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ABSTRACT

Chiral plasmonic nanomaterials exhibiting intense optical . / o ol @ - - Gonra
activity are promising for numerous applications. In order to 9@@ B . ol “ »
prepare those nanostructures, one strategy is to grow vﬁ o éo‘ éo” y>C— = et
metallic nanoparticles in the presence of chiral molecules. ¢ * @ s\x““"e“\o
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propose another vision of the origin of chirality in such e"s@% h o ‘\[,’S\Mc\‘“(m
colloidal systems. For that purpose, we investigated the * Wavelength (nm) “ Wavelength (am) *

synthesis of two core-shell Au@Ag and Au@Au systems built from gold nanobipyramid cores, in presence of cysteine. The
obtained nanoparticles possess uniform shape and size and show plasmonic circular dichroism in the visible range, and were
characterized by Electron Microscopy, Circular Dichroism and UV-Vis-NIR spectroscopy. Opto-chiral responses were found to
be highly dependent on the morphology and the plasmon resonance. It revealed (i) the importance of the anisotropy for
Au@Au nanoparticles and (ii) the role of the multipolar modes for Au@Ag nanoparticles on the way to achieve intense
plasmonic circular dichroism. The role of cysteine as shaping agent and as chiral encoder was particularly evaluated. Our
experimental results, supported by theoretical simulations, contrast the hypothesis that chiral molecules entrapped in the
nanoparticles determine the chiral properties, highlighting the key role of the outmost part of the nanoparticles shell on the
plasmonic circular dichroism. Along with these results, the impact of enantiomeric ratio of cysteine on the final shape
suggested that the presence of a chiral shape or chiral patterns should be considered.

keywords: Chirality, Plasmon, Metal nanoparticles, Bipyramids, Core-shell

If chemists traditionally deal with chirality for organic molecular compounds, the community shows an increasing interest
in chiral inorganic nanostructures.’3 Indeed, in addition to take part in fundamental understanding of chirality concept,
studies of chiral inorganic nanostructures lead to unique properties of materials —e.g. high optical activity with circular
dichroism (CD) response— with concrete and direct applications in the fields of catalysis, (bio)sensing and photonics. In this
context, plasmonic chiral nanostructures appear as excellent objects of investigation as highlighted by recent reviews.*° The
scientific community often distinguishes intrinsic chirality when the metal nanostructure exhibits a chiral geometry from
induced chirality when chiral molecules are coupled to plasmonic NPs.

Thus, top-down and nanofabrication methods have enabled the preparation of plasmonic nanostructures with intrinsic
chirality, 011 while the grafting of chiral compounds onto pre-formed plasmonic NPs has shown coupling effects leading to
CD response in the plasmon resonance region.'23 Colloidal assemblies of plasmonic nanospheres and nanorods thanks to
chiral linkers (like DNA or amino acids) has been also extensively reported to promote both intrinsic and/or induced chirality.
14-17

Another strategy to address chiral plasmonic NPs is to control the growth of metal NPs in presence of chiral molecules. By
this way, Ki Tae Nam and coll. have demonstrated for the first time in 2018 the colloidal synthesis of gold NPs with
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unambiguous chiral geometry by a seed-mediated growth method with cysteine and glutathione.8 Then, and through several
studies and reviews, they have discussed the high potential of their chiral AuNPs (with high g-factor values up to 0.2-0.3 in
suspension) and the chirality transfer mechanism during the growth of the octahedral seeds.*-2 Since then, other seed-
mediated growth methods have been reported leading to plasmonic NPs with apparent chiral geometry from gold
nanorods,?223 nanooctopods?* or nanoplates.2> However, in such strategy chirality can also be observed even without an
obvious chiral shape. In 2007, two possible origins were proposed by Avnir and co-workers2® for the chirality in polycrystalline
metal powders doped with chiral biomolecules: (i) the presence of metal cavities and surfaces chirally imprinted (intrinsic
chirality); (ii) the interaction between the metal and the entrapped chiral biomolecules (induced chirality). The hypothesis of
chiral footprints was later confirmed in palladium nanopowder?’ and platinum layer?3 retaining chiral properties even after
removal of the chiral template molecules.

In the case of plasmonic NPs prepared by seed-mediated growth method, induced chirality related to chiral molecules
entrapped at the core-shell interface or embedded in the metallic shell is often proposed. For instance, spherical Au@Ag
core-shell NPs, entrapping DNA2° or cysteine3® within nanogaps at the Au core-Ag shell interface, have shown large CD signals.
The same authors have later reported Au@AuAg yolk—shell nanorods with chiral penicillamine inside the nanogaps.’!
Anisotropic gold cores and entrapped cysteine have been particularly studied for preparing new chiral plasmonic NPs, like
Au@Cys@Ag nanorods,3? starfruit-like AuNPs,33 overgrown Au nanorods with one or two spikes,3* or more recently like Au
nanobipyramids coated by silver.3> In these systems, the chirality is induced by strong coupling effect between the plasmonic
nanostructures and the chiral molecules through local electromagnetic field enhancement (in nanogaps or “hotspots”).

Despite the recentimportant work devoted to this field, the understanding of the origin of chirality in such systems remains
fragile3® and we propose a full investigation to bring a different vision of the origin of chirality in such core-shell systems.
Based on our previous work3’ describing the synthesis of gold pentatwinned nanostructures with a fine control of the
particles’ shape, size and plasmonic properties, we propose a strategy through the controlled overgrowth of gold
nanobipyramids (AuBPs) into well-defined pentatwinned Au@Ag and Au@Au NPs, in presence of cysteine. Our approach
allows high homogeneity in shape and size, which appears to be decisive to obtain strong CD signal and to understand the
origin of chirality. We present herein a complete study of the impact of cysteine enantiomers on the morphology and the
optical properties (absorption and CD) showing that the CD response is highly dependent on the plasmon resonance modes,
as also confirmed by our computational complementary analysis. The synergistic experimental and computational studies
allow a deep discussion about the role of cysteine in the origin of chirality in these nanomaterials.

