N
N

N

HAL

open science

GoldHelix: Gold Nanoparticles Forming 3D Helical
Superstructures with Controlled Morphology and Strong
Chiroptical Property

Jiaji Cheng, Guillaume Le Saux, Jie Gao, Thierry Buffeteau, Yann Battie,

Philippe Barois, Virginie Ponsinet, Marie-Hélene Delville, Ovidiu Ersen,

Emilie Pouget, et al.

» To cite this version:

Jiaji Cheng, Guillaume Le Saux, Jie Gao, Thierry Buffeteau, Yann Battie, et al.. GoldHelix: Gold
Nanoparticles Forming 3D Helical Superstructures with Controlled Morphology and Strong Chiroptical

Property. ACS Nano, 2017, 11 (4), pp.3806-3818. 10.1021/acsnano.6b08723 . hal-01517988

HAL Id: hal-01517988
https://hal.science/hal-01517988

Submitted on 29 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01517988
https://hal.archives-ouvertes.fr

GoldHelix: Gold Nanoparticles Forming 3D
Helical Superstructures with Controlled
Morphology and Strong Chiroptical Property

Jiaji Cheng, * Guillaume Le Saux, ! Jie Gao, * Thierry Buffeteau, > Yann Battie,® Philippe
Barois,* Virginie Ponsinet,* Marie-Héléne Delville, ® Ovidiu Ersen,® Emilie Pouget *“and

Reiko Oda !’

! Chimie et Biologie des Membranes et des Nanoobjets (CBMN), CNRS - Université

Bordeaux - Bordeaux INP, UMR5248, Allée St Hilaire, Bat B14, 33607 Pessac, France

2 Institut des Sciences Moléculaires (ISM), Université Bordeaux-CNRS UMR 5255, 351

Cours de la Libération, 33405 Talence, France

3 Laboratoire de Chimie et Physique - Approche Multi-échelles des milieux Complexes,

(LCP-A2MC), Université de Lorraine, 1 Boulevard Arago, 57078 Metz, France.

* Centre de Recherche Paul Pascal (CRPP), CNRS-UPR 8641, Avenue du Dr Albert

Schweitzer, 33600 Pessac, France

> Institut de Chimie de la Matiére Condensée de Bordeaux (ICMCB), CNRS-UPR9048, 87

avenue du Dr. A. Schweitzer, 33608, Pessac, France

® Institut de Physique et de Chimie des Matériaux de Strasbourg, UMR 7504

CNRS-Université de Strasbourg, 23 Rue du Loess, 67034, Strasbourg, France



ABSTRACT. Plasmonic nanoparticles, particularly gold nanoparticles (GNPs) hold a great
potential as structural and functional building-blocks for 3D nano-architectures with specific
optical applications. However, a rational control of their assembly into nanoscale
superstructures with defined positioning and overall arrangement still remains challenging.
Herein, we propose a solution to this challenge by using as building blocks, 1) nanometric
silica helices with tunable and well-defined handedness and sizes as a matrix and 2) GNPs
with diameter varying from 4 to 10 nm, in order to prepare a collection of helical GNPs
superstructures (called Goldhelices hereafter). The resulting nanomaterials exhibit well
defined arrangement of GNPs following the helicity of the silica template. Strong chiroptical
activity is evidenced by circular dichroism (CD) spectroscopy at the wavelength of the
surface plasmon resonance (SPR) of the GNPs with a dimensionless anisotropy factor
(g-factor) of the order of 10, i.e. ten-fold larger than what is typically reported in the
literature. Such CD signals were then simulated by using a coupled dipole method. This
approach, which considers each GNP as a dipole, describes the dipolar interactions between
nanoparticles. The simulated CD signals fit very well with the experimental data
demonstrating the validity of this approach. Meanwhile the measured signals are 1 to 2 orders
of magnitude lower than the simulated signals which is explained by the disordered GNPs
grafting, the polydispersity of the diameters of GNPs as well as the dimension of the
nanohelices. Also, some effects which are not taken into account in the simulations, such as
multipolar effects observed in closely packed GNP structure and the image dipole effects
induced by the presence of the silica surface may also have effects on the measured CD

intensity. These Goldhelices based on inorganic templates are much more robust than
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previously reported organic-based chiroptical nanostructures making them good candidates
for complex hierarchical organization, providing a new promising approach for light
management and new benefits in applications such as circular polarizers, chiral metamaterials

or chiral sensing in the visible range.

KEYWORDS: Chiral nanostructures, chiroptical properties, circular dichroism of plasmon,

gold nanoparticles, plasmonic nanoparticles, silica



INTRODUCTION:

The unique physical properties of noble metal nanoparticles with controlled arrangements
have attracted significant interest in both fundamental science and nanotechnology. When
closely assembled, their localized surface plasmon resonances (LSPR) are coupled, resulting in
the enhancement of the electric field in the gap between the adjacent nanoparticles. Such
systems are attractive candidates for the amplification of optical signals for fluorescence* or
Raman scattering.®® In the case of helically organized gold nanoparticles (GNPs), or metal
surfaces with chiral motifs, interesting chiroptical properties can be obtained.®*® These
assemblies of nanoparticles offer a promising approach in designing novel artificial materials
exhibiting unique chiral properties. The targeted properties can be a large angle of rotation of
linear polarization across thin films™®, the generation of circularly and elliptically polarized
waves, or the generation of materials with a very high dispersion of refractive indices (for a
review, see [ref 2°). Most of the examples of such materials found in the literature are obtained
through top-down processes, whereby the chiral patterns are obtained using highly
sophisticated lithography techniques.® 2% Powerful as they are, these techniques are costly,
time consuming, limited to small surface areas and difficult to implement below submicron
range.?° By contrast, the nano-structures obtained through bottom-up approaches? are suitable
for a larger scale production with limited technological investment. Generally, self-assembled
plasmonic nanostructures with chiroptical properties can roughly be divided into two groups;
one is based on hybrid systems consisting in the association of chiral molecules with achiral
plasmonic NPs where the plasmon-exciton interaction is considered as the origin of the

induced chirality as extensively studied over ten years.?® 22 The other one is based on
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superstructures with chiral configurations in which the plasmon-plasmon interactions of the
plasmonic building blocks are the driving force for chiroptical activity.?® The collective
localized properties, the tunable chiral arrangements of metal nanoparticles and the resulting
induced chirality of assembled plasmonic nanostructures are often studied using a well-defined

particle number in order to figure out the mechanism for the observed optical activities.

29-32 33-34 0

Pairwise dimers="°< or clusters with a defined number of nanoparticles such as pyramids r

35-36

tetramers are considered promising candidates as assembled chiral plasmonic basic units.

