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Transmission electron microscopy (TEM) imaging
has revolutionized modern materials science, nanotechnology, and
structural biology. Its ability to provide information about
materials’ structure, composition, and properties at atomic-level
resolution has enabled groundbreaking discoveries and the
development of innovative materials with precision and accuracy.
Electron tomography, single particle reconstruction, and micro-
crystal electron diffraction techniques have paved the way for the
three-dimensional (3D) reconstruction of biological samples,
synthetic materials, and hybrid nanostructures at near atomic-
level resolution. TEM tomography using a series of two-
dimensional (2D) projections has been used extensively in
biological science, but in recent years it has become an important
method in synthetic nanomaterials and soft matter research. TEM tomography offers unprecedented morphological details of 3D
objects, internal structures, packing patterns, growth mechanisms, and self-assembly pathways of self-assembled colloidal systems. It
complements other analytical tools, including small-angle X-ray scattering, and provides valuable data for computational simulations
for predictive design and reverse engineering of nanomaterials with the desired structure and properties. In this perspective, I will
discuss the importance of TEM tomography in the structural understanding and engineering of self-assembled nanostructures with
specific emphasis on colloidal capsids, composite cages, biohybrid superlattices with complex geometries, polymer assemblies, and

self-assembled protein-based superstructures.

Electron tomography, nanoparticles, self-assemblies, biohybrids, colloids, superlattices

Transmission electron microscopy (TEM) is an indispensable
tool for studying the structure and properties of materials at the
atomic level. Since its invention in 1931, TEM has developed
rapidly, with advances in instrumentation,” electron sources,””
detectors,6 specimen preparation,7 imaging, and imaging
processing methods. These advances have enabled TEM to
provide unprecedented details of materials, including their
morphology, internal structures, elemental composition, spec-
troscopic properties, and mechanical behaviors.”~'" TEM has
continuously evolved from a tool to study ultrasmall objects’
morphology, size, and shape to complete structure determi-
nation of biological and synthetic materials at near-atomic
resolution.”™"* Historically, TEM imaging has been used
extensively in biology to study the structural details of viruses
and bacteria."~'” Furthermore, nanoparticle-enabled immuno-
labeling has been used for studying the interactions between
different biomolecules and identifying the location of specific
biomarkers within cells.”*™** Early attempts to develop
biological specimen preparation methods have used heavy
metal atoms for metal shadowing and negative staining.””

© XXXX The Author. Published by
American Chemical Society

7 ACS Publications

Furthermore, methods including chemical fixation,”* critical
point drying,”® and sugar (glucose and trehalose) embed-
ding,zs’27 have provided minimum drying artifacts resulting in
high-resolution imaging of two-dimensional (2D) crystals of
biomolecules, including most challenging membrane proteins.**
The development of cryogenic TEM (cryo-TEM) specimen
preparation, single particle reconstruction (SPR) methods, and
microcrystal electron diffraction (microED) has transformed
TEM-based bioimaging.””™*” Today, cryo-TEM allows the
preparation of a broad range of biological specimens and
synthetic soft materials. More recently, the application of cryo-
TEM has expanded to study battery materials, making TEM one
of the most valuable imaging and analytical tools.”®
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In materials science, TEM imaging has played a significant
role in understanding metal nanoparticle (MNP) size, shape,
and properties. In the 1950s, Turkevich et al. extensively studied
the gold nanoparticle (AuNP) size, shape, nucleation, and
growth in colloidal gold sols using TEM imaging.’* Today,
advanced aberration-corrected TEM and scanning transmission
electron microscopy (STEM) imaging offer unprecedented
details on metal nanoparticle size, shape, atom dislocation, grain
boundaries, spectroscopy, elemental mapping, and mechanical
properties.*”~*> More importantly, recent reports have demon-
strated the 3D structure determination of atomically precise gold
nanoparticles using single particle reconstruction,” and
microED."

TEM and other analytical tools, synthetic methodologies, and
computational simulations have contributed to the development
of MNPs with a high degree of control over size, shape, and
composition. Therefore, NPs have emerged as excellent
colloidal-level building blocks for self-assembly.”® Specifically,
MNPs capped with organic ligands offer enhanced stability,
solubility, and directional interactions.”” The self-assembly of
MNPs into various superstructures with complex shapes and
geometries, including capsids, supraparticles, colloidal cages,
and microwires, has been reported.”"~>* The self-assembled
structures offer enhanced optical properties, catalytic efficiency,
mechanical strength, stability, nanoconfinement for selective
encapsulation of biologically active materials, act as nanoflasks
for stereospecific organic reactions, and display amplified
luminescence.’*>® Therefore, understanding their morphology,
internal structures, and packing patterns is critical for navigating
the structure—property relationship. Furthermore, a detailed
understanding of the 3D structures is crucial for the engineering
and predictive design of new colloidal structures with the desired
properties. However, conventional TEM imaging produces 2D
projections of 3D objects. The 2D projections provide extremely
valuable information about the specimen and contain high-
resolution structural details. However, due to intrinsic
limitations in the thickness of the specimen and the super-
imposed nature of the images, limited information can be gained
solely using 2D projections of self-assembled superstructures.
Furthermore, the 2D projections depend on the object’s
orientation under investigation. Thus, retrieving the details in
the third dimension is crucial to gaining structural insights.
Stereo images, i.e., collecting images with two slightly different
viewing angles are simple forms to visualize 3D structures.
However, stereo images cannot convey the complete internal
structural details. In this context, TEM tomography has evolved
as a revolutionary technique to study and determine 3D
structures of a wide range of synthetic, biological, and hybrid
materials.

The term tomography is derived from “tomos”, meaning
“slices or sections”, and “graphe”, meaning “drawing” or, in other
words, imaging by sections. Tomography has a history of more
than a century. In 1917, Radon first proposed the mathematical
formulation for reconstructing 3D volume or density maps using
a set of 2D projections.”” However, the application of
tomography emerged only in the 1950s, particularly in
astronomy.”®>” Tomography rapidly gained momentum in
medical imaging, and the early work of Cormack and Hounsfield
led to X-ray computed tomography (CT).°”®" The concept of
tomography was introduced to TEM imaging by de Rosier and
Klug in 1968, who reported the 3D density map of the tail of a
T4 bacteriophage using a set of TEM images.®” In the same year,
Hart reported the polytropic montage of tobacco mosaic virus

(TMV) particles and showed that the unstained sample could
provide high-resolution details compared to single projections.®®
TMYV, T4 bacteriophage, and ferritin particles were studied
between the 1960s and 1980s using electron microscopy and
protein crystallography.®*~°° The introduction of STEM
tomography has further allowed the high-resolution 3D imaging
and quantitative analysis of materials under extreme con-
ditions.”” =

TEM tomography relies on a series of 2D projections (i.e., tilt
series) collected across different viewing angles by tilting the
specimen holder with a known increment angle (Figure 1). The

Figure 1. Electron tomography of self-assembled superstructures
discussed in this Perspective.

2D projections are computationally aligned using cross-
correlation methods or preloaded fiducial markers. Several
methods have been used to collect tilt series, including random
conical tilt, increment angle, increment slope, and dual-axis tilt.
More importantly, atomic resolution tomography, fast STEM,
and EDS tomography methods have recently been implemented
to study 3D structures of individual MNPs, atom dislocation,
elemental composition, twinning, and thermal phase transition
of nanoparticles.””~”® Furthermore, highly sophisticated 4D
electron microscopy imaging has been demonstrated.””™®’
Extensive discussion on the application of various TEM and
STEM tomography methods is beyond the scope of this article,
and excellent reviews on fundamental concepts of electron
tomography, theoretical insi7§hts, and examples can be found in
several recent reviews.””%”” In this Perspective, I will discuss
the application of TEM tomography in unraveling the high-
resolution 3D details of self-assembled soft colloidal super-
structures (Figure 1). I will focus on four key areas of
applications: (i) understanding the morphology and internal
structures of supracolloidal assemblies, (ii) gaining insights on
self-assembly mechanistic details of NP frameworks to under-
stand structure—property relationships (e.g., enhanced optical
and catalytic properties), (iii) providing self-assembly mecha-
nism, growth patterns and unit cell parameters of biohybrid
superlattices and composite frameworks, and (iv) experimental
methods to study soft biomolecular assemblies. I will show some
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Figure 2. Supracolloidal capsids. (a) Chemical structures, synthesis, and in situ self-assembly of CoNPs. (b) TEM image of the as-synthesized CoNP
capsids in 1,2-DCB. (c,d) Higher magnification images of individual capsids showing core—shell structures. (e) 3D reconstructed image of a capsid
with an empty interior and ~20 nm multilayered shell. (f) 3D reconstructed image of a capsid containing amorphous materials in the core and ~20 nm
multilayered shell. (g) 3D reconstructed cross-sectional view of the shell showing individual CoNPs and the voids filled with amorphous materials. (h)
TEM images of capsids after solvent exchange to acetone showing core—shell structure. (i) 3D reconstructed image of acetone-treated capsids showing
an empty core and a deformed shell. (j) 3D reconstructed capsid chains formed under the magnetic field suggest capsids’ structure remains intact (inset
shows the 3D reconstruction of a single capsid from the chain at higher magnification). Reproduced with permission from ref 85. Copyright 2017 John
Wiley & Sons.

of the selected examples of supracolloidal spherical and rod-like

capsids, NP frameworks, nanocluster (NC) frameworks, NP- In nature, virus capsids represent a fascinating example of

genetic economy, efficiency, and error-free structure forma-

.82 : .
NC composites, toroidal structures, biohybrid superlattices, and tion.”" They display subunit-based self-assembly and are
inspirations for synthetic self-assembled systems. Furthermore,

soft biomolecular assemblies (Figure 1). capsids undergo facile reversible assembly disassembly by tuning
C https://doi.org/10.1021/acsmaterialsau.3c00067
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Figure 3. Rod-like capsids. (a) TEM image of CoNP capsids prepared using pANA ligands (inset shows the chemical structure of the pANA ligand, R =
NH,). (b) Higher magnification TEM image of a capsid showing core—shell structure. (c) 3D reconstructed structure of the capsid. (d,e) Cross-
sectional views showing rod-in-rod architecture. (f) Schematic representation of a rod-in-rod capsid. Reproduced with permission from ref 86.
Copyright 2018 John Wiley & Sons.

the chemical or other environmental conditions.”’ Their
reversible nature also offers routes for selective and size-
dependent encapsulation of various materials, including nano-
particles.”* However, biological particles are delicate and
operate only under narrow experimental conditions. Mimicking
capsid-like assemblies using metal nanoparticles offers structure
formation under a broad range of experimental conditions for
materials with unique chemical, optical, and magnetic proper-
ties. Nonappa et al. reported in situ, template-free, and reversible
self-assembly of superparamagnetic cobalt nanoparticles
(CoNPs) into spherical capsids (Figure 2).% The capsids
were prepared using the heating-up synthesis of a mixture of
dicobalt octacarbonyl Co,(CO); and p-aminobenzoic acid
(pABA) in 1,2-dichlorobenzene (1,2-DCB) solvent (Figure
2a). The TEM imaging of the specimen prepared from the
reaction mixture showed capsids with an average diameter of
200 nm. TEM images suggested two morphologies (Figure 2b):
(i) capsids with a contrast difference between the core and the
shell (Figure 2c) and (ii) capsids with a core and shell with
similar contrast (Figure 2d). Furthermore, cryo-TEM imaging
and dynamic light scattering (DLS) analysis confirmed the
presence of stable capsids in the solution. The capsids were
readily disassembled into individual CoNPs (d ~ 4—10 nm)
when treated with methanol. Importantly, reassembled spherical
capsids were obtained when the methanol-treated individual
CoNPs were redispersed in 1,2-DCB. Reversible assembly
disassembly was also observed when the sample was subjected to
a heating—cooling cycle. Interestingly, upon exchanging the
solvent from 1,2-DCB to acetone, all particles turned into
capsids with flexible shells with a clear difference in the contrast
between the core and shell (Figure 2h,i).

