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Abstract

Electron microscopy (EM) and fluorescence imaging are indispensable techniques that
provide complementary information on cellular organization. Combining these two modalities is
a long-standing challenge in bioimaging. In principle, it should be possible to use the electron
beam both for ultrastructural imaging and for molecular localization. The latter could be
accomplished by directly exciting suitable biomolecular labels and detecting their luminescence
— a process termed cathodoluminescence (CL). Here, we achieve multicolor, single-particle CL
imaging of sub-20-nm lanthanide nanocrystals (cathodophores) in the same field of view on the
surface of a mammalian cell while simultaneously imaging cellular ultrastructure. In pursuit of
this goal, we have developed a comprehensive framework for single-particle CL imaging of
lanthanide nanocrystals. By mitigating nonlocal excitation due to secondary electrons, we
achieved single-particle detection of multiple spectrally distinct types of sub-20-nm
cathodophores. The smallest detectable cathodophores were ~15 nm in diameter. We found
that the CL emission rate of single nanocrystals increased monotonically with lanthanide doping
level and scaled linearly with nanocrystal diameter. Furthermore, even in the absence of inert
shells, cathodophores were not quenched in the context of mammalian cells processed for EM
imaging using heavy-metal staining and sputter-coating. These findings establish
cathodophores as promising biomolecular tags for multicolor EM. Moreover, our results inform
general design rules for precise control and rational engineering of future generations of single-
particle cathodoluminescent nanoprobes.

Introduction

Precise localization of proteins within the context of cellular ultrastructure such as the
plasma membrane, organelles, and chromatin is responsible for virtually all aspects of cellular
physiology. Unfortunately, no single microscopy technique is perfectly suited for imaging both
the cellular ultrastructure and specific proteins. EM enables ultrastructural imaging at nanoscale
spatial resolution, but has relatively low molecular specificity compared to fluorescence imaging.
The opposite is generally true of fluorescence microscopy. Thus, EM and fluorescence imaging
are orthogonal and complementary in their ability to localize different cellular constituents using
distinct contrast mechanisms. Correlative light and electron microscopy techniques combine the
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Figure 1: Concept and rationale for multicolor electron microscopy via cathodoluminescence imaging of
single cathodophores. (A) Schematic showing the plasma membrane (PM) and three transmembrane receptor
proteins. In EM, only the heavy-metal-stained membrane is observed. CL imaging of receptors labeled with
cathodophores (shown as green and magenta circles) allows localization of cathodophores along with the plasma
membrane. (B) Scanning electron microscopy (SEM) and CL images of the same cathodoluminescent nanocrystal.
Cross-sectional profiles are overlapped on the right for comparison. Identical size of the nanocrystal in both SEM
and CL images confirms a match in spatial resolution between the two detection methods. (C) Ensemble CL spectra
of four distinct cathodophores. Shaded regions represent transmission bands of optical filters that were used in CL
imaging. For comparison of spectral linewidths, the spectrum of red fluorescent protein (RFP) is included. Scale
bars: (B) 20 nm.

benefits of EM and fluorescence imaging'. However, such methods are complicated by
incompatible sample preparation protocols in fluorescence microscopy and EM?. Furthermore,
since the EM and fluorescence images are acquired sequentially, CLEM requires challenging
nanoscale registration of the two types of images®.

Theoretically, it should be possible to use the same scanned electron beam not only to
detect the heavy-metal-stained cellular ultrastructure, but also to directly excite luminescence in
suitable nanoprobes that could serve as multicolor labels for multiplexed molecular detection.
This strategy harnesses the light-electron-matter interaction termed cathodoluminescence (CL)*.
A bioimaging approach based on CL as a contrast mechanism would have two key advantages.
First, because free electrons have a much shorter wavelength than photons, both EM and CL
imaging would have nanoscale resolution limited by the focused electron beam (~5 nm),
providing a perfect spatial match between the two contrast mechanisms at the molecular scale.
Second, CL imaging would have the ability to acquire both ultrastructural (via secondary
electron detection) and molecular (via CL) information from the same 2D scan that would not
require any additional image correlation or registration (Fig. 1A&B).