More complex structures such as helices™® 338

are treated as higher-ordered superstructures
with enhanced collective effects with particle-particle interactions, i.e. the CD signal
corresponding to the plasmon-plasmon interaction of the GNPs can appear whereas in simpler
systems, only the optical activity corresponding to the molecules attached to the GNPs can be
measured. Kuzyk et al.,'? for example, both experimentally and theoretically demonstrated the
potential of DNA templates for the programmable design of helical plasmonic nanostructures
at the nanoscale precision. Collective plasmon-plasmon interactions of the GNPs were
suggested as the origin of chirality, and the authors suggested that the splitting between the
longitudinal and transversal modes of the incident light was due to the plasmonic dipole
interactions of GNPs within the helix, resulting in positive-negative or negative-positive line
shape of the CD spectrum. Meanwhile, the examples of assembled plasmonic
nanostructures with defined induced chiral particle-particle interactions are much fewer
and less described due to their complexity, the weak systematic control over the

synthesis and the lack of, a priori, theoretical analysis. Reports on self-assembly of

plasmonic building blocks (NPs) onto pre-existing chiral nanostructures include the use of
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fibers,*® 3 helices'®*> 2% 44! and films.* Liz-Marzan and co-workers* reported 3D chiral
nanostructures consisting of gold nanorods and anthraquinone-based oxalamide fiber
templates with an anisotropy factor g = 0.022.

However, most of the reported nanostructures obtained with such approaches are based

A11-12, 37, 44-46 10, 41, 47-48

on organic biomolecular scaffolds such as DN or peptides which
generally suffer from structural vulnerability to chemical, mechanical and thermal
perturbations. Such bio-molecules also suffer from structure modification when concentrated,
leading to a strong limitation for the construction of a large scale hierarchical 2D or 3D
superstructures, which are potentially very interesting since such superstructures can enhance
the chiroptical properties of the individual building blocks in specific directions.***° Robust
alternatives to 3D anisotropic organic scaffolds to organize NPs are therefore desirable in
order to fulfil nanophotonic materials design. In this context, the use of colloidal inorganic
chiral nanostructures (for example twisted or helical nanoribbons with controlled lengths) as
templates to organize the GNPs is described to form a sustainable alternative for new
chiroptical materials with interesting optical properties such as giant optical activity or

circular dichroism. %52

We have previously reported the synthesis of silica nanohelices,®>

using cationic
bis-quaternary ammonium gemini surfactants™ of chemical formula
CoHs-1,2-((CH3)2,N"Ci6Ha3),, noted hereafter 16—2-16, which self-assemble to form
nanometric helical structures with well controlled dimensions in the presence of tartrate

counterions, (helical pitch, diameter and length).>*®® The resulting organic nanohelices were

used as templates for the sol-gel condensation of a tetra alkoxysilane to obtain silica
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nanohelices (See scheme 1 for a depiction of the stepwise approach to obtain GNP-decorated
functionalized inorganic nanohelices, i.e. the Goldhelices). After grafting with gold
nanoparticles, it was observed that these hybrid systems exhibited a Surface Enhanced Raman
Scattering (SERS) effect.*

Herein, we report a facile template—assisted method to fabricate a series of GNPs (4-10 nm)
organized onto the surface of a nanometric functionalized helical silica substrate, denoted as
Goldhelix, in which the plasmonic chirality is induced by the chiral arrangement of the
nanoparticles. The plasmon-plasmon coupling between neighboring helically distributed
GNPs induces a circular dichroism (CD) signal, which is strongly dependent on the GNPs size,
the adsorption density, as well as the surface properties of both the silica helices and the GNPs.

We anticipate that this assembly strategy based on nanoparticles and nano-templates will pave

the way to rationally design a variety of superstructures for light management systems such as

j' R Ye———
leo

metamaterials.®

D tartrate L tartrate

Left-handed Right-handed




Scheme 1. Schematic representation of the Goldhelix synthesis. Gemini surfactant
self-assemble to form nanometric helices. These organic helices are used as templates for
sol-gel condensation to obtain silica nanohelices which are functionalized so that they exhibit

attractive interaction with GNPs.

The effects of the GNP radius and arrangement on the circular dichroism are investigated
through simulations based on coupled dipole method (CDM). We clearly show that the
circular dichroism increases with the GNP size. In addition, it is observed that the
disorganization and the density of GNP systems have a significant impact on the magnitude
of the circular dichroism. These simulations provide some clues to improve the circular

dichroism of GNP systems.

RESULTS:

Generally, GNPs are produced by the reduction of chloroauric acid (HAuCly) with a
reducing agent (RA) forming seeds as nucleation centers. To control the particles’ size and
prevent their aggregation, stabilizing agents (SA) with high affinity for the GNP surface are
usually added. In the present study, various reducing agents such as sodium borohydride
(NaBH4) and tannic acid (TA), and stabilizing agents such as tri-sodium citrate and tannic acid
were used to synthesize GNPs in order to tune the size of the particles as well as their surface
reactivity. GNPs ranging between 5 nm and 10 nm diameters were synthesized for the
following reasons:>’ (i) only GNPs larger than 4 nm can provide useful optical properties as

smaller GNPs do not generate a collective surface plasmon excitation; (i1) meanwhile, too big
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GNPs (> 10 nm) lead to inhomogeneous adsorption of GNPs with respect to the diameter of the
helical ribbons (~36 nm), thus no chiral arrangement is observed. The details of the synthesis
are reported in Method Section. It has recently been shown that GNPs stabilized with charged
organic ligands can exhibit unique properties,’’ such as high stability and versatile
functionality based on the properties of the ligands. An interesting example is that of ligand
exchange using carboxyl terminated mercapto-oligo(ethylene glycol), henceforth referred to as
HS-PEG,-COOH. The surface density of grafted HS-PEG,-COOH was shown to depend only
on the number of EG units in the oligomer; for a given chain length, GNPs exhibit the same
grafting density, regardless of the GNP diameter.®® For example for n = 7, this density is
reported to be 4.3 + 0.5 molecules per nm*.*> We have synthesized the GNPs initially stabilized
by regular SA such as tri-sodium citrate and tannic acid, then exchanged them with the organic
ligand HS-PEG7-COOH. The particles are named as NaBH4-GNPs or TA-GNPs (depending
on the reducing agents) and PEG-NaBH4-GNPs or PEG-TA-GNPs after the ligand exchange.
Along with these GNPs which present negative surface charges, we have also studied
positively charged GNPs functionalized with aminopropyltriethoxysilane (APTES). The
different types of GNPs were prepared and mixed with SiO,-helix on the one side and silica
nanohelices bearing surfaces modified with amino groups (NH,-SiO; helix) on the other side.

The results of these reactions are summarized in Table 1 and the details are described below.



Table 1. TEM images of Goldhelices with GNPs (obtained using various RAs and SAs),
deposited on the surface of bare silica helices or those with amino modified ones. Scale bars are

all 100 nm.
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APTES-GNPs@SiO;, helix. Following the synthesis described in Method Section,
positively charged APTES-GNPs with a diameter of around 4 nm are obtained (Figure S1A).
As shown in Table 1 and Figure S1B, these GNPs are densely adsorbed on the SiO, helices
and only very few non-organized GNPs are still observed. Small UV shifts before and after
grafting on helices are observed (519 nm for GNPs to 525 nm for Goldhelix, Figure S1C).
Parameters such as the ratio between the APTES-GNPs and the SiO; helices as well as the pH
of the colloidal solution are of great importance for the density and homogeneity of this

grafting (optimization illustrated in Figure S2 and Figure S3). As a result of TEM
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observations, the optimal conditions are for pH of 8.0, and a weight ratio between silica helices
and APTES-GNPs of 1:8.4 (0.05 mg of silica helices (0.5 mg/ml) for 0.42 mg APTES-GNPs
(100 pL, 10.88 uM) in 0.9 mL deionized water).

