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ABSTRACT

The increasing interest on plasmonic nanoparticles with intrinsic chirality, i.e., reduced symmetry and strong
optical activity, calls for characterization beyond qualitative imaging. In this context, three-dimensional
electron microscopy (3D EM), which provides images containing information on the particles’ surface and
may even retrieve the explicit 3D shapes, is seeing exciting developments and applications. In this Mini
Review, we focus on scanning electron microscopy (SEM), electron tomography, and secondary electron
electron-beam induced current (SEEBIC). We highlight the recent advances in these 3D EM techniques and
in the analysis of their data that relate to chiral metallic nanoparticles. The study of shape-properties
relationships, in particular by quantitatively analyzing geometric chirality and informing electromagnetic
simulations, is covered. New ways 3D characterization is revealing the growth pathways of the nanoparticles
are also presented. Finally, we provide an outlook into future opportunities for 3D EM to further guide the

understanding and development of (chiral) nanoparticles.



1. Introduction

The insights offered by characterization at high spatial resolution has long established electron microscopy
(EM) as a cornerstone of nanosciences. Shapes and morphology can be imaged with high-throughput in
scanning electron microscopes (SEM), while state-of-the-art aberration-corrected (scanning) transmission
electron microscopes (STEM) offer a range of analyses including characterization of the morphology,

structure, composition, electromagnetic properties, and more.!

Motivated by the development of nanoparticles with growing complexity,>* the conventional 2D images
have been increasingly complemented by characterization in 3D.*¢ In EM, two strategies can be employed
to access 3D information; topographic information can be encoded into images through surface imaging, or
3D data can be explicitly retrieved using 2D images acquired from different viewing directions.” SEM is
the most well-known representative of the former approach, and offers high throughput and ease of use but
limited spatial resolution. On the other hand, 3D methods leveraging the atomic resolution of STEMs and
modern computational capabilities have seen increasing development and application. Electron tomography,
which computationally retrieves the full 3D geometry of the specimen from a tilt series of 2D projections,
is currently available in many research labs.>*® In addition, surface imaging in STEMs with secondary
electron (SE) detectors, or the recently introduced SE electron beam induced current (SEEBIC) method,
enable high throughput while maintaining a good signal-to-noise ratio, thus holding promise for the

characterization of complex nanomaterials.>!°

The motivation for 3D EMs is perhaps nowhere as apparent as in the rapidly developing field of chiral
inorganic nanoparticles.!'""* Towards applications that include biosensing, therapeutics and catalysis,
materials that exhibit surface plasmon resonances, such as gold and silver, can be now made into
nanoparticles with intrinsic chirality.'>!* The library of shapes is expanding quickly, ranging from a variety
of twisted morphologies to more complex shapes for which handedness is not immediately apparent.'>!® As
the chirality of these shapes is most often only perceptible in 3D, the inspection of the synthesis product
with SEM or ET has become routine, revealing for example the complex morphologies of helicoids with

432 symmetry or of nanorods with nm-sized, helical, wrinkles.>!”

Furthermore, 3D characterization is key to understand the intricate optical-structural relationships in
chiroptical nanoparticles. The excitation of surface plasmons on chiral metal nanoparticles indeed results in
the very strong differential extinction of right- and left-handed polarized light, as measured by anisotropy
factors (g-factors) orders of magnitude higher than those of chiral molecules.>'”-!* The structural origins of
this behavior remain poorly understood but are key to tailor particles to specific applications. To this end,

quantitative shape descriptors have been developed to capture some aspects of chirality and predict optical



asymmetry.'?!

In addition, electron tomography reconstructions can serve as input models for
electromagnetic modeling of surface plasmons, or enable their 3D measurement when combined with
electron energy loss spectroscopy (EELS), thereby achieving direct visual correlations between experiments

and optical modes.???

Finally, 3D EM is also relevant to progress towards accurate and predictable syntheses of chiral particles
with specific shapes.!? At present, the fabrication of these particles typically involves chemical growth onto
achiral seeds, in the presence of molecular chirality inducers. This transfer of chirality from molecules to
inorganic nanomaterials is now well documented for molecular inducers like helical micelles®** or smaller

121718 and for external stimuli, such as circularly polarized light (CPL)."

amino acids and related molecules,
Yet, the synthetic toolbox is far from being entirely explored and the mechanisms of chirality transfer remain
to be fully understood. Here, 3D EM, in combination with tailored experimental plans and adequate data
analysis, can follow the evolution of nanoparticles at various stages of growth, provide mechanistic insights,

and inform about optical, geometrical and structural transitions.!'82>26

In view of the recent advances in both chiral inorganic nanostructures and 3D EM, a Mini-Review of the
progress beyond the simple qualitative imaging of synthesis products appears timely. We start with a brief
introduction to the relevant 3D EMs, based on either SEM or STEM (Figure 1, inner ring). We then present
the main avenues through which 3D EM and related data analysis can contribute to better understand and
eventually apply inorganic chiral nanostructures (Figure 1, outer ring). For each, we highlight selected
examples that demonstrate the interest of 3D characterization. Specifically, we consider the study of
structure-property relationships, which can be qualitative, relying on the unambiguous visualization of the
chiral morphologies, and quantitative, through the design and use of chirality measures extracted from 3D
EM data sets. Special attention is devoted to the high throughput required to ensure statistically relevant
analysis. Since the comprehension of relevant growth mechanisms is crucial to the realization of desired
geometries, we then focus on 3D EM-enabled methods for mechanistic studies of chiral growth. The final
section offers an outlook on the future of 3D EM, highlighting the potential to further guide the
understanding and development of chiral synthesis for controlled shapes and predefined chiroptical

properties.
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Figure 1: Imaging methods (green) and typical applications (yellow) of 3D electron microscopy for chiral
nanoparticles.

