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Construction of Chiral, Helical Nanoparticle
Superstructures: Progress and Prospects

Soumitra Mokashi-Punekar, Yicheng Zhou, Sydney C. Brooks, and Nathaniel L. Rosi*

Chiral nanoparticle (NP) superstructures, in which discrete NPs are
assembled into chiral architectures, represent an exciting and growing class
of nanomaterials. Their enantiospecific properties make them promising
candidates for a variety of potential applications. Helical NP superstructures
are a rapidly expanding subclass of chiral nanomaterials in which NPs are
arranged in three dimensions about a screw axis. Their intrinsic asymmetry
gives rise to a variety of interesting properties, including plasmonic
chiroptical activity in the visible spectrum, and they hold immense promise
as chiroptical sensors and as components of optical metamaterials. Herein,
a concise history of the foundational conceptual advances that helped
define the field of chiral nanomaterials is provided, and some of the major
achievements in the development of helical nanomaterials are highlighted.
Next, the key methodologies employed to construct these materials

are discussed, and specific merits that are offered by each assembly
methodology are identified, as well as their potential disadvantages. Finally,
some specific examples of the emerging applications of these materials are
discussed and some areas of future development and research focus are

proposed.

1. Introduction and Background

The essence of chemistry lies in building and transforming
matter, atom by atom and molecule by molecule. The sequence
and positions of atoms within molecules, the disposition of
molecules and other chemical species in 3D space, their spe-
cific interactions—these determine the properties and func-
tions of matter that underpin the bountiful complexity of life
and nature. Chiral molecules and materials are quintessential,
perhaps nonpareil, manifestations of chemistry and their pre-
cise construction from achiral building blocks is a continuing
grand challenge in synthetic chemistry and materials science.
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Chiral objects are defined as non-
superimposable conformations that are
mirror images of each other, much like
a pair of left and right hands. In fact, the
word “chiral” derives from the Greek word
“xeip” (kheir), which translates to “hand.”
Most biomolecules exist in only one parti-
cular conformation. For example, amino
acids within large protein and peptide
molecules are exclusively in the r-form
(left-handed). It has long been considered
that the phenomenon of homochirality
(predominant occurrence of one confor-
mation) could be linked to the origin of
life.ll These phenomena have inspired
chemists and biologists to isolate, synthe-
size, and study the properties of chiral
molecules.

Research interest in chiral nanostruc-
tures has escalated rapidly since the early
2000s due to visionary reports that either
predicted or demonstrated the potential
applications of these materials.>3 In 2004,
Pendry predicted that chiral metamaterials
could be used to achieve negative refrac-
tion (Figure 1).2! Following this seminal work, others demon-
strated that such materials lead to circular dichroism (CD),
negative phase velocities,”! and intense gyrotropy,®! generating
significant excitement within this emerging field. These prop-
erties can be harnessed to realize optical materials including
“perfect lenses,””! circular polarizers,l3! chiroptical sensors,®!
and negative refractive index materials.”1% In addition to these
optical applications, chiral metallic nanostructures have been
used for detection of biomolecular disease precursors,!!!l chiral
catalysis,!'?l and chiral separations.!'’]

Many of the promising applications of chiral metallic
nanostructures arise in part from their plasmonic chiroptical
activity. At the nanoscale, individual metallic particles exhibit
unique properties due to their high surface to volume ratio
and geometric confinement of electrons. One particularly
important property is the localized surface plasmon resonance
(LSPR)," which occurs when the oscillation of surface elec-
trons matches the frequency of incident photons. The spectral
position and intensity of the LSPR depends not only on the
size, shape, composition, and dielectric environment of the
metallic nanoparticles (NPs)['>1% but also on their aggrega-
tion state or assembly.'”) When metallic NPs are arranged in
a chiral geometry,'®l the coupling of individual plasmons leads
to collective plasmon oscillation across the entire structure.!”]
Chiral NP assemblies may exhibit enhanced optical chirality in
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the visible region at the frequency of the LSPR, which can be
detected using CD spectroscopy (Figure 2).'¥1% The g-factor
(anisotropy factor), used routinely to compare the optical
activity of various chiral systems, is a figure of merit applied
to assess the chiroptical response of chiral NP assemblies, 2022
and it is defined as the ratio of the molar circular dichroism to
the molar extinction.

2. Helical Nanoparticle Assemblies

Because of their unique properties and range of potential
applications, chiral NP assemblies have become attractive
synthetic targets. Herein, we highlight helical NP assemblies, in
particular, as they are known to exhibit exceptionally strong
chiroptical activity.l?’! Before delving into the details of specific
assembly methods and documenting various examples of
helical assemblies, we first set the stage by highlighting some
of the milestone achievements in the development of helical
NP assemblies and their properties.

In the late 1990s, which can be considered the “early days”
of NP assembly, various biological or bio-inspired templates
were used as supports for organizing or growing NPs. More
often than not, the resulting NP assemblies adopted the
overall shape and dimensions of the template species, yet pre-
cision of organization at the individual NP level was lacking.
Professor Stephen Mann was an early pioneer in this area,
and in 1996 his group reported one of the earliest examples
of a chiral NP assembly.?*] They demonstrated that Au NPs
could be deposited onto biolipid tubules in a roughly helical
arrangement, following the edges of the helical lipid ribbon.
Looking back, this was quite a remarkable achievement, indi-
cating for the first time that patterns on template structures
could be transcribed into a chiral NP arrangement. Later, in
2002, Stupp and co-workers used chiral organic templates to
grow left- and right-handed cadmium sulfide (CdS) helices, 2!
and shortly thereafter Fu et al. described the synthesis of
double-helical Au NP arrays using peptide fibril templates. 2]
These early examples provided precedent and illustrated that
chiral nanostructures could be fabricated using template
species.

