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reports, to date, on DNA-driven individual 
NPs with intense chiroplasmonic activity. 

 Herein, we successfully achieved gold 
core-DNA-silver shell NPs, namely, Au/
(DNA-Ag) core–shell NPs, with Ag grown 
on the DNA template (DNA-Ag). The 
obtained NPs exhibited an intense and 
robust chiroptical response at the Ag 
plasmon band, and the plasmonic chiro-
genesis of NPs was revealed.  

  2.     Results and Discussion 

 Optically active Au/(DNA-Ag) core–shell NPs were prepared 
under a DNA-template growth process, and cytosine-rich DNAs 
(DNA 1 in Table S1, Supporting Information) were inten-
tionally chosen in this study. [ 6b ]  To prepare the Au/(DNA-Ag) 
core–shell NPs, as-prepared gold NPs core (Au NPs) were fi rst 
modifi ed with an excess concentration of C 30  thiolated single-
stranded (ss) DNA (Au NPs-DNA) to guarantee saturation of 
all possible Au NPs binding sites. Then silver ions (Ag + ) were 
strongly bound to the C 30  ssDNA scaffolds by adding silver 
nitrate (AgNO 3 ) to the solution, leading to the formation of 
metal complexes (Au/DNA-Ag + ). An additional centrifugation 
process was then required to remove the excess Ag + . Therefore, 
only those binding Ag +  were ultimately transformed to a dense 
Ag shell on the surface of each Au NP by the chemical reducing 
agent, ascorbic acid ( Figure    1  ), and the Au/(DNA-Ag) core–shell 
NPs were fi nally prepared.  

 By adjusting the amount of AgNO 3  solution, an Ag shell 
of varying thickness was formed on the surface of the Au NP, 
which was verifi ed by transmission electron microscopy (TEM, 
 Figure    2  A) and energy-dispersive X-ray spectroscopy (EDX, 
Figure S1, Supporting Information). According to an exten-
sive analysis of TEM images (Figure  2 A and Figure S2, Sup-
porting Information), the Ag shell thickness was calculated to 
increase gradually from 0.4 ± 0.1 to 8.0 ± 0.6 nm on the Au core 
(Figure S3A, Supporting Information), by the addition of 5, 
10, 30, 40, and 50 µL of 0.75 × 10 −3   M  AgNO 3  solution, respec-
tively. A maximum value (8.0 ± 0.6 nm) was observed when the 
volume of AgNO 3  added reached more than 40 µL, due to the 
maximum loading amount of DNA on the Au NP, [ 10 ]  and the 
saturation binding ability of Ag +  to ssDNA. [ 6b ]  In comparison, 
when the cytosine-rich ssDNAs were replaced with the thy-
mine-rich ssDNAs, the Ag shell thickness of the obtained NPs 
was 5.11 ± 0.05 nm (Figure S4, Supporting Information). [ 6b , 11 ]  
Correspondingly, the percentage of Ag element of Au/(DNA-
Ag) core–shell NPs was identifi ed to increase from 20% to 
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  1.     Introduction 

 Chiral metal nanoparticles (NPs) exhibit unique circular 
dichroism (CD) in the plasmonic parts of the spectrum, and 
have gained extensive scientifi c attention. [ 1 ]  The majority of 
plasmonic optically active NPs have primarily been sub-nano-
meter clusters with the protecting ligands capping the metal 
centers during the growth process. [ 1a-c ]  A few studies have 
reported optically active NPs by adsorbing the chiral molecules 
on the surface of naked metal NPs. [ 2 ]  However, their chiroptical 
properties, particularly in the plasmonic regions, are weak and 
vulnerable to environmental conditions, which restrict their 
applications. [ 3 ]  