2. State of the art methods for 3D characterization of chiral NPs

We first introduce (Figure 2) and compare (Table 1) the 3D EM methods that are most commonly used to
characterize the morphology of (chiral) nanomaterials, namely SEM and electron tomography. In addition,
we describe SEEBIC, a recently proposed imaging method that enables surface-like imaging in a STEM,
thus combining high throughput and high spatial resolution.

SEM is undoubtedly the most straightforward approach to obtain 3D information of nanomaterials, as
topographic contrast is readily obtained, most commonly through SE imaging. SEs are generated upon
inelastic collision of the primary electron beam with the specimen. Because of their low energy (< 50 eV),
only those generated in close vicinity to the surface (< 5 nm in metals) will escape from the sample and
reach a detector (e.g. scintillator-photomultiplier) to contribute to the formation of an image (Figure 2a).?’
In addition, the SE detector is usually positioned on the side of the imaging area, which creates a shadowing
effect and highlights the topography of the sample. The low acceleration voltage (typically 2-30 kV) of the
electron gun and aberrations of the electromagnetic lenses determine the spatial resolution, which is
typically ~1 nm at best. Nonetheless, the ease-of-use, large field of view and fast acquisition time often
make SEM the most appropriate choice for 3D characterization by EM, especially for relatively large
nanoparticles.!” While SEM images only provide a pseudo-3D perception of the object, the nature of the
topographic contrast makes them suitable to a range of photogrammetry techniques for explicit retrieval of
the full 3D morphology.?® In these approaches, images at various orientations are acquired and the
corresponding camera positions are calibrated in space. Computed algorithms are available to then
reconstruct a surface mesh corresponding to the recorded images.?® High level of detail can be obtained but

the achievable resolution remains inherently constrained by the SEM imaging capabilities.?’ Furthermore,



only the visible surface can be reconstructed because limited information is available from the interior of

the specimen or the faces in contact with the support.

SEM Electron tomography SEEBIC

SE detector ﬂ

+75

HAADF
detector

Figure 2: Methods for 3D imaging. (a) principle of SEM. Image adapted with permission from ref *°.
Copyright 2024, John Wiley and Sons. (b) Principle of electron tomography in HAADF-STEM mode. (¢)
principle of SEEBIC. Scale bars are 50 nm.

Table 1: Comparison of the characteristics of SEM, SEEBIC, and electron tomography. Abbreviations: CL,
cathodoluminescence; EDS, energy dispersive spectroscopy; EELS, electron energy loss spectroscopy; 4D-
STEM, four-dimensional STEM; 3D-ED, 3D electron diffraction.

SEM Electron tomography SEEBIC
Acquisition <1 min 20 — 60 min 8,31 1 -5 min 8,10
time Down to 5 min in fast 6,32
tomography mode
Required 1-10%e/A? 27 10* - 10° e/A? 81 10— 10% e/A? 9,10
electron dose
Spatial nm 27 A 18,33-35 A 9,10
resolution
Explicit 3D Partial 28293637 Yes 213038 Under development i
reconstruction
Complementary  Established: low- Established: EDS, EELS, %2439 Established: HAADF
techniques resolution STEM- 4D-STEM, 3D-ED, In development:
in-SEM, in situ liquid phase, CL 6323440 heating in situ
methods, CL In development: heating Feasible: EDS, EELS,
in situ 4D-STEM, CL

On the other hand, (S)TEM employs higher acceleration voltages (typically 60-300 kV) than SEM and, in
many modern instruments, aberration correctors are used to focus a sub-nm electron probe on the sample,
routinely resulting in images with atomic resolution. High angle annular dark field (HAADF) detectors,
which collect transmitted electrons scattered in Rutherford-like events, yield images with mass-thickness
contrast in which the intensity scales with ~tZ17, where t is the material thickness and Z the atomic
number.* HAADF-STEM images can therefore be considered as true projections of the object, making

them suitable for tomographic reconstruction. Tomography aims at inverting the projection transform to



retrieve the original object.** In practice, the procedure amounts to finding a 3D volume that is consistent
with the experimentally acquired images. HAADF-STEM images at various viewing angles are first
acquired by tilting the sample (Figure 2b), and the resulting tilt series are then used to compute a voxelated
volume. Numerous algorithms have been developed for this purpose, and can nowadays incorporate prior

