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ABSTRACT

Chirality in gold nanostructures offers an exciting opportunity to tune their differential optical
response to left- and right-handed circularly polarized light, as well as their interactions with
biomolecules and living matter. However, tuning and understanding such interactions demands
quantification of the structural features that are responsible for the chiral behavior. Electron
tomography (ET) enables structural characterization at the single particle level and has been used
to quantify the helicity of complex chiral nanorods. On the other hand, the technique is time-
consuming and consequently lacks statistical value. To address this issue, we introduce herein a
high-throughput methodology that combines images acquired by secondary electron electron
beam-induced current (SEEBIC) with quantitative image analysis. As a result, the geometric
chirality of hundreds of nanoparticles can be quantified in less than one hour. When combining
the drastic gain in data collection efficiency of SEEBIC with a limited number of ET data sets, a
better understanding on how the chiral structure of individual chiral nanoparticles translates into

the ensemble chiroptical response can be reached.

Nanostructures can present chiral features at multiple scales, from atomic up to submicron scale.
The identification and implementation of chirality in inorganic nanoparticles (NPs) has given rise
to a new class of materials having the intriguing property of not being superimposable to their
mirror images, with promising applications.!™ Metallic chiral NPs in particular have received
growing interest because of their unique chiroptical properties. Structural features resulting from
different synthetic approaches have been found to show a significant variation, but in general the
scales of the chiral features are in the nanometer range.> ® The surface plasmon resonance of metal

chiral NPs, which corresponds to the collective oscillations of electrons driven by light, results in



strong near-field enhancement, optical absorption maxima at the resonance wavelength and, in
turn, unusually high optical activity.” Dissymmetry factors quantified by the differential extinction
(absorption plus scattering) of left- and right-handed circularly polarized light now reach up to

40% for Au NPs,® orders of magnitude higher than chiral molecules. Recent reports have
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demonstrated that chiral metal NPs are excellent candidates for biosensing, separation,

19221 and photonics.?>2* However, reliable implementation of

catalysis,'®!8 treatment of diseases,
these and other applications requires a much deeper understanding of the connection between NP
morphology and optical activity.

A broad range of synthesis procedures have been proposed to transfer chirality to inorganic
NPs.?75:7:2526627.28 Among these, colloidal synthesis is arguably the most promising route because
of its scalability and low cost. However, the unavoidable polydispersity in colloidal systems also
increases the variability of the often complex morphology of chiral NPs. To comprehend structure-
property relations for these systems that exhibit geometrical chirality at nanoscale, high-resolution
characterization of the nanoscale features at the single particle level is required. Additionally,
extrapolation of single-particle properties to the ensemble level, while considering polydispersity,
demands high-throughput analysis of the chiral NP morphology, so that average structural
descriptors can be extracted with adequate statistical rigor. Tomography in transmission electron
microscopy (TEM), or electron tomography (ET), is an excellent tool to study three-dimensional
(3D) structure of NPs,* and therefore to analyze the chiral features at the nanoscale. In a typical
ET measurement, a series of 50-100 high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images are acquired while tilting the sample over an as-large-as-

possible tilt range (approximately +£75°). Mathematical algorithms, such as the simultaneous

iterative reconstruction technique (SIRT), can then be used to retrieve the 3D morphology of the



NP. Based on the obtained 3D reconstructed data sets, further quantification is possible, e.g.
through our recently reported quantitative methodology to objectively characterize the helical
morphology of Au nanorods (NR).>**' In short, this method is based on analyzing a 3D
reconstruction volume of a chiral Au NR and its corresponding surface mesh. For each surface
element, the orientation of the normal vector is computed with respect to the helical axis, and
measurements at a given radius and orientation are integrated over the surface of the NR. In this
manner, a “helicity function” is defined, which can be interpreted as a measure for the distribution
of helical inclination angles of the surface features of a given NR.

