ethanol: (A–C) LSPR scattering 
e�ciencies (�rst row), and their �rst-order (second row), and second-order (third row) derivatives; (D, E) 
Detection sensitivities of peak shi�s in A, B and C.
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Single‑particle scattering spectroscopy. Scattering spectra were acquired with a spectrometer (Andor, 
Kymer328i-A) and a CCD camera (Andor, Newton920). A relay lens system [a Newton lens system with two 
lenses (f = 7.5  cm)] was inserted between the microscope and the spectrometer system. When acquiring the 
spectrum of a single AuNR, the relay lens system was moved perpendicularly to the optical axis on a transla-
tional stage. In this setup, only the light scattered from the target AuNR particles was passed to the spectrometer. 
�e light scattered by the AuNRs was dispersed through a grating (300 /mm) and detected by a charge-coupled 
device camera. �e background was measured from a region devoid of particles.
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