4345 or the image formation process*®*’ to provide high quality 3D

knowledge about the specimen
reconstructions. The data can subsequently be inspected, e.g., by slicing through the 3D volume to visualize
tomograms, or by rendering the surface (Figure 2b). On dispersed metallic nanoparticles, nm-sized features
are routinely resolved, while atomic-resolution electron tomography enabled by advanced reconstruction

procedures is becoming increasingly common.3343

Furthermore, the recent developments of multimode and fast electron tomography have expanded the field
of application of the technique. In multimode tomography, different signals can be acquired simultaneously
and their corresponding 3D information can be reconstructed together (Table 1).° For example, 3D chemical
maps can be computed from energy dispersive spectroscopy (EDS) or electron energy loss spectroscopy
(EELS) data sets.**>° This allows clearer visualization and analysis in multiclement systems, such as alloy
chiral nanocatalysts or core-shell plasmonic particles®>! EELS also enables plasmon imaging which can be
of particular interest for chiroptical nanoparticles (see Section 3). Moreover, tilt-series of diffraction patterns
can be acquired to simultaneously reconstruct the reciprocal lattice in 3D electron diffraction (3D-ED).?*32
An application of this approach is highlighted in Section 4. For additional details, comprehensive

presentations of multimode tomography have been proposed by the groups of Bals® and Midgley.>*

Tilt series acquisitions typically comprise 30-80 images acquired over the course of 30-60 minutes, making
conventional electron tomography a low-throughput, electron-dose intensive technique. This not only poses
a challenge to sensitive samples, but also limits the statistical significance on polydisperse materials. To
accelerate the acquisition procedure, fast approaches typically involve the automation of the tilting process,
continuous image acquisition, and selection of undistorted projections during post-processing.®**** In this
manner, a tilt-series can be collected within minutes. Fast tomography has also enabled to track dynamic
processes in 3D, such as the reshaping of plasmonic particles upon heating, which is relevant towards their

application in photothermal therapy or catalysis.®32-35-5

It should be noted that the quality of a tomographic reconstruction largely depends on acquisition
parameters such as the angular increment and the choice and optimization of the reconstruction algorithms.
In addition, post-processing steps to align the projections are critical prior to the reconstruction, dedicated
grids and holders are necessary to ensure high-tilt range, and, except on the most stable metallic materials,

the electron dose needs to be controlled to avoid beam-induced damage.’’ Electron tomography therefore



remains an advanced microscopy technique with important user involvement. Readers interested in the more

practical aspects of the method will benefit from comprehensive resources available elsewhere.

Alternatively, SE imaging can be realized in STEM instruments by integrating a dedicated detector in the
vicinity of the specimen.’® While the signal generation process is similar to that in SEM, the geometry of
the STEM electromagnetic lenses poses technical challenges to this implementation and limits the collection
of SEs, making SE detectors noisy and rarely available in commercial instruments. To overcome these
limitations, Vlasov et al. recently proposed the use of SE-electron beam induced current (SEEBIC) imaging
for the 3D characterization of nanoparticles.”!* Instead of capturing the SEs, this approach uses the holes
that are created by the escaping electrons. At each e-beam position, the emission of SEs creates a potential
in the material and a current of positive charges that is proportional to the number of emitted SEs. This
current can be measured with an adapted holder, amplified, and translated into image intensities (Figure
2¢). Similar to SEM images, a topographical perception of the surface arises due to the dependence of the
SE yield on surface orientation relative to incident electron beam, the directional dependence of SE yield,
and the “edge effect”.?” Even atomic resolution can be obtained,®® and hundreds of particles per experiment
can be imaged with doses comparable to those in conventional electron tomography, but with gains in
acquisition speed of 1-2 orders of magnitude.'® Importantly, SEEBIC and HAADF imaging can be achieved
simultaneously, thus providing information not only about the surface but also about the projected specimen
thickness. This technique is readily compatible with compositional analysis and plasmon mode visualization
in EELS or cathodoluminescence (CL), combinations that are of particular interest for the study of optical
materials. Although still a confidential method, SEEBIC is set to become more widely available owing to
its unique benefits for 3D nanocharacterization and promised ease of implementation. In the following, we
detail how these 3D EM methods can support the understanding and optimization of structure-property

connections and the growth of chiral nanoparticles.

3. 3D EM to understand shape-optical relationships in chiral nanoparticles

3.1. Qualitative relationships from morphology visualization

The complex shapes of chiral nanoparticles can hardly be predicted from ensemble measurements, which
hampers a clear understanding of the origin of their optical response. For example, clarifying trends in the
strength of differential extinction under illumination with right- and left-handed CPL, wavelength shifts in
circular dichroism peak(s), and understanding the CD sign, are important to enable the predictable
production of particles with the desired properties. Therefore, the first application of 3D EM often lies in

the accurate visualization of the nanostructures from which a chiroptical signal arises. If the particles assume



a shape with a clearly defined handedness, e.g., a twisted or helical one, SEM, SEEBIC, or electron
tomography will directly enable its identification (Figure 2), and the correlation between geometrical and
optical handedness may be evident, as was shown for bowtie assemblies,' twisted nanorods,'® or mature
helicoid III particles.!” However, many chiral particles show strong optical activity without clearly defined
geometrical handedness. This can be due to the lack of a well-defined shape, for instance in CPL-induced
nanostructures;'’ intra- and inter-particle polydispersity, for example in wrinkled gold nanorods;? or because
of the presence of multiple chiral centers, as found again in wrinkled nanorods or in bichiral helicoids with
432 symmetry.®! To understand and optimize the shape-optical relationships in such particles, quantitative

descriptors of chirality, possibly at different length scales, are required.