Solvent exchange studies, spectroscopic analysis, and
computational simulations suggested that the self-assembly is
driven by the hydrogen-bonding dimerization of carboxylic acid
groups of pABA ligands. Surprisingly, the magnetic measure-
ment of capsids revealed superparamagnetic properties with a

magnetic diameter of ~3.2 nm, which corresponds to the
magnetic core of individual NPs (neglecting the nonmagnetic
oxide layer). The results suggest that the capsids are self-
assembled superstructures, not random aggregates. Further-
more, the intrinsic superparamagnetic property of individual
NPs is retained in the capsids. More importantly, even a low
magnetic field of 0.65T (neodymium magnet) induced one-
dimensional chains or necklace-like assemblies of capsids
(Figure 2j). The capsid chains remained stable once the
magnetic field was removed and were resistant to mechanical
perturbation. This is attributed to magnetic dipole-induced
attraction and intercapsid hydrogen bonding. Importantly, in
capsids, individual CoNPs are magnetically noninteracting and
purely interacting via hydrogen bonding of surface ligands.
Electron tomography of as-synthesized capsids in 1,2-DCB,
acetone-treated capsids, and magnetic field-treated capsid
chains revealed some key insights into morphology, internal
structures, and packing patterns. Importantly, these observa-
tions provide complementary evidence of self-assembly and the
rationale behind their morphological differences. The 3D
reconstruction revealed that the capsids have ~20 nm
multilayered shells. However, the capsids with low-contrast
cores revealed empty interiors (Figure 2e). On the other hand,
the capsids with uniform core—shell contrast displayed an
interior filled with amorphous material (Figure 2f). The solvent
exchange and nuclear magnetic resonance (NMR) spectroscopy
analyses suggest that the core was filled with excess and
unreacted pABA ligands. Notably, the multilayered shell had no
regular packing patterns. A subtomography analysis of the shell
suggests that the excess unreacted ligands are distributed or
trapped between the nanoparticle cavities (Figure 2g). This was
also supported using density functional theory (DFT)
calculation studies of a model Co-pABA cluster. 3D
reconstruction of acetone-treated particles showed a similar
shell thickness but with a hollow core. Furthermore, the shell
was porous and deformed. This suggests that excess ligands
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Figure 4. Self-assembled capsids with monolayer shells. (a) Synthesis of the Au,4,-pMBA,, NC. (b) X-rays single crystal structure of Au;p,-pMBA,,

NC (yellow: Ay, blue: S, red: O, gray: C, and white: H). (c) Ligands are represented in arrows to determine their location and orientation in a 3D
coordinate system. (d) TEM image of Au,,-pMBA,, NCs. (e) TEM image of the self-assembled colloidal capsid. (f) 3D reconstructed structure of the
capsid. (g) Part of the shell showing monolayer thickness. Panels a-g reproduced with permission from ref.** Copyright 2016 John Wiley & Sons. (h)
Chemical structures of DFNKF peptides. (i) TEM image of an in situ generated gold-peptide capsid. (j) 3D reconstructed structure of capsid. (k)
cross-sectional view showing monolayer shell with amorphous peptides in the interior. (1) CD spectrum of DF(I)NKF peptides when treated with
different ratios of Au. Panels (h)—(1) reproduced with permission under a Creative Commons license (CC-BY 4.0) from ref 89. Copyright 2019

American Chemical Society.

trapped in the capsid core and the shell were removed when
treated with acetone (Figure 2h,i).

In another study, capsids were prepared using Co,(CO)g and
6-amino-2-naphthoic acid (pANA) in 1,2-DCB. Unlike pABA-
mediated CoNP capsid formation, pANA-capped CoNPs
resulted in unique rod-like capsids with an average length of
200 nm and a lateral diameter of 100 nm (Figure 3a).%¢

The rod-like capsids are composed of ~20 nm shells.
Furthermore, the core of the capsids contains a rod-like
nanoparticle assembly (d & 50 nm), i.e., rod-in-rod morphology
(Figure 3b). The 3D reconstruction revealed that the capsids
comprise shells consisting of a few layers of nanoparticles with a
shell thickness of 20 nm (Figure 3c). The sizes of the individual
building blocks were similar to those of the Co-pABA NPs and
were superparamagnetic. Furthermore, the rod-like assembly
within the interior of the capsid is composed of individual
CoNPs similar to the shell (Figure 3d). The interspatial distance

between the shell and the nanorod was ~20—25 nm (Figure
3e/f). This suggests that by careful ligand engineering, the
structure of the capsids can be tuned toward novel assemblies.
While the formation of rod-like structures is interesting, what
drives such structures’ growth is unclear. The formation of rod-
shaped structures requires symmetry breaking, which can arise
from the specific properties of the ligands, their interaction, and
stacking. A more detailed study is needed to understand the
phenomenon of this anisotropic growth. Time-resolved TEM, in
situ liquid cell TEM, and tomography data-assisted computa-
tional simulations may shed more insight into the structure
formation mechanism and predictive design of novel colloidal
capsids.

The above results showed well-defined capsid formation using
nonuniform NP building blocks via hydrogen bonding
interaction. The self-assembly of CoNPs was rapid as the
synthesis was performed at a high temperature (165 °C) in a
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Figure S. Nanoparticle frameworks. (a) Schematic representation of HFB-II mediated assembly of fluorinated AuNPs into supraparticles. (b) TEM
image of a supraparticle. (c) Cross-sectional view of a 3D reconstructed FSP and a magnified view showing inter-NP voids for selective encapsulation.
Panels (a)—(c) reproduced with permission from ref 90. Copyright 2017 John Wiley & Sons. (d) Structure of GSH-capped AuNC. (e) TEM image of
an NC framework. (f) 3D reconstructed structure showing densely packed NCs. (g) Shows the change in PL intensity as a function of metal ion
concentration. (h) shows the change in PL intensity when different divalent metal ions were added. Panels (d)—(h) reproduced with permission from
ref 92. Copyright 2019 John Wiley & Sons. (i) Chemical structures and schematic representation of dynamic covalent chemistry induced toroid
formation of coumarin thiol capped AuNCs. (j) TEM image of a toroid. (k) DF-STEM image of a toroid. (,m) 3D reconstructed image of a toroid

viewed at different orientations. Panels i-m reproduced with permission from ref 94. Copyright 2023 John Wiley & Sons.

nonpolar solvent. In nonpolar solvents, the carboxylic acid
remains as a monomer at high temperatures, and as the
temperature is lowered, it undergoes rapid dimerization. This
might lead to less-ordered multilayer assemblies with excess
ligands trapped inside and between the voids of the shells.
Identifying uniform building blocks, controllable self-assembly
conditions, and tunable inter-NP interactions is crucial to
understanding capsid formation. In this context, atomically
precise monolayer thiol-protected noble metal nanoclusters
(NCs) have emerged as attractive building blocks for self-
assembly.*>®” Because of their exactly defined number of metal
atoms and ligands, they offer controlled self-assembly. Nonappa
et al. reported the template-free self-assembly of p-mercapto-
benzoic acid (pMBA) capped atomically precise gold nano-
clusters (AuNCs), Au,o,-pMBA,, into 2D colloidal crystals and
supracolloidal capsids (Figure 4).%® Au,,-pMBA,, NC contains
102 gold atoms and 44 pMBA ligands (Figure 4a—c). When the

carboxylic acid groups of all ligands are protonated, the NCs are
dispersible in methanol and insoluble in water. However, partial
deprotonation of carboxylic acid groups (~22) imparts water
solubility with an excellent colloidal stability. Therefore,
selecting the proper self-assembly conditions can enable a
delicate balance between attractive hydrogen bonding (carbox-
ylic acid dimerization) and electrostatic repulsion (negatively
charged carboxylates). Furthermore, the spherical coordinate
system indicated that in Au,,,-pMBA,, ligands are anisotropi-
cally distributed with a preferential orientation toward the
equatorial plane of the NC. Notably, the deprotonation of Au,,-
pPMBA,, leads to patchy negative charges imparting amphiphilic
properties to the NCs. Therefore, the patchy and anisotropic
distribution allows symmetry breaking, resulting in lower-
dimensional structures such as 2D colloidal crystals. By creation
of defects, curvature can be induced to obtain spherical
structures.
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When the aqueous dispersion of the partially deprotonated
Au,p,-pMBA,, NC was sequentially dialyzed against methanol, it
resulted in 2D colloidal crystals. However, spherical capsids
were formed when an aqueous dispersion of NC was rapidly
added to methanol (Figure 4e). Tomographic reconstruction
suggested that that shell was monolayer thick. i.e., one
nanoparticle (~2.69 nm) thick (Figure 4f,g). While there is
little evidence of what stabilizes the interior of such structures, it
is likely the solvent or excess organic residue in the interior. The
NC also forms ellipsoidal capsids with monolayer shells. The
next question is whether the capsids with monolayer shells can
be obtained using nonuniform NP building blocks.

Pigliacelli et al. utilized iodinated amyloidogenic peptides for
in situ AuNP synthesis and templated assembly of chiroptically
active capsid-like structures.”” The modified human calcitonin
derived DENKF peptide fragments were used as ligands and
templates. The para position of either one or both phenylalanine
(F) residues of the DNFKF peptides was substituted with iodine
(Figure 4h). Iodination promotes the self-assembly of the
peptides and simultaneously acts as a template for the deposition
of Au(Ill) ions. This approach allows Au-mediated C-—I
activation to promote spontaneous nanoparticle formation on
the surface of the templated superstructure. Spherical particles
were produced when Au(III) salts were mixed with iodinated
DNEKEF peptides in aqueous media. The core was composed of
peptide, and the surface was covered with Au ions, supported by
STEM EDS spectra. Upon heating the aqueous mixture for 60—
180 min, surface plasmon resonance peaks around 562 nm were
observed, suggesting in situ nanoparticle formation. TEM image
of the resulting structure displayed spherical superstructures
(50—200 nm) composed of 6—10 nm AuNPs (Figure 4i).
Electron tomography of the resulting superstructure revealed a
spherical capsid-like structure (Figure 4j). The spherical
particles displayed a monolayer shell of nanoparticles placed
with uniform internanoparticle distance (Figure 4k). The core
contained an amorphous, less dense interior. These results
suggest that capsids with monolayer shells can be achieved via a
templated approach using nonuniform building blocks.

By comparing the 3D reconstructions of the above four
examples of self-assembled NP-based capsids, one can conclude
the following. First, the nonuniform building blocks with
directional hydrogen bonding ligands allow spherical template-
free capsids. However, the capsids are multilayered without any
regular packing patterns of NPs. Second, atomically, precise
NCs containing hydrogen bonding ligands result in capsids with
a well-defined monolayer shell. The shell has highly ordered
packing patterns of the individual NCs. Finally, using nonuni-
form NP building blocks, capsids with monolayer shells can be
achieved under a templated approach. Therefore, the size
uniformity of the NPs and self-assembly conditions affect the
resulting superstructures. TEM tomography provides high-
resolution details on morphology, internal structures, and
packing patterns in nonuniform and noncrystalline colloidal
structures.

The self-assembled capsids provide inspiration to investigate
whether adding additional interactions or components can
achieve even more ordered and compact arrangements of NPs
instead of core—shell structures. Such self-assembled NP-based
superstructures allow inter-NP compartmentalization. The
compartmentalization offers nanoconfinement for selective
encapsulation of small molecules, controlled drug delivery,

. . . . 48—56
and voids for chemical reactions by acting as nanoflasks.

Pigliacelli et al. reported the self-assembled fluorous supra-
particles (FSPs) to efficiently encapsulate poorly water-soluble
fluorinated drugs (Figure Sa).”

The FSPs were fabricated using AuNPs capped with
1H,1H,2H,2H-perfluorodecanethiol (PFDT) ligands in the
presence of the film-forming protein hydrophobin-II (HFB-
II). Two types of NPs, viz., spherical AuNCs with an average
diameter of 1.6 & 0.6 nm and plasmonic AuNPs with an average
diameter of 3.8 + 0.8 nm, were used to study the effect of size on
compartmentalization. Cryo-TEM imaging suggested the
spherical nature of the SPs with diameters in the range 30—80
nm (Figure Sb). The SPs were observed for both NCs and NPs.
The SPs comprised a NP core and multilayered protein (HFB-
II) shell with an average 5—10 nm thickness. The SAXS
spectrum of a water dispersion of SPs obtained from AuNCs
showed two structure peaks at 2.1 and 3.9 nm™', with an
interparticle distance of about 3 nm. On the other hand, the
SAXS spectrum of SPs obtained from AuNPs showed a less
ordered structure with a SAXS pattern characterized by only one
Bragg peak, corresponding to an average interparticle distance of
the confined NPs of about 5.2 nm. Tomographic reconstruction
of both SPs revealed a spherical morphology with a densely
packed array of individual building blocks (Figure Sc). For SPs
obtained from AuNPs, a densely packed array of NPs with
intricate voids was formed. AuNC-containing SPs also showed a
similar organization. Even though identical ligands were used in
AuNCs and AuNPs, their core size differences resulted in
different void spaces. AuNCs led to a more efficient and ordered
packing with smaller voids, which agrees with the SAXS analysis
results. The results also agree with the trend observed for
capsids, where NCs resulted in well-ordered shells compared to
nonuniform NPs.

Beyond surface ligand-mediated internanoparticle interac-
tion, functional groups such as carboxylic acids can be exploited
for metal coordination-directed self-assembly of NPs.”!
Chandra et al. reported metal coordination-induced self-
assembly of glutathione (GSH) capped AuNCs.”” By control-
ling the concentration of divalent metal ions (Cs*, Mn**, Pb**,
Cd**, Sn**, Zn*", Fe*, AI**, and Sn*"), the size of the spherical
superstructure was tuned from 30 to 200 nm (Figure Sd,e).
Among all tested divalent metal ions, Sn** showed more stable
self-assembled structures. The resulting spherical particles
significantly increased the photoluminescence quantum yield
(PLQY), photocatalytic efficiency, and biological properties.
For example, the PLQY was increased from 3.5% in individual
NCs to 25% in self-assembled structures (Figure Sgh).
Furthermore, the photocatalytic efficiency using a model dye
degradation experiment showed that in UV irradiation at 350
nm wavelength the degradation of methylene blue occurs within
5.5 min in the presence of self-assembled structures. However,
the degradation occurred at 112 min for AuNCs and 140 min
when no catalyst was used. Furthermore, the superstructures
displayed better bioavailability than individual AuNCs. Better
insights into the structure were needed to understand the
amplified PLQY, catalysis, and bioavailability. Cryo-TEM
imaging and electron tomographic reconstruction revealed the
spherical nature of the superstructures. The cross-sectional view
of 3D reconstruction revealed a densely packed network of
AuNCs, resulting in a framework-like structure with a regular
order (Figure 5f). The metal—ligand (Sn**—GSH) interactions
induce a well-defined network prohibiting several nonradiative
relaxation modes in the frameworks. The strong luminescence
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Figure 6. In situ depletion guided assembly of gold superclusters. (a) Schematic representation of the in situ depletion guided nanoshell-like AuSC
formation. (b) Absorbance spectra of AuSCs. (c) PL intensity of AuSCs. (d—g) TEM images of AuSCs at different tilt angles indicate spherical
morphologies. (h—k) 3D reconstructed structures of AuSCs (left) and their cross-sectional views (right) showing differences in core—shell structures
of AuSCs. Reproduced with permission from ref 95. Copyright 2023 American Chemical Society.

primarily arises from the highly luminescent T1 state to Au (0)
HOMO with an enhanced ligand-to-metal-to-metal charge
transfer (LMMCT) relaxation mechanism.