A drawback of this methodology originates from the extremely time-consuming nature of ET,
which limits the number of NRs that can be investigated in practice. Acquisition times of 1 hour
per particle are not uncommon, even though recent developments have enabled reducing
acquisition time down to a few minutes, using more advanced tomography approaches.’?3?
Nonetheless, also the data processing and reconstruction steps that follow after the tilt series
acquisition are time-consuming. Consequently, one can typically analyze approximately 10 NPs
in a timeframe of one day. We thus aimed to increase significantly the throughput of structural
quantification for the difficult case of quantifying nanoscale chiral morphology in Au NRs, for
which we decided to exploit imaging by secondary electron electron beam induced current
(SEEBIC) in STEM.**33 This technique uses the generation of secondary electrons (SEs) in a TEM
and can be considered as an unusual modification of the electron beam-induced current (EBIC)
setup,*® which is typically used for the study of the buried junctions or defects in semiconductors,
or for the examination of charge carrier properties, both in SEM*” and STEM.*® The measured
current in SE-based EBIC (SEEBIC current) arises from holes generated by the emission of SEs

from the sample, upon interaction with the primary beam. This measured current is equal and



opposite to the generated SE signal and can be mapped pixel-by-pixel to produce an image. Since
SEs originate from near-surface regions of the samples, the SEEBIC image intensity is sensitive
to variations in surface topography, as recently demonstrated for achiral NPs.*> SEEBIC images
therefore strongly resemble SEM images, often used to investigate chiral NPs, but with the
advantage of improved spatial resolution (Figure S1). Although SE based images can even be
acquired with atomic resolution, we demonstrate herein the use of SEEBIC images for high-
throughput quantification of helical features with sizes in the nanometer range within the

morphology of chiral Au nanorods.

RESULTS AND DISCUSSION

Three different types of Au NRs were analyzed, each yielding a twisted or “wrinkled”
morphology. Sample 1 is a left-handed sample of twisted Au NRs, which have large diagonal
edges with 4-fold symmetry and were synthesized using D-cysteine as a chiral inducer, as
described by Ni et al. (Figure 1a, d, g and Figure S1a, d).® Samples 2 and 3 are wrinkled Au NRs
synthesized as described by Gonzalez-Rubio et al. (Figure 1 (d-i) and Figure S1b, ¢, e, f).” These
two samples were synthesized with different (S)- and (R)- enantiomers of 1,1’-binaphthyl-2,2'-
diamine (BINAMINE), using single crystalline Au NR seeds. We refer the reader to references [6]
and [7], respectively, for detailed information on the synthesis procedures. The left column in
Figure 1 shows 2D projections of representative NRs, acquired using HAADF-STEM, a standard

technique to investigate nanoparticles.



Figure 1. High-magnification (a, d, g) HAADF-STEM, (b, e, h) ET visualizations, and (c, f, 1)
SEEBIC images of a representative particle for (a-c) sample 1, (d-f) sample 2, and (g-i) sample 3.

White arrows indicate discrepancies between SEEBIC and ET data. Scale bars are 50 nm.

Next, we compared the 3D characterization of selected NPs by ET (Figure 1, middle column)
with those using the SEEBIC method (right column). The main concept of SEEBIC in comparison

to conventional ET is schematically described in Figure 2. As explained above, SEEBIC relies on



the detection of current arising from holes generated by the emission of SEs from the sample
(Figure 2b). SEs are electrons with typical energies below 50 eV, ejected from the sample during
inelastic interactions with the primary electron beam. Due to their extremely low mean free path
(0.5 nm for Au*), the SE signal originates from the near-surface region of the sample. The SE
signal is sensitive to the topography of nanostructures because its contrast mainly originates from
a dependence of the SE yield on the surface inclination angle and the so-called “edge effect”. The
former indicates that the SE yield is high when the surface is steeply inclined with respect to the
electron beam, whereas the “edge effect” introduces high SE intensities when SEs are emitted from
a tip or an edge of the specimen. The SEEBIC signal can be mapped as a function of the probe