3.2. Chirality measures for quantitative 3D analysis

Quantitative shape descriptors can be broadly categorized by their end-goal, which we classify here as
relating to explaining and/or predicting a given optical property or trend. To explain the origin of a
chiroptical signal, a descriptor needs to be intuitive and relate to interpretable geometrical features.?’ With
this goal in mind, an approach of major interest for 3D EM data is to consider the helical character of a
shape and, specifically, to measure the helical inclination of surface features. Here, the helical inclination
describes the angle of a surface feature with a plane perpendicular to the helical axis. As initially proposed
Heyvaert et al., the measure operates on rod-like nanostructures, from which a triangulated surface mesh or
a voxelated 3D data set first needs to be obtained, typically using electron tomography.?! Next, the
inclination can be computed by using the Euler angles of the surface normals,?*%% or image gradients."*'82'
The computed inclination can be visualized (Figure 3a), and statistically evaluated.?>* It has been shown,
for example, that the inclination angle of surface features in wrinkled particles often oscillates in periodic

patterns (Figure 3b),** and that a lower inclination variance, indicative of higher feature alignment,

correlates with higher g-factors in wrinkled helical particles.?®

Building on the definition of the helical inclination, a helicity measure was proposed by Heyvaert et al. This
measure is intimately connected to the inclination and is defined as the integral of the sign of the inclination
over a surface, normalized to the surface area.?! More intuitively, it can be shown that the helicity describes
the difference between the fraction of a given surface that has positive inclination (i.e., is right-handed) and
the fraction that has negative inclination (i.e., is left-handed).? This yields a (pseudo-scalar) metric, termed
total helicity when applied to an entire particle or local helicity when calculated within a sub-area of a mesh
(Figure 3c¢). By definition, a perfect right-handed helix possesses a total helicity of +1, respectively -1 for
a left-handed one. Thus, the total helicity also describes how close to being perfectly helical a given shape
is. For helical and rod-like geometries, the sign of the total helicity is closely connected to the sign of the

peak CD signal in the visible and near-infrared range, and its magnitude shows a monotonic relationship



with the value of the peak g-factor (Figure 3d). The measure has been used to determine the geometrical
handedness of complex wrinkled nanoparticles.?’ Combining electron tomography, helicity analysis, and
single particle optical measurements has enabled the correlation of the optical properties of selected particles
with their shape.®®*" Helicity has also been used to confirm that surface features of opposite handedness
were obtained when using nanorod seeds with penta-twinned structure instead of single-crystalline ones,
even if the same enantiomer of a chirality inducer was used,* both for the final product and for intermediate
stages during chiral growth.? In this manner, it was demonstrated that helicity and optical activity decrease
during the later stages of growth, indicating that factors affecting helicity, such as the proportion of inclined

features or the length and spacing of wrinkles, strongly influence the optical activity.

A second set of explainable descriptors are focused on the concept of asymmetry. Two measures are notable
and originate in early attempts to quantify the chirality of organic molecules:®* the Hausdorff chirality
measure (HCM) aims at calculating the difference between a given shape and its mirror image; whereas the
continuous chirality measure (CCM), relies on the distance between a chiral shape and the nearest achiral
one obtained by continuously deforming the starting geometry. Both approaches are computationally
demanding because they require optimizing the spatial alignment of two shapes to ensure that the measured
difference reflects true asymmetry rather than misalignment.®® In addition, the Hausdorff distance is relevant
to simple shapes, consisting of a few datapoints, like molecules, but it is time consuming for complex
geometries such as nanoparticle surfaces reconstructed by electron tomography. A strategy proposed by
Kotov et al. is to divide the shape of interest in octants and calculate the Hausdorff distance using the center-
of-mass of each sub-volumes, that is, to coarse-grain the structure.'®®* Although this speeds up the
calculation, subtle surface features of the particle that might be important are lost in the process. Another
alternative proposes replacing the Hausdorff distance with the disjunctive union between a binarized
reconstruction and its mirror image.%® The disjunctive union is the non-overlapping volume between two
shapes (red in Figure 3e), so that normalizing it to the total volume of a particle (red and white in Figure
3e) yields an asymmetry measure (AM, Figure 3f). Visualization allows to appreciate the localization and
importance of the non-overlapping, i.e., asymmetric areas (Figure 3e). The required minimization can be
completed within minutes for volumes of ~150° voxels and is therefore tractable on detailed tomography
reconstructions of chiral nanoparticles. It should be noted that all measures related to asymmetry are
unsigned and therefore do not provide information about the handedness. Nonetheless, within given shape
families such as helicoid particles with 432 symmetry or helical nanorods, the AM appears to correlate with