The reversible self-assembly of NCs using noncovalent
interactions is well-documented in the literature.”> However,
dynamic covalent bonding has not been explored for reversible
NP self-assemblies. Lakshmi et al. reported the dynamic
covalent chemistry driven by [2 + 2] photocycloaddition-
mediated reversible self-assembly of Au,s NCs.”* When
thiolated umbelliferone (7-hydroxycoumarin) ligands capped
AuNCs irradiated with UV light at 365 nm, the coumarin ligands
of neighboring nanoclusters undergo [2 + 2] cycloaddition
reaction facilitating inter-NC bonding via covalently linked
cyclobutene adducts (Figure Si). TEM, STEM, and 3D
reconstruction suggested toroid formation (Figure Sj-m).
Using tomography reconstruction of the early stages of
assemblies, it was shown that initially, the AuNCs form spherical

framework assemblies. Continued irradiation led to the fusion of
a spherical structure and elongation, resulting in toroids. The
toroidal outer diameter varied from 500 nm to 3.0 ym, and the
rim thickness up to 140 nm. TEM tomography of the toroid
shows that the rim is composed of densely packed NCs. More
importantly, further irradiation led to the fusion of toroids into
honeycomb-like supertoroidal macroscopic frameworks. Due to
the dynamic nature of the [2 + 2] cycloaddition reaction,
irradiation of toroids at 254 nm resulted in disassembly into
individual NCs. The reversible nature of the cycloaddition
reaction was exploited for the conjugation of S-fluorouracil and
photocontrolled release.

Despite the atomic-level precision of NCs, their self-assembly
often leads to nonuniform superstructures or heterogeneous
self-assembled end products. Like individual building blocks,
control over the size and shape of the superstructures influences
their optical, biological, and catalytic properties. Therefore,
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Figure 7. Composite cages. (a) Schematics showing the structure of AuUNR@CTAB, AuNR@pMBA, and AuNR-Ag composite cage. (b) 3D
reconstructed structure of AuNR@CTAB. (c) 3D reconstructed structure of AuUNR@pMBA. (d) TEM image of composite cages (inset showing DF-
STEM image of an individual cage). (e—g) Absorbance spectra of AuNR, Ag,,, and composite structures, respectively. (h—j) 3D reconstructed
structures of composites showing different intermediate stages of the growth. (k and 1) DF-STEM 3D reconstructed structures of composite cage
showing octahedral morphology. (m) Computational simulation showing the interaction of Na,Ag,spMBA;,. (n—p) 3D reconstructed structure
viewed at different orientations, showing the location of AuNR in the composite cage. Reproduced with permission from ref 104. Copyright 2018 John
Wiley & Sons.

improved methods to prepare highly uniform NC super-
structures are needed. In this context, Bera et al. developed
nanoshell-like assemblies called “superclusters” (SCs) using in
situ depletion-guided engineering of GSH-capped AuNCs
(Figure 6a).”® The Au(I) thiolate complexes were mixed with
a high percentage of polyethylene glycol (PEG-600) as a
depletant, which resulted in spherical assemblies of an average

diameter of 110 + 10 nm. By maintaining constant depletion,
the formation of metallic Au core was triggered by sacrificing the
GSH ligands from the Au(I)-thiolate complexes using thermal
activation of superstructures. The NC density was tuned by
controlling the thermal treatment times at 12, 24, 48, and 72 h.
Accordingly, the optical properties of the AuSCs were tuned. For
example, at 12, 24, and 48 h, treatment resulted in AuSCs-1,
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AuSCs-2, and AuSCs-3, respectively, displaying typical
absorbance spectral features of AuNCs (Figure 6b).

However, AuSCs-4, treated for 72 h, showed an interesting
surface plasmon resonance peak (Figure 6¢). Furthermore, the
PL intensity also showed that AuSCs-1 and AuSCs-2 displayed
PL intensities higher than those of AuSCs-3 and AuSCs-4. The
question arises whether the surface plasmon peak is due to
AuNP formation or strong NC-NC interaction under a confined
environment. The AuSCs were tested for their peroxidase-like
catalytic activity using a colorimetric assay based on 3,3',5,5'-
tetramethylbenzidine (TMB) oxidation. All AuSCs displayed
peroxidase-like activity by initiating the reaction within 5—10
min. However, the results suggested AuSCs-4 displayed higher
catalytic activity, 33.5-fold higher than AuSCs-1. To gain
insights into the origin of the surface plasmon resonance and the
difference in catalytic activity, a 3D reconstruction of all AuSCs
was performed. All AuSCs displayed spherical morphologies
(Figure 6d—g). Interestingly, from cross-sectional views, it was
evident that in AuSCs-1, only the surface Au(I)-thiolates
converted into AuNCs, with an amorphous interior and a thin
AuNC shell (Figure 6h—k). The shell thickness and the density
of NCs increased from AuSCs-1 to AuSCs-4. Therefore, it was
concluded that the surface plasmon resonance peak arises from
the strong interaction of AuNCs in a confined shell and is not
due to plasmonic NP formation.

Hybrid and composite nanomaterials offer possibilities to
engineer materials with tunable and controllable functions,
properties, and applications. Anisotropic AuNPs such as
nanorods (AuNRs) and nanotriangles (AuNTs) display unique
surface plasmon resonance peaks, sensitivity to their surround-
ing chemical environments, and act as optical antennas for
conjugated dye molecules.”””” Importantly, fluorescent organic
dye-conjugated NPs have been shown to alter the luminescence
properties of the dye molecules. Luminescent hybrid materials
offer multimodal imaging, sensing, drug delivery, and photo-
dynamic therapeutic applications. ! For example, AuNRs with
selective tip-functionalization with fluorescent dye molecules
have been shown to display a 10-fold increase in luminescence
compared to fluorescent dye itself.”®”” However, organic dyes
undergo degradation and photobleaching. On the other hand,
semiconductor quantum dots emerged as luminescent nano-
materials with excellent PLQY.'”’ However, they are toxic and
not suitable for bioimaging. Silica quantum dots, on the other
hand, are nontoxic but prone to oxidation.'’" Because of their
low toxicity and high photothermal stability, noble metal NCs
have emerged as interesting luminescent nanomaterials.”"”*
Furthermore, combining plasmonic NPs with atomically precise
NCs offers unique plasmon-exciton coupling. Therefore,
developing methods to fabricate NP-NC composites and
hybrids will pave the way for a new type of nanomaterial with
enhanced optoelectronic properties.

Som et al. reported the formation of composite bilayered
structure when titanium nanowires interacted with atomically
precise AgNC, Na,Ag,,-pMBA;, Importantly, Na,Ag,,-pMBA;,
shows patchy hydrogen bonding bundles.'®* This property has
been utilized to develop macroscopic, mechanically robust,
strong, and elastic monolayer membranes.'”” In its solid-state
structure, Na,Ag,,-pMBA;, displays bundles of two (L2) and
three (L3) ligands. The L2 bundles allow intralayer hydrogen
bonding and L3 form interlayer hydrogen bonding. Chakraborty
et al. investigated the hydrogen bonding directed AuNR-

Na,Ag,,-pMBA,; self-assemblies into composite cages (Figure
7a—d)."”* The CTAB-protected AuNRs (d ~ 10 nm, [ ~ 30 nm)
were exchanged with pMBA ligands (AuNR@pMBA). The self-
assembly was achieved by mixing the AuNR@pMBA and
Na,Ag,,-pMBA;, in N,N-dimethylformamide (DMF). The
pMBA ligands on the surface of AuNR and AgNC allow the
NR-NC interaction via hydrogen bonding. It was shown that the
resulting AuNR-AgNC composite displays the peaks arising
from the AuNR and AgNCs in their UV—vis spectra (Figure 7e—
g). This suggests that the intrinsic properties of both
components were retained in the composite structures.
However, significant broadening was observed in the NIR
region of the spectrum, presumably due to possible electronic
interactions between AuNR and NCs in the composites. The
conventional TEM and STEM images show AuNRs in the core
and NCs in the shell of the self-assembled structure. TEM and
STEM tomographic reconstruction revealed that AuNR-AgNC
coassembly resulted in an octahedral cage (Figure 7h—p).
Notably, each cage encapsulated a single AuNR, offering a rapid
and robust approach to composite supracolloidal cages.

The pure Na,Ag,,-pMBA;, crystallizes in a triclinic lattice.
The crystal structure data were used for computational
simulations to understand the octahedral nature of the
composite cage. The simulation results suggest that the lattice
structure of octahedral assemblies is face-centered cubic.
Tomographic reconstruction of different stages of growth
suggests that in the early stages of the assemblies
Na,Ag,,pMBA;, formed a uniform assembly around the entire
AuNR surface (Figure 7h). As the reaction proceeds, the AgNCs
preferentially interact around the AuNR body compared to the
tip or the two ends (Figure 7ij). This is attributed to a higher
density of hydrogen bonding sites at the center than the AuNR
tips. Furthermore, the preferential attachment of AgNCs to the
Au (110) than Au (100) facets of GNR@pMBA, induces
anisotropic growth, resulting in octahedral nanocages encapsu-
lating a single AuNR. The NP—NC interactions can be
controlled by modifying the functional groups of the ligands.
For example, partially deprotonated pMBA-capped AuNCs,
Au,y,-pMBA,, and Au,s;-pMBA, NCs interacted with AuNR@
pMBA in aqueous media. Unlike Na,Ag,,-pMBA;,, the AuNCs
produced a monolayer shell around AuNRs. This is due to the
negatively charged carboxylates on the NC surface, which
provided sufficient electrostatic repulsion to stabilize the
composite structures. Therefore, by controlling the ligand
functional group and reaction media, the composites’ shell
thickness and morphological features can be tuned.

Self-assembly of metal nanoparticles mediated by the
noncovalent interactions between the surface ligands allows
detailed investigation of the structural, morphological, and
compositional effects on hybrid and composite structure
formation. Chakraborty et al. investigated the interaction of
AgNCs of different ligand functionalities such as hexadecyl-
trimethylammonium chloride (CTAC), dimethylbenzenethiol
(DMBT), 1,2-bis(diphenylphosphino)ethane (DPPE) with
CTAC capped AuNTs.'”

For example, when Ag,;DMBT | interacted with CTAB-
capped AuNTs, the formation of Ag-doped AuNTs was
observed with the etching of Au atoms from the tips of triangles.
Interestingly, dendritic shells of Ag were formed around AuNTs
when they were mixed with Ag,sH,,DPPEg. The etching of Au
atoms was found to be affected by the type of ligand on the
AgNC surface. For example, faster etching was observed when
AuNTs interacted with Na,Ag,,-pMBA;,. In contrast, the
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Figure 8. Shell isolated composites. (a) Schematic illustration of a silica coated AuNR (AuNR@SiO,). (b) TEM image of silica coated AuNR@SiO,.
(c) 3D reconstructed structure of AUNR@SIiO,. (d) Absorbance spectra of AgyLA;,, AuNR@SiO,@Ag,s, and AUNR@SiO,. (e) Photographs
showing solutions of AuUNR@SiO, (i) and AuNR@SiO,@Ag,, (ii) under ambient light (top) and UV irradiation (bottom). (f) Schematic illustration
of silica coated AuUNR@SiO,@Ag,,. (g) TEM image of AUNR@SiO,@Ag,o. (h) 3D reconstructed structure of AuUNR@SiO,@Ag,o. Reproduced with

permission from ref 106. Copyright 2022 American Chemical Society.

directional hydrogen bonding prevents atom exchange or
etching, resulting in a stable composite core—shell structure.
This was supported using composite formation using AuNT@
pMBA and Na,Ag,,-pMBA;;, NCs, which resulted in a core—
shell structure without any etching or doping.

While doping, etching, and composites discussed above are
innovative approaches for multifunctional nanomaterials, they
do not have luminescent properties. However, they provide
clues to control and tune the interaction between plasmonic NPs
and NCs. In this context, Chakraborty et al. reported a three-
component system consisting of AuNR and lipoic acid (LA)
capped AgNCs (Ag,oLA},) to develop luminescent composites
(Figure 8).' To anchor the NCs on the AuNR surface and
avoid direct interaction, ligand exchange, or doping, the AuNRs
were coated with mesoporous silica. The silica-coated AuNRs
(AuNR@SiO,) were surface functionalized using (3-amino-
propyl) triethoxysilane (APTES), which provides a positive
surface charge for electrostatic assembly with negatively charged
AgNCs. Furthermore, the coating also improves the photo-
thermal stability of AuNRs and prevents photoluminescence
quenching. The interaction between the AuNR and
AgyoLA|,NCs was tuned by controlling the thickness of the
silica layers (Figure 7a—h). The resulting composites displayed a
nearly 2-fold increase in photoluminescence compared to
Agy,LA,, alone (Figure 7e). To understand the effect of coating
and the location of NCs, 3D reconstruction was performed for
as-synthesized AuNR, AuNR@SiO, and AuNR@SiO,@Ag,,.
The 3D reconstructed structures of AuNR@mSiO, revealed
that the silica shell was not uniformly distributed on the AuNR
surface. Instead, the AuNR surface facets were protected
alternately in all AuNR@SiO, layers irrespective of the silica
layer thickness. This is attributed to the difference in the surface
energy of different sets of planes of AuNRs. This finding suggests
that choosing other particle morphologies with facets such as
AuNTs may offer composites with distinct photophysical
properties. The 3D reconstruction of AuNR@SiO,@Ag,,
showed that the NCs are anchored on the silica surface and
no diffusion was observed.