 Nanomaterials based on DNA nanotechnology are currently 
one of the most dynamic research areas. [ 3a , 4 ]  Following the 
DNA template, a variety of metal nanowires and nanoclusters 
has been formed by the reduction of DNA-complexed metal 
ions. [ 5 ]  Due to the high affi nity between silver ions (Ag + ) and 
DNA, Ag nanoclusters and NPs grown on DNA scaffolds have 
particularly attracted the interest of researchers. [ 6 ]  However, 
the majority of these studies have concentrated on the growth 
of Ag clusters on the DNA template [ 6b,d  ,  7 ]  and their fl uores-
cence features. [ 5d , 6a ]  Markovich and co-workers reported the 
synthesis of Ag NPs on the DNA framework, and observed 
very weak CD signals, while the origin of the chiroplasmonic 
signal was unclear. [ 6e , 8 ]  Our group fabricated shell-engineered 
chiroplasmonic assemblies, and demonstrated that the deposi-
tion of silver shell around the optically active NP heterodimers 
enhanced the plasmonic CD signal. [ 9 ]  However, there are no 
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57.5% as shown by EDX measurements (Figure S1, Supporting 
Information). As shown from the dynamic light scattering 
measurements in Figure S3B, Supporting Information, these 
obtained NPs were stable and well-dispersed without aggrega-
tion. And based on the statistical analysis of bright-fi eld TEM 
images (Figure S5, Supporting Information), the achieved 
Au/(DNA-Ag) core–shell NPs (40 µL of AgNO 3  solution) were 
formed in high yield of 99.21% ± 1.31%, with minimal amount 
of Au NPs remaining as freely suspended colloids.  

 The structures with varying shell thickness, showed 
marked changes in optical activity (Figure  2 B). As the 
Ag shell became thicker, the 400 nm (the peak of the Ag 
plasmon resonance band) absorption peak appeared, and 
became more dominant. [ 12 ]  Synchronously, with their 
varying absorption properties, a large increase in chirop-
tical activity was observed at 413 nm with slightly red shift 
(7 nm) (Figure  2 B). When the thickness of the Ag shell was 
8.0 ± 0.6 nm, the CD signal at 420 nm reached 105 ± 2.3 mdeg, 
with the chiral anisotropy factor,  g,  of the NPs equal to 
1.93 × 10 −2  (Figure  2 C). This is quite impressive for individual 
NPs and the  g -factor value is approximately 1 order of mag-
nitude higher than that of plasmonic or nonplasmonic nano-
clusters or NPs (Table S2, Supporting Information). [ 1a , 2,13 ] ,   It 
is well comparable with one of the highest, obtained to date, 
for NPs assembly systems. [ 4d , 14 ]  

 In order to address the origin of the intense chiroplas-
monic activity of the Au/(DNA-Ag) core–shell NPs, we initially 
tracked the chiroptical response of the components of the 
NPs, following the growth process ( Figure    3  A, B). As shown 
in Figure  3 A, the starting cores of Au NPs were achiral, and 
displayed no chiroptical signature. The Au cores attached to 
DNA (Au NPs-DNA) showed weak chiroplasmonic absorption 
(0.46 ± 0.1 mdeg) appeared only in the range of 500–550 nm, 
due to the induction from electronic “imprinting” of the Au 
core by conjugating DNA. [ 15 ]  And Au NPs-DNA bound with 
Ag +  (Au/DNA-Ag + ) exhibited a similar chiral shape of Au NPs-
DNA in the plamonic region of CD spectrum. All the tested 
cases, before fi nal growth of the Ag shell, showed no plasmonic 
optical activity or weak CD bands at 500–550 nm.  

 To clarify the chiral mechanism of Au/(DNA-Ag) core–shell 
NPs, we performed three control experiments. First, Au–Ag 

core–shell NPs without DNA, which were 
named Au@Ag NPs, were synthesized by 
depositing the Ag shell onto the Au NP core 
(Figure S6, Supporting Information). [ 9 , 12a ]  As 
shown in Figure  3 A, the naked Au@Ag NPs 
showed no chiral absorption at all. Second, 
Au@Ag NPs were functionalized with DNAs 
(DNA 1 in Table S1, Supporting Information), 
and the CD intensity around 400 nm was 
0.9 ± 0.1 mdeg (Figure  3 A). Third, we pre-
pared Ag NPs grown on the DNA template 
without Au core, denoted as DNA-Ag NPs 
(DNA 1 in Table S1 and Figure S7, Supporting 
Information). They showed a weak CD signal 
of 2.5 ± 0.2 mdeg at 428 nm (Figure  3 A), cor-
responding with the early study. [ 6e ]  

 From the results in Figure  3 C,D, it was 
clearly showed that the high-resolution TEM 

