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Chiral Plasmonics Using Twisting along Cellulose
Nanocrystals as a Template for Gold Nanopatrticles

Johanna Majoinen, Jukka Hassinen, Johannes S. Haataja, Heikki T. Rekola,
Eero Kontturi, Mauri A. Kostiainen, Robin H. A. Ras, Pdivi Tormd,* and Olli Ikkala*

Nanocelluloses with native crystalline internal structures have
attracted considerable interest due to their plant-based origin,
high mechanical properties, modifiability, and chiral liquid
crystallinity, which suggest novel functional sustainable mate-
rials.'"?’] In particular, cellulose nanocrystals (CNCs) are col-
loidal rods, having a typical lateral dimension of 5-10 nm and
length of 50-300 nm. Above a critical aqueous concentration,
they exhibit left-handed chiral nematic (cholesteric) liquid crys-
tallinity (LC) and optical iridescence,*® which is preserved
in dried films.*?8 It allows templating for photonic materials
using inorganics, nanoparticles, polymers, and pyrolyzed car-
bonized matter.1%12162526] On the other hand, the CNCs have
been suggested to possess a right-handed twist along their
nanorod axis to explain the left-handed twist in their chiral
LC.Il Recently, the right-handed twist of individual CNCs
and nanocelluloses of three different origins was observed by
cryo-electron tomography (cryo-ET), and electron and atomic
force microscopy®”??! supported by molecular dynamics
simulations.[30-32]

Exploiting the twisting shape along the individual CNC
nanorods could allow new optical functions in the nano/
colloidal scale in dilute aqueous dispersions, i.e., not limited to
the chiral LC based on the inter-rod assembly involving a larger
length scale. Surprisingly, such optical findings have not been
reported so far.

Surface plasmons, i.e., collective oscillations of the conduc-
tion electrons on metal surfaces, allow physics and applica-
tions ranging from photonic devices, sensing, and solar cells
to pharmacology.’>’ In nanoparticles (NPs) the oscillations
become coupled to allow a chiral plasmonic response, provided
that they are sufficiently closely positioned and assembled in
a chiral manner. This manifests in circular dichroism (CD)
spectroscopy, which describes the difference in absorption
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between left- and right-handed circularly polarized light. The
chiral coupling of surface plasmons induces a bisignated CD
signal with a zero-crossing at the characteristic localized sur-
face plasmon resonance wavelength of the isolated NPs. Such
a Cotton effect is either dip—peak or peak—dip, depending on
the handedness of chirality.3¥#2l In chiral biological mole-
cules, such as DNA, proteins and polypeptides, the CD signal
is at ultraviolet wavelengths, whereas the CD signal of helical
metal nanoparticle assemblies is at the visible wavelengths.
This extends the applications to, e.g., in biosensing.*”! Chiral
nanoparticle assemblies have been shown using helical poly-
mers, supramolecular fibers, and DNA-based constructs as
templates.*#2l In particular, a chiral plasmonic signal is
obtained using DNA-origami to organize the nanoparticles in
well-defined helices with tunable pitch, separation, and handed-
ness.[*%*l Even if the above approaches are promising allowing
in-depth tunable chiral plasmonic response, introducing rapid,
scalable, and economic ways for producing chiral plasmonic
nano-objects is still a challenge.

Here, we explore a hypothesis whether electrostatically
templating cationic gold nanoparticles (AuNPs) on the sur-
faces of individualized anionic CNC colloidal rods with chiral
twisting along their axis allows a chiral plasmonic response
in the nanoscale, i.e., without the left-handed cholesteric LC
phase. The question can be put also to broader conceptual
contexts: (1) Can one physically bind plasmonic nanoparticles
on colloidal rod-like templates, which, in spite of the inherent
packing disorder still allows a relevant plasmonic signal; and
(2) If the rod-like template shows chirality, can one break the
nanoparticle packing symmetry to allow chiral plasmonics. A
third aspect relates to whether electrostatic interactions can be
used between the rod-like and spherical colloids without exces-
sive aggregation. That electrostatic interactions between two
colloids can be subtle, has been pointed out recently.*?!

We demonstrate that in dilute dispersions, AuNPs can be
electrostatically bound on CNCs exhibiting a pronounced
chiral right-handed plasmonic response, opposite to that of left-
handed plasmonics of their LC assemblies, due to formation of
nanoscale fibrillar CNC/AuNP superstructures. Therein, tuning
of nanoparticle concentrations, sizes and charge screening is
central. The CD signal is reproduced using numerical simula-
tions utilizing the AuNP coordinates from cryo-ET.