Significant escalation in research activity related to the syn-
thesis and preparation of chiral NP assemblies occurred in
the late 2000s, which coincided with the emergence of tun-
able assembly methods for creating high fidelity superstruc-
tures. In 2008, the Rosi group established a synthetic platform
for constructing chiral NP assemblies based on rationally
designed and highly modular peptide conjugate molecules. As
an initial proof of principle, they used their method to con-
struct well-defined double-helical Au NP superstructures.?’]
Some of the first nucleic acid directed chiral NP assemblies
were reported shortly thereafter, in 2009. Yan and co-workers
used DNA tubules to form left-handed helices of Au NPs,28
while Alivisatos and Kotov independently used nucleic acids to
link Au NPs into discrete chiral arrangements such as trimers,
tetramers, and tetrahedra.?>3% Kotov demonstrated that such
materials could yield an observable plasmonic CD signal.l3!l
Theoretical investigations describing the plasmonic chirop-
tical properties of these assemblies proceeded in parallel with
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experimental studies and served as a basis for interpreting
physical data and predicting and designing new structures
with optimized properties.?3] Govorov and co-workers have
been the forerunners in the theoretical domain, and they
predicted that the strongest plasmonic chiroptical signals
would be observed for helical NP assemblies.[3?l Their studies
establish that the factors influencing chiroptical readout are:
i) helix pitch and radius, ii) number of particles per helical
turn, and iii) particle size and shape. Synthetic efforts to con-
struct helical NP assemblies intensified significantly following
these early demonstrations and theoretical studies. A timeline
documenting some of the key advances in the development of
helical assemblies is shown in Figure 3. In subsequent sec-
tions, we detail different assembly methods used for their
preparation, citing important examples that illustrate the
utility of these methods.
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Figure 1. Comparisons and connections between biomolecular chirality
and nanomaterial chirality. a) Cartoon representation of a chiral double-
stranded DNA molecule that exhibits helical morphology. b) Conceptual
design of an artificial chiral helical metamaterial as envisioned by John
Pendry in 2004. b) Adapted with permission.l?l Copyright 2004, American
Association for the Advancement of Science (AAAS). c) A schematic
representation of a chiral gold helix, constructed using top-down litho-
graphic methods. Adapted with permission.ll Copyright 2009, AAAS.

3. Helical Nanoparticle Superstructures: Methods
of Construction

3.1. Peptide- and Protein-Directed Nanoparticle Assembly

Peptides are chiral biomolecules and are known to assemble
into various fibrillar structures that adopt chiral morphologies
including twisted ribbons and helical coils. They are therefore
attractive agents for directing the assembly of chiral NP super-
structures. Peptide fibrilization was first harnessed for the
organization of NPs by Fu et al. in 2003 (Figure 4a).?% They
prepared helical NP assemblies by combining pre-synthesized
colloidal NPs with peptide fibrils, capitalizing on electrostatic
interactions between negatively charged NPs and a positively
charged peptide to assemble NPs onto peptide fibers. At higher
pH, double-helical NP assemblies were the major product for
both gold and platinum NPs. Amyloid fibers of bovine insulin
have also been used as scaffolds for the deposition of silver
NPs (Figure 4b).*!l We emphasize that there exists a multitude
of natural and non-natural peptide- and protein-based chiral
fibers, and the two examples detailed above are proof of prin-
ciple that such fibers can serve as templates for the deposition
of inorganic NPs. However, such methods do not allow for a
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Figure 2. Chiral plasmonic NP assemblies interact differently with circu-
larly polarized light. a) Cartoon representation of a left-handed helical NP
assembly. b) Cartoon representation of a right-handed helical NP assembly.
c) Left- and right-handed helices produced mirrored CD spectra signals.
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sufficient level of synthetic control necessary for fine-tuning
structures and optimizing properties.

Rosi and co-workers developed a peptide-based synthetic
platform for designing and preparing a diverse collection of
helical Au NP assemblies and systematically tuning their archi-
tectures and properties.?274244 Their synthetic methods rely
on highly tailorable peptide conjugate molecules that not only
play an integral role in regulating NP synthesis and growth
by adhering to Au NP surfaces but also direct NP assembly.
The peptide conjugates, R-PEP,,, consist of an Au binding
peptidel®! (PEP,,, AYSSGAPPMPPF) tethered to an “R”
group, which is typically an aliphatic carbon chain. The peptide
sequence and the “R” group can be independently adjusted to
affect the structure and morphology of the helical assembly.
From a practical perspective, the methodology combines NP
synthesis and assembly into a single step; that is, as the par-
ticles nucleate and grow, they also assemble together into the
product superstructure. This stands in contrast to most other
methods of helical NP assembly (vide infra), which require
multiple preparative steps including NP synthesis, NP func-
tionalization and purification, template synthesis and purifica-
tion, and finally superstructure assembly.