Biological colloidal particles, such as virus capsids, protein cages,
and synthetic DNA origamis, are excellent building blocks for
hybrid structures.”’ Their atomically precise structure, well-
defined surface functional groups, and patchy interacting sites
offer precise control over the structure, morphology, and
functionalities. They are excellent templates for long-range-
ordered structures and hierarchically complex assemblies across
length scales. Liljestrom et al. reported a virus particle-AuNP
superlattice using controlled electrostatic assembly in aqueous
media (Figure 9).' In this study, (11-mercapto undecyl)-
N,N,N-trimethylammonium bromide (MUTAB) capped spher-
ical cationic AuNPs of 12.4 + 9 nm and tobacco mosaic virus
(TMV) particles were used (Figure 9a—c). Electrostatic
assembly generally leads to uncontrolled aggregation. Therefore,
the cationic NPs were first treated with electrolytes, such as
NaCl. This resulted in the aggregation of cationic AuNPs. The
aggregated AuNPs were treated with intrinsically negatively
charged TMVs and were dialyzed against water. AuNP
aggregates are disassembled into individual AuNPs upon
dilution, facilitating a controlled electrostatic assembly and a
stable complex with virus particles. SAXS studies showed clear
diffraction peaks across all ratios of np/frpy from 0.5 to 500
(Figure 9d). However, the best-resolved peaks were obtained for
nanp/Nyy between 10 and 25. Cryo-TEM imaging suggests
that similar structures were formed, irrespective of different
N np/ Ny Tatios. However, in the presence of low AuNDPs, free
TMVs were observed along with the complexes. Variable
concentration cryo-TEM imaging suggests that the superlattices
nucleate when TMVs are cross-linked by AuNPs (Figure 9e—g).

The cross-linked complexes attract AuNPs to a higher degree
than free TMVs. This allows for the alignment of TMVs and the
creation of an interstitial channel that is energetically favorable
for AuNPs. According to SAXS data, the hybrid structure
showed a 2D array in the superlattice. Rather surprisingly, the
structure factor S(q) equaled that of a 2D square lattice with a
lattice constant of 23.15 nm, suggesting close packing of the
building blocks (Figure 9h,i). This was in contrast to typically
observed hexagonal packing patterns for rod-like particles.
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Figure 9. Virus-AuNP superlattices. (a) TEM image, size distribution, and schematic structure of cationic AuNPs. (b) TEM image of negatively
stained TMVs. (c) Schematics showing the structure and repeat units of TMV. (d) SAXS patterns were recorded at varying AuNP/TMYV ratios. (e)
Shows schematics and concentration-dependent cryo-TEM images of the TMV-AuNP cooperative assembly. (f) Cryo-TEM image of a superlattice at
pane/ My = 1. (g) Cryo-TEM image at ny np/firyy = 15. (hyi) SAXS pattern at ny,np/firyy = 1S indicating square lattice. (j) Cryo-TEM image
showing right-handed helical twist. (k) Cryo-TEM image used for 3D reconstruction. (1) 3D reconstructed structure of superlattice showing right-
handed helical twist. (m) Isosurface view of individual nanoparticle chains and the space occupied by TMVs (indicated in blue). (n) Right-handed
twist. (o) Absorbance spectra of AuNPs and AuNP-TMV complexes. (p) CD spectra of AuNPs and AuNP-TMV complexes (inset shows the
computationally simulated CD spectra). (q,r) Computational simulations in the transverse direction (left) and the axis direction (right). Reprinted
with permission under a Creative Commons license (CC-BY 4.0) from ref 107. Copyright 2017 Nature Publishing Group.

Therefore, the exact reason and arrangement cannot be Interestingly, CD spectra at the visible wavelengths of the
understood by using SAXS data. Furthermore, as the ionic superlattices showed a helical plasmonic nature. No CD spectra
strength decreases, the internanoparticle distance also decreases. were observed at high ionic strength, i.e., when the components
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Figure 10. DNA origami-based superlattices and lamellar assemblies. (a) Schematic illustrations of DNA origami structures. (b) Schematic
illustrations of cationic AuNPs. (c,d) Cryo-TEM images of 6HB-cationic AuNP superlattices. (e) High-resolution cryo-TEM image of a superlattice
(inset shows the FFT). (f) Interparticle distances based on the cryo-TEM image in e. (g) Inverse fast Fourier transform (IFFT) from the cryo-TEM
image along different project axes and a schematic of the unit cell. (h) 3D reconstructed structure of superlattice (left), density map showing the
arrangement of AuNPs along a single DNA origami (middle and right), and packing patterns of AuNPs along a DNA origami (right) denoted by yellow
spheres. (i) Schematic illustration of the 3 X 3 tetragonal unit cell based on 6HB-small AuNP superlattice. Reprinted with permission under a Creative

Commons license (CC-BY-NC 3.0) from ref 109. Copyright 2019 Royal Society of Chemistry.

were not assembled into a superlattice. Further evidence to
support the origin of the CD spectra from the superlattice was
provided by mechanically shaking the mixture, which showed no
CD signal. However, understanding the self-assembly mecha-
nism, the origin of CD spectra, and the 2D square lattice
formation required extensive structural investigation. Cryo-
TEM imaging and 3D reconstruction of a single microwire
revealed a right-handed helical twist with a well-defined pitch
length and twist @ (360°/helical pitch) of ~0.13°/nm (Figure
9j,k). Furthermore, careful analysis of the 3D reconstructed
structure showed a 2D square lattice. From the cryo-TEM
images and cryo-ET, the lattice constants were determined to be
25 nm ( lattice constant a) for (10) and 17 nm (% a/ \/2) for
the (11) lattice planes. These values agreed with the SAXS-based
lattice constants of 23.2 and 16.4 nm. The inter-NP distance
remained constant for a given n, p/nyy ratio and was found to
be between 15 and 30 nm. The electrostatic repulsion between
AuNPs and attraction between AuNP and TMV control the
superlattice formation and inter-NP distance. The weak
electrostatic interactions limit the formation of 3D lattices.
Furthermore, helical twisting in a 3D superlattice is forbidden, as

it breaks the translational symmetry in the direction of the
rotational axis.

To further understand the mechanism of helical growth, the
3D coordinates from the cryo-ET reconstruction were collected
and used for coupled dipole approximation simulations. For
computational simulation 400 AuNPs were arranged in a helical
superlattice structure maintaining a lattice constant of 23.15 nm
and an interparticle distance of 16 + 1.6 nm. The simulation
reproduced the main features of the experimental CD spectrum
(Figure 90—r). However, there were some mismatch in the
width and position of the peak-dip feature between the
experimental and simulated CD spectra. The observed
mismatch is attributed to the variation in the width and @ of
the actual superlattice samples as supported using TEM imaging.
Furthermore, the simulations revealed that the CD spectra is
dependent on the orientation of the structure. Depending on the
viewing direction both right-handed (axis direction) and left-
handed (transverse direction) twists can be observed for this
type of superlattices.

Finally, the effects of the size and shape of the nanoparticle
was studied. Larger nanoparticles bind to four TMV molecules.
On the other hand, in smaller NPs, each NP binds to three TMV
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Figure 11. DNA origami-cationic lipid multilamellar structures. (a) Schematic illustration of DNA origami structures and the chemical structure of the
DOTAP molecule. (b) Schematic illustration of the multilamellar structure and chemical interaction between negatively charged phosphate groups
and cationic lipid molecules. (c) TEM images showing various morphologies of negatively staining 6HB-DOTAP. (d) High-resolution image (left)
and interlamellar distance (right). (e) Cryo-TEM image of 6HB-DOTAP complexes. (f) 3D reconstructed structure (top) and cross-sectional views
(bottom) of multilamellar structure at different depths. Reproduced with permission from ref 110. Copyright 2021 John Wiley & Sons.

leading to a hexagonal lattice. Chakraborty et al. extended this
approach to demonstrate near-infrared chiral plasmonic micro-
wires using TMV-AuNR superlattice formation.'” However,
the structural variety of the assemblies achieved using protein
cages and capsids is limited due to the selected protein’s
predetermined shape, charge, and size. Therefore, exploring
whether programmable and modular DNA nanostructures could
be equally used to organize AuNPs into well-ordered structures
is desirable.

Julin et al. investigated the effect of AuNP size and the shape
of DNA origamis in superlattice formation (Figure 10).""
Three types of DNA origami structures, viz, 6-helix bundles
(6HB), 24-helix bundles (24HB), and 60-helix bundles (60HB),
with lateral diameters of 6.0, 16.0, and 28.3 nm, respectively,
were used (Figure 10a). Cationic AuNPs of three sizes were

used, small, large, and extra large, with diameters of 8.5, 14.7, and
15.8 nm, respectively (Figure 10b). The controlled electrostatic
assembly between cationic AuNPs and negatively charged
origamis resulted in well-ordered 3D tetragonal superlattices
(Figure 10c—i). The small-angle X-ray scattering (SAXS)
measurements of aqueous samples containing different combi-
nations of DNA origami and AuNP, as well as varying
stoichiometric ratios, fy,np/Morigamy revealed well-ordered
superlattice structures in the case of 6HB and small AuNP
(deore = 2.5 nm). Whereas all other studied combinations
produced less ordered aggregates with only a short-range order.
The cryo-TEM images and 3D reconstruction revealed that
6HB and small AuNPs (d_,,. = 2.5 nm) form large, micrometer-
sized 3D tetragonal superlattices (Figure 10g—i). The average
lattice constants determined from the cryo-TEM images and
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Figure 12. Biomolecular assemblies. (a) Schematic illustration of bile acid-derived star-like amphiphiles. (b) TEM images (i—iii) of a supermicelle at
different tilt angles and 3D reconstructed structure, its cross-sectional view, and schematics (iv—vi). Panels (a) and (b) reproduced with permission
from ref 112. Copyright 2017 Elsevier. (c) Schematic illustration of CBM appended resilin-like peptides. (d) TEM images (i—iii) of a coacervate at
different tilt angles showing spherical morphology and (iv—vi) 3D reconstructed structure, cross-sectional view, and SEM image of a coacervate. Panels
c and d reproduced with permission from ref 114. Copyright 2018 Elsevier. (e) 3D reconstructed structures of lignin particles in acetone, cross-
sectional views, and TEM images at different tilt angles. (f) 3D reconstructed structures of lignin particles in THF, cross-sectional views, and TEM
images at different tilt angles. Panels (e) and (f) reprinted with permission under a Creative Commons license (CC-BY 4.0) from ref 115. Copyright

2021 American Chemical Society.

cryo-ET reconstruction are a = 8.6 + 0.9 nm (sd),c=11.8+ 1.0
nm (sd) and a = 9.1 nm, ¢ = 11.9 nm, respectively (Figure 10f).
The results were matched with the lattice constants obtained
from the SAXS analysis. Surprisingly, superlattices were not
formed when these same AuNPs were complexed with either
24HB or 60HB. Larger AuNPs (d.,. = 10.9 nm) could
immobilize all three types of DNA origami at ny,xp/Morigami ™~
30—40, indicating an efficient binding between large AuNPs and
all studied DNA origami structures. The 6HBs are anisotropic
rod-like, flexible particles similar to TMVs. On the other hand,
60HBs do not have a sufficient degree of anisotropy due to their

box-like shape limiting dimensional anisotropy and superlattice
formation. Therefore, the results suggest that size, shape, and
charge complementarity between the building blocks are crucial
parameters for superlattice.

In a recent study, Julin et al. demonstrated the multilamellar
structure using electrostatically assembly of DNA origami with a
cationic 1,2-dioleoly-3-trimethylammonium-propane
(DOTAP) lipid molecules (Figure 11)."'% Three types of
DNA origamis, viz.,, 6HB, 60HB, and plate-like particles, were
used (Figure 11a). The cryo-TEM image analysis showed an
average interlamellar spacing of 5.1 + 0.7 nm, irrespective of the
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type of DNA origami used. However, tilt series for tomography
reconstruction of the vitrified specimens were prone to electron
beam radiation damage, which limited the analysis. Therefore,
3D reconstruction was performed using negatively stained
specimens (Figure 11c—e).

The 3D electron density map from the TEM tomography
reconstruction of the assemblies and their cross-sectional views
suggest that the resulting complexes comprise a densely
interconnected network (Figure 11f). Interestingly, the 3D
reconstruction revelated that concentric lamellar structures were
formed when 6HB was used. On the other hand, in the case of
60HB and plate stacked lamellar arrangements were observed.
DOTAP forms flat lamellar structure due to zero spontaneous
curvature (lipid packing parameter, P &~ 0). However, the
observed difference in the lamellar arrangement of hybrid DNA
origami-DOTAP structures is attributed to the DNA origami
templated lipid packing behavior. For example, the 6HB is a rod-
like flexible particle and wraps into a “ball of yarn-like
assemblies with high curvature when combined with DOTAP.
On the other hand, 60HB and the plate display low curvature
due to their rigid hexahedra structures. The rigid nature of the
origami structures promote the stacked lamellar arrangement of
DOTAP molecules.

