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Introduction

Raman spectroscopy, combined with infrared spectroscopy, is a 
powerful spectroscopic technique that provides information on 
vibrational modes.1  However, Raman spectroscopy is 
disadvantageous because spontaneous Raman scattering is 
typically very weak.2–4  Surface-enhanced Raman scattering 
(SERS) is one method that can overcome the disadvantages of 
traditional Raman spectroscopy.2–6  SERS is a technique that 
powerfully enhances Raman signals by adsorbing target 
molecules on rough metal surfaces, which are most commonly 
metal nanoparticles.5,7–9  However, SERS is also limited because 
of strong interactions between the Raman probe molecules and 
the metal surface, which are necessary for the stable enhancement 
of the signal.  To improve the long-term stability of Raman 
enhancements, previous studies have attempted to develop 
additional approaches and strategies, such as the introduction of 
a new host–guest chemistry and hybridization systems.10–13

Cucurbit[n]urils (CB[n]) are macrocyclic host molecules 
composed of glycoluril repeat units bridged by methylene 
groups (Fig. 1).  Compared with other host molecules, such as 
cyclodextrin and crown ethers, CB[n] molecules have unique 
properties that are contained within rigid, highly symmetric, and 
macrocyclic pumpkin-shaped structures.14–16  Due to the hollow 
and cyclic structure of CB[n], target molecules position 
themselves inside the hydrophobic cavity of CB[n] via strong 
host–guest interactions.15,16  Furthermore, CB[n] can attach itself 
onto gold surfaces through the interaction between the carbonyl 
groups of CB[n] and Au surface, which leads to the formation of 

uniform and stable sub-nanometer gaps at 0.9 nm, i.e., the 
height of the CB[n].17  This indicates that CB[n] induces a 
powerful hotspot between nanoparticles that is highly effective 
for SERS.18  The encapsulation inside CB[n] may also contribute 
to the improved stability of the SERS structure and provide 
possible enhancements without direct interaction between metal 
nanoparticles and probe molecules.  The carbonyl portals of 
CB[n], placed on the metal surface, allow indirect interactions 
due to a trapped state related to electromagnetic enhancements, 
which is also related to the SERS mechanism.19

Despite recent studies on SERS that use CB[n], the interactions 
between CB[n] and various guest molecules to initiate effective 
SERS and the enhancement mechanisms behind SERS based on 
CB[n] and gold nanoparticles still lack fundamental 
understanding.  Furthermore, the long-term stability and 
reproducibility of SERS signals for various Raman probes (e.g., 
R6G), which are encapsulated within CB[n] that is bound to 
gold nanoparticle surfaces, still require investigation to improve 
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Fig. 1　A schematic displaying the repeating units and a representation 
of CB[n].
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SERS stability in several biological applications.
Herein, we introduced CB[7] to overcome SERS limitations, 

such as unspecific adsorption, weak interactions, or low stability 
with gold surfaces, which all lead to difficulties when using 
SERS.20  We sought to produce stable AuNR aggregations using 
CB[7] to yield regular alignments to understand the role of 
CB[7] and its interaction with AuNRs.  Moreover, we performed 
a SERS study of R6G with the AuNR aggregates; CB[7] acts as 
a container to discern the long-term stability of this system.  
CB[7] allowed us to stably capture R6G in the CB[7] cavity, 
which we verified with stable SERS signals.

Experimental

Chemicals and materials
Gold nanorods (AuNRs), with an average size of 25 × 73 nm, 

were purchased from Nanopartz (Loveland, CO, USA).  
Rhodamine 6G (R6G), used as a Raman probe, was obtained 
from Sigma-Aldrich (St. Louis, MO, USA).  Cucurbit[7]uril 
(CB[7]) was synthesized by following the procedure as described 
previously.21

AuNR characterization
The shape and size of the AuNRs were characterized using a 

scanning electron microscope (SEM) (JEOL, Tokyo, Japan) at 
10 kV.  UV-Vis extinction spectra for the AuNRs were collected 
in a quartz absorption cell with a Varian Cary 300 UV-Vis 
spectrophotometer (Agilent, CA, USA).  For UV-Vis 
measurements, the AuNR solution obtained from the Nanopartz 
was used without dilution.