(HRTEM) images of Au@Ag NPs (Figure  3 C) were dramatically 
different to those of Au/(DNA-Ag) core–shell NPs (Figure  3 D). 
The Ag shells of Au@Ag NPs had seemingly been epitaxially 
deposited on the Au NP surface and presented uniform single-
crystalline structures with the (111) bare surfaces. [ 16 ]  Compa-
rably, Au/(DNA-Ag) core–shell NPs displayed polycrystalline 
structures and dominated by the (111) facets with a corre-
sponding lattice spacing of 0.23 nm [ 17 ]  (Figure  3 D), where the 
chiral DNAs were embedded in the Ag shells during the growth 
process, and strongly disturbed the epitaxial growth of the Ag 
shells. 

 For further understanding the chirogenesis of Au/(DNA-
Ag) core–shell NPs, the hetero-trimers, denoted as Au-(DNA-
Ag)-Au trimers were also constructed ( Figure    4   and Figure S8, 
Supporting Information). [ 6b ]  As shown in Figure  4 A, the Au-
(DNA-Ag)-Au trimers showed a CD band of 8.43 ± 0.7 mdeg 
at 529 nm located at the position of Au plasmon resonance 
band, which was originated from the prolate shape of NPs 
with a consistent dihedral angle [ 14,18 ]  of Au NP homodi-
mers, and enhanced by the electromagnetic coupling of Au 
NP homodimers and (DNA-Ag) NPs (Figure S9, Supporting 
Information). Following the growth of (DNA-Ag) NPs, a new 
band, positioned at the Ag plasmon band appeared. The CD 
signal at 408 nm was 5.1 ± 0.5 mdeg, which was approxi-
mately 20.6 times lower than that of Au/(DNA-Ag) core–shell 
NPs. The stronger CD intensity of Au/(DNA-Ag) core–shell 
NPs should be attributed to the high amount of DNA in the 
grown shells of Au/(DNA-Ag) core–shell NPs and the core–
shell enhanced electric fi eld produced strong chiroplasmonic 
activity (Figure S9, Supporting Information). The effect of 
high amount of DNA as chiral source is dominant for con-
tributing the strong chiroptical activity for Au/(DNA-Ag) 
core–shell NPs. On the contrary, the small amount of DNA 
in the Au-(DNA-Ag)-Au trimers can only generate weak CD 
intensity though the Au-(DNA-Ag)-Au trimers has higher 
electric fi eld. The HRTEM image of the Au-(DNA-Ag)-Au 
trimers (Figure  4 B) showed that the Ag NPs grown between 
the gap of DNA had a polycrystalline structure dominated by 
the (111) facets (0.23 nm of lattice spacing), which was con-
sistent with the results of optically active Au/(DNA-Ag) core–
shell NPs.  
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 Figure 1.    Schematic illustration for the synthesis of optically active gold core-DNA-silver 
shell NPs.
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 From the result of all the tested cases, therefore, the plas-
monic optical activity of Au/(DNA-Ag) core–shell NPs is likely 
to be attributed to two aspects: (1) The plasmonic CD was 
induced by DNA-plasmon interaction, [ 2a , 18c , 19 ]  including the 
DNA molecule orientation [ 2a , 19b ]  and the embedding of the 
DNA, which is the dominant factor; and (2) the electromagnetic 
coupling and plasmonic oscillation between the core and shell, 
confi rmed by electromagnetic simulation (Figure S9, Sup-
porting Information), further amplifi ed the plasmonic CD, and 
it was consistent with previous reports. [ 4d , 9 ]   

  3.     Conclusion 

 In summary, Au core-DNA-Ag shell NPs with distinctive chi-
roplasmonic performances have been successfully prepared for 
the fi rst time. These novel NPs exhibited very intense CD activi-
ties in the visible range, with the highest  g -factor value reported 
so far for the individual NPs with chiroplasmonic activity. 
Besides, the CD response of the individual Au core-DNA-Ag 
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 Figure 2.    Growth of Au/(DNA-Ag) core–shell NPs with varying shell 
thickness by adding into various volume of AgNO 3  solution. A) Rep-
resentative TEM images of Au/(DNA-Ag) core–shell NPs with AgNO 3  
(0.75 × 10 −3   M ) solution of 5, 10, 30, 40, 50 µL, respectively. B) CD and 
UV–vis absorption spectra of Au/(DNA-Ag) core–shell NPs. C)  g -factors 
of Au/(DNA-Ag) core–shell NPs with varying shell thickness.