the absolute magnitude of the peak g-factor (Figure 3f).%°
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Figure 3: Visual (top) and quantitative (bottom) aspects of chirality-related descriptors from electron
tomography reconstructions and 3D models. (a) Surface rendering of the inclination of the surface of a
wrinkled particle synthesized with micelle-templated seeded growth on penta-twinned nanorods.* (b) Mean
and variance of the inclination as a function of the position around the major axis of the particle in (a). The
calculation was performed in 1° steps and within a 10° window spanning the length of the rod. (¢) Local
helicity mapping obtained by integrating the sign of the helical inclination in a 4 nm window around each
surface point. A positive local helicity indicates a right-handed surface, a negative local helicity indicates a
left-handed surface. (d) Variation of total helicity as a function of the peak g-factor for a range of (blue)
wrinkled®® and (pink) twisted single-crystalline particles,'®*® and (orange) amino-acid-directed growth
product on penta-twinned seeds.®®* Adapted with permission from ref 2°. Copyright 2025, American
Chemical Society. (e) Surface rendering of the asymmetry calculation results. The particle was mirrored,
and its position and angle was adjusted with a combination of grid-search and Nealder-Mead optimization
until the disjunctive union between the two volume was minimized. The rendering shows non-overlapping
areas in red, overlapping ones in white. (f) Variation of asymmetry as a function of the peak g-factor for a
range of particles. The color code is identical to (d), with an additional achiral particle (green).®® It is clear
that non-helical particles (orange) deviate from the trend. (g) Visualization of the N-nearest OPD index on
the a-helix SKHB, chain A, with N = 7. Reproduced with permission from ref ®. Copyright 2022, Springer
Nature. (h) Wavelength of three CD peaks of photonically active bowties with varying pitch, length, width
and thickness OPD index, as a function of their OPD index. A correlation is seen between the positions of
the peaks and the OPD index of the particles. Reproduced with permission from ref '°. Copyright 2023,
Springer Nature. (i) Visualization of the node torsion in the graph of a twisted ribbon of chiral gold cluster.
The GTC index is calculated from the difference in distance and torsion of the nodes on both sides of a
semi-mirror plane separating the graph. (j) Variation of GTC as a function of the peak g-factor for simulated
helical structures with varying helical pitch. (i, j) are reproduced with permission from ref ®8. Copyright
2024, John Wiley and Sons.

The second objective of chirality descriptors is to provide predictive power and, thus, optimization
capabilities. To this end, the descriptors need to correlate with a given optical property of interest, such as
the g-factor or the peak wavelength. The descriptors can be less intuitive, insofar as the goal is to predict

rather than to explain. Applications woud then include using the descriptors as the parameter to be optimized

10



during geometrical space search, or in feedback loops between characterization, design and synthesis.'**%¢’

Both helicity and asymmetry could be used to that end, for instance to design the most helical nanorod or
the helicoid with the highest asymmetry. Other metrics with demonstrated predictive power include the
Osipov-Pickup-Dunmur (OPD) index,* and the graph theoretical chirality (GTC).%® The former was derived
by analogy with the theory of optical activity, and relies on point cloud calculations (such as atoms in a
molecule) to yield a chirality tensor that encodes the degree of asymmetry in all directions around a given
point.®® The calculation iterates over all 4-points permutation within a point cloud, and its signed nature
relies primarily on the presence of a cross-product that will change sign upon mirroring. The measure is
naturally applicable to 3D EM data because the point cloud can be extracted from a triangulated mesh or
coarse-grained from electron tomography reconstructions. The index can be mapped for visualization by
restricting the calculation to the nearest neighbors of a given point (Figure 3g)*®%” or summarized into a
single value when all points within a particle are being considered.’®'® Despite being computationally
challenging due to the number of permutations, the OPD has found application as a predictor in various
cases: optimization of chiral kirigami,? prediction of protein-NP assemblies,®” demonstration of a chirality
continuum based on photonic bowties,’ and to demonstrate that intricate particles without evident
handedness were indeed geometrical enantiomers and triggered different immune responses.'® Importantly,
transition through a chiral zero is not explicitly enforced, which in theory can yield a null OPD index even
on chiral shapes.” Different from the OPD approach, the GTC operates on graphs which, here again, can
be readily obtained by considering a triangulated surface mesh or coarse graining electron tomography
reconstruction. The measure relies on the assumption that asymmetric graphs will exhibit asymmetric
torsion, defined as the difference in alternate paths around a graph edge, for instance because of missing
nearest neighbors or distorted edges. The asymmetric distribution of the torsion on each side of a semi-
mirror plane enables the calculation of the GTC index. For graphs extracted from 3D structures within a
given chirality continuum, for example helical nanostructure (Figure 3i, j), this index can be related to
handedness and was shown to scale with properties such as helical pitch, as well as to exhibit a monotonous
relationship with the g-factor.®® The signed nature of the GTC index relies on the position of the semi-mirror

plane, which can be found in simple shapes but has to be manually positioned in more complex graphs.®®

The calculations presented so far operate on explicit 3D data, as typically obtained by electron tomography.
However, the throughput of the imaging method is important because chiral nanomaterials may exhibit
polydispersity at the inter- or intra-particle level.!®”! Wrinkled Au nanorods have for example been shown
to feature a mixture of left and right-handed features in varying proportions, so that the dominant handedness
needs to be assessed on a sufficient number of particles to be representative of the population.*® As only a

few particles per day can be analyzed with electron tomography, such high throughput and statistical