Sample peparation for Raman measurements
For bulk samples in vials, 400 μL of an aqueous 1 mM CB[7] 

solution was added to a 4 mL AuNR solution.  A  pure AuNR 
solution (without CB[n]) was used as a control.  One of the two 
SERS samples was prepared by mixing a 100-μL AuNR solution 
with 100 μL of the 1 mM R6G solution.  The second sample 
was prepared via the addition of a 100-μL AuNR solution to the 
solution of R6G encapsulated within the CB[7] cavity.  The 
volume and concentrations of the CB[7] and R6G solutions in 
the two different samples were kept constant for comparison.  
R6G solutions were made with 18.2 MΩ pure water at the 
proper concentration for each measurement.  In the encapsulation 
sample, the molar ratio between CB[7] and R6G was 1:1 
because CB[7] can only contain one molecule inside the cavity.  
The prepared samples were placed into capillary tubes with a 
diameter of 0.25 mm and a length of 100 mm.  These two 
samples were utilized for SERS measurement after being kept at 
room temperature for 6 h, 1 day, 8 days, and 20 days.

Raman instrumentation
We used a custom-made Raman spectroscopic system, 

equipped with a 785-nm diode laser (Thorlabs, Newton, NJ, 
USA) to produce the excitation light, for SERS measurements 
(Figs. S1 and S2, Supporting Information).  A  capillary tube 
was used as a sample container during the SERS measurements 
(Fig. S3, SI).  The capillary tubes containing the samples were 
placed onto the microscope stage, and the laser power was set to 
∼60 mW.  However, the actual amount of power that arrived at 
the sample was approximately half of the initial power.  The 
Raman spectra were collected with an Andor spectrometer 
(SHAMROCK 303i, UK) connected to an Andor CCD camera 
(Newton Du9209-OE, UK).  Raman sample signals were 
collected using a 40× objective lens with a 0.75 numerical 

aperture (NA).  The monochromator was used in combination 
with 600 l/mm grating while the slit width was approximately 
100 μm.

Results and Discussion

In this study, plasmonic AuNRs were used as SERS substrates 
for the following reasons: 1) AuNRs are photostable and 
biocompatible, and we can easily control their unique optical 
properties by tuning their aspect ratios; 2) AuNRs are beneficial 
during SERS analysis due to strong lighting effects that may 
result in higher local field enhancement as well as SERS signal 
enhancement; 3) the AuNR surface is easily modified with 
molecules and other metals via previously established wet 
chemistry techniques; and 4) an AuNR has three different types 
of facets that are connected with surface energies and, therefore, 
favors adsorption to molecules on the surface, which then forms 
stable complexes.

We first characterized the shapes and sizes of the AuNRs with 
SEM analyses.  As shown in the inset of Fig. 2, anisotropic 
AuNRs obtained from Nanopartz had an average size of 25 × 
73 nm.  We then measured the UV-Vis extinction spectrum of 
the AuNRs dispersed in water with a Varian Cary 300 UV-Vis 
spectrophotometer, also shown in Fig. 2.  The spectrum has two 
characteristic LSPR peaks at approximately 520 and 711 nm.  
The left peak (i.e., high energy or low wavelength) occurs due 
to conduction electrons that exhibit transverse oscillation, 
whereas the right peak (i.e., low energy or high wavelength) 
results from longitudinal LSPR oscillation.

As shown in Fig. 2, the broad longitudinal LSPR peak at 
approximately 711 nm occurs due to heterogeneity in the 
nanoparticle sizes.  More importantly, the 785 nm radiation is 
near the tail of the longitudinal peak, which indicates that we do 
not expect the presence of maximized resonance effects in this 
SERS study.  However, a 785-nm laser wavelength is located 
inside the longitudinal LSPR peak, which indicates that a 
resonance effect may still occur between the AuNRs and the 
Raman laser.  This observation also suggests that 
electromagnetically enhanced signals are possible for the 
AuNRs at 785 nm.