 Figure 3.    Chiroptical and geometric properties of Au/(DNA-Ag) core–shell 
NPs and their controls. A, B) CD A) and UV–vis absorption B) spectra of 
as-made Au NPs (Au NPs), Au NPs conjugated with DNA (Au NPs-DNA), 
Au NPs-DNA bound with Ag +  (Au/DNA-Ag + ), Au/(DNA-Ag) core–shell 
NPs, Ag NPs grown on DNA template (DNA-Ag NPs), Ag shell deposited 
on the Au core without DNA (Au@Ag NPs), and Au@Ag NPs functional-
ized with DNA (Au@Ag NPs-DNA), respectively. Inset was the zoomed-in 
CD spectra of A). C,D) Representative HRTEM images of achiral Au@Ag 
NPs C), and optically active Au/(DNA-Ag) core–shell NPs D).
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shell NPs can be controllably manipulated by altering the Ag 
shell thickness. And their plasmonic chirogenesis was also illus-
trated, which was from the induction of DNA-plasmon interac-
tion, and further amplifi cation by the electromagnetic coupling 
of the core–shell structure. These unique optically active NPs 
may open up avenues for biosensing, chiral catalysis, the fab-
rication of “chirophotonic devices,” and other potential appli-
cations. It is also expected that this synthesis approach can be 
extended to other kinds of chiral plasmonic NPs, nonplasmonic 
NPs, and composite NPs.  

  4.     Experimental Section 
  Materials : Tetrachloroauric acid, trisodium citrate, silver nitrate, 

sodium borohydride, poly(vinylpyrrolidone) (PVP), ascorbic acid, and 
4-nitrophenol were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). All chemicals were used as received. Deionized (DI) water from 
a Milli-Q device (18.2 MΩ, Millipore, Molsheim, France) was used 
throughout this work. All glassware was cleaned with freshly prepared 
aqua regia and rinsed thoroughly with DI H2O prior to use. Thiolated 

DNA oligonucleotides purifi ed by poly-acrylamide gel electrophoresis 
(PAGE) were purchased from Shanghai Sangon Biological Engineering 
Technology & Services Co. Ltd. (Shanghai, P.R. China) and suspended in 
DI water to a fi nal concentration of 100 × 10 −6  M . The DNA sequences are 
shown in Table S1, Supporting Information. 

  Synthesis of Au NPs : Two different sizes of Au NPs (20 ± 2.3 nm, 
15 ± 0.8 nm) were used in this study, which were prepared through 
the reduction of HAuCl 4  by trisodium citrate, according to previous 
research. [ 14,20 ]  In brief, trisodium citrate solution (2.0 or 2.2 mL, 1% 
by weight, freshly prepared) was quickly added to a boiling solution of 
HAuCl 4  (100 mL, 0.25 × 10 −3   M ) under vigorous stirring and refl uxed for 
20 min until the color of the solution changed from blue to stable wine 
red. The reaction solution was subsequently cooled to room temperature 
before being stored at 4 °C. 

  Synthesis of Au/(DNA-Ag) Core–Shell NPs : To prepare Au/(DNA-Ag) 
core–shell NPs, as-prepared Au NPs (15 ± 0.8 nm) were added to ssDNA 
(DNA 1 in Table S1, Supporting Information, 2 × 10 −6   M ). [ 5d , 6a,b  ,  21 ]  After 
incubation for 12 h at room temperature, [ 18c ]  the Au NPs-DNA conjugates 
were centrifuged to remove the redundant DNA, and resuspended in the 
original volume of 100 × 10 −3   M  phosphate buffer. Silver nitrate (AgNO 3,  
0.75 × 10 −3   M ) was added to the Au NPs-DNA conjugation solution and 
incubated for 12 h in the dark, at a corresponding volume (5, 10, 30, 40, 
or 50 µL), followed by additional centrifugation to remove excess ions. 
The precipitated pellet was redispersed into a solution containing 0.5% 
of PVP (as a stabilizer), and reduced by 20 µL 0.5  M  of ascorbic acid 
to form core–shell NPs with varying silver thickness. [ 12b ]  The reaction 
solution was shaken for 3 h at room temperature and then centrifuged. 
The precipitate was washed three times and resuspended in 100 µL 
Millipore-Q water. 