RESULTS AND DISCUSSION

Preparation and morphology of AuBP@Au and AuBP@Ag nanoparticles. Pentatwinned gold bipyramids (AuBPs)
were employed as core in a seed-mediated growth method in presence of cysteine (Cys) as chiral encoder to obtain
AuBP@metal nanoparticles with different shell compositions (Au/Ag), shapes and optical chirality properties. Having highly
monodispersed AuBPs was crucial for preparing homogeneous overgrowth NPs with an intense opto-chiral response. To
synthesize the AuBPs, a protocol developed recently by our group was used.3738 This method allowed us to obtain highly
monodispersed AuBPs, in a high concentration ([Au3*] = 15 mM), with a shape purity above 95%. Two different sizes of AuBPs
were synthesized to be used as core (see Paragraph S.1).

The first AuBPs batch, namely AuBP84, presented a L-LSPR centered at 800 nm and a T-LSPR at 511 nm (Figure S1a) with a
ratio between L-LSPR and T-LSPR bands intensities of 7. Transmission electron microscopy (TEM) statistics over 200 particles
showed for AuBP84 a length of 84 + 6 nm and a width of 26 + 2 nm (with an aspect ratio of 3.2) (Table T1 in the Supporting
Information). The second AuBPs batch, namely AuBP140, presented a L-LSPR centered at 940 nm and a T-LSPR at 512 nm
(Figure S1b), with a ratio between L-LSPR and T-LSPR intensities of 8. TEM statistics showed for AuBP140 a length of 140 + 8
nm and a width of 36 + 3 nm (with an aspect ratio of 3.9) (Table T1). Combining inductively coupled plasma (ICP) and extinction
measurements, we experimentally found the molar extinction coefficient at 400 nm for both batches, similarly to what has
been done for AuNRs.3° The total surface, volume, and number of AuBPs for a given Au® concentration were then calculated
with the help of TEM images (Table T2 and Figure S2 in the Supporting Information).

The synthesis route for the AuBP@Ag was adapted from the protocol reported by Zhuo et al., which was initially developed
for the preparation of AgNRs starting from AuBPs.“? In this reaction Ag(l) chlorine-surfactant complex is reduced using
ascorbic acid (AA) in presence of CTAC on the surface of AuBPs core.
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Figure 1. (a) Scheme representing the different strategies used for the preparation of the core-shell NPs, (b-g) TEM images of
the obtained nanostructures in each condition. (b) AuBP140@AgNRs synthesized in absence of Cys. (c) AuBP140@Ag
synthesized at 1 uM of Cys. (d) AuBP140@Ag synthesized at 5 uM of Cys. (e) Pentatwinned gold bipyramids AuBP84.
(f) AuBP84@Au synthesized in absence of Cys. (g) AuBP84@Au synthesized at 10 uM of Cys. (h) SEM image of AuBP140@Ag
synthesized at 20 pM. In the inset a TEM image showing the pentatwinned structure of the silver shell. (i) SEM image of
AuBP84@Au synthesized at 10 uM of Cys
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In order to form AuBP@Au we used another protocol that takes inspiration from the synthesis of starfruit-like nanoparticles
starting from AuNRs.33 In this case AA is used to reduce Au(lll) in presence of CTAB to form Au(l) bromide-surfactant complex.
The Au(l) in the complex is reduced to Au® by the excess of AA on the surface of AuBPs in presence of Ag(l) as a shaping agent.
In both cases, Cys was used as chiral encoder due to the ability to easily bind to Au surface through its thiol group.

It was observed that the presence of Cys in the reaction mixture led to radical change in the shells morphologies for both
AuBP140@Ag and AuBP84@Au. The impact of Cys on the shape was then further studied for both systems (Figure 1a). For
AuBP140@Ag system, when no Cys was present in the reaction mixture, some well calibrated AuBP140@AgNRs were formed
as expected (Figure 1b). At 1 uM Cys in the reaction mixture, the silver shell growth direction was completely reversed. The
analysis of the final length (142 + 8 nm) in the TEM images (Figure 1c) showed that the silver deposition along the longitudinal
axis was completely suppressed in favor of a deposition on the side of the AuBPs (final aspect ratio of 1.9). The nanoparticles
showed regular edges on the tips, while a certain degree of irregularity was present on the sides. Increasing Cys concentration
([Cys]) in the reaction mixture led again to a change in the synthesized nanoparticles morphology. While at 1 uM Cys a
truncated rod-like structure was formed, at 5 uM Cys the Ag deposition on the side was enhanced as shown in Figure 1d (final
aspect ratio of 1.4). TEM analysis confirmed the 5-fold symmetry of the metallic shell (Figure 1h) as observed for the
pentatwinned core. Further increase of [Cys], i.e. from 5 uM to 100 uM, did not bring any change in the nanoparticles
morphology. Similar shaping effect was observed in presence of Cys,333> using different thiolated molecules*! or DMSQ%243
to control the final morphology of the metallic shell. However, the low [Cys] necessary to provoke a change in morphology (1
UM, with [Cys]/[Ag] =1-103) lead to the assumption that Cys is playing a role by binding on the Au® surface, rather than
influencing other species in solution. We assume that Cys binding through the thiol group to the AuBPs surface is altering the
growth kinetics.