Ideal nanoprobes for CL imaging would be brightly luminescent and resistant to electron-
induced damage to enable fast and sensitive detection, small (less than 20 nm in diameter,
roughly matching the size of an immunoglobulin antibody) to efficiently label and precisely
localize proteins, and available in a multicolor palette of spectrally distinct types to permit
multiplexed detection of several protein targets in a single experiment. In light of these factors,
sodium-fluoride-based lanthanide nanoparticles — inorganic nanocrystals that contain ions from
the lanthanide series — are promising candidates given their stability under the electron beam?®
and their narrow spectral features, which are suitable for multiplexing using different lanthanide
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dopants (e.g., Ho**, Dy**, Sm**, Tb**)® (Fig. 1C). Unfortunately, CL from multiple, spectrally
distinct, sub-20-nm nanocrystals within the same field of view has never been demonstrated.
Earlier efforts were focused either on single-color imaging of nanocrystals of various sizes®’~"°,
or multicolor imaging of large, >100 nm nanoparticles and nanoparticle aggregates'"'2.

Here, we found that nonlocal excitation of nanocrystals by scattered secondary electrons
was the primary limiting factor preventing multicolor CL imaging of molecular-scale
nanocrystals. We mitigated nonlocal excitation to achieve multicolor CL imaging of nanocrystals
in the same field of view with nanoscale resolution, which is an essential piece of evidence for
single-particle CL detection. This advance allowed detecting single lanthanide nanocrystals,
including NaHoF., NaDyF4, and NaTbF., which we call cathodophores (used interchangeably
with nanocrystals and nanoparticles) by analogy with fluorophores in fluorescence imaging (Sl
Figs. 1-4). Cathodophores down to ~15 nm in diameter were consistently detected. We also
synthesized dual-doped NaHoo sDyq sF4 nanocrystals to generate a distinct spectral signature,
thus increasing the multiplexing capability via co-doping. In general, spectral profiles of single
nanocrystals were consistent with ensemble measurements.

Achieving single-particle sensitivity allowed investigating the CL properties of single
nanocrystals, thereby establishing several rational design rules for cathodophore engineering.
First, we found that CL emission rate increased monotonically with lanthanide doping level,
making maximally doped cathodophores the brightest. Second, CL emission rate depended
linearly on nanocrystal diameter — a favorable scaling for detecting even smaller nanoprobes in
the future. Finally, we demonstrated multicolor CL imaging of cathodophores on the surface of a
mammalian cell processed for EM, establishing both their biocompatibility and resistance to
quenching by heavy-metal staining and sputter-coating. In summary, we developed a
comprehensive pipeline for nanoscale, single-particle CL imaging, and used this methodology to
establish lanthanide nanocrystals as a promising candidate for multiplexed molecular detection
in multicolor EM.

Results and Discussion

Nonlocal electron excitation can prohibit single-particle multicolor CL imaging: CL
imaging was performed using a scanning electron microscope (SEM) with a custom parabolic
mirror and an optical detection system to collect CL (Sl Fig. 5). We observed that in samples
containing two different types of nanocrystals, NaHoF4+ and NaDyF; (i.e., doped with Ho®*" or
Dy*" ions, respectively), excitation of a single nanocrystal (doped with either Ho** or Dy** ions,
but not both) led to CL signal in both Ho*" and Dy** color channels (Fig. 2A). In optical
microscopy, this result would be highly anomalous. It would suggest that a single fluorophore
emits over two distinct spectral ranges. Therefore, we suspected an EM-specific phenomenon:
nonlocal excitation of CL in nanocrystals that were present in the field of view of the parabolic
mirror but were not actively imaged by the primary electron beam.

