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ABSTRACT: The synthesis of discrete nanostructures with a strong, persistent, stable plasmonic circular dichroism (PCD)
signal is challenging. We report a seed-mediated growth approach to obtain discrete Au nanorods with high and stable chi-
roptical responses (c-Au NRs) in the visible to near-IR region. The morphology of the c-Au NRs was governed by the concen-
tration of I- or d-cysteine used. The amino acids encapsulated within the discrete gold nanostructure enhance their PCD sig-
nal, attributed to coupling of dipoles of chiral molecules with the near-field induced optical activity at the hot spots inside the
c-Au NRs. The stability of the PCD signal and biocompatibility of c-Au NRs was improved by coating with silica or protein
corona. Discrete c-Au NR@SiO: with Janus or core-shell configurations retained their PCD signal even in organic solvents. A
side-by-side assembly of c-Au NRs induced by l-glutathione led to further PCD signal enhancement, with anisotropic g factors

as high as 0.048.

Molecular design of nanoplasmonics beyond the topological
control has been regarded as a big challenge.[1-4] Espe-
cially, the columbic dipole-dipole interaction between plas-
monic metal nanoparticles (NPs) and chiral molecules in-
duces unusual circular dichroism (CD) in the vicinity of the
surface plasmon resonance (SPR) frequency of metal NPs,
which is termed as plasmonic CD (PCD).[5] Tuning the SPR
of plasmonic nanomaterials can make CD to realize from UV
to visible region, even near-IR region, as it is known that the
absorption peak of biomolecules are localized in the UV re-
gion. Traditionally, there are two different routes of induc-
ing PCD; 1. Adsorbing chiral molecules on the single metal
NPs[6-8]; 2. self-assembly of metal NPs with chiral mole-
cules [9, 10]. In the latter route, chiral molecules are situ-
ated on the hot-spots, in which the electromagnetic field (EF)
significantly amplifies the PCD signal. The mechanism for
molecular chirality inducing PCD is partially due to the in-
duced chiral current on the surface of metal NPs.[11] Mean-
while, SPR reciprocally influence chirality of biomolecules
in the UV region by changing the angle between their elec-
tric and magnetic dipoles.[6] That is well-known theory for
demonstrating the chiroptical systems through Coulomb di-
pole-dipole interaction between metal NPs and biomole-
cules.[10] PCD reporters recently have been designed in the
form of core-molecules-shell nanostructures, in which en-
hanced EF in the interior gap largely interacts with dipole
of molecules.[12-14] Additionally, the size of gap and metal

elements sensitively affect PCD as the extra enhanced EF is
relied on the strong coupling between core and shell.[12,
13]

Hot-spot-mediated PCD has already made great achieve-
ments. However, those traditional PCD reporters are not
stable under harsh conditions and over extended time. As a
result, the dipole of chiral molecules hardly jump transfer
to nearby achiral molecules/SPR through space.[15, 16] Os-
tovar Pour et al. have demonstrated the chiroptical prop-
erty of D/L-ribose is transferred to noncovalent dyes in the
presence of SPR of Ag.[15] It has been noticed that silica
shells block chiral molecules directly contact with plas-
monic metal NPs and dyes. Chiral molecules still imprint
their chiral information to achiral dyes by way of nanoplas-
monics. Zhu et al. recently observed induced chiral current
in the gold NRs when chiral quantum dots (QDs) localized
near the surface of gold NRs, in which chiral QDs were gen-
erated by the Coulomb interaction between excitons and di-
pole of L-glutathione.[17] Dipole of chiral molecules can in-
teract with SPR although they are separated by excitons of
semiconductor NPs. They have offered a new and innovate
way to design molecular nanoplasmonics.

Herein, we demonstrate a novel synthetic approach to ex-
tend LSPR-CD of gold-molecules-gold nanostructures (GMG
NSs) to near-IR region, and also investigated circularly po-
larized luminescence (CPL) of nonchiral dyes near the GMG



NSs. GMG NSs achieved a larger PCD response using dis-
crete and monometallic nanostructure. The durability and
stability of PCD reporters get enhanced in the discrete
nanostructure since the chiral dipoles are protected in the
hot-spots. It leads us to deeply research on the interaction
between the dipoles and excitons in complex architectures.

