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Enhancing the Plasmonic Circular Dichroism by Entrapping Chiral 

Molecules at the Core-Shell Interface of Rod-Shaped Au@Ag 

Nanocrystals† 

Shuai Hou,a,b Jiao Yan,a,b Zhijian Hua and Xiaochun Wu*a

We report the enhancement of plasmonic circular dichroism (PCD) 

in cysteine-modified Au nanorods via Ag coating. The entrapment 

of cysteine at the Au-Ag interface effectively amplifies the local 

electromagnectic field and leads to a strong enhancement of the 

PCD response. Ag coating on sphereical nanoparticles modified 

with cysteine does not generate obvious PCD signals. 

Metallic nanostructures support localized surface plasmons, 

which are the collective oscillation of the conduction electrons 

coupled to the electromagnetic field. The localized plasmons 

can interact strongly with molecules,1 enabling various 

applications, such as the surface-enhanced Raman 

spectroscopy, metal-enhanced fluorescence, and localized 

surface plasmon resonance (LSPR) sensing.2 Most recently, the 

study of plasmon–molecule interaction begins to cover chiral 

molecules.3 Chiral molecules show circular dichroism (CD), that 

is, different absorption of left- and right-circularly polarized 

light, in their absorption bands. According to theoretical 

predictions,4 metal nanoparticles coupled to chiral molecules 

exhibit new CD bands at the LSPR wavelength, even when the 

chiral molecule and the metal nanostructure are far off 

resonance. This plasmonic CD (PCD) is due to the Coulomb 

interaction between the chiral molecules and the 

nanoparticles.4 This prediction has been confirmed in several 

experiments.5–7 Different kinds of chiral molecules such as 

peptides6 and DNA7 were adsorbed on the surface of metal 

nanoparticles, leading to weak but definite CD bands around 

the LSPR wavelength. Further theoretical calculations8 and 

experiments9–13 revealed that the PCD signals can be enhanced 

by placing the chiral molecules in an electromagnetic hot spot. 

However, nanoparticle aggregates or assemblies, which 

support such hot spots, often adopt a chiral configuration 

under the influence of chiral molecules.14–16 This will produce 

PCD effect due to plasmon–plasmon coupling, which is distinct 

from the Coulomb interaction between plasmon and chiral 

molecules.
17,18

 In fact, there is a debate on the origin of PCD 

effect supported by the side-by-side assemblies of Au 

nanorods.
14,16,19

 Therefore, it is desirable to achieve large PCD 

response using discrete nanoparticles, which makes it easier to 

identify the real origin of the PCD signals, thus providing a 

better platform for the study of plasmon–chiral molecule 

interactions. 

Herein, we propose a method for the enhancement of PCD 

in discrete nanoparticle systems, where chiral molecules are 

embedded inside metal nanocrystals (NCs). Enhanced PCD 

signals were observed when the chiral cysteine (Cys) molecules 

were embedded at the core-shell interface of Au@Ag NCs. 

Several control experiments proved the entrapment of the 

chiral molecules. Finally, spherical nanoparticles were used to 

replace the nanorods, but no obvious PCD signals were 

obseved, highlighting the importance of shape anisotropy in 

the induction of large PCD signals. 

It was reported that some small molecules can be 

embedded in core-shell metal nanoparticles.20 These 

molecules have a mercapto group binding to the core, and an 

additional group (COOH or NH2) interacting with the shell. We 

used a similar method for the entrapment of Cys at the 

interface of Au nanorods and Ag shells. As shown in Figure 1a, 

Au nanorods ([Au0] = 0.1 mM) dispersed in 10 mM CTAB 

solution were first modified with 20 μM L- or D-Cys through 

the Au-S bonds, and then a calculated amount of AgNO3 

solution (with Ag/Au ratios ranging from 0.5 to 2.0) was added 

and was reduced by ascorbic acid (AA) under 70°C to form the 

core-shell Au@Ag NCs (Figure 1a). The existence of Cys 

obviously accelerated the Ag deposition on the Au nanorods, 

and the Ag overgrowth completed within 30 min (Figure S1, 

ESI†). The resulted NCs are rice-like (Figures 1b and S2, ESI†), 

different from the cuboid shape if no Cys molecules were 

added.21 High-resolution TEM images show that these NCs are 

single crystalline (Figure S3, ESI†). No obvious cavities at the 

Au-Ag interface was directly observed in the TEM images, but 

we will prove the entrapment of chiral molecules as will be 

shown afterwards. With the increasing amount of Ag, the 
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width of the nanorods grew much faster than the length. 

