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Cathodoluminescence (CL) microscopy offers a promising approach to
nanoscale analysis, enabling detection of optical emission from a sample while
leveraging the high resolution of electron microscopy. However, achieving
multicolor single-particle CL imaging remains a significant challenge. Here,
using lanthanide nanoparticles as a model system, we identify a critical lim-
itation in CL imaging: nonlocal signal caused by stray electrons. We mitigate
these nonlocal excitations and demonstrate multicolor single-particle CL
imaging of nanoparticles down to 12 nm in diameter. Using this enhanced
sensitivity, we demonstrate that CL brightness increases monotonically with
nanoparticle diameter. We propose that multicolor imaging of spectrally dis-
tinct nanoparticles in the same field of view, coupled with the scaling of CL
brightness with nanoparticle size, is crucial for confirming single-particle CL
detection. Finally, we demonstrate the utility of our findings by imaging lan-
thanide nanoparticles in a biological sample. This work advances our under-
standing of nanoscale photonic responses to free electrons, establishing CL as

a useful contrast mechanism for high-resolution, multicolor electron

microscopy.

Local nanoscale probing of optical properties is essential for high-
resolution analysis of samples across various scientific disciplines. In
cell biology, nanoscale imaging can reveal the localization of bio-
molecules and report on local chemical environments'™. In materi-
als science, optical properties offer information about electronic
structure, energy transfer and relaxation pathways, exciton migra-
tion dynamics, phonon modes, and plasmonic nanostructures*™.
These properties are typically investigated through photo-
luminescence, in which photon emission is induced by optical
excitation. However, the resolution of far-field photoluminescence
imaging is fundamentally restricted by the diffraction of light, which
constrains the diameter of the excited region to >250 nm when
exciting in the visible spectral range. Unfortunately, this length scale
is over an order of magnitude larger than the nanometer dimensions
at which biomolecules are typically localized and interact, and

where intriguing optical properties of materials need to be
examined.

To address this mismatch between the optical resolution limit and
the nanoscale features of interest, several strategies that overcome the
diffraction barrier have been developed. For instance, in near-field
microscopy, nanoscale optical excitation is achieved by scanning a
sub-wavelength-sized probe close to the sample surface'®. Despite its
nanoscale resolution, this method is restricted to the sample surface,
suffers from slow imaging speed, and involves complex instrumenta-
tion. On the other hand, super-resolution fluorescence microscopy
methods achieve nanoscale resolution using specialized photo-
luminescent probes whose fluorescence can be activated and deacti-
vated within the diffraction-limited excitation regions" ™. However,
these techniques are limited to fluorescence imaging applications
where such control over probe behavior is possible and are not broadly
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applicable to study the intrinsic optical properties of arbitrary
materials.

Alternatively, an electron beam can produce luminescence in a
material through an electron-matter-light interaction known as cath-
odoluminescence (CL)"*. CL is a contrast mechanism that can reveal
generalizable insights into the photonic response of materials to free
electrons. The short wavelength of electrons enables nanoscale
focusing of the electron beam, which, combined with fast beam
scanning, allows precise, localized optical excitation in the far-field
regime. As a result, despite the optical nature of CL emission, it can
retain the resolving power of electron microscopy (EM). In addition, CL
contrast reveals the nanoscale optical properties of materials, which
distinguishes it from other spectroscopic EM methods like electron
energy loss spectroscopy (EELS) and energy-dispersive X-ray analysis
(EDX), which focus on electron energy losses or X-rays generated
during electron-matter interactions, respectively, and are primarily
used for elemental analysis""%.

The interaction of free electrons with the specimen can excite CL
across the entire visible spectrum'. This broadband excitation, com-
bined with nanoscale spatial resolution, makes CL a versatile tool with
diverse applications. For example, in materials science, CL could probe
nanoscale defects and band structures of semiconductors??. In
quantum information science, CL would enable local excitation of
electron-hole pairs in quantum systems at the scale of their
wavefunction”?*, In geosciences, CL is already used for mineral
identification, structural studies, and geochronology®”. Moreover,
since CL imaging is performed within an electron microscope, CL
signals are acquired in parallel with electron-scattering-based images,
which provides additional structural and morphological context. In
biological imaging, this multimodal approach bridges optical and
electron microscopy by enabling nanoscale molecular localization via
CL contrast, as well as imaging of cellular ultrastructure (such as
membranes, chromatin, and the cytoskeleton) via electron contrast,
offering an attractive alternative to correlative light and electron
microscopy (CLEM)*?,

However, despite its potential, the underlying imaging physics of
CL remains poorly understood, limiting applications of CL in nanoscale
imaging. We illustrate this point using lanthanide nanoparticles (LNPs)
that serve as a prototypical model system to study CL imaging. LNPs
are nanocrystals doped with ions from the lanthanide series (see
Supplementary Figs. 2-4 for TEM images of the LNPs). The electronic
structure of a lanthanide ion determines the nanoparticle’s CL emis-
sion spectrum®. These nanoparticles exhibit exceptional photo-
stability due to the independent emission of each dopant ion within
their volume, preventing single-step photobleaching®. LNPs also offer
precise synthetic control over morphology and composition, allowing
the investigation of size-dependent properties and generation of a
multicolor palette of nanocrystals with distinct, sharp emission
bands™. These spectral features facilitate spectral isolation of CL sig-
nals and multiplexing for imaging applications. In addition, due to the
high atomic numbers of their constituent ions, single LNPs are clearly
visible in scanning electron microscopy (SEM), making this system
highly tractable in CL imaging.

Previous research on CL imaging has focused on small nanocrys-
tals (10-30 nm), which are promising for studying size-dependent
luminescence at the scale of the electron-sample interaction volume
and as nanoprobes for biological imaging”. However, multicolor CL
imaging of individual nanoparticles within one field of view remains
elusive. Prior studies have been limited to single-color imaging*" or
multicolor imaging of large nanoparticles or aggregates (>100 nm in
size)**, In addition, challenges persist in distinguishing CL signals
from different nanoparticles in the same field of view, achieving
reproducible single-particle CL intensity measurements, and estab-
lishing clear correlations between CL intensity and nanoparticle
size”**,

Here, we identify a critical limitation in achieving single-particle
sensitivity in CL measurements: the nonlocal CL signal caused by stray
electrons. This phenomenon hinders single-particle imaging, limiting
our understanding of the nanoscale photonic response of materials to
free electrons. We investigate the origin and extent of these nonlocal
excitations and their impact on CL imaging. We also identify sample
preparation and imaging conditions to mitigate this nonlocal signal
and enable single-particle detection. By leveraging this sensitivity, we
establish a linear dependence of CL emission rate on LNP diameter,
which is supported by Monte Carlo simulations of electron trajec-
tories. We conclude that both monotonic scaling of CL rate with LNP
size and multicolor imaging of spectrally distinct LNPs in the same field
of view are essential for demonstrating single-particle CL detection.
We further show single-particle imaging capabilities in biological
samples by imaging LNPs on the surface of mammalian cells. These
results demonstrate the versatility of single-particle CL imaging across
different systems.