To determine whether non-local excitation was the source of the crosstalk, we separated
cathodophores of two different colors on a Si wafer (total area ~1 cm?). Half of the wafer was
covered with a thick layer (>1 um) of luminescent NaDyF4 nanocrystals, while the other half of
the wafer was coated with sparsely dispersed individual luminescent NaHoF. nanocrystals
(Fig. 2B). When we imaged the individual isolated NaHoF4 nanocrystals 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 crosstalk between NaHoF, emission and the Dy**
spectral channel (~3%, Fig. 1C, Sl Fig. 6). However, when NaHoF. nanocrystals located closer
than 200 um to the NaDyF4 edge were imaged, luminescence was detected in the Dy** channel
in addition to the expected signal in the Ho** channel (Fig. 2C&D). CL signal in the Dy** channel
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Figure 2: Nonlocal excitation of CL by stray secondary electrons limits multicolor single-particle imaging in
the presence of nanoparticle aggregates. (A) A single lanthanide nanocrystal imaged within a dense sample
containing both NaHoF4 and NaDyF4 nanocrystals. Anomalous luminescence was observed in both Ho®* and Dy®* color
channels. (B) A schematic and an SEM image of a sample containing a concentrated edge of NaDyF4 nanocrystals on
the left and sparsely distributed single NaHoF4 nanocrystals on the right. Single NaHoF4 nanocrystals were imaged at
different distances from the thick NaDyF4 layer to characterize the effect of nonlocal excitation. (Top: schematic, not to
scale; bottom: SEM image). (C) SEM and CL images of sparse NaHoF4 cathodophores at different distances from the
NaDyF, edge. CL was observed in both Dy** and Ho3* color channels when NaHoF, cathodophores were imaged close
to the NaDyF4 edge due to the nonlocal excitation of NaDyF. nanocrystals by stray secondary electrons. (D) Rate of
CL detection from single NaHoF, nanocrystals in Ho** and Dy®* color channels at different distances from the NaDyF,
edge. (E) An illustration of nonlocal CL signal: The primary electron beam excites a single nanocrystal, which emits
both CL and SE. Nearby nanoparticle aggregates are excited by SE, generating aberrant non-local CL signal. Scale
bars: (A, C) 30 nm, (B) 200 nm.

increased from <100 photons/s at >100 um distance to ~12,000 photons/s at 5 ym distance
from the NaDyF4 edge. We attributed this anomaly to the nonlocal excitation of the dense
NaDyF4 layer by stray secondary electrons originating from the single NaHoF4 nanocrystals
actively imaged by the primary electron beam (Fig. 2E).

A typical EM sample of lanthanide nanocrystals deposited on a Si substrate commonly
contained both single isolated nanoparticles and nanoparticle aggregates. When a single
nanocrystal was imaged within such a sample, it served as a source of secondary electrons,
which in turn excited nanoparticle aggregates in the field of view of the parabolic mirror (SI
Fig. 7). Because of this nonlocal electron excitation, CL signal could contain a contribution from
nanoparticle aggregates located tens of microns away from the nanocrystal that was actively
imaged with the primary electron beam. These nonlocal excitations prohibited multicolor single-
particle CL imaging. Fig. 2E illustrates how secondary electrons could cause nonlocal excitation
of nanoparticle aggregates, leading to unexpected CL in multiple color channels. Interestingly,
since the nanocrystals were composed of heavier elements than the Si substrate, they
produced more secondary electrons. Consequently, a nanocrystal imaged by the electron beam



131
132

133
134
135
136
137
138
139
140
141
142
143
144

appeared to emit in multiple color channels, while the background originating from the Si
substrate did not.

Mitigation of nonlocal electron excitation permits multicolor single-particle
imaging of spectrally distinct lanthanide nanocrystals: We asked whether nonlocal
excitation would prohibit multicolor imaging in samples containing only single nanocrystals, in
the absence of nanoparticle aggregates. Such samples require careful preparation, but are
more relevant for future biological applications where single cathodophores tag individual
proteins. First, we used Monte Carlo simulations of electron trajectories to examine the
excitation crosstalk between two adjacent nanocrystals of 20 nm diameter each (Fig. 3A). The
simulations showed that for two neighboring nanocrystals, if one was excited with the electron
beam, <2% of the energy was deposited into the neighboring nanocrystal, even if the two
nanoparticles were in direct contact. Such minimal crosstalk indicated that multicolor CL
imaging with cathodophores should be possible in samples containing individual non-