In 2008, as a first example of this assembly strategy, C,-
PEP,, peptide conjugate molecules were used to prepare Au
NP double helices (Figure 4c).””] Consisting of fairly mono-
disperse NPs (=8 nm) and having a periodic pitch of =83 nm,
these assemblies were one of the first well-defined chiral NP
superstructures and clearly demonstrated the unique utility
of the methodology. The structural fidelity of the assemblies
underlined their potential for exhibiting well-defined plasmonic
chiroptical properties. Importantly, a molecular model for the
peptide fiber was developed that served as a foundation for
future hypothesis-driven assembly studies aimed at logically
tuning structure and properties. Building on this model, the
Rosi group showed that the handedness of the superstructure
was controlled by the chirality of the constituent amino acids
(Figure 4d).5¢ 1-Amino acids yielded left-handed double helices
and p-amino acids yielded right-handed double helices, and
they exhibited mirror-image CD signatures, as predicted by
theory. This was the first demonstration that peptide molecular
structure could be adjusted to control the assembly and pro-
perties of helical superstructures. Thus, with the development
of this family of Au NP double helices, a robust and tunable
molecular platform for constructing helical NP assemblies and
adjusting their physical properties was established.

A variety of other helical Au NP superstructures were also
prepared using this peptide-based methodology.*#446] Of
particular interest due to their intense chiroptical proper-
ties are a class of single-helical Au NP assemblies constructed
using C,-(PEP, M), (x = 16-22, M-ox indicates methionine
sulfoxide), which consists of two PEP,, attached to an ali-
phatic tail (Figure 4e—g).?2#7] This series of peptide conjugate
molecules assemble into helical ribbons whose pitch length
increases with increasing aliphatic tail length. As a conse-
quence, these conjugates can be used to prepare a family of Au
NP single helices having incrementally variable pitch: =80 nm
for Cie-(PEPAM), and up to =125 nm for C,,-(PEP, M),
(Figure 4f).*7) Plasmonic chiroptical response is predicted
to be inversely proportional to pitch, which is verified by the
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Major Highlights in Helical Nanomaterial Synthesis (2002-Present)
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Figure 3. Major highlights in the synthesis of helical nanomaterials since 2002. a) TEM images of helical CdS assemblies. Adapted with permission.[?’]
Copyright 2002, Wiley-VCH. b) Schematic illustration, TEM image, and 3D tomographic volume of double-helical Au NP assemblies prepared
using rationally designed peptide conjugate molecules. Adapted with permission.?’) Copyright 2008, American Chemical Society. c) Helical Au NP
superstructures prepared using DNA tubules. Adapted with permission.[8l Copyright 2009, AAAS. d) Au nanorods assembled on oxalimide-based fibers.
These structures were some of the first to exhibit strong plasmonic chiroptical activity. Adapted with permission.?l Copyright 2011, Wiley-VCH. e) TEM
images of bimetallic nanowire double helices consisting of an Au-Ag alloy. Adapted with permission.]*3l Copyright 2011, American Chemical Society.
f) One of the earliest examples of Au NP single helices constructed using DNA origami assembly methods. Adapted with permission.4 Copyright 2012,
American Chemical Society. g) High-fidelity Au NP single helices prepared using DNA origami, which exhibited exceptional chiroptical properties.
Adapted with permission.3> Copyright 2012, Springer Nature. h) Handedness and plasmonic chiroptical properties of Au NP double helices constructed
using peptide conjugate molecules could be controlled via the chirality of the constituent amino acids. Adapted with permission.B¢ Copyright 2013,
American Chemical Society. i) Template-free assembly of magnetite nanocrystals into helical superstructures. Adapted with permission.1”] Copyright 2014,
AAAS. j) Circularly polarized light was used to influence the chiral assembly of CdTe NPs into nanohelices with specific handedness. Adapted with
permission.38 Copyright 2015, Springer Nature. k) Unique left- and right-handed toroidal Au NP metamaterials assembled using DNA origami
templates. Adapted with permission.?%l Copyright 2016, American Chemical Society. I) An early example of dynamic Au NP helical assemblies, where
the handedness of the helices can be controlled via photoresponsive moeities. Adapted with permission.%l Copyright 2018, American Chemical Society.
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Figure 4. Peptide-based helical NP assemblies. a) One of the first papers using peptides for NP assembly exploited the natural phenomenon of peptide
fibrilization. Electrostatic interactions between the positively charged nanofibrils and the negatively charged presynthesized Au and Pd NPs drove the
superstructure assembly. Adapted with permission.?%l Copyright 2003, Wiley-VCH. b) Amyloid fibrils polymerized from bovine insulin served as a scaf-
fold for silver NP assembly. Adapted with permission.l*!l Copyright 2010, Wiley-VCH. c) An amphiphilic peptide conjugate molecule, C;,-PEP,,, that
assembles into fibers was used to direct the assembly of double-helical Au NP superstructures. Adapted with permission.?’l Copyright 2008, American
Chemical Society. d) Chirality of the constituent amino acids of C;,-PEP,, determine superstructure chirality and mirrored chiroptical signals were
observed. Adapted with permission.B3® Copyright 2013, American Chemical Society. e) Single-helical Au NP structures produced from the amphiphilic
peptide conjugate Cyg-(PEPA,M%),. Adapted with permission.?2l Copyright 2016, American Chemical Society. f) Increasing the aliphatic tail length of
C(PEPA, M), gave rise to a longer helical pitch. Adapted with permission.*’l Copyright 2017, American Chemical Society. g) Strong plasmonic
chiroptical response was observed for helices constructed using Cyg-(PEPA,M),. Adapted with permission.?2l Copyright 2016, American Chemical
Society. h) Adding auxiliary particle capping reagents can lead to anisotropic particle growth, resulting in helices containing a large number of aniso-

tropic Au NP. Adapted with permission.*¥l Copyright 2018, Wiley-VCH.

experimentally observed CD signal intensities for this collection
of helices. The single helices prepared using C;¢-(PEPy,M ),
and Cig-(PEPA M), exhibit significant plasmonic chirop-
tical response, with optimized g-factors of =0.02-0.04 that
rank among the highest reported for helical NP assemblies
(Figure 4g).