position, to produce an image that directly depends on the SE yield for each scan position.
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Figure 2. Schematic description of the working principles of (a) ET, (b) SEEBIC. Red arrows in
panel b indicate directions of SE emission from the NP surface; the blue arrow indicates the net
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The obtained SEEBIC images of chiral NRs in Figure 1 are in close agreement with the results
of ET experiments. For the latter, a tilt series of 51 HAADF-STEM images (with an approximate
total acquisition time of about 1 hour) was used as input for 3D reconstruction, whereas the
SEEBIC image was acquired in less than 5 minutes. Minor discrepancies between HAADF,
SEEBIC and ET are also noticeable, which we attribute to three main effects: backside
contribution, imperfect ET reconstructions and projection overlap. First, a typical assumption is
that SEEBIC contrast predominantly originates from the NP surface and more specifically the top
one, as most SEs generated at the bottom of the NP are reabsorbed by the support film. However,
as seen in Figure 1c (white arrows), a contribution from the bottom surface cannot be fully
prevented because of gaps created by the helical ridges that provide an escape way for SEs
(Figure S2). As further explained in the discussion on quantification of helicity, this effect has
little impact on the overall statistics. The second type of discrepancies is seen in samples 2 and 3,
where white arrows (Figure 1f, i) indicate minor discrepancies between SEEBIC and ET,
corresponding to a lack of wrinkled features in the ET reconstruction. This is likely related to
imperfections during the ET process, e.g., resulting from missing wedge artifacts, which are known
to result in a reduction of the reconstruction resolution and leading to blurring of the reconstructed
volume (see Figure S$3).%° Finally, we also observed that the wrinkled features of samples 2 and 3
appear sharper in the HAADF-STEM images, in comparison to the ET reconstructions and
SEEBIC images. As illustrated in Figure S4 this is likely the result of overlapping of the features
in projection images and not due to electron beam damage (Figure S5).

Figure 1 illustrates that SEEBIC images provide a visualization of the surface morphology of
twisted NPs with at least similar quality as that obtained by ET, but with a drastic gain in data

collection efficiency. This gain can be further improved by selecting a relatively low magnification



(see below), taking into account the overall size of the NPs, as well as the characteristic size of the
structural features at their surface. In this manner, every SEEBIC image may display multiple
particles dispersed on a TEM support, so that SEEBIC imaging of hundreds of NRs per hour
becomes possible. The imaging magnification needs to be optimized so that all the relevant
structural features can be distinguished from the image, while keeping a sufficient number of NPs
located within the field of view. For example, the samples studied in the current work have
comparable particle sizes, but samples 2 and 3 have smaller surface features than those in sample
1 and therefore a higher magnification is required to resolve them (Figures S6-S8).

Once SEEBIC images of hundreds of NRs have been acquired, their helicity can be readily
analyzed. To this aim, we modified a methodology that was previously reported by our group to
quantify the morphology of chiral NRs, based on ET experiments.>® Our current workflow is
visualized in Figure 3. The particles are first localized in HAADF-STEM images and SEEBIC
images are simultaneously acquired (Figure 2b). In HAADF-STEM images, the NPs appear bright
against a dark background. Using Otsu thresholding,*! followed by a connected-components
analysis,*” the particle shapes are then segmented, and their outlines transferred to the
corresponding SEEBIC images (Figure 3). Next, the long axis of the NRs is defined by fitting an
ellipse to the segmentation results. This axis is assumed to correspond to the helical axis of the NR
during further quantification. Then, the gradient of the intensity of the SEEBIC image is calculated
to obtain, for each pixel, the gradient magnitude and its orientation with respect to the direction of
the helical axis. The gradient orientation is defined in the image plane as a polar angle so that 0°
and 180° degrees are perpendicular to the helical axis. We remap the orientation in the range [-
90°, +90°], ultimately yielding the helical inclination angle a of the surface features for a given