Unlike metal-nanoparticle-based superstructures, polymer and
biomolecular assemblies face several challenges, including
specimen preparation artifacts and electron beam-induced
damages. Furthermore, the achievable vitrified ice thickness
(70—130 nm) also limits cryo-TEM imaging of soft polymeric
and biological structures above 100 nm thickness."'" Such
structures will readily deform, seriously limiting any realistic
structural insights. Therefore, alternative specimen preparation
methods to preserve the original structures are needed. Bertula
et al. studied the self-assembly of star-like amphiphilic
derivatives of bile acids conjugated with hydrogen-bonding 2-
ureido-4[1H] pyrimidinone (UPy) moieties (Figure 12a,b).""”
The UPy molecules display strong quadrupolar hydrogen
bonding.

The star-like amphiphiles self-assemble into nanometric
micellar structures in polar solvents such as dimethyl sulfoxide
(DMSO). UPy moieties do not form hydrogen bonding
dimerization in DMSO, and the self-assembly is due to the
intrinsic aggregation behavior of bile acids.'"* Sequential solvent
exchange from DMSO to water via controlled dialysis triggered
the hydrogen bonding between UPy units of micelles, resulting
in micrometer-sized spherical particles. However, drying
artifacts were observed when the specimen preparation was
performed under conventional methods. Moreover, they also
were not beam tolerant. An alternative approach was then
utilized for TEM specimen preparation using the sequential
solvent exchange method. In this approach, after placing the
sample on a TEM grid, it was sequentially washed with varying
ratios of water/methanol, methanol/tert-butanol, and finally
with tert-butanol, followed by vacuum drying. This approach
retained the structure and provided specimen stable under
electron beam irradiation (Figure 12b,i—v). The tomographic
reconstruction showed the spherical nature of the super-
structure. Systematic investigation and cross-sectional view
suggest the highly interconnected network, i.e., supermicellar
structures. A cross-sectional SEM image of spherical particles
further supported the dense network, supporting the proposed
self-assembly mechanism (Figure 12b,vi).

Fang et al. studied the coacervation of resilin-like peptide
fusion proteins containing cellulose-binding terminal domains
(Figure 12¢).""* However, due to their liquid-like nature and the
relatively larger size of the coacervates, they tend to deform
during cryo-vitrification. This resulted in a flattened structure
with cryo-TEM imaging. The cryo-ET reconstruction showed
deformed disclike structures with limited structural details. The
solvent exchange approach was utilized to understand the
morphology of the superstructures. The particles retained their
original structure and shape in this process, indicating a spherical
nature. Most importantly, the 3D reconstruction of the
coacervates revealed layered onion-like structures, with each
layer having a lateral width of 20 nm. Each layer was composed
of protein subunits. This study provided the first 3D structural
details and possible self-assembly mechanistic details of
coacervates.

In nature, lignin is another abundant molecule removed as an
unwanted waste during pulping and biofuel production. Lignin
is a polyphenolic biomolecule with complex and varying
chemical structure and molecular weight, making complete
structural understanding at the molecular level challenging.
However, in recent years, there has been considerable effort to
prepare spherical lignin nanoparticles as a sustainable alternative
to synthetic polymeric nanoparticles. However, understanding
the spherical nanoparticle formation and determination of their
3D structure remain major challenge. Furthermore, it has been
shown that the particle morphology depends on the purity and
combination of solvents. However, the exact 3D structures and
packing are not known. Zou et al. reported an extended study on
LNPs prepared from aqueous acetone and aqueous THF
(Figure 12 e,f).'"> The conventional and cryo-TEM images
suggested the average sizes of LNPs of 47 + 13 and 66 + 22 nm,
respectively, in acetone (LNP,,.) and THF(LNP ;). The
electron tomography reconstruction of LNP, ione and LNPsTyg
confirmed its spherical nature. The cross-sectional views of the
tomographs revealed that the LNPs are composed of
homogeneously distributed smaller building blocks (Figure
12e,f). This study provided the first high-resolution 3D
structural insight into LNPs. More importantly, it also verified
that the LNPs are more compact structures than commonly
proposed core—shell structures or hollow structures. Further
support on the structure and porosity was provided using SAXS
and the nitrogen gas (N,) adsorption—desorption method.

TEM tomography is a powerful technique for imaging individual
nanoparticles, self-assembled structures, and hybrid materials.
This Perspective provides insights into some representative
examples based on the author’s contribution to understanding
the structure, packing patterns, self-assembly mechanism, and
crystal structure determination of self-assembled colloidal
superstructures. Despite the tremendous progress in instru-
mentation, imaging, and imaging processing, TEM tomography
has several challenges and limitations. Tomography utilizes a
series of 2D projections of objects collected by tilting the
specimen with an increment in angle or slope. Since multiple
images of the objects are to be collected, the sample is exposed to
a relatively longer electron beam. This causes radiation damage
in soft colloidal particles and biological samples. Low-dose
imaging combined with fast tomography methods developed by
Bals and co-workers can overcome radiation damage.” In a
recent study, Marchetti et al. reported the templated self-
assembly of branched Au nanoparticles.''® 3D reconstruction of
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the superstructures using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging
and fast tomography revealed the high-resolution internal
structure and core—shell nature of the superstructure. Cryo-
vitrification (plunge and high-pressure freezing) and automated
image collection for aqueous samples also help to minimize
radiation damage. However, the cryo-TEM specimen prepara-
tion can be laborious. The low-dose imaging, fast image
acquisition methods using continuous rotation, and tomography
approaches using limited data coupled with neural network
reconstruction have been used to overcome the beam
damage.""”~""” However, such methods may encounter a poor
signal-to-noise ratio of images and final reconstruction. Direct
electron detection cameras (DED) offer ima§ing with high
sensitivity, signal-to-noise ratio, and resolution.'*® However, the
size of data accumulation is relatively large in terabytes.
Therefore, data handling, storage, and processing may face
challenges. Liquid cell TEM is another emerging technique to
study nanoparticle dynamics and self-assembly in their native
environment.'”' However, such experiments require highly
specialized liquid cell holders and microelectromechanical
system-based (MEMS) chips. They also suffer from background
noise, low signal-to-noise ratios, limited tilt range due to narrow
visualization windows, and a long image acquisition time. Wang
et al. recently showed that combined liquid cell TEM imaging
and fast tomography allow high-resolution 3D reconstruction of
CTAB-capped AuNRs.'*” By comparing the 3D reconstruction
of AuNRs, it was shown that the internanoparticle distance
significantly differs in dry state and liquid state. Introducing this
approach to study self-assembly offers more realistic details
about the dynamics of such assemblies in real-time in their native
environment.

The fundamental limitations of TEM, such as specimen
thickness and field of view, may limit the acquisition of high-
resolution data from large self-assembled particles. Furthermore,
the tilt range, increment angles, and total number of projections
directly impact the resolution of the final ET reconstruction.
Therefore, the sample should be thin enough to obtain
meaningful structural details. For example, the thickness of an

object will increase by a factor of /2, 2, and 3 upon tilting the
specimen at angles of 45°, 60°, and 70° respectively. The
increased thickness poses challenges in determining the correct
focus to image the object and contributes to artifacts in the final
reconstruction. Currently, the method is well-suited for samples
up to 30—50 nm thick, but 100 nm is the upper limit. However,
large samples require other approaches such as embedding and
sectioning using a microtome. For biological samples, high-
pressure freezing and cryomicrotome have been used. Some
examples discussed in this paper, such as supermicelles and
coacervates, can be reconstructed despite their larger size. This
has to do with the fact that polymer-based materials are not as
dense as metal nanoparticles. Furthermore, they are transparent
to electron beams due to their intrinsically porous structure.
However, they are not devoid of artifacts that naturally arise
from the missing wedges.

Limited tilting angle results in a missing wedge and severely
degrades the spatial resolution of ET along the direction of
specimen thickness. To overcome the limited angle, dual-axis tilt
approaches have been developed. However, dual-axis tilt can
improve the resolution only by a factor of +/2."** For larger
samples, it is useful to utilize multiple other techniques,
including SEM tomography, sectioning, and X-ray micro-

tomography. Despite these limitations and challenges, TEM
tomography is one of the most valuable methods for the 3D
structure of materials at the nano- to subnanoscale. Over the past
few years, there has been tremendous progress in overcoming
the above challenges. From continuous fast image collection,
direct electron detectors and new algorithms for image
reconstruction together with improved computation power
resulted in high-resolution reconstruction. While TEM tomog-
raphy is a revolutionary technique, it is even more powerful
when combined with or as a complementary tool to other
analytical techniques such as small-angle X-ray scattering.
Nanoparticle self-assemblies are excellent model systems to
study in situ liquid cell-based imaging. Research in this direction
has already taken significant steps. Integrating real-time imaging
with tomography reconstruction will offer profound insight into
the nucleation and growth mechanisms of colloidal self-
assemblies under native reaction conditions. Because of their
diverse sizes, shapes, and properties, nanoparticles display
different dynamics and phase behavior at the interface. In this
context, computational simulation methods offer valuable
information to understand their properties. Various simulation
methods, including Monte Carlo, molecular dynamics, meso-
scale simulations, self-consistent mean field theory, and ab initio
molecular dynamics methods, have been utilized to study the
interfacial properties of nanoparticles.'”* The results from
computational simulations can be effectively utilized to validate
the experimental results using dry-state, liquid-state, and cryo-
TEM-tomography-based 3D structures of nanoparticle assem-
blies. A combination of multiple image acquisition methods,
advanced image processing, and computational methods has the
potential to offer high-resolution structural details of self-
assembled nanoparticle superstructures. Such methods are also
useful for studying soft biopolymer-based assemblies such as
coacervates.

Nonappa — Faculty of Engineering and Natural Sciences,
Tampere University, FI-33720 Tampere, Finland;
orcid.org/0000-0002-6804-4128; Email: nonappa@
tuni.fi

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmaterialsau.3c00067

The author declares no competing financial interest.

The author acknowledges the Academy of Finland for Project
Funding (No. 352900), Photonics Research and Innovation
(PREIN) flagship, and Tampere Microscopy Centre (TMC),
Tampere University, Finland. The author thanks Dr. Peter
Engelhardt for introducing the field of electron tomography and
all collaborators and coauthors (whose names appear in the cited
references) in exploring various self-assembled structures. Their
contributions were crucial in advancing the topics discussed in
this article.

(1) Knoll, M.; Ruska, E. Das Elektronenmikroskop. Z. Physik 1932, 78,
318—-339.

https://doi.org/10.1021/acsmaterialsau.3c00067
ACS Mater. Au XXXX, XXX, XXX—-XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nonappa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6804-4128
https://orcid.org/0000-0002-6804-4128
mailto:nonappa@tuni.fi
mailto:nonappa@tuni.fi
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00067?ref=pdf
https://doi.org/10.1007/BF01342199
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(2) Bogner, A.; Jouneau, P.-H.; Thollet, G.; Basset, D.; Gauthier, C. A
History of Scanning Electron Microscopy Developments: Towards
“Wet-STEM” Imaging. Micron 2007, 38 (4), 390—401.

(3) Williams, D. B.; Carter, C. B. The Transmission Electron
Microscope. In: Transmission Electron Microscopy; Springer, Boston,
MA, 2009; pp 3—22.

(4) Luey, K. Lifetimes and Failure Mechanisms of w/re Hairpin
Filaments. Metall. Trans. A 1991, 22, 2077—2084.

(5) Swanson, L. W.; Schwind, A. G. A Review of Field Electron Source
Use in Electron Microscopes. Microsc. Microanal. 2008, 11, 864—865.

(6) MacLaren, I; Macgregor, T. A.; Allen, C. S.; Kirkland, A. L
Detectors—The ongoing Revolution in Scanning Transmission
Electron Microscopy and Why This Important to Material Character-
ization. APL Mater. 2020, 8 (11), 110901.

(7) Tizro, P.; Choi, C.; Khanlou, N. Sample Preparation for
Transmission Electron Microscopy. In: Yong, W. (eds) Biobanking.
Methods Mol. Biol. 2019, 1897, 417—424.

(8) Franken, L. E.; Boekema, E. J.; Stuart, M. C. A. Transmission
Electron Microscopy as a Tool for the Characterization of Soft
Materials: Application and Interpretation. Adv. Sci. 2017, 4 (5),
1600476.

(9) Franken, L. E.; Griinewald, K.; Boekema, E. J.; Stuart, M. C. A. A
Technical Introduction to Transmission Electron Microscopy for Soft-
Matter: Imaging, Possibilities, Choices, and Technical Developments.
Small 2020, 16 (14), 1906198.

(10) Orlova, E. V,; Saibil, H. R. Structural Analysis of Macromolecular
Assemblies by Electron Microscopy. Chem. Rev. 2011, 111 (12), 7710—
7748.

(11) Frank, J. Single-Particle Reconstruction of Biological Macro-
molecules in Electron Microscopy — 30 Years. Quarter. Rev. Biophys.
2009, 42 (3), 139—158.

(12) Smith, D. J. Progress & Perspectives for Atomic-Resolution
Electron Microscopy. Mater. Today 2010, 12 (1), 10—16.

(13) Kim, B. H.; Heo, J.; Park, J. Determination of the 3D Atomic
Structures of Nanoparticles. Small Sci. 2021, 1 (1), 2000045.

(14) Yip, K. M,; Fischer, N.; Paknia, E.; Chari, A.; Stark, H. Atomic-
Resolution Protein Structure Determination by Cryo-EM. Nature
2020, 587, 157—161.

(15) Peankuch, E.; Kausche, G. A. Isolierung und iibermikroskopische
Abbildung eines Bakteriophagen. Naturwissenschaften 1940, 28, 46.