Because these methods combine NP synthesis and assembly
into a single preparative step, other reagents can be added to
the syntheses to affect NP growth and synthetic conditions can
be modified to affect superstructure metrics and morphology.
For example, when auxiliary particle capping agents such as cit-
rate are added to the double helix synthesis, the product helices
consist of smaller gold particles (=6 nm on average; cf. =8 nm
for double helices described above).?%*? Rosi and co-workers
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recently demonstrated that the shape of Au NPs within the
single-helical superstructures could be modulated through
the addition of external surfactants such as cetyltrimethylam-
monium bromide (Figure 4h).*¥l These surfactants lead to ani-
sotropic growth and the formation of hexagonal and prismatic
particles within the helices.

Peptides can also be designed to assemble and coil around
nanomaterial templates and present nucleation sites for the
growth of inorganic NPs. Kang et al. designed a composite
material consisting of a carbon nanotube (CNT) surrounded by
an engineered peptide.*”) The peptide sequence was designed
to assemble into helices, where one face had an affinity for the
CNTs and the other would bind the inorganic NPs. A 30-res-
idue peptide sequence, HexCoil-Ala, was used, which forms

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

an antiparallel hexameric bundle via helix-helix interactions.
The resulting superhelix coils along the axis of the CNT.
HexCoil-Ala was genetically modified to include cysteine residues
on the outer face of the coil for particle binding. Computational
studies were used to direct the modifications to the peptide
sequence in order to obtain the desired geometry. The addition
of gold and platinum ion sources produced well-alloyed NPs at
the designated locations along the peptide coil, forming a triple-
helical NP assembly. This bimetallic system has great potential
in electrocatalytic applications, specifically oxygen reduction, as
demonstrated by the authors.

The representative examples detailed above clearly show the
potential of peptides and peptide-based molecules as highly
tunable and versatile assembly agents for the construction of
helical NP superstructures. To date, however, most peptide-
based helical NP superstructures are static, despite the fact
that peptides and peptide assemblies are often dynamic and
can be designed to respond to external stimuli. The design and
synthesis of dynamic and responsive peptide-based NP assem-
blies is certainly an area of opportunity and is expected to be
“fertile ground” in the next phase of development for this class
of materials. Further, there are also opportunities to explore in
more depth how peptide sequence affects NP growth, assembly,
and the metrics of helical NP superstructures. With 20 natural
and hundreds of non-natural amino acids to choose from, vari-
ation to known sequences and new sequence motifs may lead
to heretofore unobserved helical chiral architectures. The vast
sequence space will necessitate engagement with computa-
tional colleagues to develop predictive models that help guide
peptide sequence design.

3.2. DNA-Directed Nanoparticle Assembly

Some of the most structurally intricate nanomaterials have
been constructed with nucleic acid building blocks due
to their sequence-specific base-pairing and exceptional
programmability.’%>!l DNA tiles can be linked together to form
different geometrical entities, and DNA origami methodology
can be used to create unusual structures with high fidelity. DNA-
based nanostructures can be designed to associate with oligonu-
cleotide-functionalized NPs to create NP superstructures.

To our knowledge, Yan et al., in 2009, presented the first
example of nucleic acid-directed assembly of helical NP super-
structures (Figure 5a).2%! In this report, they co-assemble DNA
and oligonucleotide functionalized Au NP precursors into 3D
tubules that present the NPs into helical arrays and other archi-
tectures, including stacked rings. This first example of using
DNA to construct helical NP assemblies showcased the versa-
tility of DNA as a building block for NP superstructures and
opened the proverbial floodgates to exploration in this area.

DNA origami approaches have attracted significant atten-
tion and have proven very versatile for creating a wide array of
helical superstructures due to the precise level of control over
the size and shape of the origami template and the number and
location of NP binding sites on the template. In 2011, Liu and
Ding’s group designed a 2D DNA origami template that could
be rolled-up into a 3D tube with helically arranged NP binding
sites (Figure 5b).34 They decorated a 2D DNA origami sheet
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with two parallel NP binding sites onto which oligonucleotide
functionalized Au NPs could hybridize. The sheets were “rolled”
into hollow tubes through the addition of folding strands that
linked opposite sheet edges; a direct consequence of the rolling
was the alignment of the NPs into a helical arrangement,
which resulted in a chiroptical response at the frequency of the
LSPR. A contemporaneous report from Lied]l and co-workers,
which uses a similar assembly approach, set a new standard for
high fidelity DNA-based helical superstructures (Figure 5c).!
Using 24-helix bundles with nine helically arranged hybridiza-
tion sites for oligonucleotide-modified Au NPs, they prepared
left- and right-handed Au NP helices with exceptionally high
yield (96% and 98% site attachment and 77% and 86% perfect
assembly for left- and right-handed helices, respectively). Sig-
nificantly, the helices displayed strong plasmonic chiroptical
activity which could be dramatically enhanced via secondary
deposition of additional gold or silver, leading to demonstration
of their application as a “metafluid.” These benchmark results
redefined the landscape of the chiral nanostructure field, fur-
ther inspiring new studies and highlighting the potential of
helical NP superstructures for real applications.