A similar impact of Cys on the morphology was also observed when a Au shell was deposited around the AuBP84. When
no Cys was present in the reaction mixture, the final structure showed a length of 167 + 27 nm. Compared with the length of
the AuBP84 (84 + 6 nm), a predominant growth along the longitudinal axis is demonstrated. These irregular structures recall
the morphology of nails (presence of heads and tips) with evident signs of anarchic growth (Figure 1f). At 10 uM Cys, the
deposition of the metal shell was predominant on the side, forming gnocchi-like nanoparticles with a wavy lateral surface
and well-shaped facets on the tips (Figure 1g). Electron microscopy analyses (SEM, TEM and HRTEM) also confirmed that in
this case the shell preserved the pentatwinned structure of the AuBPs (Figure 1i). Statistical analysis showed a length of 97 +
5 nm, evidencing a few nanometers deposition on the AuBPs tips (final aspect ratio of 1.8). The presence of Cys permitted
also to retrieve a uniformity in nanoparticles size and shape. Increasing [Cys] from 5 uM to 20 uM did not lead to appreciable
changes in the overall morphology. Similar overgrown nanostructure is obtained by combining different surfactants** or using
Cys and glutathione to prevent overgrowth along the longitudinal axis starting from AuNRs.*> The formation of a wavy lateral
surface observed in our gnocchi-like nanoparticles is similar to the arrow-like nanostructure formed starting from AuNRs.46
In the same study, it was found by Wang et al. that Cys is active on the formation of the wavy lateral surface. The strong Au-
S formed on the surface in presence of Cys is slowing the metal deposition rate and thus inducing a thermodynamic controlled
growth with formation of more stable prismatic facets on the side. When a different size of AuBPs core was used, the same
shaping effect in presence of Cys was found for both AuBP84@Ag and AuBP140@Au (Figure S3).

Spectroscopic characterization. When Cys was employed, a blue-shift of the L-LSRP was recorded in the extinction
spectra for both AuBP84@Au and AuBP140@Ag (Figure 2a,b), reflecting the lower aspect ratio observed by microscopy. For
AuBP84@Au the L-LSPR was shifted from 800 nm toward 600-630 nm (5 uM to 40 uM Cys) (Figure 2a). In a similar way, in
AuBP140@Ag the L-LSPR was shifted from 940 nm toward 580-670 nm (1 uM to 100 uM Cys) (Figure 2b).

Along with the changes in the extinction spectra, when Cys was used an intense plasmonic circular dichroism (PCD) was
detected for both systems (Figure 2c,d). For AuBP84@Au, at 5 uM Cys abisignate peak appeared (Figure 2c). The positive
band between 500 nm and 600 nm was attributed to the T-LSPR, while the negative band between 600 nm and
700 nm was attributed to the L-LSPR. Increasing [Cys] to 10 uM provoked a reduction of the g-factor. When 20 pM Cys was
used the shift of the negative band between 600 nm and 650 nm was associated to the shifts of L-LSPR in the extinction
spectra (Figure 2a). When 40 uM Cys was used, a negative peak appeared at 374 nm. We attributed this peak to a previously
reported chiral Cys-Au(l) complex, formed as a result of the excess of Cys able to react with available Au(l) in solution.3347

For AuBP140@Ag, the g-factor spectra (Figure 2d) changed with different [Cys], partly due to the change in the extinction
spectra caused by the different morphologies. In the spectrum of AuBP140@Ag (Figure 2d), when 1 uM Cys was employed
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Figure 2. Effect of Cys concentration on the optical response. (a,b) Normalized extinction spectra of (a) AuBP84@Au and (b)
AuBP140@Ag obtained at different Cys concentrations. (c,d) Calculated g-factor of (c) AuBP84@Au and (d) AuBP140@Ag
obtained using different concentrations of Cys.

six broad bands with a relative low intensity were observed. When [Cys] was set from 5 uM to 20 uM, a predominant
contribution in the spectrum appeared at 380 nm. When [Cys] was further increased to 100 uM, even if no relevant changes
appear on the extinction spectra, the g-factor was observed to decrease.

For both AuBP140@Ag and AuBP84@Au systems when enantiomeric pure D-Cys or L-Cys (Figure 3a,b) was used, no
difference on the extinction spectra was recorded. The CD spectra, instead, showed a mirror signal depending on the
enantiomer used, confirming the role of Cys as chiral encoder. However, differently from the AuBP84@Au system, where the
two contributions to the CD spectrum were easily attributed to L-LSPR and T-LSPR (Figure 3b), the CD spectra of the
AuBP140@Ag feature a peculiar lineshape (Figure 3a). To identify the different contributions on the CD spectrum, the
extinction spectrum of AuBP140@Ag synthesized at 20 uM Cys was simulated (Figure 3c,d) (see computational details in
methods section). While blue-shifted with respect to experimental data (by <2 eV i.e. ~35 nm), the simulated spectra feature
three main contributing bands to the extinction spectrum of AuBP140@Ag with the same morphology, i.e. those obtained
using a [Cys] from 5 uM. As it is possible to see in Figure 3c,d the absorption peak at the highest wavelength is associated to
a longitudinal plasmon band (L3) while the central peak is due to two transversal absorptions (T2, T3), one of which involves
the tip of the Au core (T2). Moreover, as indicated by the surface charge distribution plots (Figure 3d), these T2, T3 and L3
resonances had dipolar character, in contrast with the lowest wavelength peaks (T1, L1, L2) featuring a multipolar character
for both longitudinal and transversal excitations, with T1 being more intense and showing predominant quadrupolar
contribution. The presence of multipolar resonances in the low wavelength range, i.e. around the experimental peak at 400
nm, was further confirmed by simulations of absorption spectra within a quasi-static approximation (Figure S4) and it was in
agreement with other results present for similar systems.3248 Notably, by simulating the absorption spectra of the Ag outer
shell with (and without) the Au core (Figure S5) we observed that optical properties of the AuBP140@Ag objects were
dominated by the outer Ag surface, with spectra being almost identical to those of the Ag particles, thus, with minor effects
induced by the Au core. A similar analysis concerning the extinction spectrum and related surface charge densities for the
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AuBP84@Au system is reported in Figure S17, showing a good agreement with experimental data and confirming the
assignment of the L- and T-LSPR bands (see Figure 3b).