Results

Nonlocal excitation prohibits single-particle CL imaging

CL imaging was performed in SEM using a custom parabolic mirror and
an optical detection system to collect CL (Supplementary Fig. 6). In our
initial experiments to characterize the CL signal from lanthanide ions,
we imaged single LNPs in samples containing LNPs doped with a single
type of lanthanide ion. As expected, these LNPs predominantly emit-
ted in the spectral channels corresponding to the primary emission
peaks of the constituent ion, as shown in Fig. 1a for NaHoF , and NaDyF,
LNPs. For simplicity, we refer to these color channels according to the
lanthanide ion associated with the dominant peak detected in the
channel (e.g., Ho** channel and Dy* channel). However, in these
experiments, despite the apparent spectral stability of single LNPs and
the spatial resolution of CL images closely matching the SEM images,
we observed an unexpected result: the CL from LNPs was not mono-
tonically correlated with their size (Fig. 1b). This finding, though con-
sistent with previous results®***, was puzzling because we expected the
brightness of LNPs to increase as a function of their size, as larger LNPs
would contain a greater number of excitable lanthanide ions—the color
centers responsible for CL emission. Such a monotonic scaling has also
been observed in optically addressable upconverting LNPs***°. More-
over, this size independence was contrary to the predictions from our
Monte Carlo electron trajectory simulations, which suggested a linear
relationship between the nanoparticle size and the energy absorbed by
LNPs (a proxy for CL signal*) at the 3 keV electron beam energy used in
our experiments (Fig. 1c).

Another unexpected observation was made when we imaged
single LNPs in mixed samples containing two different types of LNPs:
NaHoF, and NaDyF,. Despite imaging single LNPs doped with either
Ho®" or Dy** ions, but not both, we detected CL signal in both Ho** and
Dy** color channels (Fig. 1d). In optical microscopy, such a result would
be anomalous, as it would imply that a single fluorophore emits across
two distinct spectral ranges. Therefore, we suspected an EM-specific
phenomenon: nonlocal excitation of sample features (mainly LNP
aggregates) that were present in the field of view of the parabolic
mirror but were not directly excited by the primary electron beam.
This hypothesized origin of the nonlocal CL signal is illustrated
in Fig. le.

To investigate whether this nonlocal excitation of the sample was
responsible for the observed crosstalk, we separated nanocrystals of
two different colors on a Si wafer (total area: ~1 cm?). Half of the wafer
was covered with a thick layer (>10 pm) of luminescent NaDyF, LNPs,
while the other half of the wafer was coated with sparsely dispersed
individual luminescent NaHoF 4 LNPs (Fig. 2a). When we imaged single
NaHoF, LNPs located >200 um away from the edge of the dense
NaDyF, layer, no CL signal was observed in the Dy** channel. This result
was expected because of the minimal spectral overlap between
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Fig. 1| Challenges in achieving single-particle CL imaging at the nanoscale.

a Secondary electron (SE) and CL signal collected from single LNPs in samples
containing either NaHoF, or NaDyF, LNPs. Ensemble CL spectra of the LNPs and
transmission bands of optical filters (shaded bands) used in CL imaging are also
shown. b Observed brightness of NaHoF, LNPs as a function of their size.

c Simulated dependence of CL signal on NaHoF, LNP size at 3 keV electron beam
energy. Energy absorbed by the nanoparticles was used as a proxy for CL

] L L
0
400 500

Wavelength (nm)

e-beam

\

»

B

600 700

(=}

Norm. electron density

CL brightness (arb.u.)

1d
15 20 25 30
Diameter (nm)

brightness. The interaction volume of the electron beam inside nanoparticles of
different diameters (@), 15, 20, and 30 nm, is also shown. Colormap shows the
normalized electron density. d SE and CL signals collected from a single LNP in a
sample containing both NaHoF, and NaDyF, LNPs. e lllustration showing the origin
of nonlocal CL signal due to stray electrons originating from the excited LNP.
Scale bars: a, ¢, d 20 nm. Pixel intensity scaling: a 300-1400 photons s™, d 300-800
photons s™. Source data are provided as a Source Data file.

NaHoF, emission and the Dy** channel (Supplementary Fig. 7). How-
ever, when we imaged NaHoF, LNPs located within 200 um of the
NaDyF, edge, an unexpected signal was detected in the Dy** channel in
addition to the expected signal in the Ho*" channel (Fig. 2b, ¢). More-
over, this anomalous signal in the Dy*" channel increased significantly
as the distance between the imaged NaHoF 4 LNPs and the NaDyF, layer
decreased, increasing from <100 photons s™ at a distance >100 um to
~12,000 photons s™ at =5 um from the NaDyF, edge. We attributed this
behavior to the nonlocal excitation of the dense NaDyF, layer by stray
electrons, which originated from the NaHoF, LNPs imaged with the
primary electron beam. This hypothesis was supported by our Monte
Carlo simulations, which confirmed that stray electrons from single
LNPs could excite aggregates of LNPs located over 100 um away from
the imaged nanoparticle (Fig. 2d).

If stray electrons were indeed responsible for the nonlocal CL
signal, then this signal should depend only on factors that influence the
number of stray electrons, such as atomic number and sample topo-
graphy. It should be independent of properties like the electronic
structure of the imaged nanoparticles, which could hypothetically
influence alternative mechanisms, such as locally enhancing substrate
excitation or emitting photons that excite nearby LNPs—either of
which could lead to increased energy transfer to the dense LNP layer.
To test this hypothesis, we investigated nanoparticles with different
electronic structures, including both lanthanide and non-lanthanide
materials, i.e., NaGdF,, NaYF,, and 40-nm Au nanoparticles. The

nanoparticles were imaged at different distances from a thick layer of
NaHoF, LNPs, similar to Fig. 2a. In all cases we detected nonlocal CL
signal from the NaHoF, layer upon excitation of sparse nanoparticles,
with a similar distance-dependent trend as observed in Fig. 2c
(Fig. 2e-g). This nonlocal signal primarily depended on the atomic
number of the excited nanoparticles. For example, at 2 um from the
NaHoF, layer edge, we detected =55,000 photons s from NaGdF,,
=~80,000 photons s™ from Au, and =20,000 photons s from NaYF,.
Next, we investigated the influence of substrate type on the
nonlocal signal by testing two more substrates, SisN,4 (an insulator),
and 80:20 Pt:Pd (a metal), in addition to Si (a semiconductor). For
these experiments, we used a thick layer of NaHoF, and imaged sparse
NaGdF, LNPs at different distances from the layer edge. Again, we
consistently observed nonlocal CL signal from the layer across all
substrate types (Fig. 2e, h, i). The signal strength depended on the
difference in atomic number between the substrate and the excited
LNP, with a larger difference leading to a higher apparent signal from
the LNP. For instance, we detected on average ~50,000 photons s™ on
SizN;, when 2um away from NaHoF, layer (Fig. 2h), compared to
~28,000 photons s™ on the 80:20 Pt:Pd substrate (Fig. 2i).
Interestingly, on the 80:20 Pt:Pd substrate, we observed a shadow
in the CL signal of the substrate, always adjacent to a sparse LNP and
oriented such that the LNP was between the shadow and the dense
layer (i.e., the shadow was behind the LNP) (Fig. 2j, Supplementary
Fig. 14e). We observed this shadow behind LNPs when they were
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Fig. 2 | Nonlocal excitation limits multicolor single-particle imaging. a A
schematic (not to scale) and SE image of a dense layer of NaDyF, LNPs and sparse
NaHoF, LNPs on Si. b SE and CL images of NaHoF, LNPs at distances, D, from the
NaDyF, layer. ¢ CL brightness of single NaHoF, LNPs in Ho* and Dy** channels as a
function of D. At least five LNPs 15-35 nm in diameter were imaged at each D.