The groundbreaking work by Liu, Ding, and Liedl unleashed
a flurry of new DNA origami-based assembly methods for con-
structing helical NP superstructures. Shen et al. encased a gold
nanorod (Au NR) in DNA origami to create a hybrid core onto
which spherical Au NPs were arranged in a helical fashion
(Figure 5d).5 This original approach provided a route toward
the formation of hetero-NP assemblies comprising more than
one kind of NP. Helical assemblies can also consist entirely of Au
NRs: a ladder of periodically offset Au NRs will exhibit a helical,
twisted ribbon morphology. To access such structures, Wang and
co-workers designed an “X” pattern of capture strands on two
opposite surfaces of square DNA origami sheets (Figure 5e).>’l
Combining these sheets with DNA-decorated Au NRs resulted in
a twisted ribbon of Au NRs, with adjacent rods axially offset by 45°.
The handedness of the Au NR twisted ribbons could easily be
tailored by using a mirror image of the “X” pattern. Adjusting
the ratio of origami:Au NR allowed for increasing the average
number of Au NR per ribbon, which led to an increase in the
intensity of the plasmonic CD signal. Origami approaches have
also been employed to fabricate toroidal superstructures, which
is essentially a closed loop helix. Liu's group stitched together
four curved DNA origami monomers in a head-to-tail fashion
to create a closed loop (Figure 5f).3% If anchoring strands are
appropriately positioned along the loop, oligonucleotide-func-
tionalized Au NPs will adopt a toroidal arrangement.

In all the preceding examples, complementary base pairing
leads to the structure of the underlying DNA-based template.
Cecconello and co-workers devised an alternative approach that
relies on “promoter strands” to induce curving of a DNA-based
sheet (Figure 5g).Y The sheet was decorated with both tether
strands for anchoring Au NP as well as “promoter strands.”
Steric and electrostatic repulsions between the “promoter
strands” force the sheet to curve into a barrellike structure
that presents the tether strands in a helical array. Both left- and
right-handed helical NP superstructures, which both display
plasmonic chiroptical activity, were constructed.

Like the peptide-based helical NP superstructures, most of
the reported DNA-based structures are static. An emerging area
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Figure 5. Helical DNA-based NP superstructures. a) Multiple Au NP assemblies including stacked rings, single spirals, double spirals, and nested
tubules were formed by rolling-up an Au NP decorated DNA tile. Adapted with permission.?®l Copyright 2009, AAAS. b) Parallel lines of Au NPs were
anchored onto a DNA tile, which was then joined together by addition of folding strands, thus forming a helical Au NP assembly directed by DNA.
Adapted with permission.?¥l Copyright 2012, American Chemical Society. c) Right- and left-handed Au NP helices with high yield were formed by
anchoring Au NPs onto a DNA origami core template in a helical fashion. Left-handed (red) and right-handed (blue) signals were also observed in the
CD spectra. Adapted with permission.3% Copyright 2012, Springer Nature. d) Left- and right-handed Au NP helices were assembled by decorating a
DNA origami wrapped Au NR. Adapted with permission.[’2 Copyright 2017, Wiley-VCH. e) DNA origami sheets were used to form helical arrangements
of Au NRs. Adapted with permission.’®l Copyright 2015, American Chemical Society. f) Four curved DNA origami rods were joined together, forming
a toroidal scaffold for Au NPs. Adapted with permission.?) Copyright 2016, American Chemical Society. g) Helical superstructures were constructed
using a DNA origami barrel. Adapted with permission.l Copyright 2016, American Chemical Society. h) Dynamic assembly of twisted Au NR helices
was formed by a V-shaped DNA origami. Adapted with permission.*%l Copyright 2018, American Chemical Society.

is the fabrication of dynamic superstructures. Lan, Govorov,
and Liu recently reported a strategy for dynamically tuning the
superstructure helicity (Figure 5h).[*)) Using designed DNA
“switches” that could affect structure of the DNA template, they
were able to create helical Au NR superstructures that under-
went shifts between left- and right-handedness as well as folded
and extended states. These transformations, respectively, mani-
fest as either an inversion of the plasmonic chiroptical response
(left- to right-handed) or a significant dampening of the signal
(folded to extended). Looking into the future, research into
DNA-based dynamic helical assemblies will likely intensify,
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with a particular focus on exploration of new switching modali-
ties with rapid response times.

3.3. Other Assembly Methods

3.3.1. Organic-Molecule-Directed Nanoparticle Assembly

One of the earliest examples of helical NP assemblies pre-

pared using an organic scaffold was reported by the Stupp lab.
Sone et al. used previously reported “dendron rodcoils” (DRC)
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Figure 6. Templated assembly of helical NP superstructures. a) CdS helices templated on triblock dendron rodcoil (DRC) nanoribbons. Adapted with
permission.’>l Copyright 2005, Wiley-VCH. b) Nanowires grown on a template composed of a bicomponent organogelator, with one component
directing the chirality of the structures and the second acting as a capping agent for NP growth. Adapted with permission.l’”) Copyright 2018, American
Chemical Society. ) A modular gelator system was used to assemble Au NPs into left- and right-handed helices. Adapted with permission.l®l Copy-
right 2014, American Chemical Society. d) A block copolymer was synthesized with helical pores with controlled chirality for NP assembly. Adapted
with permission.®? Copyright 2017, American Chemical Society. e) Au NPs coated with a chiral liquid crystal ligand assemble into layers which then
stack into chiral 3D arrangements. Adapted with permission.l®¥l Copyright 2015, American Chemical Society. f) The electrostatic interactions between
cellulose nanocrystals and Ag NWs were exploited to produce helical assemblies with chirality control. Adapted with permission.% Copyright 2015,
American Chemical Society. g) Functionalized helical silica templates were decorated with Au NPs. Adapted with permission.®l Copyright 2017,
American Chemical Society. h) Silica and polystyrene colloidal spheres were assembled within sodium dodecyl sulfate and f-cyclodextrin microtubules,
with double-helical arrangements produced at optimal sphere and microtube diameters. Adapted with permission.’® Copyright 2013, Wiley-VCH.
i) With an anodic aluminum oxide membrane serving as cylindrical confinement, a block copolymer and presynthesized Au NPs formed a variety of

superstructures, including single and double helices. Adapted with permission.”"] Copyright 2017, American Chemical Society.