The CD signals for AuBP140@Ag were then attributed according to the simulated extinction spectrum. The Figure 3a
showed the superposition of the extinction and CD spectra along with the different attributions for AuBP140@Ag synthesized
at 20 uM Cys. The band centered at 630 nm in the CD spectrum was attributed to the L-LSPR (L3) while the broad band going
from 400 nm to 580 nm to T2 and T3. The intense sharp peak at 380 nm was attributed to the multipolar resonances (T1, L1
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Figure 3. (a,b) Superposition of experimental extinction and circular dichroism spectra obtained in presence of L-Cys or
D-Cys for (a) AuBP140@Ag and (b) AuBP84@Au. (c) Simulated extinction spectra of the AuBP140@Ag model structure due
to anincident electric field oriented along either the transversal (blue curve) or longitudinal direction (red curve). The labels
refer to the corresponding surface charges shown in panel d). (d) Color-scale representation of surface charge distributions
induced by the EM field at selected wavelengths.

and L2) according to our theoretical calculations. The use of multipolar resonance was already suggested to be a viable way
to obtain materials exhibiting a strong PCD and our results match with what predicted in the literature.*->!

In order to better study the correlation between the CD and the extinction spectra we tried to vary the thickness of the
metal shell for both systems (Figure 4). Thus, the initial concentration of AuBPs was varied (the concentration expressed in
[Au%] and [NPs] can be found in the Table T2 in the Supporting Information). For instance, reducing the initial number of
AuBPs resulted in a redistribution of metal atoms available to form the shell among a smaller number of AuBPs, and thus in
a thicker shell. For both systems, we noted that increasing the metal shell thickness led to more isotropic particles. This was
because the metal shell deposition is predominant on the lateral side of the AuBPs for both systems.

For AuBP@Au, when 80 puL was used, statistical analysis on TEM showed a length of 95 + 5 nm and a width of 43 £+ 5 nm
that can be compared with the initial AuBP84 (84 + 6 nm long and 26 + 2 nm wide) (Figure 4c). It was also noted the
appearance of a wavy surface on the lateral side along with facets formation on the tips. When 50 uL was used, the previously
observed gnocchi-like nanoparticles were formed. Well-shaped facets along the tips as well as an evident wavy surface on
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the side were observed. A measured length of 97 + 5 nm and a width of 53 + 3 nm evidenced how the metal deposition, once
tips were formed, was continued on the sides. The wavy surface on the lateral side is less pronounced when 30 puL was used
and almost disappeared when 20 pL was used. The TEM measurements of the objects formed at 20 pL, 99 + 5 nm long and
79 £ 5 nm wide, showed an almost isotropic structure. Thanks to the more symmetric geometry of the object, the preferred
orientation on the TEM grid was no more on the flat side and it was possible to observe the pentagonal symmetry of the
nanostructure formed (Figure 4c).

The superposition of the various extinction spectra confirmed this trend (Figure 4a). With 80 pL being used the L-LSPR was
located at 678 nm and when the number of AuBPs was decreased, the peak progressively blue shifted and merged with the
T-LSPR to form one single peak located at 567 nm. The maximum of the peaks in the superposition of the various CD spectra,
followed faithfully the extinction spectra (Figure 4a). The broad negative peaks between 600 nm and 700 nm moved according
to the L-LSPR while the positive peaks between 500 nm and 600 nm moved along with the T-LSPR. Interestingly, when 30 uL
of AuBPs was used, the intensity of the CD diminished considerably and was almost totally suppressed at 20 pL, condition
that caused the L-LSPR and T-LSPR to merge in the extinction spectrum. The simulation carried out by Govorov et al.>2 showed
the importance of anisotropy in the interaction between a molecule and plasmonic nanoparticles for PCD. Annulation of PCD
signal due to increasing symmetry was also already observed experimentally.33 Being the CD peaks of opposite signs when L-
LSPR and T-LSPR get closer due to the reduction of aspect ratio, they merged to one peak and the final CD was completely
suppressed.

For AuBP140@Ag when 50 pL of AuBP140 was used, a predominant deposition on the side of the AuBPs was observed
(Figure 4d). The different contrast between Au and Ag on TEM allowed us to distinguish the tips of the AuBP core protruding
outside the silver shell. Anyway, our simulations suggested that whether the inner AuBP was protruding outside the outer
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Figure 4. (a,b) Circular dichroism and extinction spectra of (a) AuBP84@Au and (b) AuBP140@Ag nanoparticles obtained by
varying the volume of AuBPs suspension. (c,d) Corresponding TEM images of (c) AuBP84@Au and (d) AuBP140@Ag. The
number in the upper right corner refers to the added volume in uL of AuBPs.
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shell or completely included in the silver layer, did not affect the optical response of the overall system (Figure S6). When 50
pL, 40 pL, 30 pL and 20 pL of AuBPs was used, the width of the structures changed from 58 + 3 nm, 66 + 4 nm, 77 £ 5 nm to
94 + 5 nm, respectively. The length, as expected, remained equal to the length of the AuBPs used as core (140+ 8 nm). As a
consequence, the L3 was blue shifted when a minor number of AuBPs was used, moving from 650 nm (50 pL used) to 578 nm
(20 pL used) (Figure 4b). Moreover, at 20 uL, the T1 peak appeared at 400 nm as a shoulder of the broad band formed by
merging T2 and T3 resonances.