d Electron trajectory simulations of energy absorbed by a layer of NaDyF, LNPs
upon excitation of a 20 nm-diameter NaHoF, LNP as a function of D. e-i CL
brightness of single nanoparticles in the Ho*" channel at distances, D, from a dense
layer of NaHoF; LNPs. The subpanels show nanoparticle and substrate types. Three
nanoparticles were imaged at each D. Diameters of sparse nanoparticles were
15-35nm in (e, g, h, i) and 40 nm in (f). j SE and CL images of a NaGdF, LNP at

D =20um from the NaHoF, layer on Pt:Pd substrate. Note the shadow behind the

LNP (right side). k Sample geometry for imaging NaHoF, LNPs on a 200-nm-thick
SisN4 window, with a dense layer of NaDyF, LNPs on the other side. Simulated
electron trajectories for abeam energy of 5 keV are also shown. The top surface was
coated with a 5-nm-thick layer of 80:20 Pt:Pd (not shown) to reduce charging
artifacts. 1 SE and m CL images of NaHoF, LNPs for the geometry in (k).

n Composite image of Ho*>" and Dy*" channels from (m). o Cross-sectional profile of
the LNP marked in (n). Scale bars: a 200 nm, b, j 20 nm, I-n 50 nm. Pixel intensity
scaling across filters: b Ho*: 400-3000 photons s™ (all D); Dy*": 2000-11,000
(D=20um); 400-4000 (D = 65 um); 400-1000 (D =90 um); 100-1080

(D=120 um); 100-1080 photons s™ (D =180 um). j Ho*": 70,000-110,000
photons s™. Error bars in ¢, e-i show mean and standard deviation. Source data are
provided as a Source Data file.

imaged up to =100 um away from the dense NaHoF, layer. We attrib-
uted this effect to LNPs blocking stray electrons originating from the
high-atomic-number substrate, thereby preventing them from reach-
ing the dense layer. Such a reduction in nonlocal signal behind the
LNPs was also predicted by Monte Carlo simulations of electron tra-
jectories with a similar sample geometry (Supplementary Fig. 14f-h).
Importantly, these simulations only modeled electron trajectories and
did not include any other energy transfer mechanisms between the
excited nanoparticle and the dense layer, which indicated that stray
electrons alone were sufficient to account for the observed nonlocal
effects. Together, these results confirmed that nonlocal excitation was
not an intrinsic property of the Si substrate or the excited LNPs.
Instead, it primarily depended on the atomic number of the substrate
and the excited nanoparticle, which supported our hypothesis that
stray electrons were the primary cause of the nonlocal signal (see
Supplementary Figs. 9-14 for detailed discussion of nonlocal signal
using different substrates and nanoparticles).

Furthermore, to rule out the possibility that photonic emission
(e.g., X-rays or optical) from the excited nanoparticles were respon-
sible for the nonlocal CL signal, we used a 200-nm layer of Si;N4 to
separate a dense layer of NaDyF, nanocrystals and sparse NaHoF,
LNPs. In this configuration, both the thick layer of NaDyF, and sparse
NaHoF, LNPs were within the electron beam’s interaction volume
(Fig. 2k). However, when the beam was focused on NaHoF, LNPs, the
electrons lost more energy when traversing the nanoparticles, com-
pared to the substrate alone, which resulted in a reduced signal in the
Dy** channel at the location of the Ho**-doped LNPs (Fig. 21-0). This
reduction showed that photonic emissions from excited LNPs, which
could travel through the 200-nm Si;N, layer (Supplementary Fig. 10),
were not responsible for the nonlocal signal.

In summary, the stray electrons impacted typical EM samples of
LNPs deposited on a Si substrate, which commonly contained both
single, isolated LNPs and LNP aggregates. When a single LNP was
imaged in such a sample, it served as a source of stray electrons, which
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in turn excited LNP aggregates in the field of view of the parabolic
mirror (>100 um, Supplementary Fig. 8). Because of this nonlocal
electron excitation, the collected CL signal could contain contribu-
tions from LNP aggregates located tens of micrometers away from the
LNP that was imaged with the primary electron beam. Interestingly,
although the nonlocal CL signal appeared to originate from the spatial
location of the imaged LNP, this was an artifact. This is because the
heavy metal composition of the LNPs caused them to generate more
stray electrons than the surrounding Si substrate (Supplementary
Note 7, Supplementary Fig. 9). These electrons then traveled through
free space and excited LNP aggregates located outside of the region
imaged by the primary electron beam but within the field of view of the
parabolic mirror. The result was the amplification of the nonlocal
signal at the LNP’s position.

Mitigating nonlocal excitation permits multicolor imaging

Having identified the origin and impact of the nonlocal CL signal, we
investigated whether it would present a challenge for multicolor ima-
ging in samples containing only single LNPs, i.e., in the absence of LNP
aggregates. Such samples, while requiring careful preparation, are
more suitable for studying CL imaging of single LNPs at the nanoscale.
First, to determine whether the high density of single LNPs on the Si
substrate would present a challenge in CL imaging, we performed
Monte Carlo electron trajectory simulations to quantify the excitation
crosstalk between two adjacent NaHoF, nanoparticles, each 20 nm in
diameter (Fig. 3a). The simulations showed that when a single LNP was
excited with the 3 keV electron beam, <2% of the total energy was
deposited into the neighboring LNP, even if the two nanoparticles were
in direct contact. Such minimal crosstalk suggested that multicolor CL
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imaging with densely distributed but non-aggregated nanocrystals
should be feasible.

To experimentally test this computational result, we optimized
the sample preparation process to minimize LNP aggregation,
achieving a 2D distribution of single LNPs on the Si wafer (Supple-
mentary Note 2). Indeed, in such a sample, we were able to perform
multicolor CL imaging with NaHoF, and NaDyF, LNPs in close
proximity (Fig. 3b, c). Images of the LNPs in Ho** and Dy*" color
channels (Fig. 3d, e) and their cross-sectional profiles (Fig. 3f) show
that the CL signal from the two nanoparticles was spatially separated,
which allowed their spectral classification. Next, we imaged a larger
field of view within a dense sample containing both NaHoF, and
NaDyF, LNPs (Fig. 3g-j, Supplementary Fig. 16). Again, in this dense
sample, we observed spectrally distinct CL from single LNPs in the
same field of view. Each LNP was detected in only one of the two
spectral channels, even when located just a few nanometers away
from LNPs of a different spectral identity (Fig. 3b-f and arrows in
Fig. 3g-j). Out of 54 nanoparticles in the image, 23 were classified as
NaDyF, and the remaining 31 as NaHoF, (Supplementary Note 13,
Supplementary Fig. 19).