CNCs were prepared from cotton filter paper (Whatman
1) using sulfuric acid hydrolysis,*#] leading to anionic
sulfate ester groups on their surface (Scheme 1). The sur-
face charge was 036 eq kg by conductometric titra-
tion as corresponding to a charge density of 0.6 e nm™.
Cryogenic transmission electron microscopy (cryo-TEM)
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Scheme 1. Scheme for electrostatic binding of plasmonic AuNPs onto cellulose nanocrystal for chiral plasmonics in dilute aqueous dispersion. a) The
native cellulose crystalline structure induces a right-handed twist (MD simulation. Adapted with permission.?l Copyright 2013, American Chemical
Society). Upon sulfuric acid hydrolysis, rod-like CNCs with nanometer lateral dimensions show right-handed chiral twisting along the rods and anionic
surface groups. b) Scheme of dropwise adding aqueous CNC dispersion in aqueous AuNP dispersion.

shows the typical rod-like appearance of the visually clear
aqueous-dispersed CNCs (concentration 5 mg mL™),
Figure 1a. The lateral dimension is =7 nm and the lengths range
from 50 to 300 nm.[?”#0! Importantly, the cellulose native crystal
internal packing frustration within the CNCs (Scheme 1a)
remains after sulfuric acid hydrolysis, which manifests in the
chiral right-handed twisting along the CNC rods.[?:2>#]
Spherical cationized AuNPs with 11.7 £ 1.7, 8.5 + 1.2, and
2.6 £ 0.5 nm core sizes were synthesized (see Supporting
Information), involving ligands with cationic quaternized
ammonium peripheral end groups. The positive charges allow
Coulombic stabilization in aqueous dispersions. The 8.5 and
11.7 nm AuNPs are protected by (11-mercaptoundecyl)-N,N,N-
trimethylammonium bromide ligands (Figure 1b) (Table S1,
Supporting Information), as synthesized by the citrate reduc-
tion method and subsequently cationized by a two-step phase
transfer method.® The 2.6 nm AuNPs incorporate 23-mercapto-
N,N,N-trimethyl-3,6,9,12-tetraoxatricosan-1-aminium  bromide
ligands.[*¥! It allows a hydrodynamic size matching to the lateral
dimensions of CNCs to ensure similar binding arrangement on
CNCs as with AuNPs having larger cores. The core size distribu-
tions, the hydrodynamic diameters, and zeta potentials are given
in Figure S1 and Table S1 of the Supporting Information.
Templating was pursued based on the electrostatic interac-
tions between cationic AuNPs and anionic CNCs. To suppress
premature precipitation and uncontrolled aggregation, a dilute
aqueous dispersion of CNC was added slowly to the AuNP
aqueous dispersion, the mixture was vortex stirred between
each addition (Scheme 1b), and unbound AuNPs were removed
in the end by washing. We first describe the 8.5 nm AuNPs as
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they gave the largest CD signal upon binding on CNCs. Based
on an initial screening of feasible aqueous concentrations CNC
and AuNP dispersions, a fixed amount of aqueous dispersion
of CNCs (1.72 mg mL™, 360 x 10 m, 21 pl, see Supporting
Information for the molarity estimation) was added dropwise
to the aqueous AuNP dispersion (0.88 mg mL™, 220 x 107 m,
1 mL). To get a rough indication of the respective amounts,
these CNC and AuNP concentrations correspond to nominally
=30 AuNPs versus each CNC. Therefore, an excess of AuNPs is
suggested, as nominally =15 AuNPs could be sterically fitting
on the two hydrophilic facets of CNCs (see Supporting Infor-
mation). A visually clear colloidal dispersion was obtained after
combining the two dispersions, suggesting that macroscopic
aggregation was avoided. Cryo-TEM showed nanoscale objects
with lateral dimensions in the scale of 30-60 nm and lengths
varying from 200 to 500 nm (Figure 2a and 3d), i.e., involving
a few layers of CNCs and AuNPs. We denote them as CNC/
AuNP fibrillar superstructures. No LC is observed due to the
low concentration of CNCs. Figure S2 and S3 of the Supporting
Information present additional cryo-TEM images of the CNC/
AuNP (8.5 nm) supracolloidal fibrillar superstructures (for tilt
series of cryo-TEM images of purified fibrillar superstructures,
see Movie S1, Supporting Information).