aggregated nanocrystals.
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Figure 3: Multicolor single-particle CL imaging of spectrally distinct cathodophores at the nanoscale. (A)
Excitation crosstalk between two adjacent nanocrystals as analyzed by Monte Carlo simulations. Nanoparticle 1 (NP1)
was excited with a 3 keV electron beam and the percentage of energy absorbed by NP2 (normalized to that of NP1)
was calculated at different distances, &, from NP1. 5,000 trajectories were simulated at each distance §. (B) SE image
of two cathodophores located in direct proximity. (C) Composite CL image of the cathodophores in (B), obtained by
merging signals in (D) Ho®* color channel and (E) Dy** color channel. (F) Cross-sectional profiles of the CL image along
the dotted line shown in (C). (G) SE image of a field of view containing NaHoFs and NaDyF, cathodophores. (H) Dual-
color CL image of the field of view in (G), obtained by merging (I) Dy** color channel, and (J) Ho* color channel. Each
nanocrystal was detected in one of the two color channels, even when located close to cathodophores of a different
color; see arrows. (K) SE image of a field of view containing NaHoF4, NaDyF4, and NaTbF4 cathodophores. (L)
Composite CL image of the field of view in (K) obtained by merging CL signals from Ho®*, Dy%*, and Tb®* color channels.
(M, N) Zoomed-in SE (left) and CL images (right) from regions indicated in (K, L), and CL cross-sectional profiles along
the dotted lines in (M) and (N). Scale bars: (B-E) 20 nm, (G-L) 100 nm, (M, N) 20 nm.
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To test whether this computational result could be confirmed experimentally, we
optimized the sample preparation to minimize nanoparticle aggregates, obtaining a 2D
distribution of single nanocrystals on the Si wafer (S| section 2). Indeed, using this protocol, we
were able to perform multicolor imaging with NaHoF4 and NaDyF4 nanocrystals in direct
proximity (Fig. 3B&C, Sl Fig. 8). Images of the nanocrystals in Ho** and Dy** color channels
(Fig. 3D&E) and their cross-sectional profiles (Fig. 3F) show that CL signal from the two
nanocrystals was spatially separated, which allowed distinguishing and classifying them. We
also imaged a dense sample of mixed NaHoFs and NaDyF, nanocrystals (Fig. 3G—J, Sl Fig. 9)
and again were able to observe spectrally distinct luminescence at the single-particle level in the
same field of view. Importantly, each nanocrystal appeared in only one of the two CL spectral
channels, even when the nanocrystal was located within a few nanometers from other
nanocrystals of a different spectral identity (Fig. 3B—F and arrows in Fig. 3G-J). We used a
Bayesian approach to assign a color to each nanocrystal. Out of 54 nanocrystals in the image,
23 were classified as NaDyF4 and the remaining 31 as NaHoF4 (Sl Fig. 12, Sl section 8).
Furthermore, we extended CL imaging to three colors using NaHoF4, NaDyF4, and NaTbF4
nanocrystals (Fig. 3K-N, Sl Figs. 10&11). These lanthanide dopants were chosen because of
their minimal spectral overlap. Fig. 3K&L show secondary electron and CL images of a field of
view containing the three types of cathodophores (see Sl Fig. 10 for individual spectral
channels). Again, the nanocrystals emitted CL in spectrally distinct channels even when they
were spatially adjacent to nanocrystals of a different color (Fig. 3M&N).

Overcoming nonlocal excitation due to stray secondary electrons was the key
development in achieving nanoscale, multicolor CL imaging of single cathodophores in one field
of view. Because nonlocal excitation could lead to anomalous apparent luminescence from
nanocrystals, multicolor imaging of multiple types of spectrally distinct nanoparticles in the same
field of view served as an essential piece of evidence for single-particle CL detection. On the
contrary, single-color CL imaging did not by itself establish single-particle CL sensitivity, even
when the CL signal appeared to coincide with the image of the nanocrystal in the secondary
electron channel. As described in the next section, achieving single-particle CL sensitivity not
only permitted multicolor CL imaging, but also enabled accurate single-particle characterization
of CL emission from individual nanocrystals of a single spectral identity. In the presence of
nonlocal CL signal, such measurements led to erroneous brightness values that had no
correlation with nanocrystal size (Sl Fig. 13). Importantly, achieving multicolor single-particle
imaging by eliminating nanoparticle aggregates also allowed rejecting the hypothesis that
anomalous CL signal described in Fig. 2A was caused by excitons diffusing in the Si substrate
rather than secondary electrons scattered in the free space.