11



significance can, at present, only be obtained from surface imaging in SEM or SEEBIC. Thus, a number of
dedicated descriptors operating on 2D images have been devised. We have recently proposed an adaptation
of the helicity measure, using the directions of the SEEBIC image gradient (Figure 4). Owing to the surface-
like nature of SEEBIC imaging, these directions directly encode information from the orientation of the
morphological features. As with 3D data, helical inclination maps can be computed for the visible surface
of the particle (Figure 4b). Subsequently, the total helicity (of the visible surface) of the particle (Figure
4¢) can be obtained, as previously defined. Helicity plots can also be obtained, showing the contribution of
the different inclination angles to the helicity value (Figure 4c). Importantly, the calculation can be
performed on hundreds of particles at once, owing to the throughput of SEEBIC, so that an ensemble helicity
(Hensemble) can be calculated by averaging the total helicity of many single particles (Figure 4d). Initial
results suggest a strong association between this SEEBIC-based helicity and g-factor maxima (Figure 4e).
Targeting handedness recognition, deep-learning models have been used, e.g. to classify the handedness of
CdTe particles.”>” This approach relies on the creation of a representative training dataset and the
generalization capabilities remain to be investigated. Nonetheless, classification of the handedness of
hundreds of particles imaged in SEM has been achieved, providing insights into the distribution of

morphologies at the population level.
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Figure 4: High-throughput quantification of helicity from SEEBIC images. (a) Set of experimental
overview SEEBIC images of wrinkled gold nanoparticles. Scale bar is 200 nm. (b) Inclination map obtained
for the single nanoparticle in panel (a) and (c), corresponding helicity plot showing the difference in right-
handed (positive) and left-handed (negative) surface as a function the absolute inclination angle. (d) Helicity
plot for an ensemble of wrinkled gold nanoparticles (N = 348 particles, including the one in (b,c)). Error
bars are the standard error for each data bin. (e) Variation of ensemble helicity as a function of the peak g-
factor for a range of (blue) wrinkled and (pink) twisted particles. Error bars are the standard deviation (N >
100 particles). (a, d) Reproduced with permission from ref '°. Copyright 2024, American Chemical Society.

It is important to note that, regardless of its goal, a chirality measure is valid only within a selected chirality
continuum, i.e., for a given shape family, which intrinsically limits the breadth of the geometric space search
based on any given measure.®>’#7° This is mostly because of the well-known problem of chiral zeros, which

states that no pseudo-scalar metric can describe the entire chirality space; there must exist a chiral shape
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with zero value for the chosen metric.”” However, even unsigned metrics can show different relationships
with optical properties depending on the shape family (Figure 3d). We also note that, chirality can be
expressed at multiple scales in both biological and inorganic structures. To capture multiscale chirality it
has been useful to define a chirality tensor, for instance by calculating descriptors at different levels of

coarse graining.'®¢’

3.3. 3D plasmon mapping and optical simulations from experimental models

Electromagnetic simulations are widely used to understand how a particle’s shape determines its optical
properties and to visualize the distribution of electric field enhancement. However, the 3D input to the
simulation is often an idealized model, e.g. drawn from SEM images, which may not reflect the complex
morphology and polydispersity of chiral products. 3D EM offers two relevant approaches to overcome this
problem. First, electron energy loss spectroscopy (EELS) enables direct mapping of plasmon modes excited
by an electron beam with a certain energy. Furthermore, when combined with electron tomography in a
multimode approach,® the localized surface plasmon resonance components can be reconstructed and
analyzed in 3D.* The approach has been applied mainly on achiral particles and their assemblies
(Figure 5a),>>7%% but has also been recently explored to visualize a chiral mode on a gold helicoid
nanoparticle (Figure 5b).?? It should be noted that the projection requirement for electron tomography

should be fulfilled, which poses limitations to the interpretation of EELS tomography for complex shapes.

Therefore, an alternative is to use accurate ET reconstructions as the input for electromagnetic simulations
based on the finite-difference time-domain (FDTD) or boundary element methods (BEM).2"#2 In these
simulations, a number of considerations will strongly influence the agreement with experiments. In
particular, the choice of mesh size will influence the accuracy of the results, but also the computational
resources required. The dielectric constant of the environment is important, as is the presence and
localization of a substrate. As experiments measure ensemble-average properties, the polydispersity of the
sample must also be kept in mind, and averaging of simulations with different direction of light propagation
are required to accurately represent the measurements of particles that are dispersed in solution.®* Readers
interested in these methods are encouraged to read the recent perspective by Googasian et al.®* With these
considerations in mind, simulations based on electron tomography are becoming increasingly common. For
example, the differential electric field enhancement around 4-fold twisted gold nanorods was visualized
depending on the handedness of a circularly polarized illumination (Figure 5S¢, d)."® The distribution of
electric field enhancement at the surface of nanotriskelions with multiple 3-fold and 4-fold chiral centers
could also be maped, showing differences in the excitation of the chiral centers as a function of the light