We further extended the CL imaging to three colors using
NaHoF,, NaDyF,, and NaTbF, LNPs (Fig. 3k-n, Supplementary Figs. 17,
18). These lanthanide ions were chosen because of their minimal
spectral overlap. Figure 3k, | shows secondary electron (SE) and CL
images of a field of view containing the three types of nanocrystals (see
Supplementary Fig. 17 for individual spectral channels). Again, the
LNPs emitted CL in spectrally distinct channels even when adjacent to
LNPs of a different color (Fig. 3m, n). These results demonstrated the
feasibility of multicolor single-particle CL imaging in densely popu-
lated samples of single LNPs.

The results presented in Fig. 3 demonstrated single-particle sen-
sitivity in dense but non-aggregated samples. These observations,
combined with the results presented in Fig. 2e-i, ruled out the alter-
native hypothesis that the nonlocal CL signal was caused by excitons
diffusing in the Si substrate rather than stray electrons traveling
through free space. If this nonlocal signal was caused by excitons,
which may migrate over long distances (>100um) within the Si
substrate*?, nonlocal CL signal would still be observed in samples of
single LNPs distributed in 2D at high density. Instead, by reducing LNP
aggregates, we minimized the combined surface area of LNPs upon
which stray electrons could impinge and thereby excite CL (as illu-
strated in Fig. 2d inset).

Another unexpected source of nonlocal CL signal was the
Everhart-Thornley secondary electron detector of the SEM, which uses
a scintillator to detect incident electrons. We found that optical
emission from the scintillator was reaching the CL detectors. Since
LNPs generated more secondary electrons than the Si substrate, this
led to increased scintillator emission and an artificially elevated CL
signal at the LNP locations in the images. To mitigate this misleading
signal, we reduced the bias voltage on the Everhart-Thornley detector,
maintaining sufficient sensitivity for LNP imaging while minimizing its
contribution to the nonlocal optical signal. In addition, we optically
isolated the CL emission path within the vacuum chamber to prevent
stray scintillator light, or any other nonlocal optical signal within the
chamber, from reaching the CL detectors. Together, these improve-
ments in CL instrumentation significantly reduced the nonlocal signal
(Supplementary Note 26).

In summary, overcoming nonlocal excitation due to stray elec-
trons was the key development that allowed us to achieve nanoscale,
multicolor imaging of single LNPs in the same field of view. Nonlocal
excitation could result in the apparent emission of single LNPs across
multiple spectral channels. Therefore, demonstrating multicolor ima-
ging of spectrally distinct LNPs in the same field of view was crucial in
order to confirm single-particle detection capability. Conversely,
single-color imaging alone was insufficient to establish single-particle

detection sensitivity, even when the CL signal from LNPs spatially
coincided with their image in the SE channel.

As described in the next section, achieving single-particle sensi-
tivity not only permitted multicolor CL imaging but also enabled
accurate single-particle characterization of CL emission from indivi-
dual LNPs. In the presence of nonlocal CL signal, such measurements
led to erroneous brightness values that did not scale monotonically
with LNP size (Fig. 1b).

Characterization of CL emission in lanthanide nanocrystals
Next, we leveraged the single-particle sensitivity to determine the
scaling of LNP brightness as a function of their diameter in the absence
of nonlocal excitation. We defined CL brightness as photons detected
per second from a nanoparticle (Methods, Supplementary Note 15).
For these measurements, we used fully doped LNPs (i.e., NaHoF, or
NaDyF,) because they were within the brightness saturation regime
with respect to dopant concentration (Supplementary Note 3, Sup-
plementary Fig. 5). Specifically, LNP brightness plateaued for dopant
concentrations above 20%, which we attributed to concentration
quenching—where increased numbers of luminescent ions were offset
by energy migration and cross-relaxation processes—as also observed
in optically addressable LNPs*. Fully doped LNPs ensured consistent
dopant concentration (100%), eliminating potential stoichiometric
errors from mixing emitting and inert ions.

In addition, during CL imaging of single LNPs, image drift (a
common phenomenon in EM**) posed a significant challenge due to
the long acquisition times required to collect detectable CL signals
from single LNPs, which only emitted a few hundred photons
per second. To address the impact of image drift, we captured multiple
images with shorter dwell times (e.g., 50 images at 1 ms pixel dwell
time instead of a single image at 50 ms pixel dwell time) and applied
drift correction post-acquisition using consecutive frames from SE
imaging in which the single LNPs were visible even at short dwell times
(Methods, Supplementary Note 15). This approach minimized the
impact of image drift, allowing us to accurately determine LNP size and
brightness. We then systematically varied the imaging conditions, such
as beam current and beam energy, to optimize single-particle CL
imaging (Supplementary Notes 17, 18).

For all dopants, LNP brightness increased monotonically with
their diameter (Fig. 4a). In line with the prediction from Monte Carlo
simulations, a linear fit was sufficient to describe the data, which
suggested that LNP brightness was primarily dependent on their axial
dimension. This linear relationship indicated a cylindrical shape of the
electron interaction volume within LNPs of 15-30 nm diameter at a
beam energy of 3 keV (Fig. 1c). We also compared linear and nonlinear
(cubic and quadratic) fits for LNP brightness vs. size (Supplementary
Note 21). Although these nonlinear fits did not improve the fit quality,
the similar residual errors for the linear and nonlinear models sug-
gested that higher-order dependencies could not be entirely ruled out,
especially for larger nanoparticles. The linear model was chosen due to
its simplicity and its agreement with the physical model suggested by
simulations at a beam energy of 3keV (Fig. 1c). Since we used the
lateral dimensions of the LNPs to estimate their diameters, inhomo-
geneity in LNP dimensions may account for the observed variability in
the CL signal for a given size, potentially reflecting differences in their
axial dimensions. In addition, differences in electrobleaching between
different LNPs (Supplementary Figs. 35, 36) could also contribute to
the observed spread in the detected CL rate.