Achieving precise control over CL properties by engineering cathodophore
architecture: Achieving single-particle sensitivity in CL imaging allowed enhancing the
brightness and tuning the spectra of individual cathodophores by controlling their architecture.
The brightness of cathodophores not only affects speed and sensitivity of CL detection, but also
the spatial resolution and the labeling specificity as it determines the size of the smallest
detectable cathodophores. A key parameter affecting the brightness of cathodophores is the
concentration of CL-conferring color centers, i.e., lanthanide ions. To evaluate how
concentration of lanthanide ions affected CL brightness, we co-doped cathodophores with a
combination of luminescent lanthanide ions (Ho** or Dy**) and non-luminescent host ions (Gd**)
and assessed their brightness at the single-particle level (see Fig. 4A and Sl section 10 for
detection rate calculations). Gd** ions were chosen because they do not emit light in the visible
spectrum' but occupy the same crystal lattice positions as the emissive lanthanide ions, thus
maintaining the stoichiometry of cathodophores. Fig. 4B shows CL signal of single
cathodophores as a function of Ho*" concentration. Maximal doping yielded the brightest
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Figure 4: Controlling single-particle CL properties by engineering the cathodophore architecture. (A) An
illustration showing calculations to obtain the rate of CL detection, r, and the number of photons obtained in an image
frame from a single cathodophore. ay is the intensity of the N pixel in the CL image, I is the amplitude of the 2D
Gaussian fit of the CL image of a cathodophore, and dt is the pixel dwell time. (B) CL photon detection rate for different
doping concentrations of Ho®* in NaHoGd1«F4 nanocrystals. CL intensity was measured in the Ho®** color channel
(cathodophore diameter: 20-25 nm). (C) CL photon detection rate for different concentrations of Dy3* in NaDyxGd1.xF4
nanocrystals. CL intensity was measured in the Dy3* color channel (cathodophore diameter: 20-25 nm). (D) CL photon
detection rate of cathodophores containing an inert NaYF4 shell, compared to the rate of CL from cathodophores with
no shell (cathodophore diameter: 18—23 nm in both cases). CL signal from cathodophores with Ho®** and Dy®* cores
was measured in Ho®* and Dy®* color channels, respectively. (E) CL photon detection rate of cathodophores containing
both Ho** and Dy** ions, i.e., NaHoo sDyosF4, in Ho®* and Dy®* color channels (cathodophore diameter: 18—-23 nm).
Photon detection rates for NaHoF4 and NaDyF4 nanocrystals of 18—-23 nm diameter are shown for comparison. Gray
dots show background CL from non-luminescent NaGdF4 nanocrystals in the respective color channels. (F) Three-color
imaging with NaHoF4, NaDyF 4, and NaHoo sDyo 5F4 cathodophores. NaHoF 4 and NaDyF 4 emitted only in Ho®* and Dy3*
color channels, respectively, while NaHoo sDyo.sF4 luminesced in both channels. Scale bars: (B, C, E) 20 nm, (F: SEM
and CL images) 100 nm, (F: zoomed-in images) 20 nm. Error bars in (B—E) represent mean and standard deviation of
the data.
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~1,800 photons/s. Similarly, a monotonic increase in CL signal was observed with increasing
concentration of Dy*" ions in the NaGdF; lattice (Fig. 4C).

Naively, a proportional increase in brightness with emissive ion concentration may seem
obvious. However, in upconverting lanthanide nanocrystals, the brightness can decrease with
an increase in the concentration of emissive lanthanide ions due to a variety of energy migration
and cross-relaxation processes'. This discrepancy could arise because cathodophores were
doped with only one type of lanthanide ion, direct excitation of which was responsible for the CL
signal, while in upconverting nanocrystals, an interaction between sensitizer and activator ions
is required to facilitate the upconversion process®. To test whether direct excitation of Ho®*" ions
could lead to CL outside of the context of a sodium fluoride crystal, we imaged a synthetic
precursor to the cathodophores (lanthanide chloride, HoCls3) that had not been incorporated into
a nanocrystalline lattice. We found that HoClz was both luminescent and spectrally consistent
with NaHoF4 cathodophores (Sl Fig. 16).