APTES functionalized SiO, helix (NH,-SiO, helix). When silica nanohelices are
functionalized with APTES, they are positively charged, and interact with negatively charged
GNPs. The amount of effective amine groups at the surface of APTES functionalized
silica helices, NH,-SiO, helix, was estimated by UV spectroscopy titration (using
4-nitrobenzaldehyde) to be 0.7-1 amine group per nm2 (titration detailed in Method
Section).

NaBH;-GNPs. These GNPs synthesized by reducing gold salt with NaBH, and stabilized
with tri-sodium citrate have a diameter 3.5 + 0.7 nm (Figure S4A). The GNPs are densely
adsorbed on NH»-SiO, helices but also coexist with some random particles. Furthermore,
upon increasing the concentration of the GNPs, the size of the GNPs on the helices increases
and becomes heterogeneous indicating a poor stability of NaBH;-GNPs (Table 1, Figure
S4B). A relatively large red shift of the UV-Vis. absorbance is observed upon the grafting and
formation of NaBH4-GNPs Goldhelix (from a narrow plasmon band with a maximum at
515 nm for bare GNPs to a broadened band at around 564 nm for Goldhelix (Figure
S4C)). After exchanging the ligand with HS-PEG7;-COOH (PEG-NaBH;-GNPs), the GNPs
(Figure S4E) seem to exhibit a more homogeneous adsorption at the surface of NH»-SiO,
helix with no obvious random aggregation aside (Table 1, Figure S4F). A smaller red shift

UV-Vis. absorbance for Goldhelix than in the previous case is observed for
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PEG-NaBH;-GNPs@NHy-SiO; helix (from 521 nm for the GNPs to 530 nm for the

Goldhelix (Figure S4G)).

TA-GNPs. These GNPs both reduced and stabilized by the mixture of TA and tri-sodium
citrate show very low and inhomogeneous adsorption on NH2-SiO; helices (Table 1 and Figure
S5) whereas for those stabilized with PEG (PEG-TA-GNPs), for which TA is replaced by
HS-PEG;-COOH, a much more efficient adsorption is observed (Table 1 and Figure S6). This
ligand exchange was monitored both by FT-IR-ATR and XPS (Figure S7). The FTIR-ART
measurements clearly confirm the disappearance of vOH at 3357 cm™ and increase of vCH; at
2800-2900 cm™ after ligand exchange proving the replacement of tannic acid by
HS-PEG;-COOH molecule which is further confirmed by the high resolution XPS spectrum of
the S2p region showing the presence of sulfhydryl moieties stemming from HS-PEG;-COOH.
The small UV-Vis. absorbance shift observed upon adsorption of TA-GNPs onto silica helices
(from 520 nm for 5.4 nm GNPs to 523 nm for Goldhelix) (Figure S5), increases a lot for
the PEG-TA-GNPs system (narrow absorption band at around 520 nm for bare GNPs to
broad peak at around 565 nm for Goldhelix) (Figure S6).

For the PEG-TA-GNPs, the observed TEM images show that their adsorption on silica
helices strongly depends on the composition and the amount of salts (tannic acid salt and
tri-sodium citrate as stabilizers and K,COj3 to tune the pH) which are present in the colloidal
solution as summarized in Figure S8. The most homogeneous and dense adsorption of the
GNPs on the silica surface was observed when tri-sodium citrate alone was used as a stabilizer.

We investigated the effect of the quantity of the stabilizers in solution on the GNPs

adsorption, comparing solutions where either all the stabilizer remained in the solution, or
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where 50% or 75% or 90% were removed. As shown in Figure 1, when 75% of the excess
stabilizers (tannic acid + tri-sodium citrate + K,CO3) were removed by centrifugation before
ligand exchange by HS-PEG7-COOH, a disordered but quite homogeneously covered surface
was easily observed. Interestingly, when only 50% of the free stabilizers are removed, the TEM
images show poorer adsorption of GNPs on the helices (Figure S9). In the meantime, if 90% of

the free stabilizers are removed, the GNPs readily form non-organized aggregates besides the

silica helices.
A o
: S Wh’*":\ ]
i ;,gemgw e
100nm

Figure 1. (A) TEM images of 5.7 nm Goldhelix, PEG-TA-GNPs@NH,-SiO, helix, made by
removing 75% of the free stabilizers. TEM tomography analysis of the same Goldhelix: (B) 3D
representation obtained by modelling the reconstruction showing that the GNPs are located at
the surface of silica helices, Yellow: GNPs, Red: silica helix. (C) Transversal cross-section

slice and (D) typical longitudinal slice through the 3D reconstruction.
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Thus, it is clear that the quantity of free stabilizers which coexists in solution plays a crucial
role for the interaction between the GNPs and helices, the lower the quantity of the remaining
stabilizer, the stronger the interactions between the GNPs as well as between GNPs and the
silica surface.

Effect of PEG-TA-GNPs diameter. The advantage of the synthetic method using tannic acid
is that it gives a relatively easy access to the control of the GNP diameter in the targeted range
between 5 nm and 10 nm by varying the TA concentration in the free solution (Table S1).

In Figure 2, the TEM images of PEG-TA-GNPs with diameter ranging from 5.7 to 9.8 nm
adsorbed on the silica helices allow the estimation of the number of GNPs per pitch at the
surface of helices: 55 + 4 for 5.7 nm GNPs, 44 + 3 for 6.6 nm GNPs, 32 + 3 for 7.8 nm GNPs,
and 27 = 3 for 9.8 nm GNPs. Although the number of GNPs decreases with increasing the
diameter of the GNPs, the volume of gold per pitch increases as the third power of diameter, so
that the overall gold coverage of silica helices by GNPs increases with increasing GNP
diameter.

Plasmonic CD spectra. Circular dichroism (CD) spectroscopy was employed to examine
the optical activity of these Goldhelices in aqueous suspensions. We focused on the
PEG-TA-GNPs Goldhelix systems, with different GNP sizes, which show strong CD
signals with sign reversal (Figure 2). Right handed helices exhibit negative and positive
(from short to long wavelengths) signals while opposite spectra are observed for the left
handed ones, with a sign reversal occurring in the vicinity of the plasmon resonance frequency
of the GNPs (~ 550 nm). With increasing GNPs diameters, the amplitude of the CD signals

increased and red-shifted.
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Figure 2. Goldhelix made using PEG-TA-GNPs with various sizes. Top: representative TEM
images of 5-10 nm PEG-TA-GNPs@NH,-Si0; helix. Bottom: corresponding electronic CD
spectra of the Goldhelices. Dashed lines represent right-handed Goldhelix and solid lines

represent left-handed Goldhelix.