polarization.®
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Figure 5: Probing chiroptical properties with 3D-EM. (a) 3D mapping of surface plasmon modes with
multimode ET and EELS for an achiral Ag nanocube. Reproduced with permission from ref 3. Copyright
2013, Springer Nature. (b) 3D mapping of a surface plasmon mode for a chiral gold helicoid. The blue band
is the reconstruction of a spectral component corresponding to a chiral mode at 2.27 eV. Reproduced with
permission from ref #. Copyright 2024, American Chemical Society. (¢) Conventional ET reconstruction
used as the input for electromagnetic field simulations of g-factor spectra and compared to the experimental
spectrum. (d) Distribution of the electric field enhancement under right-handed circularly polarized
illumination at 675 nm. (c, d) Reproduced with permission from ref '®. Available under a CC-BY 4.0.
Copyright 2022, The Authors.

4. 3D EM to understand chiral morphogenesis

Beyond understanding and optimizing chiral shapes for specific optical properties, it is important to advance
the synthetic toolbox by gaining mechanistic insight into chiral morphogenesis. Understanding how chiral
features emerge requires visualizing and, ideally, quantitatively monitoring the morphological evolution
from achiral seed precursors to the final product. For this, 3D EM, in combination with adequate
experimental design, has been shown to be excellently suited. For example, SEM was used to visualize the
evolution of the 432 Au helicoids first developed by Nam and coworkers.!” Growth series were first obtained
by quenching the slow growth reaction at specific time intervals, and SEM images of the products at each
step were subsequently acquired. The series revealed the gradual emergence of chiral edges and mirror plane
removal from the initial stellated octahedron.!” For morphologies with finer features, the acceleration of
electron tomography acquisition and reconstruction has been largely beneficial. In two relevant cases, the
morphological transitions in wrinkled Au particles obtained using micelle-templated chiral growth could be
revealed.?*%¢ In this approach, helical, worm-like micelles would coil around nanorod seeds with a defined
pitch and template the growth of fine surface structures. To visualize this, growth series were first
synthesized by running parallel reactions with varying concentration of reactants, and the resulting products
could be isolated and reconstructed with tomography thereafter (Figure 6a).2° More recently, a kinetic series
protocol was established in which growth in parallel reactions was halted at incremental time points by fast
addition of NaBHs, a strong reducing agent. Here again, tomographic reconstruction of the isolated products

at each step allowed to visualize the morphological evolution of the products (Figure 6b).%* In this instance,
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both series consistently revealed that on single-crystalline seeds, a first intermediate with quasi-square cross
section and 12 facets was produced before any wrinkles start to grow. Owing to the HAADF contrast,
electron tomography is also adequate to differentiate between materials within reconstructions. This effect
was for instance used to gain insights into the onset of gold wrinkle formation.?® A Pd interlayer was
deposited on Au seeds prior to wrinkle growth, and its position could be retrieved in the electron tomography
reconstruction (Figure 6¢). These results confirmed that an intermediate structure was required for wrinkle
growth on single-crystalline seeds, but also that the influence of the structure and geometry of the seeds on

the final wrinkled morphology warrants further investigation.
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Figure 6: 3D EM to understand the growth mechanisms of chiral gold nanocrystals. (a) Conventional
electron tomography yields morphological information that can be used to track the development of features
across growth conditions and / or (b) time, here during the growth of gold helical wrinkles of single-
crystalline gold NRs templated by helical micelles. (c) Visualization a Pd interlayer with electron
tomography to understand the growth of chiral features on a gold nanorod seed. (d) Structural information
can further be obtained with atomic-resolution electron tomography, here on a growth intermediate of
twisted NRs after one chiral growth step in the presence of L-cysteine; or (¢) by combining conventional
tomography with 3D electron diffraction, here on a twisted gold NR. Scale bars are 20 nm (a), 50 nm (b),
10 nm (¢, d) and 25 nm (e). (a, ¢) Adapted with permission from ref 2°. Copyright 2022, American Chemical
Society. (b) Adapted with permission from ref 2. Copyright 2025, American Chemical Society. (d) Adapted
with permission from ref '8, Available under a CC-BY 4.0. Copyright 2022, The Authors. (¢) Reproduced
with permission from ref 24, Available under a CC-BY 4.0. Copyright 2023, The Authors.
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The structure and facets of the products are furthermore crucial to understand and rationalize the growth
pathway, but are often more challenging than the morphology to retrieve unambiguously. When products
are sharply faceted, the surface structure can be obtained using a combination of high resolution (HR)TEM,
electron diffraction and conventional electron tomography or SEM / SEEBIC images.®® For example, the
angles between the facets of the nanorod intermediate with quasi-square described above can only be
obtained by {110} facets, while it could be concluded using SEM and HRTEM that the stellated octahedron
seeds for helicoid growth are enclosed by {321} facets.!” However, chiral particles are often complex and
poorly facetted (rounded), and sometimes possess structural defects that challenge the interpretation of
diffraction patterns and projection images.>* To explicitly retrieve the 3D structure, atomic-resolution
electron tomography (AET) is one of the most powerful techniques and has been largely applied to
plasmonic nanostructures.'®%+3:858 AET has for instance confirmed the surface structure of nanorod seeds
used for chiral overgrowth, resolving that single-crystalline gold nanorods are enclosed by a combination
of {100}, {110} and {520} facets.’> During the growth of twisted gold nanorods in presence of cysteine as
the chiral inducer, it was shown that an intermediate structure with {520} facets at the tips was first obtained
(Figure 6d), which then allowed chiral {521} facets to be stabilized by the chiral additive.'® However, AET
requires particles to be relatively small, typically 20 nm at most for the reconstructions to be unambiguous,
and is therefore limited to the characterization of the early stages of growth. For larger particles, it has
recently been proposed to combine conventional ET reconstructions with 3D electron diffraction. For
twisted gold nanorods, a 3D reconstruction of the reciprocal lattice was obtained and oriented in relation to
the 3D reconstruction of the particle (Figure 6e). >* It was demonstrated that the chiral features were close