The UV-vis spectra of aqueous dispersions of pure AuNPs indi-
cate characteristic surface plasmon resonance bands at 523 nm
(Figure 1c and 3a). The resonance is pronounced for 8.5 and
11.7 nm AuNPs but strongly reduced for the 2.6 nm AuNP, due
to the smaller NP core size. The pristine CNCs (0.024 mg mL™},
fixed amount of CNCs added to AuNP dispersion) do not show
distinguishable UV-vis signals (Figure 1c and 3a). Also the CD
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Figure 1. Starting materials. a) Cryo-TEM of pristine CNCs (5 mg mL™"). b) AuNPs showing the cationic ligands, the metal core sizes, and cryo-TEM
images. Scale bars: 50 nm. ¢) UV-vis spectra of the CNCs and three different cationic AuNPs normalized to the same AuNP concentration.

spectra of the aqueous pristine CNCs or pristine AuNPs do
not show any distinguishable signals at these concentrations

(Figure 3b).

(a)

(b)

The UV-vis absorption spectrum of CNC/AuNP (8.5 nm)

fibrillar superstructures in dilute aqueous medium (pcyc =

0.01 mg mL™!) shows a resonance band at 526 nm (Figure 2a
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Figure 2. Cryo-TEM images and circular dichroism measurements upon electrostatic binding of AuNP onto CNC: AuNP core sizes: a) 8.5 nm, b) 11.7 nm,
and c) 2.6 nm. Scale bars: 100 nm. d) The proposed scheme CNC/AuNP (8.5 nm) fibrillar superstructures, where a few anionic CNC rods with their internal
right-handed chiral twisting bind positively charged AuNPs. The right-handed twisting of CNCs induces a right-handed component in the AuNP packing.
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Figure 3. a) UV-vis and (b) CD spectra of CNCs, AuNPs (8.5 nm) and CNC/AuNP (8.5 nm) fibrillar superstructures. c) Simulated CD spectra for
four different CNC/AuNP fibrillar superstructure tomograms (samples #1-4) taken from different positions, having different numbers of AuNPs.
d) Example of cryo-ET reconstruction using 118 AuNPs (red color on top of gray-scale cryo-TEM image of the same assembly, sample #1, Supporting

Information). The average nearest neighbor distance of 1.5 nm (sample #1).

and 3a). The observed slight 3 nm red-shift versus pure AuNPs
likely originates from a change in the dielectric environment of
the AuNPs upon binding onto CNC surface. The CD spectra of
CNC/AuNP fibrillar superstructures consistently show a clear
dip—peak bisignated signal (Figure 2a and 3b). Such a spectral
shape corresponds to a right-handed chiral assembly of the
metal nanoparticles, suggesting that the AuNPs indeed adsorb
to the CNC surfaces and follow their right-handed twisting.
Note that it is opposite to the case when the chiral plasmonic
signal is due to nanoparticles templated by the left-handed cho-
lesteric LC phase observed at high CNC concentrations (see
schematics in Figure S7, Supporting Information).[%:10:16:25.26]

The CNC/AuNP fibrillar superstructures render a CD
signal dip-peak magnitude of 1.7 mdeg for our nominal ini-
tial aqueous CNC concentration of approximately 2.5 x 10 m
(Pcne = 0.01 mg mL™Y) (Figure 3b). In comparison, DNA-ori-
gami-based right-handed assembly composed of 10 nm AuNPs
exhibits a dip-peak value of 1.2 mdeg using 1.5 x 10~ M concen-
tration of nanohelixes.*!! Therefore, the present signal is rela-
tively large, taken our simple approach where the NP binding
on the template is controlled only statistically, i.e., not engi-
neering specific NP binding sites on the template.