Figure 4a also shows that the CL brightness of LNPs depended on
the type of lanthanide ion. For example, for a 20-nm NaHoF, nano-
particle we obtained =1100 photons s, compared to ~600 photons s™
for NaDyF,, =400 photons s for NaTbF,, and =250 photons s™ for
NaSmF,. This dependency of CL brightness on the type of lanthanide
ion could result from a combination of factors, including differences in
absorption cross-sections, the percentage of emission concentrated in
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Fig. 4 | Characterization of single-particle CL emission. a CL photon detection
rate as a function of diameter (full width at half maximum (FWHM) from SE images)
for NaHoF,, NaDyF,, NaSmF,, and NaTbF, LNPs across the spectral filters matched
to their primary emission peaks. Linear fits to the CL signal as a function of diameter
are also shown. CL signal from non-emitting control NaGdF, LNPs is shown as black
dots. b SNR of CL images for NaHoF,, NaDyF4, NaTbF,, and NaSmF, LNPs when
imaged through their respective spectral filters. The number of single LNPs imaged
was 52, 46, 51, and 27, respectively. SNR from control (NaGdF,) LNPs is shown as
gray dots. 56, 36, 31, and 11 NaGdF, LNPs were imaged in Ho*, Dy*, Tb*, and Sm**
filters respectively. All LNPs were 18-23 nm in diameter. P-value was <0.001 (***) for
all four LNP types in their respective filters. ¢ Representative CL images with dif-
ferent SNRs. d Comparison of the nanocrystal size calculated using TEM (diameter

Wavelength (nm)

of the circle fitted to nanocrystals) and SE (FWHM of the nanocrystals) images. A
TEM image of nanocrystals is also shown. e Comparison of the CL detection rate
from NaHoF, LNPs shown in (d) and control (NaGdF,) LNPs. Representative SE and
CL images of a NaHoF, LNP are also shown. f CL spectra of single LNPs (SE images
on the right) and the corresponding ensemble spectra (gray). Scale bars: ¢ 20 nm,
d 10 nm, e 20 nm, £ 50 nm. In (a) linear fits are of the form r =mx + b, where r is CL
brightness in photons s™, x is the diameter of LNPs in nm, m is the slope in photons
s nm™ and b is the y-intercept in photons s™. The fits are: Ho* filter: r=187x —
2607 (from 165 LNPs), Dy** filter: r =117x — 1729 (from 129 LNPs), Sm™* filter:
r=51x — 770 (from 28 LNPs), and Tb** filter: r =47x — 543 (from 83 LNPs). Error
bars in b show mean and standard deviation. Source data are provided as a Source
Data file.

the primary emission peak (e.g., 59% for Ho*" and 40% for Sm*, Sup-
plementary Fig. 7), excited state lifetimes, levels of electrobleaching
(Supplementary Figs. 35,36), and quantum yields of different lantha-
nide ions.

The negative y-intercept for all dopants in Fig. 4a indicated a lower
limit on the size of the smallest detectable LNPs in our system. The
limit was primarily determined by the Poisson noise of the CL signal
from Si substrate (Supplementary Note 19) because the LNPs were
detected above this background signal (see Methods and Supple-
mentary Note 15). For the four dopants, we detected sub-20-nm

nanoparticles as shown in Fig. 4b, which shows a comparison of the
signal-to-noise ratio (SNR) obtained from emitting LNPs with non-
emitting control LNPs (NaGdF,) in the same spectral channel.

To determine the required SNR for nanoparticle detection in CL
images, we compared the SNR of emitting LNPs with that of the non-
emitting control LNPs of the same size. We found that an SNR of =3 was
sufficient to detect LNPs in all color channels (Supplementary Note 20
and Supplementary Fig. 31). A similar limit was calculated by modeling the
Poisson noise in CL from Si, which yielded an SNR of 2.2, corresponding to
a CL detection rate of =160 photons s (Supplementary Fig. 30). Such
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sensitive detection was possible because of the heavy metal composition
of LNPs, which resulted in a strong contrast in SE images. This contrast
allowed us to precisely localize individual nanoparticles and determine
their diameters in SE images. This dual contrast (SE and CL images) pro-
vided CL imaging a key advantage over single-molecule localization
microscopy, where the localization precision is dependent on the number
of photons detected from a fluorophore®.

LNP diameters were calculated from SE images, but due to their
dependence on the electron beam diameter, we found that these cal-
culations overestimated the actual LNP sizes. To exclude the effect of
SEM resolution on the perceived size of the smallest detectable
nanocrystals, we synthesized uniformly shaped nanocrystals of
12.1+ 0.7 nm diameter (as determined by TEM), which were observed
to be 15.2+1.0 nm in our modified CL-SEM (Fig. 4d, Supplementary
Fig. 4). These nanocrystals were consistently detected in CL images as
shown in Fig. 4e, suggesting that we could detect nanocrystals at least
as small as =12 nm. Therefore, the data in Fig. 4a overestimated the size
of the smallest detectable nanoparticle.

Further improvements in the detection limit can be achieved by
ensuring optimal excitation of LNPs, i.e., matching the electron inter-
action volume to the volume of the LNPs. However, matching the
electron interaction volume to a 20-nm-diameter LNP required beam
energies that were too low for our experimental setup (=1keV, Sup-
plementary Figs. 26-28). This limitation was due to the long working
distances required for CL imaging with the parabolic mirror installed
between the electron gun and the sample. This microscope config-
uration resulted in deteriorated imaging performance in our SEM at
low beam energies (Supplementary Fig. 27). Thus, we note that the
LNPs were not excited optimally in our studies, suggesting opportu-
nities for further signal maximization.

The spectral stability of single nanocrystals also played an
important role in their color classification. We observed that the
spectral characteristics of nanocrystals remained unchanged at the
nanoscale by comparing their single-particle spectra to ensemble
measurements (Fig. 4f, Supplementary Fig. 34). This spectral stability
was crucial to match the optical filters to the main emission peaks of
nanocrystals and thereby minimize the impact of broadband CL from
the Si substrate (Supplementary Fig. 29). This observation highlights
the utility of LNPs as nanoscale CL probes.

Multicolor single-particle CL imaging in a biological sample
After achieving single-particle sensitivity in CL measurements and
characterizing the emission properties of LNPs on the Si substrate, we
tested the sensitivity of our single-particle measurements in biological
samples. Specifically, we sought to determine the emission char-
acteristics of LNPs on the surface of a cultured mammalian cell. Here, a
critical limitation was the auto-cathodoluminescence (auto-CL) from
cells, which, by analogy with autofluorescence in fluorescence ima-
ging, is the intrinsic luminescence of unlabeled cells excited with the
electron beam®®*¢, Fixed HEK293T cells exhibited broadband auto-CL
emission (Supplementary Fig. 37) and resulted in an average of =4300
and =2700 photons s in Dy** and Ho* color channels, respectively
(Fig. 5a). This auto-CL not only reduced the SNR of LNPs but also
resulted in unexpected CL signal in multiple color channels due to
nonlocal excitation of auto-CL when imaging the LNPs—an effect
similar to the one presented in Fig. 2. We found that osmium tetroxide
(0sO4), a standard fixative and staining agent in EM sample
preparation®’, reduced the auto-CL of cells (Fig. 5a). The auto-CL from
0Os0,-treated cells was comparable to the background CL from the Si
substrate, indicating that OsO, treatment was an effective chemical
method for background auto-CL suppression.