as a template for generating CdS nanocoils, which have poten-
tial applications in photovoltaics due to the semiconducting
nature of the material.?’! The triblock DRC molecules assemble
into nanoribbons via hydrogen bonding, and in certain solvents,
these ribbons twist into both left- and right-handed helices. CdS
mineralization predominantly yielded single helices with a
pitch length of approximately twice that of the original ribbons.
When CdS was mineralized with aged DRC samples, double
helices were the dominant product (Figure 6a).>>! In order for
double helices to form, the authors assume that both faces of
the ribbon must be equivalent, and any inequality between
the two faces would cause one to be more susceptible to CdS
mineralization, therefore yielding single helices. CdS NPs have
also been assembled on lipid membranes. Specifically, Zhou
et al. formed helical assemblies of CdS on a lipid nanotube
template composed of a glycolipid, N-(11-cis-octadecenoyl)--
p-glucopyranosylamine functionalized with the chiral additive
aminophenyl-f-p-glucopyranoside.*°!

Organic scaffolds have also been used to assemble noble
metal nanomaterials. Nakagawa and Kawai developed a method
to synthesize helical gold nanowires (Au NWs) utilizing a
bi-component soft chiral template (Figure 6b).°”) The first com-
ponent, chiral p-12-hydroxystearic acid (p-HSA) and its enan-
tiomer 1-HSA, directed the chirality of the structures, and the
second component, a long chain amidoamine (C;gAA), served
as a capping agent for controlling the nanocrystal growth. When
the two components were mixed together, they formed a stable
hydrogel with a twisted ribbon morphology. The Au NWs grew
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along the edges of the ribbons, yielding a double-helical struc-
ture with handedness corresponding to the organogelator tem-
plate. The left- and right-handed structures exhibited mirrored
CD signals in the 400-800 nm range of the visible spectrum.

George et al. utilized a thermally responsive organic tem-
plate in order to synthesize chiral Au NP assemblies that
remained stable after the removal of the underlying scaffold.>®l
The template consisted of a molecule with a hydrophobic core
flanked by two Boc-protected p- or r-alanines, which assembled
into chiral nanofibers. These nanofibers were then function-
alized with Au NP seeds, and after the addition of a gold ion
source, chiral NP assemblies were grown on the nanofibers.
The assemblies contained between 5-7 NPs, which amounted
to a full turn of the helical arrangement, and presumably pre-
vented any further growth from occurring. A strong, mirrored
plasmonic signal was observed for the structures. Additionally,
when the temperature was raised, the organic template decom-
posed, leaving behind the stable NP assemblies.

3.3.2. Polymer-Mediated Nanoparticle Assembly

The first major report documenting the use of polymeric
materials to direct the formation of helical NP assemblies was
published in 2005.°1 A double hydrophilic block copolymer
(DHBC) directed the assembly of BaCO; nanocrystals into
a chiral helical structure. One block with a strong affinity
for BaCO; was designed to bind the NPs while the other
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hydrophilic block promoted assembly. The resulting helical
structures were produced in extremely high yield (=90%). Oh
et al., in 2010, designed a polymeric scaffold to assemble Au
NP helices that showed a plasmonic response.) Specifically,
they doped a chiral poly(fluorene-alt-benzothiadiazole) (PFBT)
with Au NPs to form nanocomposite films. In this system, dif-
ferential chiroptical activity was observed depending on the
annealing of nanocomposite films. A second example pub-
lished by Jung et al. also used chiral building blocks to produce
helical Au NP superstructures (Figure 6c).%!! Two different
chiral compounds were used to induce left- and right-handed
helicity into the assemblies of a molecular gelator. Au NPs were
grown onto the chiral molecular assemblies to yield helical NP
superstructures whose optical properties could be tuned by syn-
thetically adjusting the size of the component NPs.

Block copolymers (BCP) like the first example discussed
in this section are often employed to organize NPs into well-
defined architectures. These molecules exhibit program-
mable self-assembly due to their chemically unique segments.
Lu et al. used a cross-linked BCP films containing helical pores
as templates for organizing Au NPs into helical architectures
(Figure 6d).1°” The handedness of the pores was controlled via
the addition of either p- or r-tartaric acid, and the Au NP super-
structures displayed an optical response correlating with the
handedness of the film.

3.3.3. Nanoparticle Assembly via Liquid Crystals

Liquid crystalline materials can form highly ordered long
range assemblies, guided by intermolecular interactions or
external stimuli. In 2004, Mitov et al. used the periodicity of
liquid crystals to induce long-range ordering of NPs.[%] A cho-
lesteric liquid crystal with a helical structure was doped with
platinum NPs. The NPs showed an affinity for regions where
the liquid crystal molecules were parallel to the film plane and
thus arranged into ribbons that mimicked the fingerprint pat-
tern of the liquid crystal. The distance between NP ribbons
depended on the chirality of the cholesteric carrier and could
be controlled by adjusting the helical pitch. Cholesterol liquid
crystals were also used by Cseh et al. (Figure 6e). They function-
alized Au NPs with a chiral liquid crystal ligand which directed
a chiral arrangement of the NPs.[* The helicity of these struc-
tures originates from offset stacking of layers of NP chains, and
a small offset angle between neighboring layers results in mes-
oscopic winding of NP layers around a central axis.