To shed light to the fibrillar superstructure assembly, the
interactions, AuNP sizes and AuNP/CNC mutual amounts
were explored. The right-handed CD signal diminishes to zero
upon addition of NaCl due to electrostatic screening, and ulti-
mately a complete phase separation between CNC and AuNP
(8.5 nm) takes place (Figure S4, Supporting Information).
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This shows that the CD signal originates from the electrostatic
binding of AuNPs on the twisted CNC rods. On the other hand,
employing larger nanoparticles (core size 11.7 nm, hydrody-
namic radius 15.4 nm) does not produce a well-defined CD
signal (Figure 2b), which we attribute to their size mismatch
to CNCs (=7 nm). Using smaller 2.6 nm AuNPs produces
fibrillar CNC/AuNP superstructures due to their matching
hydrodynamic size, but no CD signal is observed as the
nanoparticles are too small for a strong plasmon resonance
(Figure 2c). Therefore, an optimal size of the nanoparticles is
needed that enables chiral ordering of the nanoparticles while
providing sufficiently strong plasmonic strength. A pronounced
CD signal could be achieved for AuNPs with core sizes of
8.5 nm and hydrodynamic radius 12.5 nm, i.e., when the
dimensions of the AuNPs and CNCs roughly match. Also the
mutual amounts of AuNP (8.5 nm) and CNC were tuned, by
keeping the aqueous CNC concentration fixed and modi-
fying the AuNP aqueous concentrations from the nominally
30 AuNPs (8.5 nm) versus CNC (see details in Supporting
Information, Figure S5). Doubling the AuNP (8.5 nm) concen-
tration leads to less-dense packing of AuNPs, reduced fibrillar
aggregation, and poor CD signal. We suggest that this arises
due to loosely connected cloud of AuNPs around mostly indi-
vidualized CNCs, which will be removed at the final washing
stage (Figure S5, Supporting Information). On the other hand,
using a half amount of AuNP (8.5 nm), CD-signal could not
even be measured due to AuNP-mediated aggregation. There-
fore, there exists an optimum amount of AuNP versus CNC.
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The formation of electrostatically bound fibrillar CNC/AuNP
structures is actually not unexpected. The complex interplay of
electrostatic forces between colloids*}l can allow 3D colloidal
crystal, if the components are well-defined, such as cationic
AuNPs with negative viruses.*®4% Here, the formation of well-
ordered 3D structures is suppressed due to the polydispersity of
CNCs, thus breaking the symmetry, suggesting fibrillar CNC/
AuNP-structures, as the lateral dimension of CNC is more con-
trolled than the length.

The AuNP positions on the CNC seem quite disordered,
still rendering a plasmonic CD signal. Electron tomograms/>%
allow analyzing the particle-to-particle separation and the chiral
component of their packing. We reconstructed the 3D positions
of AuNPs (8.5 nm) of CNC/AuNP fibrillar superstructures,
Figure 3d (see Supporting Information for further examples to
provide statistics, Figure S6). The 3D positions of its 118 AuNPs
were extracted from the electron tomogram data, and the cal-
culated center-to-center nearest neighbor average distances for
two AuNPs were 10.0 + 1.8 nm, leading to the average core dis-
tance of =1.5 nm (Figure 3d). Therefore, it is feasible to expect
their plasmonic coupling.

Next, we simulated (Figure S6, Supporting Information) the
corresponding CD response for each structure using a coupled-
dipole approach.i383941 The simulations (Figure 3c) capture the
essential experimental observations (Figure 3b). Thus, the main
contribution to the experimentally observed CD signal unde-
niably originates from the arrangement of the AuNPs having
a slight helical asymmetry in their assembly along the CNCs.
That a chiral CD signal can be observed even if the mutual dis-
tances between AuNPs are not strictly defined is also suggested
by a theoretical study.*®!

In summary, a simple route for chiral plasmonics is shown
by binding cationic 8.5 nm gold nanoparticles on negatively
charged CNCs having a lateral dimension of =7 nm and chiral
twist along their rod axis dispersed in dilute aqueous medium.
This leads to a bisignate CD signal indicating a right-handed
chiral plasmonic response. The electrostatic self-assembly leads
to nanoscale fibrillar superstructures having lateral dimensions
of 30-60 nm and length of 200-500 nm. We confirm our experi-
mental optical results by simulating the CD signals using experi-
mentally determined AuNP 3D coordinates from electron tomo-
grams. The mutual sizes of CNCs and AuNPs have to match:
Too large AuNPs do not effectively bind on CNCs, and too small
AuNPs do not provide strong enough plasmonic signal. The
present concept is fundamentally different from the previously
observed left-handed chiral plasmonic responses resulting from
nanoparticles embedded within chiral liquid crystalline template
by CNCs. This is the first time that the chiral twist along CNC
is used for a chiral plasmonic response. There exists a wealth of
biological helical colloidal materials that could also allow tem-
plating of nanoparticles for chiral plasmonics. In more general,
we suggest that individual chirally twisting or helical colloidal
templates can lead to chiral plasmonic superstructures by uti-
lizing supramolecular interactions, taken their concentrations,
dimensions, and interaction strengths are tuned.

Supporting Information

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