We then measured CL from LNPs deposited on the surface of
HEK293T cells prepared for standard SEM imaging (Fig. 5b, Supple-
mentary Note 24). The sample preparation included OsO, treatment to
mitigate auto-CL, and sputter coating with a 2.5-nm-thick 80:20 Pt:Pd

mixture to avoid sample charging (Fig. 5c). Under these conditions, we
observed an approximately two-fold reduction in the CL signal from
the LNPs, which we attributed to their exposure to plasma during the
sputter coating process. This hypothesis was supported by a similar
reduction in the brightness of LNPs after exposure to plasma without
sputter coating (Supplementary Fig. 39). On average, we collected
~2500 photons s from non-coated LNPs, compared to 1370 photons
s from sputter-coated LNPs on a Si substrate and =1450 photons s
from sputter-coated LNPs on cells. However, despite this reduced
brightness, we collected sufficient photons to detect each imaged
single sub-20 nm LNP. However, because LNP brightness scaled with
size, this reduction in signal could limit the detectability of the smallest
LNPs during CL imaging.

Finally, we performed multicolor imaging of NaHoF, and NaDyF,
LNPs on the surface of HEK293T cells (Fig. 5d-g). Figure 5e shows that
even after sputter coating, the LNPs produced a stronger contrast in
SEM images than the cellular features. This contrast allowed for their
precise localization in the SEM images, which was required for single-
particle analysis. Similar to CL imaging on the Si substrate, the resolution
in biological samples was determined by the size of the focused electron
beam. However, we observed an increase in the effective size of the LNPs
in sputter-coated samples due to the presence of the 2.5-nm-thick
coating (Supplementary Fig. 38). Each LNP emitted CL in only one
spectral channel, making it readily distinguishable. Importantly, both the
nanoscale location and the spectral identity of each LNP, as well as the
cellular ultrastructure, were visualized simultaneously.

These results demonstrate a proof of concept for multicolor
single-particle CL imaging on the surface of a mammalian cell, with
simultaneous visualization of cellular topography. Given the suscept-
ibility of fluorescent dyes to quenching by EM sample preparation
protocols®, these findings highlight the photophysical stability of
LNPs against the harsh chemical treatments required for EM sample
preparation. Moreover, the sharp spectral features of lanthanide ions
facilitated this multicolor single-particle imaging, as they allowed
efficient spectral filtering to suppress any residual auto-CL after OsO,
treatment. These findings were critical in establishing the suitability of
LNPs for CL imaging in a biological context. Moreover, they highlight
our ability to perform multicolor imaging in diverse systems.

Discussion
In conclusion, we identified nonlocal CL signals caused by stray elec-
trons, generated due to strong beam-sample interaction in EM, as a
critical limitation to achieving nanoscale multicolor CL imaging. Using
lanthanide nanocrystals as a model system, selected because of their
photostability under electron beam irradiation and availability in mul-
tiple emission colors, we systematically investigated the origin and
impact of this nonlocal signal. We found that stray electrons could excite
LNP aggregates located hundreds of micrometers away from the pri-
mary beam-sample interaction point. As a result, excitation of a single
LNP could nonlocally excite multiple cathodoluminescent features
within the sample. This nonlocal signal was difficult to distinguish from
the true emission of the imaged LNP because LNPs were composed of
heavier elements than the Si substrate and thereby produced more stray
electrons. Since the total CL signal from the entire field of view of the
parabolic mirror was collected at each scan position without spatial
discrimination, the resulting nonlocal CL signal falsely appeared to be
localized to the position of the LNP. These findings demonstrate that
single-color CL imaging alone is insufficient to confirm single-particle
sensitivity. To reliably establish single-particle detection sensitivity in
both single and multicolor CL imaging, we identified two necessary
conditions: a monotonic increase in CL rate as a function of LNP size,
and multicolor single-particle imaging in the same field of view.
Identifying the origin of the nonlocal CL signal enabled us to
develop the necessary strategies in sample preparation, instrumenta-
tion, imaging, spectroscopy, and image analysis to mitigate its impact
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Fig. 5 | Multicolor single-particle CL imaging of LNPs in a biological sample.

a Auto-CL photon detection rates from cells with and without OsO, treatment in
Ho* and Dy** channels. Background CL from the Si substrate is also shown for
comparison (dashed line). Five cells were imaged for each condition, and CL
brightness was calculated from the pixels within the boundaries of all five cells.
Boundaries were manually selected based on CL brightness of cells compared to
background CL from Si (see top row). b An illustration showing the sample pre-
paration procedure for imaging LNPs on cells. HEK293T cells were fixed, treated
with OsOy, and dried with hexamethyldisilazane (HMDS) (not shown in the illus-
tration). LNPs were then drop-cast onto the cells. The biological sample with LNPs
was sputter coated with 80:20 Pt:Pd mixture for SEM imaging. ¢ CL detection rate in
the Ho* channel from single NaHoF, LNPs on Si (with and without sputter coating)
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and on cells prepared for SEM imaging. Samples were prepared according to (b).
The LNPs were 19.4 + 0.6 nm in diameter, as measured in our CL-SEM. At least 20
LNPs were imaged for each condition. d SE image of a cell prepared according to (b)
with NaHoF, and NaDyF, LNPs on the surface. e, f Zoomed-in SE (e) and CL (f)
images of the region marked with a yellow rectangle in (d). g Merged image of the
SE and CL channels. Pixel intensity in (g) is scaled differently from (f) to show only
LNP signal above the background of cellular features. Scale bars: a10 um, d 1um,
e-g 100 nm. Pixel intensity scaling: f Dy*" filter 300-2000, Ho*" filter: 300-6000
photons s, and g Dy** filter 600-4000, Ho** filter: 1200-7000 photons s™. Error
bars in a, ¢ show the mean and standard deviation. Source data are provided as a
Source Data file.

and consistently achieve multicolor, single-particle imaging. These
developments included reducing nanoparticle aggregation in samples,
eliminating nonlocal CL signal from the SEM components, and opti-
mizing imaging parameters, including beam energy, current, and image
acquisition times, as well as correcting for image drift. Leveraging these
advancements, we demonstrated simultaneous CL imaging of multiple
single nanocrystals of different emission colors within the same field of
view. We also characterized the CL emission from individual nano-
crystals, revealing a monotonic increase in CL signal as a function of
nanoparticle size. Finally, we demonstrated multicolor imaging of LNPs
in a biological sample, where they retained their emission throughout
the EM sample preparation process. Through these advancements, we
established a robust framework to harness the complete nanoscale,
multicolor imaging potential of CL.

In the future, nanoscale CL imaging has the potential to be useful
in a wide range of applications across disciplines. These may include
investigating energy transfer between rare-earth ions and their emis-
sion in nanocrystals’*®, as well as studying exciton and plasmon
dynamics in diverse nanomaterials**~°. The localized optical excitation
provided by CL can also be leveraged to excite individual color centers
in crystals and single quantum dots—an important capability for the
development of quantum light sources™. In bioimaging, CL presents a

useful tool for obtaining molecular information along with the ultra-
structural details (such as membranes and chromatin) provided by EM.
The use of lanthanide nanocrystals as protein labels is promising in this
regard due to their robust emission under electron excitation. This
application of LNPs in molecular imaging will require surface functio-
nalization to enable specific biomolecular targeting; existing functio-
nalization strategies for optically addressable LNPs could serve as a
starting point®’. Our results will guide both the optimization of LNPs
for protein labeling and the development of cathodoluminescent
probes compatible with EM workflows. In addition, our findings on
identifying and mitigating nonlocal excitation may also provide valu-
able insights for improving the spatial accuracy of other multicolor EM
techniques, such as EDX. More broadly, our work provides a template
for characterizing local nanoscale optical properties across diverse
fields of science and engineering, offering a high-resolution, free-
electron-based complement to photoluminescence.