  Synthesis of Au@Ag NPs : The Au@Ag NPs were synthesized 
according to the procedures of Au/(DNA-Ag) core–shell NPs described 
above, but without ssDNA and centrifugation which was performed 
to remove excess ions before reduction. The volume of added AgNO 3  
solution for both was 40 µL. 

  Synthesis of DNA-Ag NPs : Silver nitrate (0.75 × 10 −3  M , 40 µL) was 
added to the cytosine rich-ssDNA [ 5c , 6e ]  (DNA 1 in Table S1, Supporting 
Information, 2 × 10 −6   M ) solution with 0.5% of PVP stabilizer. After 
incubation for 12 h at room temperature, reduction was carried by the 
addition of 20 µL of 0.5  M  ascorbic acid and shaking for 3 h. The reaction 
solution was then centrifuged, leaving the precipitated pellet (DNA-Ag 
NPs) resuspended in Millipore-Q water for use. 

  Assembly of Au NP Homodimers and Au-(DNA-Ag)-Au Trimers : To 
prepare the Au NP homodimers, the as-made Au NPs (20 ± 2.3 nm) 
were fi rst functionalized with complementary DNA sequences (DNA 
21 and DNA 22 in Table S1, Supporting Information) in a molar ratio 
of 1:1, respectively. Then we mixed these two conjugated Au NP-DNA 
solutions with 50 × 10 −3  M  NaCl which were incubated for 12 h at room 
temperature. After centrifugation and resuspension, we obtained Au NP 
homodimers. For Au-(DNA-Ag)-Au trimers, an additional process of Ag 
NPs growth between the gap of Au NP homodimers was employed. [ 6b , 21 ]  
Briefl y, silver nitrate (0.75 × 10 −3  M , 40 µL) was added to the pre-
assembled Au NP homodimers solution. After incubation for 12 h in the 
dark at room temperature and removing excess ions, they were reduced 
by 20 µL of 0.5  M  ascorbic acid with 0.5% of PVP stabilizer to form the 
Au-(DNA-Ag)-Au trimers. 

  Electromagnetic Simulations : Computer simulations of electromagnetic 
fi eld were performed using CST Microwave Studio. The propagation of 
excitation beam was defi ned in the  z -axis direction, in which the electric 
fi eld of the light beam was set in the  y -axis direction with initial values 
of 1 V m −1 . The simulated electric fi eld reached values of 52.1 and 
8.87 V m −1  for Au-(DNA-Ag)-Au trimers and Au@Ag NPs, respectively 
(Figure S9, Supporting Information). 

  Characterization : Images were obtained using a transmission electron 
microscope (JEOL JEM-2100) operating at an acceleration voltage 
of 200 kV. The size distributions were measured using a Zetasizer 
Nano ZS system (Malvern) with a 633 nm laser. All UV–vis results 
were acquired on a UNICO 2100 PC UV–vis spectrophotometer and 
processed using Origin Lab software. Chiral spectra were obtained by 
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 Figure 4.    Chiroptical and geometric properties of Au-(DNA-Ag)-Au 
trimers and their controls. A) CD and UV–vis absorption spectra of Au-
(DNA-Ag)-Au trimers, and their controls. B,C) Representative HRTEM 
B) and TEM C) image of Au-(DNA-Ag)-Au trimers.
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MOS-450/AF-Circular dichroism. Energy dispersive X-ray spectroscopy 
(EDX) spectra were carried out using a Tecnai G2 F20 S-Twin electron 
microscope, equipped with an electron beam monochromator and 
energy dispersive X-ray spectroscopy. 

  Calculation of the Anisotropy Factor (g-Factor) : The anisotropy factor 
was calculated as,  g  = Δ A / A  =  θ  [mdeg]/(32980 ×  A ),  θ [mdeg] and  A  were 
the chiral intensity of samples and the corresponding absorption. [ 1a ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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