Simulated extinction spectra of AuBP@Ag with variable aspect ratios pointed out that the decrease of aspect ratio induces
a blue shift of L-LSPR and a red-shift of T-LSPR (Figure S7). Notably, the spectral position of the multipolar theoretical signal
remained invariant, in agreement with the experimental trends. In the superposition of the CD spectra, the band between
600 nm and 700 nm moved accordingly to L-LSPR. Differently to AuBP@Au, for AuBP@Ag a more isotropic structure did not
result in a total suppression of the CD. This was due to the apparition of a new contribution in the CD spectrum, deriving
mostly from the T1 and L1 peaks. The relative high intensity of this CD peak is thus due to his multipolar character. The use
of multipolar resonance was already suggested to be a viable way to obtain materials exhibiting a strong PCD*%->1 and it is
strongly confirmed here.

Towards the origin of chirality. The dipole-plasmon coupling effect between chiral molecules grafted on the surface of
the nanoparticles is a common accepted mechanism leading to PCD for plasmonic nanoparticles.12.13

Moreover, Hou et al. advanced the hypothesis that for some core-shell systems, chiral molecules entrapped inside the NPs
could be also contributing to the PCD.32 In another study of the same group, AUNR@Au starfruit-like nanoparticles obtained
in presence of Cys showed no change in PCD when the L-Cys on surface was exchanged with D-Cys. Starting from this
evidence, it was suggested that either Cys entrapped at the interface in-between the Au-Au core-shell, as well as the Cys
distributed inside the lattice hotspots of the Au shell, could be the origin of PCD.33 In a recently published paper,3> the same
idea was taken up for a AuBP@Ag system showing PCD, where the presence of sulfur atoms inside the NPs was showed by
Energy Dispersive X-ray Spectrometry (EDS). Indeed, the presence of organic molecules inside metal core-shell nanoparticles
is discussed in literature.>3°4

In our case, the lack of clear chiral shapes and the g-factor values around 0.002-0.003 (Figure 2c,d) for AuBP@Au and
AuBP@Ag NPs, suggest that PCD response could result from electromagnetic coupling effect between Cys molecules and
plasmonic nanostructure. In order to explore this hypothesis, the effect on PCD of Cys molecule on the surface of the NPs
was evaluated. The exchange L-Cys with D-Cys on the surface was achieved but no change in the PCD was recorded (Figure
S8). To corroborate this result, Cys was removed from the surface by reductive desorption reaction in presence on NaBH,4
(Paragraph S.2 in the Supporting Information).*> Also in this case the PCD response was still present after the NaBH, treatment
(Figure S9). The quantity of Cys released from the surface was then carefully quantified using a thiol-selective dye method
already employed in literature to determine Cys on AuNPs (Figure S10).18 The quantified amounts of Cys on the surface were
9.71 + 0.65 pmol for AuBP84@Au and 10.94 + 0.65 pmol for AuBP140@Ag. The Cys surface density for AuBP84@Au and
AuBP140@Ag was 0.0021 nmol/cm2 and 0.0049 nmol/cm2, respectively (Table T3 in the Supporting Information). According
to these results, we can affirm that Cys grafted on the surface is not responsible of the PCD.

The role of possible Cys entrapped inside the NPs on the PCD was evaluated. However, our attempts to localize the Cys
inside the NPs by NMR and EDS did not bring any significant evidence. The presence of molecules inside the nanoparticles is
usually evidenced by nanogaps directly observed in the TEM images. Here, HRTEM showed a continuous core-shell structure
(Figure S11, S12) without gap.

Regardless of the presence of Cys or not inside the NPs, since common explanations for core-shell systems on PCD origin
could be rather incomplete, we proceeded to study its role on PCD using some conceptually simple experiments.

AuBP140@Ag nanoparticles were synthesized taking care to deposit the silver shell in two steps. A first incomplete shell
was deposited in presence of L-Cys. Then, the shell deposition was completed in presence of D-Cys to form
AuBP140@AgL@AgD (Figure 5a). More in detail, 30 pL of AuBPs was employed to synthesize AuBP140@Ag-L, in standard
conditions, in presence of L-Cys. Such incomplete structures are the same ones observed using 30 pL of AuBPs in Figure 4.
The so-synthesized NPs were then washed three times by centrifugation, to remove the excess of L-Cys still present in the
growth solution, and re-dispersed in CTAC. Then, the silver shell deposition was completed using the same conditions as
before but this time introducing D-Cys. TEM images (Figure 5c) as well as extinction spectra (Figure S13) confirmed the correct
formation of the core-shell nanostructures. The CD spectrum recorded for AuBP140@AgL@AgD (Figure 5b) was almost mirror
to the AuBP140@AgL@AgL (synthesized using L-Cys in both steps and used as control). The small discrepancies, like position
and broadness of the peaks, were attributed to a slightly different position of the peaks in the extinction spectrum (Figure
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S13). This evidence permitted to highlight the major role of the external part of the shell with respect to the inner part of the
particle on the PCD properties.
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Figure 5. (a) Scheme representing the two steps synthesis with the inversion of the Cys enantiomers during the formation of
the outer shell. (b) Circular dichroism spectra of the nano-objects obtained. (c) TEM image of AuBP140@AgL@AgD. (d)
Simulated CD response of the chiral AuBP140@Ag model structure obtained by introducing a spiral motif on the Ag surface
(shown on the left) and corresponding surface charges.