Methods

Materials

Oleic acid (Sigma-Aldrich, Cat# 364525-1L, 90%, technical grade),
l-octadecene (SigmaAldrich, Cat# 0806-1L, 90%, technical grade),
rare-earth chlorides [yttrium trichloride hexahydrate (Sigma-Aldrich,
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Cat# 464317-25G, 99.99%), samarium trichloride hexahydrate (Sigma-
Aldrich, Cat# 204277-5G, =99.99%), gadolinium trichloride hexahy-
drate (Sigma-Aldrich, Cat# 203289-25G, 99.999%), terbium trichloride
hexahydrate (Sigma-Aldrich, Cat# 212903-5G, 99.9%), dysprosium
trichloride hexahydrate (Sigma-Aldrich, Cat# 289272-25G, 99.9%),
holmium trichloride hexahydrate (Sigma-Aldrich, Cat# 289213-5G,
99.9%), lutetium trichloride hexahydrate (Sigma-Aldrich, Cat# 542075-
5G, 299.99%)], sodium hydroxide (Sigma-Aldrich, Cat# 221465-500G,
ACS Reagent, >97.0%, pellets), methanol (Sigma-Aldrich, Cat# 34860-
1L-R, >299.9%), ammonium fluoride (Sigma-Aldrich, Cat# 216011-100G,
ACS Reagent, 298.0%), n-hexane (Sigma-Aldrich, Cat# HX0302-3, 95%),
ethanol (ethyl alcohol, Sigma-Aldrich, Cat# 459844-1L, ACS
Reagent, >99.5%).

Nanoparticle synthesis

NaHoF,, NaDyF,, NaTbF,, NaSmF,, and NaGdF, LNPs were synthesized
by the coprecipitation method based on refs. 28,53-55. Briefly,
0.5 mmol of the appropriate lanthanide chloride hydrate was mixed
with 3 mL oleic acid and 7.5 mL 1-octadecene. The reaction was placed
under vacuum, and the temperature was set to 160 °C for 30 min. The
solution was cooled to <30 °C. Next, 1.25 mL of 1 M sodium hydroxide
in methanol and 5 mL of 0.4 M ammonium fluoride in methanol were
combined, then added to the lanthanide oleate solution. The reaction
was mixed for 60 min at room temperature. The temperature was
increased to 70 °C-80 °C and maintained for 30 min. Then, for the LNP
growth step, the reaction was placed under an argon atmosphere and
heated rapidly to 320 °C. The reaction temperature was maintained for
60 min before cooling to <30 °C. For uniformly shaped NaHog gLug>F4
LNPs, the synthesis was performed as described above, except that the
0.5 mmol of lanthanide chloride hydrates was divided into two quan-
tities based on the desired molar ratio of the two lanthanide elements,
and the 320°C reaction temperature was maintained for 2.5min
(Fig. 4d) or 15 min (Fig. 5¢), not 60 min, before cooling to <30 °C. LNPs
were stored as-synthesized in oleic acid and 1-octadecene at room
temperature.

Nanoparticle sample preparation

For single-particle experiments with minimal LNP aggregation, 0.5 mL
of as-synthesized LNPs was mixed with 5 mL ethanol and centrifuged at
5000 x g for 10 min. The pellet was resuspended in 1 mL n-hexane,
mixed with 5mL ethanol, and centrifuged again. This process was
repeated for a total of five times. After the fifth wash, the pellet was
resuspended in 5 mL n-hexane, and the solution was left undisturbed
overnight. For further sample preparation, LNP solution was pipetted
from the top of the volume to avoid collecting precipitated LNP
aggregates. The solution was drop-cast onto a TEM grid or an ethanol-
washed and plasma-cleaned p-type Si wafer for characterization by
TEM or SEM, respectively.

To obtain a solution of dense LNPs, 0.5 mL of as-synthesized
LNPs was mixed with 0.5 mL ethanol and centrifuged at 3500 x g for
3 min. The pellet was resuspended in 0.5mL n-hexane, mixed with
0.5 mL ethanol, and centrifuged again. This process was repeated for
a total of five times. After the fifth wash, the pellet was resuspended
in 0.5 mL n-hexane. The LNPs were used right away without settling
overnight.

For experiments involving a dense nanocrystal region and a
sparse nanocrystal region separated by a well-defined edge as pre-
sented in Fig. 2, a piece of =1 cm? Si was cut from a p-type Si wafer (Ted
Pella, Cat# 16015). The piece was ethanol-washed and plasma-cleaned.
Then, half of its surface was covered with tape (Scotch Magic Tape).
5L of dense, n-hexane-suspended nanocrystals were drop-cast onto
the exposed half of the Si wafer’s surface. After the n-hexane dried,
drop-casting and drying were repeated four times to create a thick
layer of dense nanocrystals. Finally, the tape was removed from the Si
wafer’s surface, the desired n-hexane-suspended single LNPs were

diluted 100-1000x in n-hexane to achieve sparsity, and 5 pL was drop-
cast onto the wafer.

CL imaging setup

Imaging was performed on a custom-modified ZEISS SUPRA 55VP
FESEM, integrated with a CL imaging system. CL was collected by an
off-axis, aluminum parabolic mirror with a collection solid angle of
=1.34m steradian. The mirror had a focal length of 1 mm. The mirror
directed CL out of the vacuum chamber of the SEM, where it was
spectrally separated using dichroic mirrors, filtered by band-pass fil-
ters, and projected onto photomultiplier tubes (Hamamatsu, H7421-
40) using 30 mm-focal-length lenses. CL was simultaneously collected
over three color channels. The spectral filters were Chroma ET645/30X
(Ho" color channel), Chroma FF03-575/25 (Dy** color channel), Sem-
rock FF01-598/25 (Sm** color channel) and Chroma ET550/20X (Tb*"
color channel).

Spectral measurements

For single-particle spectra, a nanocrystal was repeatedly scanned with
the electron beam. CL was collected by the parabolic mirror and
focused on an sCMOS camera (Hamamatsu, Orca-Fusion BT) using a
100 mm focal length lens. A diffraction grating (Thorlabs, GT13-03)
was placed before the camera to spectrally separate the CL signal.
Spectra were obtained with abeam energy of 3 keV and a beam current
of 200 pA. The spectral information resided in the first diffraction
order of the grating. Spectra were obtained by plotting the intensity of
pixels in the first diffraction order as a function of distance from the
center of the zeroth order. All spectra presented in Fig. 4f were
obtained using this method.