Similar to cholesteric liquid crystals, cellulose liquid crys-
tals are commonly used NP assembly agents, because they
show good dispersibility in water and arrange in a parallel,
lyotropic fashion. Chu et al. published a detailed systematic
study describing the assembly of silver nanowires (Ag NW)
via cellulose nanocrystals (CNCs).[®®) The assembly was con-
trolled by the electrostatic interactions between the CNCs and
Ag NW, two negatively charged species, as shown in Figure 6f.
The CNCs also have electrostatic repulsions with neighboring
nanocrystals. As these repulsive interactions increase, the Ag
NWs transition from spontaneously formed left-handed helices
to right-handed helices, as a way of minimizing the systems’
free energy. Majoinen et al. also used CNCs for NP assembly,
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taking advantage of the right-handed chirality of the individual
crystals.[®®! In this case, electrostatic attraction between nega-
tively charged CNCs and positively charged Au NPs drove the
assembly. By optimizing the size of the Au NPs relative to the
CNCs, a strong plasmonic chiroptical signal was produced,
indicative of a right-handed helix.

Wang et al. observed interesting chiroptical properties in
a system resembling a liquid crystalline material which was
composed of Au NRs assembled on a scaffold of surfactant
molecules and phospholipid film.[*”! Presynthesized Au NRs
stabilized with cetyltrimethylammonium bromide (CTAB) were
added to a dried thin film of 1,2-dimyristoyl-sn-glycero-3-phos-
phatidylcholine (DMPC) and a fluorescence labeled lipid, rhoda-
mine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (Rhodamine DHPE). After rehydra-
tion and an incubation period, the system showed a plasmonic
response due to the arrangement of the Au NRs when investi-
gated via CD spectroscopy. This chiroptical response served as
evidence to the formation of an ordered helical arrangement of
the Au NRs on the chiral hybrid superstructure.

3.3.4. Silica-Based Inorganic Scaffolds

Silica-based inorganic scaffold materials can also be utilized for
the assembly of helical NP superstructures, as demonstrated by
Oda and co-workers.®®! They used sol-gel transcription of sur-
factants in the presence of a chiral counterion to prepare silica
helices with tunable structural parameters. After functional-
izing the helices with either thiol or amine groups, pre-synthe-
sized Au NPs were adsorbed onto their surface to form helical
NP superstructures. In a later report published in 2017, various
reducing and stabilizing methods were screened for function-
alizing the silica scaffolds with Au NPs (Figure 6g).l®” The
authors determined that the plasmonic chiroptical response of
these materials was dependent on the size of the Au NPs as
well as the homogeneity of the Au NP arrangement.

3.3.5. Nanoparticle Assembly via Space Confinement

Helical arrangements can also be produced by confining NPs
within a template. In one example, Jiang et al. used a sodium
dodecyl sulfate (SDS) and f-cyclodextrin ($-CD) microtube
to confine colloidal silica and polystyrene spheres into helical
chain structures within the microtube pores (Figure 6h).”" The
assembly was reversible via thermal control, and the approach
was applicable to a variety of colloids. Control over the tube
diameter also led to other structural morphologies besides the
helical arrangement. In an example using metallic NPs, Bai
and co-workers designed a supramolecular scaffold consisting
of a block copolymer, polystyrene(19 kDa)-block-poly(4-vinylpyri-
dine) (PS-b-P4VP), with a small molecule, 3-n-pentadecylphenol
(PDP), hydrogen bonded to the 4VP unit (Figure 6i).”! This
supramolecular construct and Au NPs were drop cast into an
anodic aluminum oxide (AAO) membrane, which provided
cylindrical confinement for the composite mixture. Confine-
ment effects coupled with favorable interactions between the
NPs and the supramolecular unit resulted in formation of a
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variety of superstructure morphologies including single and
double helices.

3.3.6. Template-Free Assembly Methods

The helical NP superstructures discussed above all require
some type of scaffold or molecular entity to direct assembly;
however, not all reported structures require an underlying
template. Kotov and co-workers have published numerous
accounts of helical nanostructures derived from NP precursors.
Srivastava et al. demonstrated that flat ribbons of cadmium tel-
luride (CdTe) nanocrystals could be converted to helical struc-
tures upon irradiation with visible light (Figure 7a).”? Equal
amounts of left- and right-handed helices were formed, and
the driving force was determined to be electrostatic interactions
between the component nanocrystals. In a subsequent study,
the Kotov group used CdTe twisted ribbons prepared with thio-
glycolic acid as a stabilizer as templates for Au NP assembly.”’]
In further development of this unique system, they demon-
strated that irradiation of CdTe nanocrystals with either right-
or left-circularly polarized light induced formation of an excess
of either right- or left-handed twisted ribbons, respectively.