We can exclude that L-Cys entrapped in between Au core and Ag shell is at the origin of PCD as previously proposed in a
similar system.?2 If this was the case, the final CD spectrum of AuBP140@AgL@AgD should have shown a similar trend as
AuBP140@AgL@AgL, when L-Cys was used in both steps. Moreover, a similar argumentation can be extended to exclude the
possible contribution of the L-Cys entrapped inside the crystal lattice of the first silver shell, with a mechanism similar to what
proposed for this system.? If the Cys entrapped inside the hotspots of the Ag crystal lattice was responsible for the PCD,
having half of the silver shell formed in presence of L-Cys and the other half with D-Cys should have shown a strong impact
on the final CD spectrum. From this result we can suggest that: (i) only the Cys present in hotspots near the surface contributes
to PCD or (ii) a chiral shape of the particles or chiral surface patterns, difficult to visualize with routine TEM or SEM analysis,
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were present. In order to evaluate the latter hypothesis from a theoretical point of view, we built a AuBP140@Ag model with
a chiral surface pattern obtained numerically by thickening the external surface mesh around a spiral pattern along the
longitudinal axis (Figure 5d).

As shown in Figure 5d, the simulated CD spectrum of the AuBP140@Ag model with pattern features one main peak below
400 nm (when the light electric field rotates in the z-y plane while the wave is travelling along x, see cartesian reference frame
in Figure 5d) that had a multipolar character, as indicated by the charge distribution, in agreement with the multipolar signal
observed experimentally (see Figure 4b). A signal with opposite sign with respect to the multipolar one is found around 500
nm, possessing a dipolar character, while transversal CD signals are absent. The simulated CD spectra, despite the crude chiral
surface modeling, are in qualitative agreement with the experimental data for AuBP140@Ag particles obtained (see Figure
4b), indicating that chiral patterns present on the external Ag surface could provide PCD signals such as those obtained
experimentally. Additional AuBP140Ag model structures, whose dimensions were chosen from the extreme tails of TEM

a) < Original AUBPS@AU  b)
> 30+ N, T Mild corrosion
g fg: —— Harsh corrosion
g 0:-—_'“");\;5*_‘—_?—-?——&“" ] 876 nm |
QO 10 e
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97+5nm

450 500 550 600 650 700 750 800
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c) d)

100 nm 100 nm

Figure 6. (a) Circular Dichroism and Extinction spectra for different corrosion conditions. (b) Schema reporting the corroded
area of gold from the original AuBP84@Au. The dimensions of the inner AuBP (dashed line) and the particles after harsh
corrosion (solid line) are also represented. (c,d) TEM images of (c) AuBP84@Au and (d) AuBP84@Au after harsh corrosion.

statistical distribution previously mentioned and featuring a similar spiral motif to that of Figure 5d, were considered for
further calculations. The results, shown in Figure S16 in the S|, clearly indicate that the different structures present similar CD

responses.

In order to corroborate this claim, the importance of the external part of the metallic shell to PCD was further investigated
experimentally also in AuBP84@Au systems (Figure 6). AUBP84@Au were partially corroded to study the impact on PCD by
removing the superficial Au shell. In addition, the corrosion of the surface brought inner layers of metallic shell to the surface,
allowing us to study their contribution to PCD by removing the contribution of the uppermost surface. We chose
tetrachloroauric acid as oxidizing agent, which is commonly employed in etching methods for smoothing gold
nanoparticles.>657

Tuning the Au3* quantity introduced in the reaction allowed us to have a very good control over the etching process. A first
mild etching was made by adding 2.5% of Au3*/Auhe, at room temperature. A second harsh etching was made adding 10%
of Au3+/Aupe at 45 °C. As shown in Figure 6a, the mild etching resulted in a shift in the extinction spectrum of the L-LSPR
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from 644 nm to 638 nm. In the CD spectrum the impact was significant with a loss of 30% of the signal intensity. When harsh
conditions were used, the extinction spectrum showed a more pronounced shift of the L-LSPR from 644 nm to 604 nm
followed by almost total suppression of the PCD bisignate signal.

TEM images before and after etching (Figure 6¢,d) showed that the surface asperities were corroded to generate smooth
structures. From statistical analysis of the lengths (see Figure 6b) it was possible to observe that the majority of the gold shell
deposited was still present in the structure. The strong PCD variation intensity, when the surface was corroded, confirmed
the importance of the external structured layers in the PCD. Moreover, this result suggested that Cys entrapped deep inside
the metal shell hotspots, as well as Cys at the interface, was not participating to PCD. Since most part of the metal shell was
still present, removing few nanometers of the surface should not have played such a significant role on the observed spectra.
The importance of the superficial part of the shell on PCD led us to investigate a possible different role of Cys.