For spectra in Fig. 1a, a dense sample of nanocrystals was pre-
pared. A 400 x 400 nm? region of the sample was repeatedly scanned
with the electron beam. CL was collected by the parabolic mirror and
focused on the multimode fiber of a commercial spectrometer
(Thorlabs, CCS200). Spectra were obtained with a beam energy of
3 keV and a beam current of 200 pA.

CL image acquisition

Single-particle CL imaging was performed with an electron beam
energy of 3 keV and a beam current of 160-200 pA. The working dis-
tance was 6-7 mm. Both the Zeiss SmartSEM software and custom
LabVIEW software were used for image acquisition. A region of interest
was imaged with a pixel size of 4-8 nm. Four images were captured
during each scan of the electron beam: one SE image and three CL
images in different spectral channels. CL images were smoothed by
convolution with a 2D Gaussian function of 0.7 pixels standard
deviation. To characterize emission properties of LNPs, 50 frames were
captured with a dwell time of 1 ms each, resulting in an effective beam
dwell time of 50 ms per pixel. These conditions translated to a current
density of 3-12 pA per nm? and a total electron dose of =62.5x10°
electrons per pixel. For multicolor experiments, images were acquired
with a beam dwell time of 0.1-1 ms and an effective beam dwell time of
30-50 ms. For visualization, CL images presented in the paper were
filtered with a 2D Gaussian function of 0.5-0.7 pixel standard
deviation.

In Fig. 31, 15% of the signal intensity in the Ho*" channel was sub-
tracted from the Tb** channel before generating the overlapped image.
This was because the minor peak of NaHoF, LNPs overlapped with the
Tb* filter (Supplementary Fig. 7e). The factor was calculated based on
the ratio of the emission of NaHoF 4 LNPs in the Ho*" and Tb** channels.

For experiments to quantify nonlocal excitation presented in
Fig. 2, 3-5 LNPs were imaged at fixed distances from the edge. Since
the dense LNPs were not necessarily distributed in a well-defined,
straight line along the edge, the distance was measured relative to a
consistent point at the edge between the dense layer of LNPs and the
sparse LNPs.
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Drift correction

Drift correction was performed by acquiring multiple sequential
frames using a short dwell time, instead of a single image with a long
dwell time. Nanocrystals themselves were used as fiducial markers in
SE images. The position of a nanocrystal was determined by fitting a 2D
Gaussian function to its SE image. Euclidean distance between the
positions of the nanocrystal in successive SE frames was calculated and
rounded to the nearest integer. This distance was then used to trans-
late SE and CL images to account for the drift during image acquisition.

CL emission rate and photons per frame

CL properties of a nanocrystal were determined by first localizing it in
the SE images and then determining its emission properties at the
corresponding location in the CL images. The position of the nano-
crystal in an SE image was determined by fitting a 2D Gaussian func-
tion. The CL image was then fit to a 2D Gaussian function of the form:

(y —y0)2
203

(x —x0)2
S(x,y)=b+aexp|— -

202 =b+G(x,y)

where (x,,Y,) is the center position of the nanocrystal, b is the back-
ground, a is amplitude, and g, and o, are the standard deviations of
the 2D Gaussian function. G(x, y) is the 2D Gaussian fit to the nano-
crystal without the background. In this equation, x,, y4, 0,, and o,
were constrained by the 2D Gaussian fit of the SE image. The rate of CL
emission was determined as r= £ x1,000, and the total number of
photons emitted by the nanocrystal in a frame was calculated by
summing over G(X, ).

SNR analysis

SNR of a nanocrystal in a CL image was determined using the equation
S/N, where S corresponds to the summation over G(x,)), i.e.,
S=>"G(x,y). Only pixels within a 2¢ radius from the center of the
Gaussian fit were considered. The noise, N;, for pixel (x,y) was calcu-
lated as +//(x,y), where /(x,y) is the CL intensity of that pixel. To
determine the overall noise, N, the per-pixel noise, N;, was added in
quadrature over the pixels within a 20 radius from the center of the

nanocrystal as N= \/ZN,? =./>_1(x,y). Hence, the overall SNR for a

. . Glx,
single nanocrystal was given by £ = 2,009

NOCE)

Size of the nanocrystal

The diameter (also referred to as size) of a nanocrystal was determined
from the oversampled SE images taken with the ZEISS SmartSEM
software (pixel size 0.2-0.6nm). To determine the diameter of a
nanocrystal, a 2D Gaussian function was fitted to its SE image. Dia-
meter was defined as the FWHM of this fit. FWHM was calculated from
the standard deviation of the Gaussian fit as 2.350. Here o is the
average of the two standard deviations (o, and oy) of the 2D
Gaussian fit.

Statistical significance

In Fig. 4b, the P-value was calculated using Welch'’s two-sample t-test,
with the null hypothesis that the SNR from emitting (NaHoF 4, NaDyF,,
NaTbF,, and NaSmF,) and control (NaGdF,) LNPs were drawn from
independent normal distributions with equal means. The test was
performed in MATLAB using the ttest2 function with unequal var-
iances for the two distributions.

Electron trajectory simulations

CASINO software® was used to perform Monte Carlo-based electron
trajectory simulations. Nanoparticles were simulated using the sphere
object with 20 nm diameter. The Si substrate, SizN, substrate, and
dense layer of nanoparticles were simulated using the box object. In

Fig. 2d, 20,000 trajectories were simulated with a beam energy of
3keV. In Fig. 2k, 20,000 trajectories were simulated (only 100 are
shown) with a beam energy of 5keV. In Fig. 3a, 50,000 trajectories
were simulated with a beam energy of 3 keV.

Biological sample preparation

Cultured cells were prepared for CL imaging via OsO, treatment and
HMDS drying based on refs. 57,58. HEK293T cells were cultured in 50/
50 DMEM/F-12 media with 10% fetal bovine serum and 1% penicillin/
streptomycin. Cells were dissociated using 0.25% trypsin in PBS, then
seeded on plasma-cleaned Si wafers. After adhering to Si overnight,
cells were washed twice with PBS and fixed with 4% formaldehyde,
0.2% glutaraldehyde in PBS, pH 7.4 for 15 min. Cells were washed three
times with PBS and incubated in 1% OsO, in PBS for 10 min. Then, cells
were washed with MilliQ water for 2 h, replacing water every 15 min.
Cells were transitioned into ethanol by increasing from 10% ethanol to
100% ethanol using steps of 10%, with 5 min between each step. Upon
reaching 100% ethanol, cells were incubated twice for 20 min with
fresh ethanol each time. Next, cells were transitioned into HMDS by
increasing from 25% HMDS in ethanol to 100% HMDS using steps of
25%, with 5 min between each step. When 100% HMDS was reached,
cells were incubated twice for 20 min with fresh HMDS each time.
Finally, the majority of HMDS volume was removed from the cells to
leave a thin layer of HMDS, and cells were air dried. If appropriate, 5 pL
of washed, n-hexane-suspended single LNPs was drop-cast onto the
cells. Finally, cells were sputter coated with a 2.5-nm-thick layer of
80:20 Pt:Pd to prevent charging during CL-SEM imaging.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. A preprint has been deposited at
bioRxiv*’. Source data are provided with this paper.
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