NR (Figure 3). Due to the “edge effect” of the SE signal and the dependence of the SE yield on



the surface inclination angle, the magnitude of the gradient in SEEBIC images can be considered
as a measure for the “steepness” of the surface.>> Therefore, to give more importance to well-
defined topological features, which are encoded in the intensity changes of the SEEBIC image, we
further attribute a weight to each pixel, corresponding to its gradient magnitude. For quantification
(Figure 3), the NR helical structure can then be presented as a weighted histogram of the obtained
inclination angles. To accurately describe the handedness of a structure, we define the helicity
function H(a) as the sum between the histogram bins with right-handed (positive) inclination
angles and those with left-handed (negative) inclination angles. As such, the helicity function will
be positive for a given value of a if the structure is dominantly right-handed at this inclination
angle and vice versa. Importantly, these helicity histograms can be readily aggregated over many
particles to yield the average plot of helicity and orientation in a polydisperse sample. In addition,
and as we previously reported for ET, each histogram of a particle or of an ensemble can be
integrated over the orientation range. This yields a single, easily interpretable value representing
the total helicity of a particle Hgpp;c OF of a sample Hm,g.30 This value will be -1 for ideally left-

handed structures, 0 for non-helical structures, and +1 for perfect right-handed structures.
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Figure 3. Proposed workflow to quantify the helical morphology of NRs imaged by simultaneous
HAADF-STEM and SEEBIC acquisitions. First, a SEEBIC image and a HAADF-STEM image
are acquired simultaneously at low magnification. Next, the NRs in the HAADF-STEM image are
segmented to separate their projected shapes from the background and a connected-components
analysis is used to identify individual NRs (red boundaries). The helical inclination angle « is
calculated from the gradient of the SEEBIC image. Finally, the helicity function is calculated
separately for each NR, and all results are averaged to retrieve the helicity function of the
ensemble. The total helicity Hg,, 4 can be calculated by integrating the helicity function for all NRs.
Average helicity plot shows the data obtained from N particles, error bars represent standard error

for each data bin. Scale bars are 500 nm.

11



We first evaluated our method for helicity quantification by comparing optical characterization
at the ensemble level (Figure 4 and S9) with SEEBIC average helicity (Figure 5-7). Optical
activity plots (Figure 4) show the differential absorption of right- and left-handed polarized light
as a function of wavelength, normalized by the total absorption. The positive peak g-factors for
samples 1 and 3 indicate they are optically left-handed in the spectral range of the peak
(preferential absorption of left-handed polarized light) and a negative g-factor for sample 2 shows
that it is optically right-handed in the spectral range of the peak. For SEEBIC characterization,
seven images of sample 1 were acquired at a magnification of 28.5 kx (corresponding to a total
field of view of approximately 2700 x 2700 nm?), to analyze 327 NRs. For samples 2 and 3,
fourteen and twelve SEEBIC images were acquired at a magnification of 57 kx (field of view of
approximately 1300 x 1300 nm?), to analyze 174 and 348 NRs, respectively. A complete overview
of all SEEBIC images can be found in Figures S6-S8. From this analysis, the total average helicity
was calculated to be -0.14 for sample 1 (Figure Sa), +0.033 for sample 2 (Figure 6a), and -0.039
for sample 3 (Figure 7a), indicating an average left-handed geometry for samples 1 and 3 and a
right-handed one for sample 2. These results are in excellent agreement with the optical
characterization and demonstrate that SEEBIC-based average helicity calculations are adequately

describing the optical handedness of the ensemble.
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Figure 4. Optical activity (g-factor) plots for the studied samples: (a) sample 1, (b) samples 2 and

3.

Next, we compared the results of SEEBIC ensemble (Figures 5a, 6a, 7a) and single-particle
(Figures Sc, 6¢c, 7¢) helicity quantification with our previous approach based on the ET
reconstruction for a single NR (Figures Sb, 6b, 7b).** A detailed description of the latter approach
is provided in the Supporting information, section 5. The ET helicity plots show a distribution
of chiral features, indicating the prevailing handedness at various distances from the helical axis
and inclination angles. In other words, the approach “unwraps” a chiral NR layer-by-layer, such
that the higher the radius (p), the closer the feature is located to the NR surface. The helicity
function here is encoded in colors: red for right-handed (positive helicity function), blue for left-
handed (negative helicity function) morphological features. As with SEEBIC, the plots can be
integrated over the radius and orientation ranges to yield a pseudoscalar descriptor of the total
helicity, H;omo. While not strictly equal due to the differences in their calculation, the SEEBIC
values (Hgeepic Or Hyyg) and the total helicity from ET data Hyyp, both integrate the orientation
of surface features of chiral NPs and should therefore be correlated. To simplify the interpretation
of ET-based quantification results and their comparison with results based on SEEBIC imaging,