To bring in additive evidence that Cys could have an impact on the final shape, AUBP84@Ag were synthesized in presence
of a racemic mixture of L-Cys and D-Cys. As expected, the CD spectrum showed the suppression of the PCD (Figure S14). More
interesting and not expected was the difference in the extinction spectra when the racemic mixture was used. The NPs
synthesized using pure L-Cys or D-Cys possessed nearly identical extinction spectra (Figure 7a). while when racemic Cys was
used, an evident difference was present in the extinction spectrum. The TEM observation confirmed that a different shape
was present depending if an enantiomeric pure Cys was used or not (Figure 7b,c). When enantiomeric pure L or D-Cys was
used, the formed objects were similar to the nanoparticles described above with well-defined facets, while using racemic Cys
led to the formation of more spherical particles. To the best of our knowledge the difference in reactivity was not observed
elsewhere for this kind of systems and clearly bring in evidence that contribution of a chiral shape of the particles to PCD
should not be excluded.
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) AuBP84@Ag-D-Cys b) / Pure L-Cys ) Vi Racemic Cys
5 1] AuBP84@Ag-LD-Cys ‘
©
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Figure 7. (a) Extinction spectra of AuBP84@Ag obtained with L, D or racemic Cys. (b,c) TEM images of AuBP84@Ag obtained
with (b) pure L-cys and (c) a racemic mixture of Cys.

CONCLUSIONS

In this work we present AuBP@Au and AuBP@Ag nanoparticles with opto-chiral response obtained using gold bipyramids
as core. Cysteine, a small thiolated molecule, is used as shaping agent and chiral encoder during the deposition of the Ag or
Au metal shell. Cysteine is found to have a strong impact on the morphology in both AuBP@Au and AuBP@Ag systems,
preventing the growth of the Ag or Au shell along the longitudinal direction. Moreover, plasmonic circular dichroism is
observed for both AuBP@Ag and AuBP@Au systems. The presence of multipolar resonance for AuBPs@Ag suggests that
silver is a promising candidate to obtain a strong plasmonic circular dichroism response. Moreover, resonance modes,
anisotropy and monodispersity seem relevant conditions to achieve a strong circular dichroism. Concerning the role of
cysteine in plasmonic circular dichroism, the crucial importance of the superficial part of the metal shell suggests that the
common hypothesis presents in literature could be incomplete. In our system the cysteine entrapped in the interface
between the AuBPs and the metal shell, as well as the one encapsulated in the inner metal shell lattice, is not contributing to
the plasmonic circular dichroism. These results, supported by theoretical simulations, along with the observed impact of
enantiomeric ratio on the final shape, prove that a chiral shape or chiral patterns induced by cysteine during the synthesis in
this kind of systems should be taken in consideration. Further investigation will focus on the detailed nanostructure (HRTEM,
Electron Tomography), the single object spectroscopy and the localization of the cysteine in the external part of the metal
shell.

METHODS

11
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Hexadecyltrimethylammonium bromide (CTAB, 98%, ref. 10146269), tetrachloroauric acid hydrate (HAuCls-xH,0, 99.9%),
silver nitrate (AgNOs, 99.9995%), and 1,1,3,3-tetramethylguanidine (99%) were purchased from Alfa Aesar. Powder
hexadecyltrimethylammonium chloride (CTAC, 98%), sodium borohydride (NaBH4, 98%), 8-hydroxyquinoline (99%), catechol
(98%), L-ascorbic acid (AA, 99%) from Sigma-Aldrich. Citric acid monohydrate (99.5%) was purchased from Merck. L-cysteine
(L-Cys, 98%) was purchased from Acros Organics. D-cysteine (D-Cys, 98%) was purchased from ChemCruz. Sodium hydroxide
(NaOH, 97%) and absolute ethanol were purchased from Carlo Erba. All aqueous solutions were prepared in Milli-Q distilled
water (18.2 MQ-cm)

Characterization. TEM images were acquired using a JEOL 2100F equipped with a Gatan ultrascan 1000 camera operating
at 200 kV while scanning electron microscopy images (SEM) on a MERLIN Compact VP microscope (ZEISS). TEM statistics were
acquired measuring over 200 objects with the help of ImageJ software. High-resolution TEM (HRTEM) was performed on a
JEOL 2200FS with a point-to-point resolution of 0.23 nm. The extinction spectra were recorded with a PerkinElmer UV-vis-
NIR Lambda 750 spectrometer using 1 cm PMMA cuvette for measurements between 350 nm and 1350 nm and quartz 1 mm
cuvette for measurements above 1400 nm. Simultaneous measurements of extinction and circular dichroism (CD) spectra
were recorded using a J-1700 CD spectrophotometer (JASCO) using 1 cm path PMMA or quartz cuvette. Kuhn’s dissymmetry
factor (g-factor) was calculated according to the following equation:

CD

g-factor = 25080 Ext

With CD in mdeg and Ext the extinction intensities. Dissymmetry g-factor is dimensionless and permits to compare
chiroptical activity between different chiral systems.

Synthesis of AuBPs. The AuBPs used as core were prepared according to a protocol fully described by Chateau et al.37.38
Two main batches of AuBPs were synthetized, AuBP84 and AuBP140 (see Supporting Information for synthetic details of the
AuBPs core).

Synthesis of AUBP@Ag. In a typical synthesis, 20 L ([Au°] = 0.5 g/L) of AuBP84 or AuBP140 was added in a 4 mL vial
containing 1 mL of 30 mM CTAC. Then, 2 pL of L-Cys (10 mM) was added, followed by 100 pL of AgNOs (5 mM) and 100 pL of
AA (20 mM) and mixed manually to homogenize the mixture. Due to the instability of Cys and AA in diluted aqueous solution,
these solutions were prepared and used the same day to improve reproducibility. The mixture was then heated for 30 min in
a water bath at 75°C. The color of final suspension was red with an intense yellow scattering. The obtained AuUBP@Ag NPs
were then washed with water by centrifugation at 8k rpm for 5 min. A final redispersion was done in 1 mM CTAC. To store
the NPs, they can be left in the raw reaction mixture and purified when necessary. The particles stored in this condition are
stable at least one month after the synthesis.