According to the TEM measurements (Table S1, ESI†), when 

the Ag/Au ratio is 2.0, the width of the rods increased by 17.5 

nm, whereas the length increased by only 3.2 nm. Similar 

growth behavior was previously reported for the Au 

overgrowth on Cys-modified Au nanorods.
22

 It has been shown 

that Cys molecules are mainly concentrated on the ends of the 

Au nanorods, which makes the shell growth on the two ends 

much slower than the growth on the side.
22

 
The coating of Ag greatly modified the spectral features of 

the Au nanorods (Figure 1c), leading to a dramatic color 
change of the nanocrystal solutions (Figure 1d). The original Au 
nanorods exhibited a longitudinal dipole mode at 735 nm and 
a transverse dipole mode at 510 nm. After the Ag overgrowth, 
both the longitudinal and the transverse dipole modes were 
blue-shifted. Two new peaks emerged in the shorter 
wavelength region as the Ag/Au ratio exceeds 1.0. Numerical 
calculations (Figure S4, ESI†) revealed that the peak around 
340 nm corresponds to a multipole mode, and the peak 
around 400 nm is a corner dipole mode. Both modes increase 
in intensity and experience minor red-shift as the Ag shell 
grows thicker. 

The original Au nanorods modified with L- or D-Cys do not 
exhibit obvious CD signals; however, well-defined CD bands 
emerged beyond the UV region after coating Ag (Figure 2). 
There is a one-to-one correspondence between the CD bands 
and the extinction bands. With the increase of Ag thickness, 
CD bands corresponding to the longitudinal and transverse 
dipole modes are blue-shifted and become more intense, and 
those corresponding to the corner dipole and multipole modes 

emerge when the Ag/Au ratio reaches 1.0 and continues 
growing with a thicker shell of Ag. These changes in the CD 
bands are consistent with the changes in extinction spectra. 
CD bands of different LSPR modes show different signs. 
Specifically for the L-Cys case, the longitudinal dipole and the 
multipole modes exhibit a negative Cotton effect, while the 
transverse dipole and the corner dipole modes exhibit a 
positive Cotton effect. The different signs reflect different 
interfering patterns of electromagnetic fields inside the NCs.4 
In addition, the CD spectrum below 300 nm also experienced 
an enhancement after coating Ag (Figure S5, ESI†). 

The PCD intensity is dependent on the concentrations of 

the chiral molecules. L-Cys with a concentration of 5 μM 

induced a PCD signal around 5 mdeg, while L-Cys with 

concentrations from 10 μM to 40 μM led to PCD signals 

around 40 mdeg (Figure S6, ESI†). The maximum anisotropic 

factor in this study is 1.3 × 10−3 (Figure S7, ESI†). The PCD 

signal is also sensitive to the type of the chiral molecules. We 

tested two L-Cys derivatives, N-acetyl-L-cysteine and L-cysteine 

methyl ester (Figure S8, ESI†). The former induced PCD signals 

weaker than L-Cys, and the PCD bands had the opposite signs 

compared with the L-Cys case. The latter did not lead to an 

obvious CD signal. This distinction is believed to result from 

different adsorption conformation on the Au nanorod 

surface.
23

 

To prove that the chiral molecules are embedded in the 

NCs, we first illustrate that it cannot display as large PCD 

signals as shown in Figure 2 if the Au@Ag NCs are adsorbed 

with L- or D-Cys on their surface. We synthesized two kinds of 

Au@Ag NCs with either a cuboid shape or an arrow shape (see 

ESI† for preparation methods). The Ag/Au ratios were both 

1.5. After incubating with 20 μM L-Cys at 70°C for 30 min, we 

observed only very weak PCD signals (less than 2 mdeg, see 

Figure 3). Conversely, if Cys was pre-modified on the Au 

nanorods, growing a Au shell with irregular shapes can also 
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lead to strong PCD signals (Figures 3). Note that the two PCD 

bands also have a one-to-one correlation with the extinction 

bands. In the TEM image with a higher amplification, we can 

observe some discrete cavities inside the Au@Au NCs (Figure 

S9, ESI†). These results are the first hint that Cys molecules 

responsible for the PCD signal are not on the surface but 

embedded inside the NCs. 