(16) Ruska, H. Morphologische Befunde bei der bakteriophagen Lyse.
Arch. Gesamte. Virusforsch. 1942, 2, 345—387.

(17) Luria, S. E.; Delbriick, M.; Anderson, T. F. Electron Microscope
Studies of Bacterial Viruses. J. Bacteriol. 1943, 46 (1), 57—77.

(18) Williams, R. C.; Wyckoff, R. W. G. Electron Shadow-
Micrography of Virus Particles. Proc. Soc. Exp. Biol. Med. 1945, S8
(3), 265—270.

(19) Gordon, R. E. Electron Microscopy: A Brief History and Review
of Current Clinical Application. In: Day, C. (eds) Histopathology.
Methods Mol. Biol. 2014, 1180, 119—138.

(20) Langanger, G.; De Mey, J.; Moeremans, M.; Daneels, G.; De Bra-
bander, M.; Small, J. V. Ultrastructural Localization of alpha-Actinin
and Filamin in Cultured Cells with the Immunogold Staining (IGS)
Method. J. Cell Biol. 1984, 99, 1324—1334.

(21) De Graaf, A; van Bergen en Henegouwen, P. M. P.; Meijne, A. M.
L.; van Driel, R.; Verkleij, A. J. Ultrastructural Localization of Nuclear
Matrix Proteins in HeLa Cells Using Silver-Enhanced Ultrasmall Gold
Probes. J. Histochem. Cytochem. 1991, 39 (8), 1035—1045.

(22) De Graaf, A;; Humbel, B. M.; Stuurman, N.; van Bergen en
Henegouwen, P. M. P.; Verkleij, A. J. Three-Dimensional Immunogold
Labeling of Nuclear Matrix Proteins in Permeabilized Cells. Cell Biol.
Int. Rep. 1992, 16 (8), 827—836.

(23) Brenner, S.; Horne, R. W. A Negative Staining Method for High
Resolution Electron Microscopy of Viruses. Biochim. Biophys. Acta
1959, 34, 103—110.

(24) Karnovsky, M. J. A Formaldehyde—Glutaraldehyde Fixative of
High Osmolarity for Use in Electron Microscopy. J. Cell Biol. 1965, 27
(2), 1A—149A.

(25) Horridge, G. A.; Tamm, S. L. Critical Point Drying for Scanning
Electron Microscopic Study of Ciliary Motion. Science 1969, 163
(3869), 817—818.

(26) Henderson, R.; Unwin, P. N. T. Three-Dimensional Model of
Purple Membrane Obtained by Electron Microscopy. Nature 1975,
257,28-32.

(27) Unwin, P. N. T.; Henderson, R. Molecular Structure
Determination by Electron Microscopy of Unstained Crystalline
Specimens. J. Mol. Biol. 1975, 94 (3), 425—440.

(28) Chiu, P.-L.; Kelly, D. F.; Walz, T. The Use of Trehalose in the
Preparation of Specimens for Molecular Electron Microscopy. Micron
2011, 42 (8), 762—772.

(29) Dubochet, J.; McDowall, A. W. Vitrification of Pure Water for
Electron Microscopy. J. Microscopy 1981, 124 (3), 3—4.

(30) Adrian, M.; Dubochet, J.; Lepault, J.; McDowall, A. W. Cryo-
Electron Microscopy of Viruses. Nature 1984, 308, 32—36.

(31) Dubochet, J; Adrian, M.; Chang, J.; Homo, J.; Lepault, J;
McDowall, A.; Schultz, P. Cryo-electron Microscopy of Vitrified
Specimens. Q. Rev. Biophys. 1988, 21 (2), 129—228.

(32) Frank, J. Averaging of Low Exposure Electron Micrographs of
Non-Periodic Objects. Ultramicroscopy 1975, 1 (2), 159—162.

(33) Frank, J.; Verschoor, A.; Boublik, M. Computer Averaging of
Electron Micrographs of 40S Ribosomal Subunits. Science 1981, 214,
1353—13SS.

(34) Radermacher, M.; Wagenknecht, T.; Verschoor, A.; Frank, J.
Three-Dimensional Reconstruction From a Single-Exposure, Random
Conical Tilt Series Applied to the SOS Ribosomal Subunit of Escherichia
coli. J. Microsc. 1987, 146, 113—136.

(35) Frank, J. Single-Particle Reconstruction of Biological Mole-
cules—Story in a Sample. Agnew. Chem. Int. Ed. 2018, 57 (34), 10826—
10841.

(36) Shi, D.; Nannenga, B. L.; Iadanza, M. G.; Gonen, T. Three-
Dimensional Electron Crystallography of Protein Microcrystals. eLife
2013, 2, No. e01345.

(37) Nannenga, B. L.; Shi, D.; Leslie, A. G. W.; Gonen, T. High-
Resolution Structure Determination by Continuous-Rotation Data
Collection in microED. Nat. Methods 2014, 11, 927—930.

(38) Li, Y.; Li, Y.; Pei, A;; Yan, K.; Sun, Y.; Win, C. L.; Joubert, L. M.;
Chin, R;; Koh, Al; Yu, Y.; Perrino, J.; Butz, B.; Chuy, S.; Cui, Y. Atomic
Structure of Sensitive Battery Materials and Interfaces Revealed by
Cryo—Electron Microscopy. Science 2017, 358, S06—510.

(39) Turkevich, J.; Stevenson, P. C.; Hillier, J. A Study of The
Nucleation and Growth Processes in the Synthesis of Colloidal Gold.
Discuss. Faraday Soc. 1951, 11, 55=75.

(40) Crewe, A. V.; Wall, J.; Langmore, J. Visibility of Single Atoms.
Science 1970, 168, 1338—1340.

(41) Engel, A. The Stem: An Attractive Tool for the Biologist.
Ultramicroscopy 1978, 3, 355—357.

(42) Haider, M.; Uhlemann, S.; Schwan, E.; Rose, H.; Kabius, B.;
Urban, K. Electron Microscopy Image Enhanced. Nature 1998, 392,
768—769.

(43) Batson, P.; Dellby, N.; Krivanek, O. Sub-Angstrom Resolution
Using Aberration Corrected Electron Optics. Nature 2002, 418, 617—
620.

(44) Wei, J.; Feng, B.; Ishikawa, R.; Yokoi, R.; Matsunaga, K.; Shibata,
N.; Ikuhara, Y. Direct Imaging of Atomistic Grain Boundary Migration.
Nat. Mater. 2021, 20, 951—955.

(4S) Frey, G. L.; Kauffmann, Y. Little Probe, Big Data. Nat. Mater.
2019, 18, 776—777.

(46) Azubel, M.; Koivisto, J.; Malola, S.; Bushnell, D.; Hura, G. L.;
Koh, A. L,; Tsunoyama, H.; Tsukuda, T.; Pettersson, M.; Hikkinen, H.;
Kornberg, R. D. Electron Microscopy of Gold Nanoparticles at Atomic
Resolution. Science 2014, 345, 909—912.

(47) Vergara, S.; Lukes, D. A.,; Martynowycz, M. W.; Santiago, U,;
Plascencia-Villa, G.; Weiss, S. C.; de la Cruz, M. J.; Black, D. M,;
Alvarez, M. M.; Lépez-Lozano, X.; Barnes, C. O.; Lin, G.; Weissker, H.
C.; Whetten, R. L.; Gonen, T.; Yacaman, M. J.; Calero, G. MicroED
Structure of Auu(p-MBA)g, at Subatomic Resolution Reveals a
Twinned FCC Cluster. J. Phys. Chem. Lett. 2017, 8 (22), 5523—5530.

https://doi.org/10.1021/acsmaterialsau.3c00067
ACS Mater. Au XXXX, XXX, XXX—-XXX


https://doi.org/10.1016/j.micron.2006.06.008
https://doi.org/10.1016/j.micron.2006.06.008
https://doi.org/10.1016/j.micron.2006.06.008
https://doi.org/10.1007/978-0-387-76501-3_1
https://doi.org/10.1007/978-0-387-76501-3_1
https://doi.org/10.1007/BF02669875
https://doi.org/10.1007/BF02669875
https://doi.org/10.1017/S1431927605503854
https://doi.org/10.1017/S1431927605503854
https://doi.org/10.1063/5.0026992
https://doi.org/10.1063/5.0026992
https://doi.org/10.1063/5.0026992
https://doi.org/10.1007/978-1-4939-8935-5_33
https://doi.org/10.1007/978-1-4939-8935-5_33
https://doi.org/10.1002/advs.201600476
https://doi.org/10.1002/advs.201600476
https://doi.org/10.1002/advs.201600476
https://doi.org/10.1002/smll.201906198
https://doi.org/10.1002/smll.201906198
https://doi.org/10.1002/smll.201906198
https://doi.org/10.1021/cr100353t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100353t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1017/S0033583509990059
https://doi.org/10.1017/S0033583509990059
https://doi.org/10.1016/S1369-7021(10)70140-1
https://doi.org/10.1016/S1369-7021(10)70140-1
https://doi.org/10.1002/smsc.202000045
https://doi.org/10.1002/smsc.202000045
https://doi.org/10.1038/s41586-020-2833-4
https://doi.org/10.1038/s41586-020-2833-4
https://doi.org/10.1007/BF01486932
https://doi.org/10.1007/BF01486932
https://doi.org/10.1007/BF01249917
https://doi.org/10.1128/jb.46.1.57-77.1943
https://doi.org/10.1128/jb.46.1.57-77.1943
https://doi.org/10.3181/00379727-58-14918
https://doi.org/10.3181/00379727-58-14918
https://doi.org/10.1007/978-1-4939-1050-2_7
https://doi.org/10.1007/978-1-4939-1050-2_7
https://doi.org/10.1083/jcb.99.4.1324
https://doi.org/10.1083/jcb.99.4.1324
https://doi.org/10.1083/jcb.99.4.1324
https://doi.org/10.1177/39.8.1856453
https://doi.org/10.1177/39.8.1856453
https://doi.org/10.1177/39.8.1856453
https://doi.org/10.1016/S0309-1651(05)80025-6
https://doi.org/10.1016/S0309-1651(05)80025-6
https://doi.org/10.1016/0006-3002(59)90237-9
https://doi.org/10.1016/0006-3002(59)90237-9
https://doi.org/10.1126/science.163.3869.817
https://doi.org/10.1126/science.163.3869.817
https://doi.org/10.1038/257028a0
https://doi.org/10.1038/257028a0
https://doi.org/10.1016/0022-2836(75)90212-0
https://doi.org/10.1016/0022-2836(75)90212-0
https://doi.org/10.1016/0022-2836(75)90212-0
https://doi.org/10.1016/j.micron.2011.06.005
https://doi.org/10.1016/j.micron.2011.06.005
https://doi.org/10.1111/j.1365-2818.1981.tb02483.x
https://doi.org/10.1111/j.1365-2818.1981.tb02483.x
https://doi.org/10.1038/308032a0
https://doi.org/10.1038/308032a0
https://doi.org/10.1017/S0033583500004297
https://doi.org/10.1017/S0033583500004297
https://doi.org/10.1016/S0304-3991(75)80020-9
https://doi.org/10.1016/S0304-3991(75)80020-9
https://doi.org/10.1126/science.7313694
https://doi.org/10.1126/science.7313694
https://doi.org/10.1111/j.1365-2818.1987.tb01333.x
https://doi.org/10.1111/j.1365-2818.1987.tb01333.x
https://doi.org/10.1111/j.1365-2818.1987.tb01333.x
https://doi.org/10.1002/anie.201802770
https://doi.org/10.1002/anie.201802770
https://doi.org/10.7554/eLife.01345
https://doi.org/10.7554/eLife.01345
https://doi.org/10.1038/nmeth.3043
https://doi.org/10.1038/nmeth.3043
https://doi.org/10.1038/nmeth.3043
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1039/df9511100055
https://doi.org/10.1039/df9511100055
https://doi.org/10.1126/science.168.3937.1338
https://doi.org/10.1016/S0304-3991(78)80052-7
https://doi.org/10.1038/33823
https://doi.org/10.1038/nature00972
https://doi.org/10.1038/nature00972
https://doi.org/10.1038/s41563-020-00879-z
https://doi.org/10.1038/s41563-019-0413-5
https://doi.org/10.1126/science.1251959
https://doi.org/10.1126/science.1251959
https://doi.org/10.1021/acs.jpclett.7b02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(48) Kotov, N. A;; Weiss, P. S. Self-Assembly of Nanoparticles: A
Snapshot. ACS Nano 2014, 8 (4), 3101—-3103.

(49) Boles, M. A.; Engel, M.; Talapin, D. V. Self-Assembly of Colloidal
Nanocrystals: From Intricate Structures to Functional Materials. Chem.
Rev. 2016, 116 (18), 11220—11289.

(50) Li, Z.; Fan, Q.; Yin, Y. Colloidal Self-Assembly Approaches to
Smart Nanostructured Materials. Chem. Rev. 2022, 122 (5), 4976—
5067.

(51) Linko, V.; Zhang, H.; Nonappa; Kostiainen, M. A.; Ikkala, O.
From Precision Colloidal Hybrid Materials to Advanced Functional
Assemblies. Acc. Chem. Res. 2022, 55 (13), 1785—1795.

(52) Xia, Y.; Nguyen, T. D.; Yang, M.; Lee, B.; Santos, A.; Podsiadlo,
P.; Tang, Z.; Glotzer, S. C.; Kotov, N. A. Self-assembly of Self-Limiting
Monodisperse Supraparticles From Polydisperse Nanoparticles. Nat.
Nanotechnol. 2011, 6, 580—587.