Effects of concentration (of GNPs vs Silica) and pH. We evaluated the optimal conditions
for the homogeneous adsorption of GNPs on the silica helices. First, the weight ratio
between silica helices and GNPs was investigated. A typical experiment was performed
in which 500 pL of 9.8 nm PEG-TA-GNPs (0.015 mg) were prepared, and different
amounts of NH;-Si0;-helix were added (See Method section). The results of typical
TEM images and plasmonic CD spectra are shown in Figure S10 for right-handed
Goldhelices. Significant bisignate (negative-positive) CD signals were observed for
GoldHelix exhibiting homogeneous and dense adsorptions of GNPs for weight ratios of
NH,-S10,—helix to PEG-TA-GNPs between 1.35:1 to 4.05:1 (weight ratio, mg:mg). The

optimal ratio giving the highest CD signal was obtained for a ratio around 2.7:1. For the
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two situations in which the ratio of silica/GNPs is either lower, and the surface of the
silica helices is not totally covered, or the ratio of silica/GNPs is higher, and not all the
GNPs are grafted to the surface of the silica helices, the CD signal (normalized by the
GNPs absorbance) decreased.

We also studied the effect of the pH (between 4 and 5) on the adsorption of GNPs and the
resulting CD activity of the targeted Goldhelices. The corresponding TEM images and CD
signals are shown in Figure S11. It is clearly observed that for a pH = 4.0 below the pKa ~ 4.2
of the acid groups of the ligands, the GNPs tend to adsorb on the silica surface in a less efficient
way, since the protonation of the carboxylate groups decreases the overall surface charge of the
GNPs. This is also confirmed by the CD spectrum (pink line) of the Goldhelix which shows a
weaker intensity. At higher pH values, around 5.0-5.5 (red and black lines) the strong CD
signal correlates well with the TEM images of silica helices densely and homogenously
covered by GNPs. The most homogeneous and dense GNPs adsorption is observed at pH = 5.0

along with the highest CD signal.

DISCUSSION

Chiroptical study of silica nanohelices decorated with GNPs. Let us first recall that
GNPs respond to a light illumination by a collective free electron oscillation, which presents
a resonance, called localized plasmon resonance (LPR) and is responsible for an intense
absorption band in the green. When achiral GNPs are arranged in a chiral configuration, a

chiroptical activity may be induced by the plasmonic coupling between the GNPs, and will
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therefore occur at the plasmon resonance wavelength. The magnitude of this chiroptical
activity depends on the magnitude of the GNPs plasmon resonance and on the strength of the
interparticle plasmonic coupling.?” This explains the bisignate CD signals of Goldhelix via the
helical arrangement of the gold nanoparticles permitting the propagation of a plasmonic
coupling wave along the helical directions, resulting in an enhanced adsorption of the incident
light according to the handedness of the Goldhelix.*?

As shown in Table 1, only three types of Goldhelices show homogeneous and dense
adsorption of GNPs: 1) 4 nm APTES GNPs + SiO, helices, 2) 3.5 nm PEG-NaBH4-GNPs +
NH2-SiO, helices and 3) 5 — 10 nm PEG-TA-GNPs + NH,-SiO, helices. For all these
systems, the plasmon spectra of the GNPs show a red shift after grafting on the silica helices
which reveals a coupling between the GNPs as previously illustrated by the observed SERS
effect.”® Note that in free suspension, we observe only a minor effect of both size and surface
ligand exchange of NPs on their UV-Vis. spectra (Figures S4, S5 and S6), confirming the effect
of the self-assembly once on the helices. Indeed, it is well known that the coupling between
GNPs is enhanced when GNPs are closely packed, with an interparticle distance
comparable to their diameter. In Table 2, the shifts of the UV-Vis. absorbance peak
before and after grafting on helices, packing density of GNPs observed by TEM as well
as the presence of non-chiral aggregates are summarized. As described above, the red shift
upon grafting is the most significant for the PEG-TA-GNPs Goldhelix which show a close
packing of GNPs. Meanwhile, smaller UV-Vis. shifts are observed for APTES Goldhelix,
NaBH4-PEG Goldhelix and TA Goldhelix. These results clearly confirm the correlation

between the UV-Vis. shift and close positioning of GNPs.
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Table 2. GNPs size (nm), GNPs interparticle distances observed with TEM, UV-Vis shift of
plasmon peak upon grafting on silica helices, random aggregates observed by TEM, and CD

signal for different Goldhelix systems.

GNPs GNPs .
Type of . . . UV-Vis. | GNPs random .
. diameter interparticle . CD signal
stabilizer ) shift aggregates
(nm) distances
APTES 41+05 5.2+35 ~6nm Low Low
NaBH, 35+0.7 56+35 ~50 nm High Low
PEG-NaBH, 40+0.8 27111 ~9nm Low Low
54+05 15+9.0 Low
3 x0. 8+4.1 L
TA ©3:08 98 ~3nm ow Low
74+0.7 9.7+35 Low
94+1.0 73+3.0 Low
57+0.5 29+05 ~25nm Low
6.6 £0.7 28+0.8 ~25nm Low
PEG-TA High (> 3 mde
78+07 23403 ~ 45 nm Low on ( 9
9.8+0.8 21+0.7 ~45nm Low

Interestingly, not all the systems with seemingly closely packed GNPs as observed by TEM
show large UV-Vis. shift such as PEG-NaBH, Goldhelix. Indeed, although the regular
transmission TEM images show close packing (~2.7 nm), the 3D reconstruction images
of their Goldhelix show that the mean interparticle distance at the surface of these
helices is in fact larger than 4 nm (Figure S4F) compared to much more densely packed
for PEG-TA GNPs Goldhelix with 2~3 nm interparticle distances (Figure 1).

Finally, only PEG-TA Goldhelix systems showed significant CD signals (Figure 2).
Although, NaBH, Goldhelix also shows both close packing by TEM and large UV-Vis. shift,
they do not show CD signals. This feature is certainly due to the low UV-Vis. absorbance of the
system because of the small size of the NaBH, GNPs as well as the high proportion of random

aggregates.
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It seems, therefore, that the important parameters which lead to high CD signals are, 1)
large GNP size, 2) short grafted interparticle distance, and related to this, 3) larger UV-Vis.
shift, with 4) the absence of random GNP aggregates. We can clearly see that in the present
case, only the PEG-TA GNP systems satisfy these conditions.