to {520} facets, and therefore likely included {521} planes with atomic chirality.

5. Conclusions and Outlook

The qualitative and quantitative analysis of 3D EM data has demonstrated unparalleled advantages for the
study of the complex morphologies and structure-property relations in chiral nanoparticles. Visualization of
the nanometer-scale surface topography using SEM and SEEBIC and explicit retrieval of 3D volumes with
electron tomography allow us to unambiguously determine the handedness of helical shapes and relate it to
their chiroptical properties. Quantitative chirality measures can contribute to explaining the origin of
chiroptical signals and may support their optimization. In combination with dedicated experimental
planning, the systematic investigation of synthesis products with 3D EM helps reveal growth pathways,

while structural investigations grant mechanistic insights towards the rational synthesis of chiral products.
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This Mini Review shows that 3D characterization is already essential to the development of chiral
nanoparticles with targeted shapes and properties, and further advancements will continue to offer new
opportunities and insights. We propose, as conclusion and outlook, a few exciting avenues towards such
improved microscopies. While these are described within the context of guiding the synthesis of novel and
optimized chiral nanomaterials, they will undoubdetdly benefit the many other nanosystems where

statistical insights, throughput and a relevant environment are important.

1. Higher information throughput. Increasing the information throughput of 3D EM is crucial to account for
the statistical diversity in chiral synthesis and truly systematize 3D characterization. At present, 3D EM can
either provide detailed information on a few particles with electron tomography, or limited data on many
particles using SEM and SEEBIC. Although it appears difficult to accelerate electron tomography
acquisition beyond the few tens of particles per day that can be investigated at present (in ideal cases),
greater automation of the acquisition and reconstruction procedure, as observed in structural biology, could
free the operator and allow them to focus on data interpretation. On the other hand, the design of novel shape
descriptors operating on surface images would afford novel information to be extracted from SEM and
SEEBIC images. The use of SEM photogrammetry for chiral products remains an underexplored area
towards faster 3D characterization, and assessing the resolution limits of the established methods would be
important. SEEBIC too could lend itself to 3D retrieval, if a “shadowing” mechanism can be implemented,
e.g., through the integration of multiple electrodes in the specimen holder. Alternatively, it appears that the
combination of a surface and a transmission image, as simultaneously acquired in SEEBIC and HAADF-
STEM, would contain rich 3D information about the imaged sample. Even though no volumetric
reconstruction method can currently use both images at the same time, there is promise that solving this

inverse problem will lead to a novel method for 3D retrieval with high throughput and high resolution.

2. Improved statistical data treatment. With increasing information, the use of statistical learning tools will
also become important. Statistical models and dimensionality reduction methods could help reveal complex
associations between shape and optical descriptors. Furthermore, combination of designed chiral measures
and shape descriptors could be retrieved, offering better explanation of the optical properties. Such unified

descriptors have already shown promise to predict the interaction of chiral particles with biomolecules.®’

3. 3D EM in aqueous environment and ligand imaging. For a comprehensive understanding of growth
mechanisms, key insights about the structure and behavior of chirality inducers in the native synthesis
environment are still lacking. At present, the ligands are typically removed to prevent contamination, and
the contrast mechanism of STEM-HAADF tomography challenges their visualization in the first place. They
are however central in the process of chirality emergence,'? and visualizing their spatial configuration could

for example improve the understanding micelle-templating, or that of the surface-specific adsorption of
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shape-directing amino acids. Cryo-ET, in combination with phase imaging such as ptychographic
tomography could eventually resolve the ligands and possibly their hydrated conformation around the
seeds.?® As an alternative, liquid-phase (LP)TEM using either graphene encapsulation or assembled
microcells has already shown promises as shape-directing ligands have been visualized in 2D.’! Finally, the
contrast of organic materials in SEEBIC warrants further investigations and could also offer a new way to

visualize soft-hard interfaces.

4. Monitoring growth in real time and in 3D. As the effect of e-beam interactions with water becomes better
understood, the beam could be integrated as a reducing agent to visualize the growth of particles, possibly

in 3D and in real time.**% Alternatively, mixing holders would allow for more faithful growth conditions.
This goal will require the development of dynamic 3D EM, for instance via the integration of SEEBIC on

in situ specimen holders or novel algorithms for dynamic ET.
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