Synthesis of AUBP@AuU. In a 4 mL vial a seed solution was prepared by adding 50 uL ([Au®] = 0.5 g/L) of AuBP140 or
AuBP84 to 1 mL aqueous solution of 100 mM CTAB followed by 2 pL of L-Cys (10 mM). In a different vial, the growth solution
was prepared adding in the following order, 20 uL of HAuCl, (25 mM), 20 L of AgNOs (5 mM) and finally 50 uL of AA (20 mM)
to an aqueous solution of 1 mL of 100 mM CTAB at room temperature and mixed manually to homogenize the mixture. Due
to the instability of Cys and AA in diluted aqueous solution, these solutions were prepared and used the same day to improve
reproducibility. When AA was added, the color of the solution changed from orange/yellow to totally transparent. Then, 1
mL of the growth solution was incorporated in the seed suspension and mixed manually. The mixture was then heated in a
water bath for 1 h at 70°C to start the reaction. The color of the final suspension was violet with an intense red scattering.
The obtained AuBP@Au NPs were then purified by centrifugation at 8k rpm for 5 min twice and redispersed in 1 ml of 5 mM
CTAB. The particles remained stable at least during one month after purification.

Synthesis of AuBP140@AgL@AgD. A volume of 30 uL of AuBP140 ([Au®] = 0.5 g/L) was added in a 4 mL vial containing
1 mL of 30 mM CTAC. Then, 2 pL of L-Cys (10 mM) was added, followed by 100 pL of AgNOs (5 mM) and 100 pL of AA (20 mM)
at room temperature and mixed manually to homogenize the mixture. The mixture was then heated in a water bath for 30
min at 75°C. The obtained AuBP140@AgL were then washed by centrifugation (8k rpm, 5 min) three times to remove all the
excess of L-Cys still present in the solution and finally redispersed in 1 mL of 30 mM CTAC. Then, 2 uL of D-Cys (10 mM) was

12
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added, followed by 100 pL of AgNOs (5 mM) and 100 pL of AA (20 mM). The obtained AuBP140@AgL@AgD NPs were then
purified by centrifugation and redispersed in 1 mM CTAC.

AuBP84@Au etching. After the synthesis in the conditions described above, AuBP84@Au were purified by centrifugation
and redispersed in 2 ml of CTAB (5 mM). To etch them, 1 mL of the suspension was introduced in a 4 mL vial containing 1 mL
of CTAB (5 mM) and 2 pL HAuCl4 (6.25 mM) and incubated for 10 minutes at room temperature (mild conditions). The CD and
extinction spectra were then measured. 15 min after the first HAuCl, addition, 6 pL of HAuCl, was added and the mixture was
heated in an oven for 10 min at 45°C (harsh conditions). The CD and extinction spectra were then acquired.

Computational details. Computations were performed using the MNPBEM toolbox of Matlab,8 an implementation of
the Boundary Element Method (BEM) developed specifically for metal nanoparticles.>® This approach, employing classical
electrodynamics, has been proven very effective for simulation of AuBPs (obtained from pentatwinned seeds) optical
properties, as demonstrated in a previous work.?® Here, our previous modeling strategy is extended to model the
AuBP140@Ag nanoparticles with 5-fold symmetry bipyramidal outer Ag shell, i.e. nano-objects obtained for [Cys] ranging
from 5 uM to 100 uM. We used two nested surface meshes: an inner surface representing the Au pentatwinned core and an
outer surface representing the silver shell. The surface tip of the outer shell is cut off to leave an Au-exposed tip, as indicated
by TEM images of these objects, in such a way that the inner and outer surface meshes are distant enough to avoid numerical
errors due to diverging matrix elements. Regarding this last point, we also tested how the tips geometrical features affect the
optical response of the overall system and it turned out that they do not significantly affect it (Figure S6). The dielectric
functions of Au and Ag are taken from P. B. Johnson and R. W. Christy®! and the refractive index of the surrounding medium
was set to 1.33 (bulk water). The geometrical data of the AuBP140@Ag model structure have been extracted from one
measured reference particle observed on the TEM image of the samples with [Cys] of 20 uM and 20 pL of AuBPs. The height
of the NPs was set at 134 nm, while the width of the outer shell and inner core at 99 and 32 nm respectively. Starting from
this reference model, analogous models have been constructed to simulate the effect of aspect ratio change (with various
base sizes at constant length, as documented in the Supporting Information, Figure S7). The quantities computed are the
extinction cross-sections to simulate the extinction spectra and the surface charge distributions at given energies, allowing
visualization of the excitation character. Additional structures, whose dimensions were chosen to account for the whole
statistical distribution in TEM images of the 20 pL sample (Figure 4d), were tested as well (Figure S15) and they showed no
significant deviations.

A similar modelling strategy has been adopted for AuBP84Au, where the detailed geometrical parameters of the
inner/outer structures can be found in Figure 6b and the related simulations are reported in Figure S17.

In order to perform a qualitative test of the role of surface chirality, a chiral asymmetry is induced artificially, thickening
the mesh density around a spiral pattern onto the surface of the object (Figure 5d). This is not geometrical chirality, but it
allows to introduce it regardless of the symmetrical features of the model. The simulated CD spectra have been computed
using the difference in extinction cross-sections of left-handed and right-handed circularly polarized light. The additional
structures based on TEM statistical analysis previously mentioned were also tested for surface chirality (Figure S16).
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