Next, Raman spectroscopy further suggest that some chiral 

molecules were entrapped inside the NCs. One of the most 

notable characteristic of the embedded molecules is their 

unusually enhanced Raman signal.
20,24,25

 We compared the 

Raman signal of Cys adsorbed on Au@Ag cuboids, Au@Ag 

arrows, and those grown from Cys-modified Au nanorods. 

Since the Raman cross section of Cys is very small, we did not 

observe any characteristic Raman signals in the cuboids and 

arrows. However, characteristic Raman bands of Cys were 

observed in NCs grown from L-Cys-modified Au nanorods. The 

large Raman signal enhancement reflects the intense 

electromagnetic field around the chiral molecules, which in 

principle should also play a part in the enhancement of PCD 

signals.
8
 

For another proof of the entrapment of chiral molecules, 

we used ligand-exchange reaction on the surface of the NCs. 

Au@Ag NCs exhibiting large PCD signals were first prepared 

with 20 μM L-Cys. Then the NCs were incubated with 20 μM D-

Cys at 70°C for 30 min. No decrease of the PCD signal was 

observed (Figure S10, ESI†), suggesting that the Cys molecules 

that induced the PCD signal are not on the surface of the NCs. 

For further information of where the chiral molecules are 

embedded inside the NCs, we adjusted the pH of the Au 

nanorod solution and found that the nanorods underwent 

end-to-end assemblies
26

 (Figure S11, ESI†). This indicates that 

the Cys molecules preferentially adsorbed on the two ends of 

the nanorods, consistent with the previous reports.
22,27,28

 Cys 

can also be specifically modified on the sides of Au nanorods 

by blocking the two ends with long-chain thiols.29 However, 

the PCD signals after Ag coating were much weaker (Figure 

S12, ESI†), indicating that the PCD signals shown in Figure 2 are 

mainly from Cys molecules on the ends of the Au nanorods.  

Finally, we investigated the influence of anisotropy on the 

generation of large PCD signals. Anisotropy is an especially 

important factor in the creation of PCD. For example, 

theoretical studies has revealed that the PCD signal averages 

to zero when chiral molecules form a homogeneous shell 

outside a spherical metal nanoparticle, whereas a nonzero 

signal is predicted for elongated metal nanoparticles.
30

 To 

obtain nanoparticles with different shape anisotropy, we 

prepared Au nanorods with decreasing aspect ratios by 

oxidative etching (Figure 4a).
31

 After adding 20 μM L-Cys and 

coating Ag, the resulted Au@Ag NCs showed reducing PCD 

signals with decreasing aspect ratio of Au nanorods (Figure 4). 

In particular, spherical NCs exhibited no obvious PCD signals. 

Two related reports demonstrated that spherical Au@Ag core-

shell nanoparticles can also show quite large PCD signals.
32,33

 

These nanoparticles have different structures from ours. In the 

first report, DNA molecules were entrapped at the grain 

boundaries of the polycrystalline shell.
32

 In the second, Cys 

molecules were in the 0.5 nm gap between the Au core and 

the Ag shell.
33

 It will be interesting to investigate if we can 

improve the PCD signals in these two systems by using Au 

nanorods as the core. In addition, we tried coating Ag on Cys-

modified Au octahedra with sharp edges and corners. There 

were clear PCD signals corresponding to the extinction bands 

(Figure S13†). However, the PCD intensity was much smaller 

than that in the Au nanorod case, which we believe is due to 

the weaker geometrical anisotropy of the octahedra. 

In conclusion, when Ag is coated on the Cys-modified Au 

nanorods, some Cys molecules are embedded at the core-shell 

interface, and the embedded Cys induces strong PCD signals. 

The strong electric field around Cys, as revealed in the Raman 

spectra, is believed to be the key factor in PCD enhancement. 

Meanwhile, no obvious PCD signals were observed in spherical 

core-shell nanoparticles, highlighting that the anisotropic 

nanoparticles are better candidates for supporting PCD than 

their isotropic counterparts. The enhancement of PCD 
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reported herein, together with the enhancement of Raman 

scattering reported previously,
20,24,25

 establishes that 

embedding molecules inside metals is an effective method for 

the enhancement of molecule–plasmon interactions. This 

method will also benefit the design of PCD-based sensors. 
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