Results and Discussions:
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Figurel: (A) TEM images of as-prepared GMG NSs in the
different concentration of L-Cys (A1: 20 ul 10-*M; A2: 10 ul
10-4M; A3: 5ul 10-#M; A4: 20 ul 10-5M; A5: 20 ul 10-°M; A6:
20 ul 10-7M) UV-vis spectra (left) corresponding to CD spec-
tra (middle) and TEM images (right), respectively.

Red-shift SPR of gold nanorods (NRs) to near-IR region
(recognized as water window from 800 to 1,200 nm), so far
which is one challenge task. If light needs to penetrate
deeper in biological tissues, it is necessary to overcome the
absorbance by the chromophoroes and water in the visible
region. Liz-marzan et al. and many other groups have pre-
pared multi-branched gold nanostars by seed-mediated
growth method to red shift SPR of gold nanoparticles (NPs)
for biophotonics.[18, 19] Seed-mediated growth approach
is one effective approach to synthesize complicated
nanostructures, while there are many factors controlling,
such as the intrinsic properties of seeds and adatoms (e.g.,
lattice mismatch), the selectivity of surfactants, and the re-
action kinetics.[20-22] We have developed this synthetic
technique by using two separated growth stages for over-
growth of gold NRs, which is helpful for us to study the over-
growth mechanism and origin of PCD. UV-vis spectra and
Transmission electron microscopy (TEM) image of original
gold NRs can be seen in the Figure S1. Gold NRs with LSPR
at 730 nm have been obtained by our previous literature,
the concentration of gold NRs is estimated around 10-° M. In
the first growth stage, the synthesized gold NRs are incu-
bated for 90 min into the solution including few of Au3+ (0.1
ml, 1 mM), ascorbic acid (reducing agent: AA, 0.475 mL, 0.1
M), different concentration of L/D Cysteine (L/D-Cys),
cetyltrimethylammonium chloride (CTAC) (4 ml, 40 mM).
Certain amount of Au3* (0.1 ml, 10 mM) are added in the
second growth stage allowing the formation of final GMG
NSs and the controllability of PCD.

To clarify the growth and their corresponded chirality
mechanism of GMG NSs, we conducted several controlled
experiments in the different concentration of L/D-Cys. We
noted an optimal range of L/D-Cys concentration for chiral-
ity response of GMG NSs. Cyc concentration higher than xx

M led to the aggregation of GMG NSs. PCD disappears when
the cyc concentration is lower than 20 pL 107 M since the
induced chiral current in GMG NSs has been blocked by its
thickness, named shielding effect or screen effect.[23] TEM
images from Figure (1, A1) to Figure (1, A6), morphology
evolution of GMG NSs from gold nanostars to fat gold NRs
as decreasing the concentration of Cys. EDX mapping (Fig-
ure S2A to S2C) taken from Sample 1A1 reveals that distri-
bution of Au shells further surface-adsorbed Cys adsorbed
between the Au cores and Au shells. The lattice fringes with
distance of 0.235 nm were measured by high-resolution
TEM images can be designed to the (111) planes of Au (Fig-
ure S2D). SAED (inset in figure S2D) suggest that the crys-
tallinity of GMG NSs. At the highest concentration of Cys
(above 10-4 M), more gold nanospurs are induced on the
surface of gold NRs resulting red-shift of LSPR to 1,100 nm.
Their LSPR-CD also can extend to the near-IR region but
there is limitation of detection in our CD spectrometer be-
yond 900 nm. As concentration of Cys decreased, size and
tips of gold spurs decreased until they disappeared at low-
est concentration (around 107 M). In Figure 1B, LSPR peak
of GMG NSs blue-shift and TSPR of peak red-shift when con-
centration of Cys decreased. PCD of GMG NSs confirm the
same shift rules although the intensity of PCD is largest in
the middle concentration of Cys in Figure 1C.
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Figure 2 TEM images of growth kinetics of GMG NSs in the
presence of 20 ul 10 M L-Cys in the second growth stage.
(A) 0 min; (B) 1 min; (C) 3 min; (D) 15 min. (E) UV-vis and
(F) CD spectra of growth kinetics of GMG NSs in the pres-
ence of 20 ul 10-* M L-Cys.