Helical superstructures have also been synthesized via func-
tionalization of discrete NPs with a chiral ligand. In the next
example, inorganic superstructures were formed by cysteine-
functionalized NPs, where the chiral form of the amino acid
determined the handedness of the helices formed. Zhou et al.
coated chiral CdTe NPs with cysteine, which then helically
assembled around Te nanowire cores.”¥ Because these struc-
tures exhibit high enantiomeric purity and display chiroptical
activity in the visible region of the spectrum, this work pre-
sented a simple yet effective way to translate chirality from the
molecular scale to the nanoscale. Cadmium selenide (CdSe)
NPs have also been assembled using other small molecule
ligands. Jana et al. showed that flat CdSe platelets, originally
stacked in a linear arrangement, twist helically after functionali-
zation with oleic acid (Figure 7b).”*! With the addition of oleic
acid to native CdSe structures prior to solvent evaporation, a
flat ribbon was formed, but incremental addition of oleic acid
throughout the drying process yielded helical product struc-
tures. The twisted structure was linked to the inhomogeneity of
the ligand conformations, dependent upon the binding location
on the nanoplatelet face. These interactions led to a mechanical
stress that twisted the CdSe ribbon into a helical structure.

Alloyed plasmonic metals have also been incorporated into
helical nanoscale assemblies. In 2011, Wang et al. reported an
Au-Ag alloy nanowire that twists into a double helix when a
thin metal layer was grown on its surface (Figure 7c).**! The
twisting was linked to the underlying chirality of the original
nanowire. The composite nanowire was determined to have a
Boerdijk—Coxeter—Bernal (BCB) lattice, which is composed of
lattice units that cannot pack closely. As the diameter of the
wire increased with the deposition of the additional metal layer,
the lattice strain increased until the nanowire wound around
itself, forming the double-helical structure.

External stimuli, such as light irradiation discussed
above, can be used to initiate the assembly of inorganic NPs.
One interesting example shown in Figure 7d, published by
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Figure 7. Template-free assembly of helical NP superstructures. a) CdTe/
CdS ribbons were twisted into left- and right-handed helices with irra-
diation of visible light, relieving the mechanical stress caused by CdS
photo-oxidation. Adapted with permission.l’2l Copyright 2010, AAAS. b)
CdSe nanoplatelets formed a variety of superstructures with different
methods of oleic acid functionalization. Adapted with permission.l’3l Cop-
yright 2017, AAAS. c) Au-Ag alloy nanowire that transitions into a double
helix with the growth of a thin metal layer. Adapted with permission.3]
Copyright 2011, American Chemical Society. d) Magnetite cubes were
assembled at the liquid—air interface due to the presence of an external
magnetic field. Adapted with permission.B”) Copyright 2014, AAAS.

Singh and co-workers, used an applied magnetic field to
assemble magnetite nanocubes (NCs).l’”] The resulting struc-
tures depended on the NC density at the liquid-air interface
during synthesis and the intensity of the external magnetic
field. As the field intensity increased, the dipoles of the NCs
aligned parallel, and the resulting repulsion between laterally
adjacent NCs caused periodic spacing between the columns
of NCs. When the cubes were rotated 45°, the belts twisted at
higher magnetic field intensities giving rise to helical struc-
tures. Simulations confirmed that the twisted morphology was
accompanied by a decrease in free energy. At relatively low
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intensities, both left- and right-handed helices were observed,
but as the intensity was increased large regions of “enantio-
pure” helices were observed due to the need for tight packing.
Additionally, at higher intensities the belts widened, yielding
double and triple stranded helices.

It is clear that, in addition to the peptide- and nucleic acid-
based methods described in previous sections, a wide variety
of other molecular agents can be used to direct the assembly of
helical NP superstructures. In addition, a number of template-
free methods have also been developed that use small mole-
cules or even external forces or fields to direct NP assembly.
These are particularly attractive areas of inquiry, especially
when considering cost and scale: less expensive assembly
methods will most likely be necessary to move helical NP
superstructures into widespread applications. We note that,
unlike most peptide and nucleic acid methodologies which
yield enantiopure products, many of the methods discussed in
Section 3.3 produced mixtures of both right- and left-handed
helices, with some exceptions. An area of opportunity may be
to more broadly explore the use of chiral additives that can bias
the production of one enantiomer over the other, exploiting the
“Sergeants and Soldiers” principle.”® Thinking further, one can
imagine using chiral additives to reversibly switch handedness
of a given helical system.

4. Applications and Outlook

The assembly of helical NP superstructures has advanced sig-
nificantly over the last 10 years, and new methods of assembly
and strategies for controlling helix geometry and metrics are
surely forthcoming. To date, applications of these materials are
more often proposed rather than demonstrated. It is expected
that, in the coming years, more effort will be dedicated to
examining optoelectronic, sensing, and catalysis applications.
Liz-Marzan and co-workers recently provided a beautiful example
of how helical nanoscale chirality can be harnessed for the
detection of protein aggregation, specifically amyloid fibrils,
which are linked to many neurodegenerative diseases.'!] They
demonstrated that Au NRs assembled onto amyloid fibers to
generate a chiral double-helical arrangement that displayed an
enhanced plasmonic chiroptical signal, indicating the presence
of the amyloid. This method was expanded to detect infectious
recombinant prions as well as o-synuclein fibrils, hinting at a
wide variety of possible disease-related targets.

As this field continues to progress toward applications, it will
become important to consider cost and scale of the syntheses.
This report clearly indicates that many of the reported examples
are based on either peptides or nucleic acids. The use of these
molecules does not necessary preclude scalable and economical
syntheses, but it necessitates consideration of recycling strate-
gies to reclaim the biological templating molecules for use in
subsequent syntheses. Some effort will have to be focused on
post-synthetic fixation of the NP superstructures (e.g., in epoxy
or silica) and subsequent release or removal of the biological
templating agents. These are not insurmountable tasks, how-
ever, and potential fears of scalability and cost should not deter
those interested in contributing to this exciting field where
much fundamental exploration and discovery remains.
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