Surface quenching can significantly reduce the brightness of upconverting nanocrystals
due to nonradiative energy transfer to surface defects and to the solvent'®. Indeed, epitaxial
growth of optically inert shells on top of active luminescent cores can enhance the brightness of
upconverting nanocrystals by up to two orders of magnitude. To test whether cathodophores
were getting quenched due to non-radiative losses at the nanoparticle surface, we epitaxially
grew optically inert NaYF shells of ~4 nm thickness on top of luminescent NaHoFs and NaDyF4
cores and contrasted the CL response of these core-shell cathodophores with their core-only
counterparts. We found that for cathodophores of 18-23 nm total diameter (either core-only or
including the shell), the detected CL rate was practically identical between core-only and core-
shell nanocrystals (Fig. 4D, S| Fig 4). Although inert shells did not increase cathodophore
brightness on the per-volume basis, accounting for the total number of emissive lanthanide ions
in each type of nanocrystal led us to conclude that each emissive lanthanide ion in core-shell
nanoparticles was ~2-3 times brighter than in core-only nanocrystals. This increase in
brightness could be either due to the passivating effect of the inert shell, or due to an increased
overlap between the electron interactions volume and the optically active core in core-shell
versus core-only nanocrystals. Regardless, because the increased per-ion brightness of core-
shell nanocrystals was offset by their larger diameter, core-shell nanocrystals did not provide a
net gain in CL intensity per nanoparticle size. The relative insensitivity of cathodophore CL
brightness to inert shells was likely at least in part due to apparent saturation of cathodophore
luminescence at the explored values of electron beam current (Sl Fig. 17). Core-only
nanocrystals were used for all subsequent measurements.

Next, we asked whether multiple lanthanide ions with non-overlapping emission spectra
could be co-doped into a single nanocrystal to generate cathodophores with distinct spectral
signatures. If available, such permutationally co-doped cathodophores could enable multiplexed
protein detection using fewer spectral detection channels. Fig. 4E shows CL emission from
cathodophores co-doped with both Ho** and Dy** ions in equal proportions, resulting in the
NaHoo sDyo.sF4 nominal chemical formula. The CL signal from these cathodophores was visible
in both Ho®*" and Dy** color channels, while their singly doped counterparts exhibited
luminescence in only one of the two channels. As expected, the CL signal of NaHoo 5Dy s5F4 was
dimmer than NaHoF, in the Ho®** color channel and dimmer than NaDyF, in the Dy** color
channel. This is because dual-doped nanocrystals contained fewer Ho** and Dy** ions than
each of the singly doped cathodophores, respectively. Despite this reduced brightness, sub-20-
nm NaHoo sDyo sF4 cathodophores could be detected in both Ho®*" and Dy** spectral channels
(Fig. 4E). We then successfully performed three-color imaging using NaHoo sDyosF4 as an
additional color along with NaHoF4 and NaDyF4 cathodophores (Fig. 4F). These results
demonstrate the utility of co-doping multiple lanthanide ions into a single nanocrystal to obtain
spectrally distinguishable cathodophores, thus increasing the multiplexing capability.
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Characterization of single-particle CL emission in lanthanide cathodophores:
Since single cathodophores are clearly visible in the secondary electron channel, cathodophore
localization can be done with secondary electrons, which have a much higher quantum yield
than CL, thus allowing faster imaging. CL would then be used solely for the purpose of spectral
color assignment. This decoupling of cathodophore brightness from localization precision
differentiates CL imaging from single-molecule localization microscopy and permits
simultaneous nanoscale imaging and spectral identification with only a few tens of photons
detected above the background for a single cathodophore. We therefore wished to determine
the smallest size of cathodophores that would provide a sufficient number of photons for color
assignment. Small cathodophores are desirable because they would lead to better spatial
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Figure 5: Characterization of single-particle CL emission from cathodophores. (A) CL photon detection rate as
a function of diameter (full width at half maximum of SE images) for NaHoF4, NaDyFs, NaSmF4, and NaTbF,
cathodophores across the spectral filters matched to their primary emission peaks. Linear fits to the CL signal as a
function of diameter are also shown. (B) SNR of CL images for NaHoF 4, NaDyF4, NaSmF4, and NaTbF4 cathodophores
when imaged through their respective spectral filters. Data is for cathodophores of 18-23 nm diameter. SNR from non-
emitting control NaGdF4 nanocrystals is shown as gray dots. (C) Representative CL images with different SNRs. (D)
CL Spectra of single cathodophores (SE images on the right) and the corresponding ensemble spectra (gray). (E)
Electrobleaching of single cathodophores. Total CL photons detected per frame (5 ms pixel dwell time) for NaHoF4
(magenta) and NaDyF, (green) cathodophores of 17 + 1 nm, 20 + 1 nm and 23 + 1 nm diameters. Single exponential
decay fits are also shown. Background from NaGdF4 control nanocrystals of similar size is shown in gray. Scale bars:
(C) 20 nm, (D) 50 nm. Error bars in (B) correspond to mean and standard deviation of the data.
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resolution and, due to reduced steric effects, would permit efficient cell and tissue penetration
and biomolecular targeting.