Furthermore, we have initially tracked the growth process
through TEM, and UV-vis/CD spectroscopy recorded at dif-
ferent growth stages (Figure 2 and Figure S3), which can
help us to address the origin of intense chiroplasmonic be-
havior of GMG NSs and deep clear the growth mechanisms.
As shown from Figure 2A to Figure 2D, the second growth
stage starts from merging of Au nanodendrites to gold nan-
ospurs, where Au nanodendtrites were formed in the first
stage in the presence of 20ul 10-M of L-Cys. More and larger
gold nanospurs are grown at the surface of gold NRs along
the growth process. It is confirmed in Figure 2E that red-
shift of TSPR absorption with 16 nm (from 520 nm to 536
nm) and red-shift of LSPR absorption with 382 nm (from
718 nm to 1100 nm) due to size of nanospurs increases to-
wards longitudinal direction. Chiral optical behavior has
been in-situ monitored through CD spectra in Figure 2F,
TSPR-CD with a negative position at 596nm and LSPR-CD
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red-shift with a positive value (beyond the limitation of CD
spectrometer (200-900 nm)). On the contrary, gold ada-
toms preferred to grow on the surface of gold NRs along the
transverse direction in the concentration of 20 ul 10-¢ M Cys
(Figure S3). There is no nanodentrites formation in the first
growth stages (Figure S3A). Transverse size of gold NRs
gradually increased although few gold nanospurs are in-
duced at the tips of gold NRs. Therefore, Intensity of TSPR
absorbance increased and red-shift from 524 nm to 597 nm
as well as the intensity of LSPR increased and red-shift from
708 nm to 751 nm in Figure S3E which is confirmed by the
TEM images from Figure S3A to Figure S3D. Intensity of
TSPR/LSPR-CD also increased with the time since SPR
property is relationship to their size (Figure 3F).
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Scheme 1: Synthesis of GMG NSs in the different concentra-
tion of L/D-Cys through seed-mediated growth approach.

These characterizations revealed a correlation between the
concentration of Cys and the final nanostructure. We have
proposed that there are two kinds of Cys in this system in-
cluding Cys were adsorbed on the surface of gold NRs (sur-
face-adsorbed Cys) and left Cys were distributed into the
solution (solution-dispersed Cys). Concentration of surface-
adsorbed and solution-dispersed Cys dominates interfacial
energy which governs the growth process. (seen Scheme 1)
Facets occupied by ligand binding are less exposed and thus
decrease the diffusion rate (Raiff) to inhibit the growth
rate.[24] Previous report revealed that zwitterionic groups
can block the longitudinal mode growth and promote the
overgrowth along transverse direction due to the Cys pre-
ferred to adsorb at the tips of gold NRs.[14] There are two
key parameters playing role of growth process, surface-ad-
sorbed Cys through strong chemical bond inhibit Rai of gold
adatoms and Thiloate-Au (I) complexes decreasing the dep-
osition rate (Raep) of Au (I) ions by AA since these complexes
with lower reduction potentials are much more stable. In
the highest concentration of Cys (above 10-*M of Cys), Rdep
is much larger than Rairr while both Raep and Ruifr are slower.
Muti-nanospurs were generated since there are new gener-
ated gold nanodentrites in the first growth stage. The gold
nanodentrites are merged into gold nanodots which are
used as acting catalysts to improve Rqep of Au(0) in the sec-
ond growth stage. In the middle concentration of Cys (from
20 ul 10->M to 20 ul 10-¢ M), less Cys occupy the surface of
gold NRs leading to Ruirf increase more than Raep, therefore,
gold adatoms grow along the transverse mode as well as