One method to enhance the Raman signal is the use of hotspots 
that may form between gold nanoparticles or between the gold 
nanoparticle and gold film.17,20,22  In this study, we used CB[7] 
as a bridge molecule to form aggregations between anisotropic 
AuNRs and hotspots to improve SERS.  Here, we used CB[7] 
for the following two reasons: 1) the rigid and symmetric CB[7] 

Fig. 2　The UV-Vis extinction spectrum for AuNRs with an average 
size of 25 × 73 nm.  The dotted line indicates the 785 nm laser 
wavelength used as the resonance condition for this SERS study.  The 
inset shows an enlarged SEM image of single AuNRs.
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structure and its carbonyl portals can efficiently interact with the 
gold surface by replacing the capping ligand coated on gold 
through the interaction between carbonyl and gold,23 which may 
yield uniform and stable sub-nanometer gaps of 0.9 nm that 
previous studies have suggested to be the best gap distance for 
SERS hotspots,23–25 and 2) the hollow cyclic structure of CB[7] 
has the ability to form ultra-stable complexes with multiple 
guests.26  The strong hydrophobic interaction between the host 
cavity and guests, and the ion–dipole and dipole–dipole 
interactions between the guests and CB portals promote the 
cooperative and multiple noncovalent interactions that are 
essential to produce such strong complexations.  Therefore, 
strong encapsulation can contribute to the enhanced stability of 
the Raman probe molecules (or guest molecules) inside CB[7] 
during SERS.

As depicted in Fig. S4 (SI), we obtained a number of results 
on CB[7]’s role as a bridge molecule in forming AuNR 
aggregates.  A  400-μL aqueous solution of 1 mM CB[7] was 
added to a 4-mL AuNR solution, and a pure AuNR solution 
(without CB[n]) with an identical concentration was used as the 
control.  Figure 3A shows two vials containing the AuNR 
solution with and without the CB[7].  We observed, with the 
naked eye, that the AuNR solution without CB[7] had a reddish 
color and was clear without aggregations.  In contrast, the AuNR 
solution containing CB[7] was completely colorless with several 
floating particles.  We also observed aggregations as indicated 
in the enlarged picture in Fig. S4 (SI).  For a detailed examination 
of the two different samples, we used a SEM analysis, as shown 
in Fig. 3B.  At an identical SEM magnification, the sample with 
CB[7] contained an elevated amount of aggregated nanoparticles 
compared with the sample without CB[7], which contained only 
AuNRs.  In addition, the SEM image at a smaller magnification 
(or wider view) was characterized by a higher tendency to form 
aggregations.  More importantly, we observed the elevated 
aggregation tendency, in the presence of CB[7], for a number of 
other regions in the same sample during SEM imaging analysis.

To further understand the formation mechanism of the AuNR 
aggregates, we performed UV-Vis spectroscopy measurements.  
We obtained UV-Vis extinction spectra from three types of 

samples: 1) pure AuNRs without CB[7], 2) centrifuged AuNRs 
without CB[7], and 3) AuNRs with CB[7].  We then compared 
the UV-Vis spectra for each of the three different samples, as 
shown in Fig. 4.  Here, we used the centrifuged AuNR sample 
without CB[7] to confirm that this step may cause LSPR peak 
broadening due to AuNR aggregations, which are a consequence 
of surfactant removal that protects particle surfaces.  When we 
compared the pure (Fig. 4A) and centrifuged AuNRs (Fig. 4B), 
we observed the broadening of the longitudinal peak in the 
centrifuged AuNRs, which indicates the formation of 
aggregations.  However, the position of the longitudinal LSPR 
peak for the centrifuged sample was nearly identical to the 
position of the pure AuNR sample without any significant 
frequency shift.  These results indicate that centrifugation causes 
no significant effects on the spectra although it may cause 
certain AuNR aggregations.  For the AuNRs with CB[7], 
however, the longitudinal LSPR peak was significantly 
redshifted (Fig. 4C).  Furthermore, the longitudinal LSPR peak 
was characterized by a large broadening with a small shoulder 
peak at approximately 700 nm at the pure AuNR longitudinal 
LSPR wavelength, as indicated in Fig. 4A.  Besides the 
longitudinal LSPR peak, the transverse LSPR peak, at 
approximately 517 nm in Fig. 4C (AuNRs and CB[7]), had a 
relatively lower peak height due to a decrease in intensity during 
transverse mode with the formation of aggregations.  Therefore, 

Fig. 3　(A) A  bulk AuNR sample (left) and an AuNR sample that 
contains CB[7].  (B) SEM images of AuNRs without CB[7] (left) and 
AuNRs with CB[7] (the two images on the right).

Fig. 4　The UV-Vis extinction spectra of (A) raw AuNRs, (B) AuNRs 
after centrifugation, and (C) AuNRs with CB[7].
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the UV-Vis spectroscopic data supports the fact that CB[7] can 
efficiently bind to AuNR surfaces and that AuNRs can easily 
form aggregations in the presence of CB[7] bridge molecules.