the dimensionality of the data can be reduced by integrating the helicity function H(«, p) over the
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radius of the NP (Figure S10). This will enable a direct comparison with SEEBIC helicity
quantification results.

For sample 1, the angular distribution of helical features in Figure Sa shows that the
predominant left-handed helical features in these particles are oriented with rather steep inclination
angles, around 70°, whereas right-handed features with low inclination angles are also present.
The analysis based on the ET reconstruction of a representative NR, shown in Figure 5b and
Figure S10a, also shows predominant left-handed features with angles around 60° (cloud of blue
data points indicated with a blue arrow in the histogram) and a mixture of right- and left-handed
features with small inclination angles (indicated with a red arrow in the histogram). This
comparison demonstrates that quantification of the average structure using the SEEBIC approach
for sample 1 is in good agreement with ET data. The main left-handed peak of the angular
distributions in Figure 5a, b corresponds to the diagonal edges of the NRs, whereas right-handed
low-angle peaks can be attributed to the contribution of the edges on the NR tips (see Supporting
information, Figures S11-S13). At the single particle level, tip edges do not appear to have a
preferred orientation (see Figure 5b, ¢ and Figure S11), however, averaging over a large ensemble
(327 particles) shows that they are predominantly right-handed. Quantitative data obtained from a
SEEBIC image of the same NR used for ET are shown in Figure Sc. Good agreement was found
with both ensemble averaged data obtained through SEEBIC and the results obtained by ET as

negative helicity values were obtained.
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Figure 5. Results of chirality quantification for sample 1. (a) Helicity quantification of a NR
ensemble, based on seven overview SEEBIC images; (b) Helicity analysis from an ET
reconstruction of a single particle; (c¢) Helicity analysis based on the SEEBIC image of the same
particle. Plots in panels (a) and (c¢) show the angular distributions of morphological chiral features
for the NRs present in the SEEBIC images. The average helicity plot shows the data obtained from
327 particles, error bars represent the standard error for each data bin. The helicity function plotted
in (b) shows the distribution of morphological chiral features, with various inclination angles and
distances from the helical axis of the NR in the ET reconstruction. The plot in panel (b) is color-
coded: red for right-handed, blue for left-handed morphological features. Helicity quantification
from ET data was achieved using the approach introduced in ref. [30]. The orientation of the helical

axis in panel (c) is indicated by a double-headed arrow. Scale bars are 50 nm.

Sample 2 yields an average right-handed morphology, with a maximum of angular distribution
around 50—60° (Figure 6a). This correlates well with ET-based quantification results, thereby
demonstrating the diffuse distribution of mainly right-handed features in the histogram, as shown

by the red arrow in Figure 6b. Both SEEBIC ensemble-averaged and ET-based results also show

15



a presence of features with mixed handedness, oriented with low inclination angles (<30°) (blue
arrow in Figure 6b). Thorough analysis of the experimental data (Figures S14, S15) did not reveal
a strong influence of edges, tips or SEEBIC artefacts on the orientation maps and on the helicity
plots at the level of a single particle. From the standard error in Figure 6a, it can be seen that these
specific features are randomly distributed and cancel out each other’s contribution when averaged
over a large ensemble. In terms of absolute helicity, both SEEBIC and ET methods at the single
particle level as well as the ensemble SEEBIC measurement reveal a less helical character than
sample 1 with a 5-10 fold decrease in value. This again demonstrates the good correlation between
the SEEBIC and ET approaches. Interestingly, the decrease in helicity also correlates with a lower
peak g-factor (Figure 4b), again showing the value of helicity measurements to link morphological