Simulated CD spectra

The CD of GNP systems is simulated according to coupling dipole method (CDM). This
approach, which requires smaller computational resources than discrete dipole approximation
(DDA), can be used to simulate the optical properties of structures composed of a large
number of GNPs. Note that CDM is only valid when the distance between nanoparticles is
large enough and the nanoparticle size is small enough to neglect multipolar effects. In
addition, we do not take into account the presence of silica in the simulations. CDM enables
the determination of the extinction cross section (cex;) GNP system for a given polarization of
light. The GNP structures are randomly oriented in the solution. To take into account these
random orientations, the extinction cross section is averaged over different orientations of the
wave vector of the incident light. 30 wave vector orientations are produced by generating 30
equidistant dots on a single octant of a unit sphere. This number of orientations is sufficient
to ensure the convergence of the simulated optical properties. The circular dichroism (CD) of
the GNP structures depends on the difference between the average extinction cross sections

calculated for left (o.,.,) and right {o.,.r) handed circularly polarized light:

CD = N(<Uext,L) - (Uext,R))- 1)
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Where N is the concentration of GNP structures in solution. More details about the GNP
structures considered in the simulations are given in supplementary materials (Table S2)).
The effect of various parameters affecting the intensity of the CD.

The effect of various parameters on the optical cross section as well as the intensity of CD
was investigated using the model described above.

GNPs diameters: as it is shown in Figure 2, the measured optical activities of Goldhelices
bearing GNPs with diameters (5.7, 6.6, 7.8 and 9.8 nm), increase with the GNPs diameter. In
Figure 3, the simulation shows the effect of this same range of GNPs diameters. Both the
cross section and the CD intensities increase strongly with the increasing GNPs diameters.

Both the tendency and the line shape of the CD signal were strikingly well reproduced by the

simulation.
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Figure 3. Influence of the GNP radius on (a) the extinction cross section and (b) the CD/N

spectra simulated by considering perfectly aligned and monodisperse GNPs.

20



The experimental molar circular dichroism is defined as

AA 0
Ae =22 =
cl  32982Cl

)

where 0 is the ellipticity obtained from CD measurement (mdeg), C is the concentration of
the smallest chiral unit (mol/L) and / is the path length of the cell (cm). In the present case, it is
difficult to compare the simulated CD signals with those obtained from the experiments in
terms of the molar circular dichroism, since the concentration C depends on the species
considered (GNPs or Goldhelix). Nevertheless, the optical activity of such chiral systems can

be determined through the dimensionless Kuhn factor (the so-called g-factor):**

_As 0 _ 0
8 = & T 32082c1e 329824

3)
where ¢ is the molar absorptivity and A is the absorbance.
In the case of simulated data, the g factor defined as the ratio between the CD and the

absorption coefficient is calculated by:

(Oext,L)—(Text,R)
= _— 4
(Oext,L)H{Text,R) ( )

The highest value of the g-factors of Goldhelix, (Qmax-Qmin), both obtained by experiments
and simulations (monodispersive GNPs with crystalline organization) are shown in Figure 4 as
a function of the GNPs diameters. There is a clear correlation between the size of
PEG-TA-GNPs and the measured g-factor of the Goldhelix; as when the size of the GNPs
increases from 5.7 nm to 9.8 nm, the g-factor is multiplied by 4.4, increasing from 9.3 x 10 to
4.12 x 10™. Again, this tendency is clearly reproduced by the simulation. This is in good
agreement with the previously reported data in the literature with other systems.*>*

However, the simulated g factor values are about 30 times higher for 5.7 nm and 100 times

higher for 9.8 nm GNPs. To identify the reasons of such discrepancies in the g-factors between
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the simulated systems and measured systems, we investigated the effect of various factors
which can have effects on the CD intensity by simulation, such as disorder, polydispersity of

GNPs diameters, or their grafting density.
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Figure 4. g-factors (QOmax-gmin) Of TA-PEG GNPs Goldhelix for different GNP diameters
obtained from experimental CD measurements (black triangle) compared with g-factors

obtained from simulation with perfectly helically aligned and monodisperse GNPs (red

squares).

Disorder:

In order to evaluate the effect of the disorder, we have introduced the disorganization of the
GNPs to a system with5.7 nm diameter GNPs organized in square lattice. As illustrated in
Figure 5, each GNP m of the system was shifted from its initial position on the helix ribbon,
by a vector Ar,,. The coordinates of this vector were randomly generated from a Gaussian
distribution with a standard deviation . The GNP disorder was determined by calculating the
two dimensional pair distribution function of GNP on the unfolded chiral ribbon:

1 1 <Nnp
2mrd dr Npp—1 Zmzl Mm (T‘) (5)

g(r) =

22



A is the density of GNPs on the ribbon while N, is the number of GNPs in the system;
Ny, (1) is the number of GNPs contained in the ring of radius r and thickness dr, centered on the
GNP m. The peaks observed in the pair distribution function is getting wider as o increases,
suggesting that the GNP system becomes more and more disorganized. The result shows that
the CD intensity decreases with increasing disorder. However even after the introduction of

disorder with a standard deviation of ¢ = 0.8 nm, the g-factor decreases only by around 25%.
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Figure 5. Effect of disorder of GNPs (5.7 nm) (a) Schematic representation of ordered and
disordered structures. Effect of the GNP disorder on (b) their two dimensional pair distribution
function, (c) their extinction cross section and (d) their CD/N spectra. The g-factors (gmax-Qmin)

are summarized in the supporting factor (Table S3).

Polydispersity of GNPs diameters: as it is shown in Table 2, the synthesized GNPs exhibit
some polydispersity, in general around + 10%. Therefore, we investigated the effect of such a
polydispersity on the CD signals of the system. To introduce this polydispersity in the
simulations, the nanoparticle diameters were randomly generated from a Gaussian
distribution with an average value of 5.7 nm and a standard deviation cp from 0 to 1 nm. The
simulation shows that the CD intensity decreases with the particle polydispersity (Figure 6).
However the introduction of the typically observed polydispersity values close to the standard

deviation of 1.0 nm has only a small impact on the CD intensity with a decrease by only 11%.

CD/N (nm?)
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T 1

T
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Figure 6. Evolution of CD/N spectra of GNPs 5.7 nm (¢ = 0 nm) with the standard deviation
op of the nanoparticule size distribution. The insert shows the evolution of the extinction cross

section. The g-factors (gmax-Omin) are summarized in the supporting factor (Table S3).
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GNPs density: we then investigated how the CD signal varied with the GNPs density.
Starting from the initial system (Figure 5a), 2.4% (Nv = 10) and 12% (Nv = 50) of the GNPs
were randomly removed (Nv is the number of removed GNPs). The results show that the
removal of 2.4% of the GNPs does not have much effect on the CD signal, whereas, when we
decreased the GNPs density by 12%, the CD signal (Figure 7) was divided by 2 as seen from

the variation of g-factor (Table S3).
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Figure 7. Evolution of CD/N spectra of the system with the decreasing density of nanoparticles.
Among the total of 400 GNPs, 10 or 50 GNPs were randomly removed, Nv = 10 or 50. The
insert shows the evolution of the extinction cross section. The g-factors (Omax-Omin) are

summarized in the supporting factor (Table S3).