less gold nanospurs. Fat nanorods were obtained in the low-
est concentration of Cys (at the concentration of 20ul 10-
M), Raitr dominates the growth process of Au adatoms re-
sultant Au adatoms only grow along the transverse direc-
tion. As a result, intensity of TSPR-CD increased and its po-
sition red-shift, meanwhile, position of LSPR-CD blue-shift,
when decreasing the concentration of Cys.
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Figure 3 (A) UV-vis spectra of GMG NSs (synthesized in the
presence of 20 ul 10-5 M Cys) , GMG NSs@Rodamine B, Ro-
damine B; (B) CPL of GMG NSs@Rodamine B (upper) and
CPL of GMG NSs@Rodamine B (bellow) (C) Schematics of a
GMG nanostructures functionalzied with Rodamine B. (D)
PCD of GMG NSs jump transfer to Rodamine B through cou-
lombic interactions. CPP: circularly polarized photons.
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There are still doubts about the role of surface-adsorbed/
solution-dispersed Cys for the PCD enhancement. Therefore,
we firstly set up one experiment so as to remove the excess
Cys in the solution after the first growth stage. PCD kept it
well maintained the same as no centrifugation in the Figure
S4A revealing that surface-adsorbed Cys can imprint their
CD to the whole GMG NSs. However, the profile of PCD in-
versed when D-Cys was added into the second growth solu-
tion after centrifugation (Figure S4B), suggesting that solu-
tion-dispersed D-Cys endowed their CD to GMG NSs as well
as neutralized the PCD resulted from the surface-adsorbed
L-Cys. PCD has also been induced without the first growth
stage, in which overgrowth process of gold NRs without in-
cubation (Figure S5). It further proves that solution-dis-
persed Cys can induce the PCD enhancement. Hot-spot me-
diated exciton-plasmon interaction has been investigated
around several orders of magnitude PCD enhancement
when chiral molecules localized inside the nanochains.[25]
In this manuscript, surface adsorbed-Cys were embedded
between the core and shells and solution-dispersed Cys
were embedded into the shells which drive PCD enhanced
largely upon molecular dipolar field and external SPR fields
at the hot-spots.

CPL provides luminescence details upon left-handed and
right-handed circularly polarized photons, which breaks
the symmetric emission of the excited state of chiral molec-
ular systems. CPL is sensitive to the asymmetric electron
transition in the dyes, a CPL spectrum shows us the chirop-
tical property of transition electron emission state in the
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dyes near PCD reporters. Although CPL is quite useful in the
sensing, and circularly polarized light sources, research on
CPL behavior of chiral nanoplasmonics got few been no-
ticed as traditional PCD reporters are not durable and sta-
ble for longer time.[26] Chiral plasmonic systems of Ag NPs
capped a dihydrolipoic acid (DHLA) were firstly used to in-
vestigate CPL activity by Kumar et al. due to their high sta-
bility, anisotropy factor and emission quantum yield.[27]
The discrete GMG NSs shows certain durability and stability
in the strong basic and acidic conditions (Figure S3), which
allow us to further study the interaction between dipole of
PCD reporters and excitons of achiral dyes. LSPR of GMG
NSs functionalization with Rodamine B is a little red-shift
and broaden (Figure 3A), and mirror CD spectra still is well
maintained although they have a little shift (Figure S7), re-
vealing that Rodamine B localized near the surface of GMG
NSs due to LSPR of GMG NSs is sensitive to the dielectric
constant of surrounding materials. Figure 3B upper shows
mirror polarized luminescence corresponding to the emis-
sion spectra of Rodamine B, with two peaks at 576 nm and
at 525 nm for the GMG NSs functionalized Rodamine B. PCD
destroyed symmetric emission states of Rodamine B via
coulomb interactions of plasmon-excitons. Chirality in the
L/D-Cys most indirectly responsible for chiroptical prop-
erty in emission states. Value of luminescence anisotropy
factor (gum=0.0178) calculated by the equation 2(IL-
IR)/(IL+IR), which have matched well with quantitative
PCD responded from GMG NSs (g factor=0.022).[28, 29] IL
and IR are the luminescence intensity of GMG NSs function-
alized Rodamine B under the irradiation of left-handed and
right-handed circularly polarized photons, respectively. In
the Figure 3D, well-known Coulomb interaction induces the
chiral current inside the metal nanostructures which ex-
plains well for the appearance of PCD. Thus, coulomb inter-
actions between the GMG NSs and Rodamine B would lead
to asymmetric electron transition inside Rodamine B. Elec-
tromagnetic field resulted from the induced chiral current
can destroy the asymmetry ground states/ excited
states of Rodamine B. The CD band of Cys at 206nm and
261 nm is now strongly coupled with the SPR of metal NPs
which induced chiral nanoplasmonics at the visible range.
PCD continuously amplified the interference of incident and
induced fields of achiral dyes. The first effect comes from
enhancement of electric field in the chiral molecule and
from Coulomb interaction between a chiral molecule and a
nonchiral plasmonic nanostructure. The second effect orig-
inates from the giant enhancement of asymmetric electron
transition in the energy states of the near dyes via Coulomb
interactions.