chirality with optical properties.
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Figure 6. Results of chirality quantification for sample 2. (a) Helicity quantification of a NR
ensemble, based on fourteen overview SEEBIC images; (b) Helicity analysis from an ET
reconstruction of a single particle; (c¢) Helicity analysis based on the SEEBIC image of the same

particle. Plots in panels (a) and (c) show the angular distributions of morphological chiral features
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for the NRs present in SEEBIC images. The average helicity plot shows the data obtained from
174 particles, error bars represent the standard error for each data bin. The helicity function plotted
in (b) shows the distribution of morphological chiral features with various inclination angles and
distances from the helical axis of the NR in the ET reconstruction. The plot in panel (b) is color-
coded: red for right-handed, blue for left-handed morphological features. Helicity quantification
from ET data was achieved using the approach introduced in ref. [30]. The orientation of the helical

axis in panel (c) is indicated by a double-headed arrow. Scale bars are 50 nm.

Sample 3, on the other hand, shows an average left-handed structure (Figure 7a), in agreement
with the analysis based on ET (Figure 7b and Figure S10c¢). However, the latter additionally
shows the presence of both left- and right-handed features with small inclination angles (shown

with a red arrow), which are located close to the NR surface (note high values of p for these

features).
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Figure 7. Results of chirality quantification for sample 3. (a) Helicity quantification of a NR
ensemble based on twelve overview SEEBIC images; (b) Helicity analysis from an ET

reconstruction of a single particle; (¢) Helicity analysis based on the SEEBIC image of the same
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particle. Plots in panels (a) and (c) show the angular distributions of morphological chiral features
for the NRs present in SEEBIC images. The average helicity plot shows the data obtained from
348 particles, error bars represent the standard error for each data bin. The helicity function plotted
in (b) shows the distribution of morphological chiral features with various inclination angles and
distances from the helical axis of the NR in the ET reconstruction. The plot in panel (b) is color-
coded: red for right-handed, blue for left-handed morphological features. Helicity quantification
from ET data was achieved using the approach introduced in ref. [30]. The orientation of the helical

axis in panel (c) is indicated by a double-headed arrow. Scale bars are 50 nm.

Despite the fact that quantification results for the average SEEBIC data and single-particle ET
are globally matching, we find minor discrepancies in positions and intensities of the peaks in the
distributions. The observed difference can be understood in terms of morphological variations
among individual particles. We thus conclude that individual ET reconstructions of single NRs are
not always representative of the sample batch. This is not surprising because ET is indeed a very
local technique, and this consideration is crucially important for a general understanding of the
connection between structure and chiroptical properties. SEEBIC imaging is proposed as a route
to overcome this limitation because the technique also enables local characterization, but at a
higher throughput.

Although SEEBIC images are generally in good agreement with ET reconstructions, it is
important to point out that inconsistencies may occur. For example, Figure 8a shows mixed
handedness compared to both ensemble-averaged SEEBIC (Figure Sa) and ET data (Figure 8b).
Quantification results obtained from the SEEBIC image of a single NR in this case, show the
presence of right-handed features with low inclination angles (<30°) and very high inclination

angles (>80°), which are less obvious or even absent in quantification results based on ET. The
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right-handed morphological features in Figure 8a have a contribution that is higher than the
contribution of the left-handed features turning a positive total helicity value (Hgeepic) that
contradicts ensemble-averaged results (Hyyg). In this case, the signature of the right-handed
features is attributed to the contribution of the edges on NR tips (see Supporting Information -
Section 6 and Figures S11-S13 for details) and artifactual contrast due to the contribution of the
backside of the NPs to the overall SEEBIC signal. It should be noted that the right-handed features
appearing in SEEBIC images due to the contrast from the backside have little influence on average
structure quantification because they are suppressed by a significantly higher contribution of the
left-handed features, as shown by the high absolute value and low standard error at ~70° in the

ensemble plots (Figure 5a).
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Figure 8. Results of helicity quantification for sample 1 showing the discrepancy between
quantitative data obtained from (a) a single SEEBIC image and (b) an ET reconstruction. The plot
in panel (a) shows the angular distributions of morphological chiral features present in the obtained
SEEBIC image. The orientation of the helical axis in panel (a) is indicated by a double-headed
arrow. The helicity function plotted in (b) shows the distribution of morphological chiral features
with various inclination angles and distances from the helical axis of the NR in ET reconstructions.
The plot in panel (b) is color-coded: red for right-handed, blue for left-handed morphological
features. Helicity quantification from ET data was achieved using the approach introduced in ref.