CD signal simulated from the real positions of GNPs in 3D space : finally, we simulated the
CD signal from the real position of 5.7 nm GNPs obtained from TEM tomography in 3D space
as seen in Figure 1B. For this simulation, the GNPs were all the same size in principle, except
when they were overlapping (distances between the centers of GNPs are smaller than twice the

radius). In those cases, the diameter was fixed as the distance between the GNPs centers.
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In Figure 8, the measured CD signal obtained for 5.7nm GNPs is compared with the
simulated CD signal obtained for perfect crystalline organization (Figure 3), as well as the CD
signal simulated for the real position of the GNPs. The three spectra surprisingly show good
agreement in terms of line shape as well as the peak positions (with a slight shift). It is clearly
seen that the CD spectrum simulated for real position of GNPs is roughly 10 times smaller than
the spectrum simulated for a perfect crystalline organization of GNPs. Note that we cannot

compare here the absolute intensity of the measured and simulated CD signal.
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Figure 8. measured CD signal obtained for 5.7nm GNPs (black solid line) is compared with the
simulated CD signal obtained for perfect crystalline organization (¢ = 0, blue dotted line), as
well as the CD signal simulated for the real position of the GNPs (3D tomography, red dashed

line)

Here, the g-factor obtained from the simulated spectrum based on the TEM tomography is
around 4 times the g-factor measured by CD. This discrepancy can come from several factors.
First, as described above, the simulation of the TEM image does not take into account the real
distribution of the GNPs diameter. Second, the CMD model does not take into account

multipole effects, which could have a strong contribution for tightly packed GNPs assemblies.
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As reported by Fan ef al.,”’ the red shift of the experimental CD spectra can be attributed to
multipole effects. However, this effect cannot explain the difference between the magnitude of
the simulated and that of the measured g-factor. Indeed, as demonstrated by Fan et al.,”
multipolar effects induce an underestimation of the circular dichroism simulated by CMD. The
presence of a silica interface could also have a significant impact on the optical properties of
the GNPs. Indeed, when a nanoparticle located on a substrate is exposed to an external electric
field, the charges are redistributed in the vicinity of the substrate. This charge redistribution can
be modeled as a virtual dipole image, which interacts with the nanoparticle. This interface
effect induces a broadening and a decrease of the amplitude of the plasmon band.®®

Finally, the experimental results are compared with previously reported data in the literature.
Indeed, it has been observed that the localized surface plasmon resonance (LSPR) of metal NPs
strongly depends on the size and shape of the NPs as well as their spatial arrangement and to
date, much research has been done to investigate the effects of the size and arrangement of
GNPs on CD signal, 2% °7-©70

For most of the GNP-GNP helical organizations found in the literature, only raw data given
in mdeg are presented and g-factors are rarely calculated. In the present case, our raw data are
comprised between 2 and 7 mdeg for 5 to 10 nm GNPs. Although the comparison is not
quantitative, these values are either comparable or higher than what can be observed in the

10, 12, 35, 37

literature. The only systems which give higher g-factor values are helical assemblies

of gold nanorods. In this case, the CD is enhanced due to the polarized geometry of the rods and

-2 36, 38,40,43
0=, °%°%%0

g-factors can reach values as high as 2x1 Indeed, it would be very interesting to

graft gold nanorods on the present system in future works.
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In conclusion, we have introduced a simple and unique way to design 3D helical
nanostructures with strong and controllable chiroptical properties by using inorganic silica
nanohelices as chiral templates and GNPs as plasmonic active units. The observed g-factor by
circular dichroism (CD) spectroscopy at the wavelength of the surface plasmon resonance
(SPR) of the GNPs was of the order of 10, ten-fold larger than what is typically reported in the
literature. Our study clearly showed that these optical activities depend both on the size and the
organization of the GNPs on the surface of the helical silica template which are closely
correlated with the surface chemistry of both the GNPs and the silica helices. The optical
properties of GNP systems were simulated with the coupled dipole method. In agreement with
experimental data, the simulations revealed that the g-factor of these systems increased with
the GNP size. However, the simulated g-factor is 1 to 2 orders of magnitude higher than the
experimental value. This discrepancy is likely due to the GNP disorder, the variation in the
GNP density, the polydispersity of GNPs and silica helices and the presence of silica/water
interface. Indeed, the simulations based on the positions of GNPs estimated by TEM led to the
g-factor much closer to the measured one. Thus, these simulations open new ways for the
design and the optimization of GNP chiral systems with specific optical properties.

Such tunable and robust chiral nanostructures with strong CD response can be developed for
new applications of metamaterials in the visible range, and for chiral biosensing and chiral

detection based on the importance of the SPR effect in biological structures.

METHOD SECTION
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Synthesis of Gemini Tartrate and Gel Formation. The 16-2-16 amphiphiles with tartrate
counter-ions were synthesized according to previously published data. To make organic gel,
3.58 mg of 16-2-16 L- or D-tartrate powder are dissolved into 5 mL of Milli-Q water to obtain
a concentration of 1 mM 16-2-16 tartrate. The solution is then heated up to 60°C (above the
Krafft temperature which is 43°C for 16-2-16 tartrate) for 20 minutes for a complete
dissolution, and incubated at 20°C. At the concentration of 1 mM, twisted ribbons were
observed after 1 h at 20°C and helical ribbons were observed after 1 day. The morphology of
self-assembly was then monitored with Transmission Electron Microscopy.

Preparation of Silica Nanohelices and their Fragmentation. Once adequate ageing time
of the gels is reached, these organic self-assemblies are used as templates to prepare silica
nanostructures through a sol-gel transcription procedure. In a typical preparation, 500 pL of
tetraethoxysilane (TEOS) were added to the 10 mL of 0.1 mM aqueous solution of L-tartaric
acid (pH 3.8) and pre-hydrolyzed at 20°C by stirring on the roller-mixer for 7 h. In parallel, a
solution of 1 mM 16-2-16 gemini surfactant with L-tartrate counterion is aged between 2 h to 2
days for the formation of twisted and helical nanoribbons respectively. Equal volumes of
pre-hydrolyzed TEOS in 0.1 mM aqueous solution of L-tartaric acid and organic gels are
mixed (typically, 2 mL of each) and stirred at 20°C with a roller-mixer overnight. Once the
transcription is completed, the mixture is washed thoroughly with isopropanol, in order to
solubilize the organic byproducts and eliminate the excess of TEOS (washing 5 times with
absolute isopropanol by centrifugation (5 min., 2000 G) and re-dispersing in isopropanol).
Basically, from 0.36 mg of organic gel, we obtained 5 mg of silica nanohelices. This procedure

led us to obtain in the average 0.5 mg/mL of silica helices from 1 mM of organic gel.
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After silica nanohelices were obtained, they were re-dispersed into 1:1 ethanol/ isopropanol
by centrifugation and followed by tip sonication with various sonication powers to
individualize and shorten the nanohelices.>* Generally, a high intensity ultrasonic processor
“Vibra cell 75186 equipped with 6 mm microtip with variable power was used (maximum
power, 130 W). A 20 kHz pulse mode was chosen for the dispersion and fragmentation of
silica nanohelices and twisted nanoribbons. The experimental parameters were kept constant:
sample concentration (0.5 mg/mL), volume (2 mL), sonication time (15 min. with pulses of 1
s separated by 1 s pauses). Samples were cooled in an ice bath during the sonication process
in order to avoid solvent evaporation and rising of the sample temperature which could
influence the sonication effect.