Conclusions:

To sum it up, we have investigated the controllability of PCD
in the discrete GMG NSs. Surface-adsorbed Cys and solu-
tion-dispersed Cys not only play the critical role in the mor-
phology control of GMG NSs but also in the PCD enhance-
ment since both kinds of Cys are distributed into the hot-
spots. Unlike other chiral systems, GMG NSs also give rise
many additional unique features. For example, the discrete
nanostructures are quite high durability and stability in the
tough conditions. Interestingly, chiral molecules have im-
parted their chiroptical properties to non-covalent achiral
dyes via chiral plasmon reporters. Symmetric emission

states of achiral dyes have been destroyed via exciton-di-
pole Coulomb interactions in the discrete GMG NSs. There-
fore, the CPL of novel hybrid nanostructures offer the glori-
ous future in the chemistry, materials, and physical fields.

Methods & Materials:

Hexadecyltrimethylammonium bromide (CTAB) and hexa-
decyltrimethylammonium chloride (CTAC), gold(III) chlo-
ride hydrate (chemical formula), L/D-cysteine (L/D-Cys), L-
ascorbic acid (AA), AgNOs, rodamine B, HCL(37%), and so-
dium borohydride (NaBH4) were purchased from Sigma-Al-
drich used as received.

Synthesis of gold nanorods:

Gold nanorods were prepared by the seed-mediated growth
approach. 10 mL solution of 100 mM CTAB containing 250
pL of HAuCls (10 mM) was injected 600 pL of 10 mM NaBHa.
This made seed solution was placed quietly at room tem-
perature for 2 h. Growth solution was prepared by adding 2
ml of HAuCL4 (10 mM), 75 ul of AgNO3 (10mM), 0.32ml of
AA (0.1M), and 0.8ml of HCL (1.0 M) into 40ml of CTAB so-
lution (0.1 M). Then 96 puL of the synthesized seed solution
was added to the growth solution, which was placed quietly
at room temperature for 6 h. Finally, the as-prepared gold
nanorods were centrifuged twice in water (8000 rpm for 20
min) and redispersed in the same volume of 80mM CTAC
for next overgrowth process.

Synthesis of GMG NSs:

Single-crystalline GMG NSs were synthesized as following
procedures. To fabricate GMG NSs, different concentration
of L/D-Cys added in to 4.575ml 40mM CTAC solution con-
taining 0.02 mM HAuCl4 and 0.01M ascorbic acid (AA). As-
synthesized Au NRs were added and gently shake for sev-
eral seconds. Incubate for 90min to allow for the sys take
the new Au nanoseeds generated by AA to surface of gold
nanorods through thiol-Au chemical bond. Then, 100ul
10mM Au precursor HAuCl4 was added. After two hours,
the produced GMG NSs was washed twice, collected via cen-
trifugation and finally stored into 5 ml water solution.

Conjugation of dye to GMG NSs

10 ml 102 M rodamine B was added respectively into two
vials of 1 ml GMG NSs fabricated in the presence of 20 ul 10-
5M L/D Cys and incubated overnight, Samples are stored
into 500 ul water solution after centrifugation for CD and PL
measurements

Spectroscopic Measurements.

Optical characterization was conducted using an Agilent
8453 UV-visible spectrometer.

All CD spectra were measured by using a commercially
available spectropolarimeter (JASCO, J-810) for the L-GMG
NSs and D-GMG NSs samples solution in a cuvette. The opti-
cal path of sample cells is 10 mm for recoding CD spectra.
The Raman spectra of samples solution was collected
through a Leica microscope equipped with a confocal Ra-
man spectroscopic system (Renishaw InVia) and a 785 nm
laser excitation source.



The photoluminescence spectra of samples are measured
by the Horiba Raman equipped with 1/4 waveplate under
irradiation of 488nm laser.

Nanostructure Characterizations.

Conventional TEM images were acquired with a JEOL JEM
1010 microscope operated at 100 kV. HRTEM characteriza-
tion is conducted by a transmission electron microscope
(JEM-2010) operated at 7?? kV.
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