(53) Yang, M.; Chan, H.; Zhao, G.; Bahng, ]. H.; Zhang, P.; Kral, P.;
Kotov, N. A. Self-Assembly of Nanoparticles into Biomimetic Capsid-
Like Nanoshells. Nat. Chem. 2017, 9, 287—294.

(54) Zhao, H.; Sen, S.; Udayabhaskararao, T.; Sawczyk, M.; Kucanda,
K; Manna, D; Kundu, P. K; Lee, J; Krdl, P,; Klajn, R. Reversible
Trapping and Reaction Acceleration Within Dynamically Self-
Assembling Nanoflasks. Nat. Nanotechnol. 2016, 11, 82—88.

(55) Wang, Y.; Zeiri, O; Raula, M.; Le Ouay, B; Stellacci, F;
Weinstock, I. A. Host—Guest Chemistry with Water-Soluble Gold
Nanoparticle Supraspheres. Nat. Nanotechnol. 2017, 12, 170—176.

(56) Dichiarante, V.; Pigliacelli, C.; Metrangolo, P.; Bombelli, F. B.
Confined Space Design by Nanoparticle Self-Assembly. Chem. Sci.
2021, 12, 1632—1646.

(57) Radon, J. Uber die Bestimmung von Funktionen durch ihre
Integralwerte lings gewisserMannigfaltigkeiten. Ber. Verh. Sichs. Akad.
Wiss. Leipzig. Math. Nat. KI. 1917, 69, 262—277.

(58) Bracewell, R. N. Strip Integration in Radio Astronomy. Aust. J.
Phys. 1956, 9 (2), 198—217.

(59) Oldendorf, W. H. Isolated Flying Spot Detection of Radiodensity
Dis-Continuities-Displaying the Internal Structural Pattern of a
Complex Object. IRE Trans. Bio-Med. Electron. 1961, 8 (1), 68—72.

(60) Cormack, A. M. Reconstruction of Densities from Their
Projections, with Applications in Radiological Physics. Phys. Med.
Biol. 1973, 18, 195.

(61) Hounsfield, G. N. Computerized Transverse Axial Scanning: Part
1. Description of System. Br. . Radiol. 1973, 46, 1016.

(62) De Rosier, D.; Klug, A. Reconstruction of Three-Dimensional
Structures from Electron Micrographs. Nature 1968, 217, 130—134.

(63) Hart, R. G. Electron Microscopy of Unstained Biological
Material: The Polytropic Montage. Science 1968, 159, 1464—1467.

(64) Hoppe, W. The Finity Postulate and Sampling Theorem of
Three-Dimensional Electron Microscopical Analysis of Aperiodic
Structures. Optik 1969, 29, 617.

(65) Penczek, P. A. Fundamentals of Three-Dimensional Recon-
struction from Projections: Methods Enzymol. 2010, 482, 1-33.

(66) Neumiiller, J. Electron Tomography—A Tool for Ultrastructural
3D Visualization in Cell Biology and Histology. Wien. Med. Wochenschr.
2018, 168, 322—329.

(67) Ercius, P.; Alaidi, O.; Rames, M. J.; Ren, G. Electron
Tomography: A Three-Dimensional Analytic Tool for Hard and Soft
Materials Research. Adv. Mater. 2015, 27 (38), 5638—5663.

(68) Altantzis, T.; Zanaga, D.; Bals, S. Advanced Electron
Tomography of Nanoparticle Assemblies. EPL 2017, 119, 38001.

(69) Kavak, S.; Kadu, A. A; Claes, N.; Sanchez-Iglesias, A.; Liz-
Marzan, L. M.; Batenburg, K. J.; Bals, S. Quantitative 3D Investigation
of Nanoparticle Assemblies by Volumetric Segmentation of Electron
Tomography Data Sets. J. Phys. Chem. C 2023, 127 (20), 9725—9734.

(70) Scott, M. C.; Chen, C. C.; Mecklenburg, M; Zhu, C.; Xu, R;
Ercius, P.; Dahmen, U,; Regan, B. C.; Miao, J. Electron Tomography at
2.4-Angstr6m Resolution. Nature 2012, 483, 444—447.

(71) Pham, M.; Yuan, Y.; Rana, A.; Osher, S.; Miao, J. Accurate Real
Space Iterative Reconstruction (RESIRE) Algorithm for Tomography.
Sci. Rep. 2023, 13, 5624

(72) Chen, C. C.; Zhu, C.; White, E. R.; Chiu, C. Y.; Scott, M. C.;
Regan, B. C.,; Marks, L. D.; Huang, Y.; Miao, J. Three-Dimensional
Imaging of Dislocations in a Nanoparticle at Atomic Resolution. Nature
2013, 496, 74—77.

(73) Pedrazo-Tardajos, A.; Irmak, E. A.; Kumar, V.; Sdnchez-Iglesias,
A,; Chen, Q.; Wirix, M.; Freitag, B.; Albrecht, W.; Aert, S. V.; Liz-
Marzén, L. M.; Bals, S. Thermal Activation of Gold Atom Diffusion in
Au@Pt Nanorods. ACS Nano 2022, 16 (6), 9608—9619.

(74) Skorikov, A.; Batenburg, K. J.; Bals, S. Analysis of 3D Elemental
Distribution in Nanomaterials: Towards Higher Throughput and Dose
Efficiency. J. Microscopy 2023, 289 (3), 157—163.

(75) De Backer, A; Bals, S.; Van Aert, S. A Decade of Atom-counting
in STEM: From the First Results Toward Reliable 3D Atomic Models
From a Single Projection. Ultramicroscopy 2023, 247, 113702.

(76) Albrecht, B.; Bals, S. Fast Electron Tomography for Nanoma-
terials. J. Phys. Chem. C 2020, 124 (50), 27276—27286.

(77) Choo, P.; Arenas-Esteban, D.; Jung, I.; Chang, W. J.; Weiss, E. A.;
Bals, S.; Odom, T. W. Investigating Reaction Intermediates during the
Seedless Growth of Gold Nanostars Using Electron Tomography. ACS
Nano 2022, 16 (3), 4408—4414.

(78) Heyvaert, W.; Pedrazo-Tardajos, A.; Kadu, A; Claes, N,;
Gonzéilez-Rubio, G.; Liz-Marzin, L. M.; Albrecht, W.; Bals, S.
Quantification of the Helical Morphology of Chiral Gold Nanorods.
ACS Materials Lett. 2022, 4 (4), 642—649.

(79) Zewail, A. H. Four-Dimensional Electron Microscopy. Science
2010, 328, 187—193.

(80) Flannigan, D. J; Zewail, A. H. 4D Electron Microscopy:
Principles and Applications. Acc. Chem. Res. 2012, 45 (10), 1828—1839.

(81) Kim, N. Y.; Cao, S.; More, K. L.; Lupini, A. R.;; Miao, J.; Chi, M.
Hollow Ptychography: Toward Simultaneous 4D Scanning Trans-
mission Electron Microscopy and Electron Energy Loss Spectroscopy.
Small 2023, 19 (37), 2208162.

(82) Kushner, D. J. Self-Assembly of Biological Structures. Bacteriol.
Rev. 1969, 33 (2), 302.

(83) Roos, W. H.; Bruinsma, R;; Wuite, G. J. L. Physics of Viral
Dynamics. Nat. Rev Phys. 2021, 3, 76.

(84) Aniagyei, S. E; DuFort, C; Kao, C. C; Dragnea, B. Self-
Assembly Approaches to Nanomaterial Encapsulation in Viral Protein
Cages. J. Mater. Chem. 2008, 18, 3763—3774.

(85) Nonappa; Haataja, J. S.; Timonen, J. V. L; Malola, S.; Engelhardt,
P.; Houbenov, N.; Lahtinen, M.; Hikkinen, H.; Ikkala, O. Reversible
Supracolloidal Self-Assembly of Cobalt Nanoparticles to Capsids and
Superstructures. Angew. Chem., Int. Ed. 2017, 56, 6473—6477.

(86) Nonappa; Ikkala, O. Hydrogen Bonding Directed Colloidal Self-
Assembly of Nanoparticles into 2D Crystals, Capsids, and Supra-
colloidal Assemblies. Adv. Funct. Mater. 2018, 28 (27), 1704328.

(87) Rival, J. V.; Mymoona, P.; Lakshmi, K. M.; Nonappa; Pradeep,
T.; Shibu, E. S. Self-Assembly of Precision Noble Metal Nanoclusters:
Hierarchical Structural Complexity, Colloidal Superstructures, and
Applications. Small 2021, 17 (27), 2005718.

(88) Nonappa; Lahtinen, T.; Haataja, J. S.; Tero, T.-R.; Hikkinen, H.;
Ikkala, O. Template-Free Supracolloidal Self-Assembly of Atomically
Precise Gold Nanoclusters: From 2D Colloidal Crystals to Spherical
Capsids. Angew. Chem., Int. Ed. 2016, S5 (52), 16035—16038.

(89) Pigliacelli, C.; Sanjeeva, K. B.; Nonappa; Pizzi, A.; Gori, A;
Bombelli, F. B.; Metrangolo, P. In Situ Generation of Chiroptically-
Active Gold-Peptide Superstructures Promoted by Iodination. ACS
Nano 2019, 13 (2), 2158—2166.

(90) Pigliacelli, C.; Maiolo, D.; Nonappa; Haataja, J. S.; Amenitsch,
H.; Michelet, C.; Moreno, P. S.; Tirotta, I; Metrangolo, P.; Bombelli, F.
B. Efficient Encapsulation of Fluorinated Drugs in the Confined Space
of Water-Dispersible Fluorous Supraparticles. Angew. Chem., Int. Ed.
2017, 56 (51), 16186—16190.

(91) Nonappa. Luminescent Gold Nanoclusters for Bioimaging
Applications. Beil. J. Nanotechnol. 2020, 11, 533—546.

(92) Chandra, S.; Nonappa; Beaune, G.; Som, A.; Zhou, S.; Lahtinen,
J.; Jiang, H,; Timonen, J. V. L; Ikkala, O.; Ras, R. H. A. Highly
Luminescent Gold Nanocluster Frameworks. Adv. Optical Mater. 2019,
7 (20), 1900620.

https://doi.org/10.1021/acsmaterialsau.3c00067
ACS Mater. Au XXXX, XXX, XXX—-XXX


https://doi.org/10.1021/nn502057r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn502057r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2011.121
https://doi.org/10.1038/nnano.2011.121
https://doi.org/10.1038/nchem.2641
https://doi.org/10.1038/nchem.2641
https://doi.org/10.1038/nnano.2015.256
https://doi.org/10.1038/nnano.2015.256
https://doi.org/10.1038/nnano.2015.256
https://doi.org/10.1038/nnano.2016.233
https://doi.org/10.1038/nnano.2016.233
https://doi.org/10.1039/D0SC05697A
https://doi.org/10.1071/PH560198
https://doi.org/10.1109/TBMEL.1961.4322854
https://doi.org/10.1109/TBMEL.1961.4322854
https://doi.org/10.1109/TBMEL.1961.4322854
https://doi.org/10.1088/0031-9155/18/2/003
https://doi.org/10.1088/0031-9155/18/2/003
https://doi.org/10.1259/0007-1285-46-552-1016
https://doi.org/10.1259/0007-1285-46-552-1016
https://doi.org/10.1038/217130a0
https://doi.org/10.1038/217130a0
https://doi.org/10.1126/science.159.3822.1464
https://doi.org/10.1126/science.159.3822.1464
https://doi.org/10.1016/S0076-6879(10)82001-4
https://doi.org/10.1016/S0076-6879(10)82001-4
https://doi.org/10.1007/s10354-018-0646-y
https://doi.org/10.1007/s10354-018-0646-y
https://doi.org/10.1002/adma.201501015
https://doi.org/10.1002/adma.201501015
https://doi.org/10.1002/adma.201501015
https://doi.org/10.1209/0295-5075/119/38001
https://doi.org/10.1209/0295-5075/119/38001
https://doi.org/10.1021/acs.jpcc.3c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature10934
https://doi.org/10.1038/nature10934
https://doi.org/10.1038/s41598-023-31124-7
https://doi.org/10.1038/s41598-023-31124-7
https://doi.org/10.1038/nature12009
https://doi.org/10.1038/nature12009
https://doi.org/10.1021/acsnano.2c02889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c02889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/jmi.13167
https://doi.org/10.1111/jmi.13167
https://doi.org/10.1111/jmi.13167
https://doi.org/10.1016/j.ultramic.2023.113702
https://doi.org/10.1016/j.ultramic.2023.113702
https://doi.org/10.1016/j.ultramic.2023.113702
https://doi.org/10.1021/acs.jpcc.0c08939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c08939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c10669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c10669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1166135
https://doi.org/10.1021/ar3001684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar3001684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202208162
https://doi.org/10.1002/smll.202208162
https://doi.org/10.1128/br.33.2.302-345.1969
https://doi.org/10.1038/s42254-020-00267-1
https://doi.org/10.1038/s42254-020-00267-1
https://doi.org/10.1039/b805874c
https://doi.org/10.1039/b805874c
https://doi.org/10.1039/b805874c
https://doi.org/10.1002/anie.201701135
https://doi.org/10.1002/anie.201701135
https://doi.org/10.1002/anie.201701135
https://doi.org/10.1002/adfm.201704328
https://doi.org/10.1002/adfm.201704328
https://doi.org/10.1002/adfm.201704328
https://doi.org/10.1002/smll.202005718
https://doi.org/10.1002/smll.202005718
https://doi.org/10.1002/smll.202005718
https://doi.org/10.1002/anie.201609036
https://doi.org/10.1002/anie.201609036
https://doi.org/10.1002/anie.201609036
https://doi.org/10.1021/acsnano.8b08805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b08805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201710230
https://doi.org/10.1002/anie.201710230
https://doi.org/10.3762/bjnano.11.42
https://doi.org/10.3762/bjnano.11.42
https://doi.org/10.1002/adom.201900620
https://doi.org/10.1002/adom.201900620
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(93) Rival, J. V.; Nonappa; Shibu, E. S. Light-Triggered Reversible
Supracolloidal Self-Assembly of Precision Gold Nanoclusters. ACS
Appl. Mater. Interfaces 2020, 12 (12), 14569—14577.