Amine Functionalization of Fragmented Silica Nanohelices. The silica nanohelices were
then functionalized via a surface chemical modification with (3-aminopropyl) triethoxysilane
(APTES).> Generally, 25 pmol of APTES were added per 0.5 mg of short silica nanohelices
in ethanol. The reaction mixture was submitted to ultrasonication for 5 min. and then kept in an
oil bath overnight at 80°C followed by five times washing by centrifugation in absolute
ethanol. This modification procedure can be repeated once to improve the coverage of the
silica surface with amine groups. The presence of amine groups is confirmed in XPS by the
presence of N1s peak at 399.8 eV.

The quantity of amine groups at the surface of the NH,-SiO, helix silica wall is
estimated by UV spectroscopy titration inspired by the work of Moon et al.”* In a typical
process, the aminosilane is allowed to react with 4-nitrobenzaldehyde to form an imine. After

washing the sample with ethanol to eliminate the excess of 4-nitrobenzaldehyde, the imine is
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hydrolyzed in a known volume of water to produce again the 4-nitrobenzaldehyde and its
absorbance is measured giving rise to the concentration via the Beer-Lambert law. The
relation between the amount of amine groups per unit volume (d x nm?) and the quantity of

amine groups (n moles) can be expressed as below:

Ny = —nll\;i;,ijzz'd- 1071% (6)

where psioz is the density of amorphous SiO, (2.196 g/cm?). The factor d is the thickness of

silica wall (ranged between 2 and 3 nm). Msio, is the molecular weight of silicon dioxide

(60.08 g/mol) and N, is Avogadro constant. We find that the density of Ny per nm2 is 1 (for
d=3nm), or 0.7 (for d = 2 nm).

Synthesis of GNPs and Surface Ligands Exchange.

NaBH,-reduced and tri-sodium citrate-stabilized GNPs (NaBH4-GNPs). Around 3.5 nm

NaBH4-GNPs (Figure S1A) were synthesized by using tri-sodium borohydride (NaBH,) as
the reducing agent and tri-sodium citrate as the capping agent through a modified method by
Zhang et al.” Typically, 0.23 mL 0.1 M HAuUCl,-3H,0 aqueous solution was added into 90
mL of deionized water followed by injection of 2 mL of 38.8 mM tri-sodium citrate solution.
Then 1 mL of 0.075 wt% freshly prepared NaBH, solution (in 38.8 mM tri-sodium citrated
solution) was added after 5 min. of stirring, and then the reaction mixture was stirred
overnight at room temperature.

APTES stabilized GNPs (APTES-GNPs). Around 4 nm APTES-GNPs (Figure S1B) were

synthesized by using Sun’s method with a slight modification.”® Typically, 400 uL of APTES
were added to 0.84 mL of a 0.1 M HAuCI, aqueous solution with 2.66 mL Milli-Q water

under vigorous stirring at room temperature to obtain supramolecular microstructures of the
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mixture. Then the colloidal solution was heated up to 100°C for 30 min. and then kept at
room temperature overnight, followed by centrifugation to remove the unreacted APTES and
other byproducts. The synthesized GNPs have an average diameter of 4.1 = 0.5 nm in TEM

measurement.

Tannic acid/citrate stabilized GNPs (TA-GNPs). Gold nanoparticles with approximately
5-10 nm were synthesized by the method which was slightly modified from what was
reported previously’ using both tannic acid and tri-sodium citrate as reducing and capping
agent (Figure S6). To make 100 mL of a GNP suspension, two stock solutions are prepared.
Solution A: 1 ml 1% aqueous gold chloride in 80 ml milli-Q water and. Solution B: 4 ml of 1%
tri-sodium citrate-2H,0 in 16 ml milli-Q water, to which a variable amount of 1% tannic acid
was added (shown in Table S1). When the volume of added tannic acid exceeds 1 mL, an
equal amount of 25 mM potassium carbonate solution is added for pH adjustment. The
solutions A and B are heated to 60°C then mixed while stirring. After the solution turns red,
heated further up to 100°C, then cooled in an ice bath. The larger particles with lower
concentrations of tannic acid take longer to form and it takes up to 1 hour for the solution to
turn to red.

Surface Ligands Exchange. Surface ligands exchange reaction for NaBH4-GNPs and

TA-GNPs was done by using O-(2-Carboxyethyl)-O’-(2-mercaptoethyl) (noted as
HS-PEG7-COOH). Briefly, in a typical preparation for TA-GNPs, 2 mL of 0.067 uM 5 nm
TA-GNPs for example, were first put under centrifugation (15000 rpm) until the colored parts
of the solution are smaller than 1.0 mL (~0.13 uM) or 0.5 mL (~0.27 uM) by precipitation to

remove Y or % unreacted tannic acid salt and tri-sodium citrate. If % unreacted tannic acid
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salt and tri-sodium citrate were removed, 0.5 mL Milli-Q water was added to balance the
concentration of GNPs and prevent the GNPs aggregation. After that, 0.5 mL of 10 mM
HS-PEG;-COOH in ethanol were added to the colloidal solution followed by 5min sonication
and then incubated at 4°C overnight to reach equilibrium. After reaction, TA-GNPs with
HS-PEG;-COOH were precipitated by centrifugation and washed with water (centrifugation
15000 rpm during 5 min., removal of the upper phase, addition of water, vigorous shaking,
then centrifugation again). Finally, PEG-TA-GNPs were dispersed in water with a pH about
4.4 and kept at 20°C overnight before any usage.

In the case of NaBH4-GNPs, the ligand exchange reaction is basically the same with small
modifications. 2 mL of 0.25 nM NaBH4-GNPs were first centrifuged to 1.0 mL (~0.5 nM) by
precipitation to remove unreacted tri-sodium citrate and increase the concentration. After
that, 0.5 mL of 10 mM HS-PEG;-COOH in ethanol was added and the solution was sonicated
for 5 min then incubated at 4°C overnight to reach the equilibrium. After reaction, the
resulting PEG-NaBH4-GNPs were precipitated by centrifugation and washed with water as
described above. Finally, PEG-NaBH,-GNPs were dispersed in water at pH 4.4 and kept at
20°C overnight before any usage.

Synthesis of Goldhelix.

Direct synthesis of Goldhelix without ligand exchange.

For APTES-GNP. 0.1 mL GNPs were diluted and redispersed in 0.9 mL Milli-Q water and
then, the pH was adjusted to around 8 followed by addition of 25 puL-100 pL of 0.5 mg/mL
bare silica nanohelices. The suspension was submitted to 5 min. sonication and incubated at

20 °C overnight with roller-mixer. Afterwards, the suspension was washed 3 times with
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Milli-Q water using centrifugation to eliminate unreacted APTES-GNPs. To enhance the
adsorption, the mixing can be repeated as stated. The final samples were kept in 20°C before
any characterizations and measurements.