[30]. Scale bars are 50 nm.

For sample 2, inconsistencies can also exceptionally be noted, e.g., when comparing Figure 9a
to Figure 6a and Figure 9b. In this case, the difference can be explained by a random distribution
of nanoparticles on the support film, so that the top side of a specific NR has a predominant left-
handed orientation, whereas the average NR morphology is right-handed. A volume render
obtained from the ET reconstruction along the same viewing direction as the one for which the
SEEBIC image was acquired, results in this NP visually appearing as a left-handed morphology
(Figure S16). However, 3D renders from different orientations reveal predominantly right-handed
morphologies (see Figure S16). The presence of features with different handedness corresponds
to the idea that inorganic chiral NPs can yield a continuum of chiral features, which is in stark
contrast to e.g., amino acids presenting binary chirality. It is thus important to acquire SEEBIC
images or ET data sets from multiple NRs, to investigate the overall chirality coming from the
ensemble of individual NRs in a given sample. The advantage of SEEBIC over ET is the possibility
of acquiring the data with higher throughput. On the other hand, ET enables the investigation of

the distribution of chiral features for entire NRs, whereas SEEBIC is currently only able to show
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the chiral morphology at the top surface. By combining HAADF-STEM and SEEBIC images of a
given NR, it might be possible to extract a 3D mesh of the entire surface, but further work is

required to reach this goal.
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Figure 9. Results of helicity quantification for sample 2, showing the discrepancy between
quantitative data obtained from (a) single SEEBIC image and (b) ET reconstruction. The plot in
panel (a) shows the angular distributions of morphological chiral features present in the obtained
SEEBIC image. The orientation of the helical axis in panel (a) is indicated by a double-headed
arrow. The helicity function plotted in (b) shows the distribution of morphological chiral features
with various inclination angles and distances from the helical axis of the NR in the ET

reconstruction. The plot in panel (b) is color-coded: red for right-handed, blue for left-handed
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morphological features. Helicity quantification from ET data was achieved using the approach

introduced in ref. [30]. Scale bars are 50 nm.

We finally investigated how the variability in SEEBIC measurements at the single particle level
affected the ensemble measurements. Figure 10a (see Figure S14 for the complete overview)
shows arbitrarily oriented NRs with a variety of morphologies, which are representative of
sample 2. The results of helicity quantification, based on these images, demonstrate that some NRs
show chiral features that are characterized by low angles (~30°), whereas others demonstrate
opposite or even mixed handedness (Figure 10a). However, averaging arbitrarily oriented NRs
over an ensemble (in this case comprising 174 NPs), results in cancelling low-angle features with
opposite handedness (see Figure 10b) leading to the distribution shown in Figure 10c, where a
high-angle (~40-70°), right-handed morphology is predominant. It is likely that these high-angle
features determine the optical properties measured by ensemble techniques (Figure 4). Plots
showing a transition from the morphologies of single NRs to an average ensemble structure for
samples 1 and 3 are provided as Supporting information (Figures S11, S17 and S18a, c). Our
results show that, to fully retrieve information about both the average structure of a sample and
the local NP morphology, and how these aspects are connected, a combination of multiple

overview SEEBIC images and a few ET data sets will be required.
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Figure 10. Illustration of how morphologies of single NRs translate to an average morphology of
the ensemble for sample 2. (a) SEEBIC images of single NRs with the results of their
quantification. (b) Results of helicity quantification of a NR ensemble, based on overview SEEBIC
images for left-handed and right-handed features. Plots are encoded in colors: red for right-handed
and blue for left-handed morphological features. (c) Helicity quantification of a NR ensemble,
based on overview SEEBIC images with indicated standard error. The orientation of the helical

axis in panel (a) is indicated by a double-headed arrow. Scale bar is 50 nm.