In our previous study, R6G, a dye molecule, efficiently bound 
to Au nanourchin branched surfaces via its positive nitrogen.9  
However, after a binding time of 6 h, the resolution was poor 
due to weak interactions between the metals and probe 
molecules.9  Therefore, we suggest that R6G molecules can 
interact with Au nanoparticles that have low stability.  This 
previous study motivated our search to improve the stability of R6G 
molecules that are attached to Au nanoparticles to improve SERS.

To improve the low stability of R6G on metal surfaces, we 
used CB[7] molecules as a container.  The host–guest interaction 
between CB[7] and R6G can cause the encapsulation of R6G 
inside a CB[7] cavity.9,15,26–28  We thus investigated CB[7] 
performance and properties as a container with the aim of 
maintaining an enhanced SERS signal, as well as obtaining 
long-term R6G stability on metal surfaces.  We prepared two 
samples and compared them to understand the effects that 
encapsulation has on the stability of R6G during SERS 
measurements (Fig. S5, SI).  Figure S5A (SI) shows the direct 
interaction between R6G and the AuNR surfaces, whereas 
Fig. S5B (SI) depicts the indirect interaction between R6G and 
the AuNRs via encapsulation using CB[7].  The prepared 
samples were placed into capillary tubes that were 0.25 mm in 
diameter and 100 mm in length (Fig. S3, SI) and were measured 
at room temperature after 6 h, 1 day, 8 days, and 20 days while 
exposed to identical experimental conditions.  Figure 5 shows 
the corresponding SERS spectra.  In the spectra recorded after 
6 h, we observed distinct Raman peaks for the two samples 
despite interference from the capillary tubes, which indicates 
efficient R6G adsorption, as well as SERS enhancement.  Note 

that the broad bands between 1200 and 1600 cm–1 are a 
consequence of the capillary tubes and are not the R6G probe 
Raman signals.  However, in the sample without CB[7], Raman 
signals had decreased significantly after 1 day, and the distinctive 
R6G peaks nearly disappeared after 20 days (Figs. 5A and 6).  
These results display the low degree of long-term stability for 
R6G that is attached to the AuNR surfaces.  In contrast, the 
sample with CB[7] was characterized by distinctly high Raman 
peaks in the spectrum even after 20 days (Figs. 5B and 6).  
These results suggest that CB[7] is an efficient container during 
SERS although the probe molecules did not interact with the 
metal surfaces directly.  In other words, indirect interactions 
between the Raman probes and metal surfaces, in the presence 
of CB[7], enhance the Raman signal and long-term stability.

Conclusions 

In conclusion, this study attempted to introduce CB[7] with 
cavities as a solution to control SERS limitations associated 
with unspecific Raman molecules, such as weak interactions or 
low stability along gold surfaces, which yield difficulties during 
SERS analysis.  We investigated the formation of AuNR 
aggregations in the presence of CB[7] acting as bridge 
molecules.  Furthermore, we observed that CB[7] has significant 
potential as a sample container.  Their use results in long-term 
R6G stability for up to 20 days and the enhancement of SERS 
measurements.  Therefore, we demonstrated that these 
molecules, which have faced numerous complications during 
SERS applications due to their insolubility or inability to bind to 
a metal surface, are now usable during SERS in combination 
with the CB[7] containers.  Indirect interactions between Raman 
probes and metal surfaces may lead to efficient signal 
enhancement and improvements in long-term stability.
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Fig. 5　(A) SERS spectra of the AuNRs and R6G without CB[7] 
measured repeatedly after 6 h, 1 day, 8 days, and 20 days.  (B) SERS 
spectra of the AuNRs and R6G encapsulated within the CB[7] 
and measured after 6 h, 1 day, 8 days, and 20 days with exposure to 
identical experimental conditions.

Fig. 6　Changes in the Raman intensity of AuNRs and R6G (blue 
line) and AuNRs with R6G encapsulated within CB[7] (red line) that 
were measured repeatedly after 6 h, 1 day, 8 days, and 20 days.  A peak 
at 1507 cm–1 was used to compare the changes in the Raman intensity.
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Supporting Information

This document contains supporting figures (Figs. S1 to S5).  
This material is available free of charge on the Web at http://
www.jsac.or.jp/analsci/.
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