For NaBH;-GNPs and TA-GNPs. NH,-SiO,—-helix were used as a template for GNPs
immobilization. Basically, 25 pL-100 pL of 0.8 mg/mL nanohelices-NH, were added to 0.5
mL of GNPs with 10 min. sonication and then incubated at 20°C overnight. The suspension
became colorless, with dark red precipitate inside, which was then washed three times with
water to eliminate unreacted GNPs. To enhance the adsorption, the procedure can be repeated
as stated. The final samples were kept in 20°C before any characterizations and
measurements.

Synthesis of Goldhelix after ligand exchange. After ligands exchange, 50 uL-150 pL of 0.8

mg/mL NH,-SiO,-helix was added to 0.5 mL of PEG-TA-GNPs. 10 min. sonication was
applied to the mixed solution to make it homogenous. Then, the suspension of GNPs with
silica helices was washed by precipitation with water after 24 h incubation at 20°C in
roller-mixer. The washing was repeated 5 times and the concentration of synthesized
Goldhelix can be increased by condensation at the final stage of washing. The final samples
were kept in 20°C before any characterizations and measurements.

The effect of the quantity of free stabilizers in solution on the adsorption of PEG-TA-GNPs
on NH,-Si0,-helix was investigated as follows. 0.5 mL of the solution of different components
in the free stabilizers, namely tannic acid, tri-sodium citrate and K,COs, with different
combinations was added to the bare TA-GNPs colloids instead of 0.5 mL Milli-Q water after

centrifugation before adding of SH-PEG;-COOH. The concentration of each component
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(tannic acid, K,COj3 and tri-sodium citrate) was finely adjusted to be equal to the initial

solution. The final TEM results are shown in Figure S5 and S6.

UV measurements. The study of localized surface plasmon resonance was performed with
a Cary 300 UV-vis. spectrometer. The data were recorded with 1.0 nm data interval and 600
nm/min. scan rate. Quartz cuvettes with optical path length of 10 mm were used for
measurements.

Circular dichroism measurements. Electronic circular dichroism (ECD) spectra were
recorded on a Jasco J-815 CD spectrometer. The scan rate was 20 nm/min. All CD
experiments were carried out in a Milli-Q water (pH=6.0+0.1) with a quartz cuvette (10 mm
path length) at 25°C. The baseline corrections of the ECD spectra were performed by
subtracting the two opposite-enantiomer ECD spectra for GNPs of the same size (recorded
under the same experimental conditions and normalized to have absorbance intensity of
plasmon band equal to 1) then divide them by two. This baseline procedure removes the
experimental artefacts coming from the ECD spectrometer.

Transmission Electron Microscopy (TEM) observation. TEM was performed at room
temperature on a Philips EM 120 electron microscope operating at 120 kV and the images
were collected by 2k x 2k Gatan ssCCD camera. Drops of diluted dispersions of the hybrids
were deposited on carbon films coated 200/400-mesh copper grids. The excess liquid was
blotted with filter paper. Electron tomography (ET) experiments have been carried out on
representative silica helices by using a JEOL 2100F TEM/STEM electron microscope

operating at 200 kV, equipped with a TRIDIEM post-column Imaging fi00-m and a Cs probe
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corrector. Before observations, the samples were deposited on a holey carbon membrane
copper grid which was previously cleaned using a H,/Ar plasma gas using a Solarus Plasma
Cleaner. The acquisition of the tilt series was performed in the classical TEM mode with the
Digital Micrograph software which provides an automated acquisition of the tilt series by
varying the tilt angle step by step and by controlling the defocusing and the specimen drift at
each tilt angle. Using a high tilt sample holder from the GATAN Company, TEM tilt series
were acquired between 75° and -75°, with a 1.5° equal tilt increment. As a result, the total
number of projections was about 100, for a recording duration of about 45 minutes. Once the
acquisition of the tilt series completed, the images were roughly aligned using a cross
correlation algorithm, followed by a fine alignment performed in the IMOD software 97
where the gold nanoparticles located on the silica helices were used as fiducial markers. The
3D reconstructions were computed by using algebraic reconstruction techniques (ART) 98
implemented in the TomoJ software 99 with 20 iterations. Visualization and quantitative
analysis of the final volumes were carried out by using Slicer (http://www.Slicer3D.org) and

ImageJ software.

CDM Simulation.
The optical properties of GNPs systems are simulated according to the coupled dipole
method (CDM). Each spherical GNP m located at the position 7, is considered as a dipole

characterized by its own polarizability:

_ 3 EnpRm)—en
%m = mgnp(Rm)‘l'ZEh (7)
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where R, is the GNP radius. &, and &,,(R;,) are the dielectric functions of water and
GNPs, respectively. Assuming that only the free electrons are affected by confinement

effects, the dielectric function of GNPs can be expressed in the following way:

2 2
Wp

+ v
a)(a)+jl"0) a)(a)+j([‘o+é)>

£ (Rm) = £p(0) — ®)

gnp(©0) is the tabulated dielectric function of gold. w, = 8.8eV, vy = 1.4 X 10 m.s?, and
[, = 0.081eV are the plasma frequency, the Fermi velocity of free electrons, and the
electron damping of gold, respectively. Exposed to a local electric field m this
nanoparticle acquires a dipole moment B, given by :

— _

by = amEloc,m- (9)

By considering the local electric field as a sum of the incident electric field (E,,,,) and

fields radiated by the other dipoles I, we can deduce the following equation:

ar_nlﬁn) mcm Zlip Amlpl (10)
where Ny, is the number of GNPs. The second term of equation (4), described the dipolar

interaction between GNPs. This term is expressed as:

— e]k ml

— 1- Jkrml
AP =

kT N AP, + 25728 (12, — 370, (7. P2)) | (1)

rml ml

where 7,,; = 7, — 1, and k the norm of the wave vector. By applying the same procedure for

all GNPs, we obtain a set of 3N linear equations, which can be rewritten as following:
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AP = Eip (12)
P and E;,. are the 3N dipole moment and incident electric field vectors, respectively. A is
a tensor which described the optical and geometrical properties of the GNP structure. The
3x3 off-diagonal block elements An, of this tensor is deduced from equation (5) while the

3x3 diagonal block elements A is given by:

Apm = am* I35 (13)
I3 3 is the 3x3 identity matrix. The vector P is determined by solving equation (6) using the
generalized minimal residual method (GMRES). For a given incident electric field, the
extinction cross section of the GNP structure is calculated by:

Oext = %Zynii Im (m*m) (14)

E, is the amplitude of the incident electric field.
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TOC image

Silica nanohelices synthesized from sol-gel condensation of TEOS on self-assembled
organic nanostructures are used as a matrix to prepare helical GNPs superstructures with
tunable and well-defined handedness. Strong chiroptical activity is evidenced by circular
dichroism (CD) spectroscopy at the wavelength of the surface plasmon resonance (SPR) of the

GNPs.
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