(94) Lakshmi, K. M,; Rival, J. V,; Nambiar, S. R; Sreeraj, P,;
Jeyabharathi, C.; Nonappa; Shibu, E. S. Precision Nanocluster-Based
Toroidal and Supertoroidal Frameworks Using Photocycloaddition-
Assisted Dynamic Covalent Chemistry. Small 2023, 19 (15), 2207119.

(95) Bera, D.; Mukhopadhyay, A.; Nonappa; Goswami, N. In Situ
Depletion-Guided Engineering of Nanoshell-like Gold Nanocluster
Assemblies with Enhanced Peroxidase-like Nanozyme Activity. J. Phys.
Chem. Lett. 2023, 14 (32), 7299—~7305.

(96) Bardhan, R; Grady, N. K.; Cole, J. R; Joshi, A,; Halas, N. J.
Fluorescence Enhancement by Au Nanostructures: Nanoshells and
Nanorods. ACS Nano 2009, 3 (3), 744—752.

(97) Qin, L.; He, X; Chen, L.; Zhang, Y. Turn-on Fluorescent Sensing
of Glutathione S-Transferase at Near-Infrared Region Based on FRET
between Gold Nanoclusters and Gold Nanorods. ACS Appl. Mater.
Interfaces 2015, 7 (10), 5965—5971.

(98) Botequim, D.; Silva, L. L. R; Serra, S. G.; Melo, E. P.; Prazeres, D.
M. F; Costa, S. M. B,; Paulo, P. M. R. Fluorescent Dye Nano-
assemblies by Thiol Attachment Directed to the Tips of Gold Nanorods
for Effective Emission Enhancement. Nanoscale 2020, 12, 6334—6345.

(99) Paulo, P. M. R;; Zijlstra, P.; Orrit, M.; Garcia-Fernandez, E.; Pace,
T. C.S,; Viana, A. S; Costa, S. M. B. Tip-Specific Functionalization of
Gold Nanorods for Plasmonic Biosensing: Effect of Linker Chain
Length. Langmuir 2017, 33 (26), 6503—6510.

(100) Zhou, J; Yang, Y; Zhang, C.-Y. Toward Biocompatible
Semiconductor Quantum Dots: From Biosynthesis and Bioconjugation
to Biomedical Application. Chem. Rev. 2015, 115, 11669—11717.

(101) Montalti, M.; Cantelli, A.; Battistelli, G. Nanodiamonds and
Silicon Quantum Dots: Ultrastable and Biocompatible Luminescent
Nanoprobes for Long-Term Bioimaging. Chem. Soc. Rev. 2015, 44,
4853—4921.

(102) Som, A; Chakraborty, I; Maark, T. A; Bhat, S.; Pradeep, T.
Cluster-Mediated Crossed Bilayer Precision Assemblies of 1D
Nanowires. Adv. Mater. 2016, 28 (14), 2827—2833.

(103) Som, A.; Griffo, A.; Chakraborty, L; Hihl, H.; Mondal, B;
Chakraborty, A.; Jacobs, K.; Laaksonen, P.; Ikkala, O.; Pradeep, T;
Nonappa. Strong and Elastic Membranes via Hydrogen Bonding
Directed Self-Assembly of Atomically Precise Nanoclusters. Small
2022, 18 (34), 2201707.

(104) Chakraborty, A.; Fernandez, A. C.; Som, A,; Mondal, B;
Natarajan, G.; Paramasivam, G.; Lahtinen, T.; Hikkinen, H.; Nonappa;
Pradeep, T. Atomically Precise Nanocluster Assemblies Encapsulating
Plasmonic Gold Nanorods. Angew. Chem., Int. Ed. 2018, 57 (22),
6522—6526.

(105) Chakraborty, A.; Stanley, M. M.; Mondal, B.; Nonappa;
Bodiuzzaman, M.; Chakraborty, P.; Kannan, M. P.; Pradeep, T.
Tunable Reactivity of Silver Nanoclusters: Facile Route to Synthesize a
Range of Bimetallic Nanostructures. Nanoscale 2023, 15, 2690—2699.

(106) Chakraborty, A.; Dave, H.; Mondal, B.; Nonappa; Khatun, E.;
Pradeep, T. Shell-Isolated Assembly of Atomically Precise Nanoclusters
on Gold Nanorods for Integrated Plasmonic-Luminescent Nano-
composites. Phys. Chem. B 2022, 126 (8), 1842—1851.

(107) Liljestrom, V.; Ora, A.; Hassinen, J.; Rekola, H. T.; Nonappa;
Heilala, M.; Hynninen, V.; Joensuuy, J. J.; Ras, R. H. A;; Torma, P,;
Ikkala, O.; Kostiainen, M. A. Cooperative Colloidal Self-Assembly of
Metal-Protein Superlattice Wires. Nature Commun. 2017, 8, 671.

(108) Chakraborty, A.; Nonappa; Mondal, B.; Chaudhari, K.; Rekola,
H.; Hynninen, V.; Kostiainen, M. A.; Ras, R. H. A; Pradeep, T. Near-
Infrared Chiral Plasmonic Microwires through Precision Assembly of
Gold Nanorods on Soft Biotemplates. J. Phys. Chem. C 2021, 125 (5),
3256—3267.

(109) Julin, S.; Korpi, A.; Nonappa; Shen, B.; Liljestrém, V.; Ikkala,
O.,; Keller, A,; Linko, V.; Kostiainen, M. A. DNA Origami Directed 3D
Nanoparticle Superlattice via Electrostatic Assembly. Nanoscale 2019,
11, 4546—4551.

(110) Julin, S.; Nonappa; Shen, B.; Linko, V.; Kostiainen, M. A. DNA-
Origami-Templated Growth of Multilamellar Lipid Assemblies. Angew.
Chem., Int. Ed. 2021, 60 (2), 827—833.

(111) Nonappa; Engelhardt, P. Electron Tomography of Whole
Mounts. Imaging Microsc. 2019, 21, 22—24.

(112) Bertula, K.; Nonappa; Myllymiki, T. T. T.; Yang, H.; Zhu, X. X ;
Ikkala, O. Hierarchical Self-Assembly from Nanometric Micelles to
Colloidal Spherical Superstructures. Polymer 2017, 126, 177—187.

(113) Myllymiki, T. T. T.; Nonappa, N.; Yang, H.; Liljestrém, V.;
Kostiainen, M. A.; Malho, J.-M.; Zhu, X. X,; Ikkala, O. Hydrogen
Bonding Asymmetric Star-Shape Derivative of Bile Acid Leads to
Supramolecular Fibrillar Aggregates that Wrap into Micrometer
Spheres. Soft Matter 2016, 12, 7159—7168.

(114) Fang, W.; Nonappa; Vitikainen, M.; Mohammadi, P.; Koskela,
S.; Soikkeli, M.; Westerholm-Parvinen, A.; Landowski, C. P.; Penttil3,
M.; Linder, M. B.; Laaksonen, P. Coacervation of Resilin Fusion
Proteins Containing Terminal Functionalities. Colloids Surf, B 2018,
171, 590—596.

(115) Zou, T; Nonappa, N.; Khavani, M.; Vuorte, M.; Penttila, P.;
Zitting, A.; Valle-Delgado, J. J.; Elert, A. M.; Silbernagl, D.; Balakshin,
M.; Sammalkorpi, M.; Osterberg, M. Experimental and Simulation
Study of the Solvent Effects on the Intrinsic Properties of Spherical
Lignin Nanoparticles. J. Phys. Chem. B 2021, 125 (44), 12315—12328.

(116) Marchetti, A.; Gori, A.; Ferretti, A. M.; Esteban, D. A,; Bals, S.;
Pigliacelli, C.; Metrangolo, P. Templated Out-of-Equilibrium Self-
Assembly of Branched Au Nanoshells. Small 2023, 19 (12), 2206712.

(117) Bladt, E.,; Pelt, D. M,; Bals, S.; Batenburg, K. J. Electron
Tomography Based on Highly Limited Data Using a Neural Network
Reconstruction Technique. Ultramicroscopy 2018, 158, 81—88.

(118) Chreifi, G.; Chen, S.; Metskas, L. A.; Kaplan, M.; Jensen, G. J.
Rapid Tilt-Series Acquisition for Electron Cryotomography. J. Struct.
Biol. 2019, 205 (2), 163—169.

(119) Koneti, S.; Roiban, L.; Dalmas, F.; Langlois, C.; Gay, A.-S;
Cabiac, A.; Grenier, T.; Banjak, H.; Maxim, V.; Epicier, T. Fast Electron
Tomography: Applications to Beam Sensitive Samples and In Situ
TEM or Operando Environmental TEM Studies. Mater. Character.
2019, 151, 480—495.

(120) Migunov, V.; Ryll, H.; Zhuge, X,; Simson, M.; Striider, L;
Batenburg, K. J.; Houben, L.; Dunin-Borkowski, R. E. Rapid Low Dose
Electron Tomography Using a Direct Electron Eetection Camera. Sci.
Rep. 2015, 5, 14516.

(121) de Jonge, N.; Ross, F. M. DOI: Electron Microscopy of
Specimens in Liquid. Nat. Nanotechnol. 2011, 6, 695—704.

(122) Wang, D.; Esteban, D. A.; Kadu, A.; Sdnchez-Iglesias, A.; Perez,
A. G; Casablanca, J. G.; Nicolopoulos, S.; Liz-Marzén, L. M.; Bals, S.
Electron Tomography in Liquids: Characterizing Nanoparticle Self-
Assemblies in a Relevant Environment. Microsc. Microanal. 2023, 29
(1), 1401—1402.

(123) Mastronarde, D. N. Dual-Axis Tomography: An Approach with
Alignment Methods That Preserve Resolution. J. Strut. Biol. 1997, 120,
343-352.

(124) Gao, L; Xu, D.,; Wan, H; Zhang, X; Dai, X;; Yan, L.-T.
Understanding Interfacial Nanoparticle Organization through Simu-
lation and Theory: A Review. Langmuir 2022, 38 (37), 11137—11148.

https://doi.org/10.1021/acsmaterialsau.3c00067
ACS Mater. Au XXXX, XXX, XXX—-XXX


https://doi.org/10.1021/acsami.0c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202207119
https://doi.org/10.1002/smll.202207119
https://doi.org/10.1002/smll.202207119
https://doi.org/10.1021/acs.jpclett.3c01837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c01837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c01837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn900001q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn900001q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0NR00267D
https://doi.org/10.1039/D0NR00267D
https://doi.org/10.1039/D0NR00267D
https://doi.org/10.1021/acs.langmuir.7b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.7b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.7b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CS00486H
https://doi.org/10.1039/C4CS00486H
https://doi.org/10.1039/C4CS00486H
https://doi.org/10.1002/adma.201505775
https://doi.org/10.1002/adma.201505775
https://doi.org/10.1002/smll.202201707
https://doi.org/10.1002/smll.202201707
https://doi.org/10.1002/anie.201802420
https://doi.org/10.1002/anie.201802420
https://doi.org/10.1039/D2NR06350F
https://doi.org/10.1039/D2NR06350F
https://doi.org/10.1021/acs.jpcb.1c10207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c10207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c10207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-00697-z
https://doi.org/10.1038/s41467-017-00697-z
https://doi.org/10.1021/acs.jpcc.0c11512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c11512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c11512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8NR09844A
https://doi.org/10.1039/C8NR09844A
https://doi.org/10.1002/anie.202006044
https://doi.org/10.1002/anie.202006044
https://doi.org/10.1016/j.polymer.2017.08.027
https://doi.org/10.1016/j.polymer.2017.08.027
https://doi.org/10.1039/C6SM01329E
https://doi.org/10.1039/C6SM01329E
https://doi.org/10.1039/C6SM01329E
https://doi.org/10.1039/C6SM01329E
https://doi.org/10.1016/j.colsurfb.2018.07.048
https://doi.org/10.1016/j.colsurfb.2018.07.048
https://doi.org/10.1021/acs.jpcb.1c05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202206712
https://doi.org/10.1002/smll.202206712
https://doi.org/10.1016/j.ultramic.2015.07.001
https://doi.org/10.1016/j.ultramic.2015.07.001
https://doi.org/10.1016/j.ultramic.2015.07.001
https://doi.org/10.1016/j.jsb.2018.12.008
https://doi.org/10.1016/j.matchar.2019.02.009
https://doi.org/10.1016/j.matchar.2019.02.009
https://doi.org/10.1016/j.matchar.2019.02.009
https://doi.org/10.1038/srep14516
https://doi.org/10.1038/srep14516
https://doi.org/10.1038/nnano.2011.161
https://doi.org/10.1038/nnano.2011.161
https://doi.org/10.1093/micmic/ozad067.721
https://doi.org/10.1093/micmic/ozad067.721
https://doi.org/10.1006/jsbi.1997.3919
https://doi.org/10.1006/jsbi.1997.3919
https://doi.org/10.1021/acs.langmuir.2c01192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