CONCLUSIONS

We have shown that the helical morphology of chiral Au NRs, with significant polydispersity at
the level of surface features (twists and wrinkles) can be efficiently quantified using high-
throughput SEEBIC measurements. This approach overcomes the limitation of poor statistics
obtained by ET, which is limited to analyzing only a few particles per sample batch because of
long acquisition and processing times. By exploiting SEEBIC in combination with a dedicated

quantification procedure to measure helicity, we were able to gain insights into the ensemble-level
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(chiral) characteristics of twisted and wrinkled nanoparticles within a timeframe of one
experimental day. We found that the average helicity values, calculated for hundreds of NRs per
sample batch were in good agreement with the optical properties of the sample, confirming that
helicity measurements enable linking the nanoscale morphology with the chiroptical handedness.
Further, we confirmed the robustness of the SEEBIC helicity quantification, showing that edge
and backside effects are averaged out at the ensemble level. This accurate and statistically relevant
morphological information combined with local characterization provides a route to connect

ensemble properties to the morphologies of single NPs.

EXPERIMENAL METHODS

ET data were acquired over a tilt range of +72°, with tilt increments of 3°, using an aberration-
corrected “cubed” Thermo Fisher Themis Z TEM, operated at an acceleration voltage of 200 kV
and a beam current of 50 pA. Reconstructions of the tilt series were performed using the SIRT
algorithm implemented in ASTRA Toolbox 1.90* for MATLAB 2022b. Visualization of 3D
reconstructions was carried out using the Amira 5.4.0 software.

SEEBIC imaging at the single-particle level was performed at an acceleration voltage of 200 kV
and a beam current of 500 pA. A custom-made transimpedance amplifier (TIA) with a total gain
of2x10° V/A and a bandwidth of 8 kHz, electrically connected to the sample via a DENS Solutions
Wildfire holder, was used to convert the SEEBIC signal into a voltage signal digitized by the
Attolight OUDS 1II scan engine, along with the amplified HAADF-STEM detector signal. No
image filtering was applied during post-processing. High-throughput SEEBIC data were acquired
at an acceleration voltage of 60 kV and a beam current of 500 pA. SEEBIC images of 1024x1024

pixels were acquired with a dwell time of 200 us, leading to a total acquisition time of
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approximately 3.5 minutes per image. HAADF-STEM images were acquired simultaneously with
SEEBIC and used for automatic segmentation during the data processing step.

Previous studies have demonstrated the use of MEMS devices with electron-transparent SizN4
windows and lithographically patterned electrodes to perform SEEBIC experiments.***** It was
demonstrated that the SizN4 membrane yields sufficient conductivity for the required charge
transport.>* Alternatively, conventional TEM grids can also be used for SEEBIC experiments.*>*
We used herein a sample carrier based on a 0.6 mm thick FR4 printed circuit board, designed to
fit in a DENS Solutions Wildfire heating holder, which allows the use of a conventional copper
TEM grid as a sample support.*>

It is well-known that low-energy SEs can be absorbed by carbon layers of just a few nm in
thickness. Therefore, after drop-casting onto a copper TEM grid, the samples were cleaned with
Ar/O; plasma (3:1) to avoid the build-up of a carbon contamination layer during the acquisition of
SEEBIC data, as well as to remove surface ligands potentially hindering topography imaging.

It should be noted that the acquisition of SEEBIC single-particle images requires an electron
dose comparable with that accumulated during a conventional ET experiment.*> Such a high
electron dose may lead to beam damage or material re-shaping. To rule out the effect of electron
beam damage on the NP shape during SEEBIC imaging, HAADF-STEM images were acquired
both before and after SEEBIC experiments (Figure S5).
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