To understand how the CL emission rate scales with nanocrystal size and to determine
the size limit of detection, we imaged single cathodophores of different sizes. The brightness of
all types of cathodophores scaled linearly with their diameter (Fig. 5A). This linear relationship
suggested that the brightness of a cathodophore was primarily determined by its axial
dimension. This observation was consistent with Monte Carlo simulations of electron
trajectories, which revealed that the total energy absorbed by a cathodophore excited with a
3 keV electron beam was proportional to the diameter of the cathodophore (Sl Fig. 21).
Specifically, this linear relationship arose due to the cylindrical shape of the interaction volume
between the 3 keV electron beam and the nanocrystals in the 15-30 nm diameter range (S|
Fig. 21). Ideally, the entire volume of a cathodophore would be excited by the electron beam,
which would lead to a cubic relationship between cathodophore brightness and its diameter.
However, matching the electron interaction volume to the volume of a 20-nm-diameter
cathodophore would require using beam energies that were too low for our experimental setup
(~1 keV, see Sl Fig. 19). Thus, we note that cathodophores were not excited optimally,
suggesting opportunities for optimization.

Fig. 5A also shows that the brightness (detected photons/s) of cathodophores depended
on the type of lanthanide ion, which was likely due to a combination of variations in the energy
concentrated in the primary emission peak (e.g., 59% for Ho** and 40% for Sm*", Sl Fig. 6),
differing levels of electrobleaching, different absorption cross-sections, and different quantum
yields of lanthanide ions. The size of the smallest detectable cathodophore for a given dopant
was limited by the background CL from the Si substrate, which followed Poisson statistics (S|
Fig. 22). To detect cathodophores above this background, a minimum CL detection rate of 160
photons/s (8 total detected photons) was required. This rate corresponded to ~15-nm-diameter
cathodophores containing Ho**, Dy*" and Tb®" ions or ~18-nm-diameter cathodophores
containing Sm*" ions (S| Figs. 23-26). Hence, irrespective of the dopant, sub-20-nm
cathodophores were detected and classified (Fig. 5B). Coincidentally, ~15 nm was also the
smallest size of nanocrystals that could be detected in the secondary electron channel of our
SEM (SI Fig. 25). This observation suggests that, in addition to CL brightness, limitations of
contrast and resolution in secondary electron imaging could influence the determination of the
size limit of detection in our measurements, making 15 nm a conservative estimate of the
minimal detectable cathodophore diameter. Importantly, the linear dependence of CL emission
with nanocrystal size discussed above is favorable for significantly reducing the minimum size of
detected nanocrystals in the future. For example, under linear scaling, reducing the nanocrystal
size by a factor of two would only reduce its signal proportionally, while under volumetric
scaling, the signal would drop by a factor of eight.

To harness cathodophores as bioimaging probes in EM, lanthanide nanocrystals would
have to demonstrate resistance to electron-beam-induced damage and spectral stability down
to nanoscale size. Indeed, we observed spectral stability of single cathodophores, i.e.,
consistent spectral profiles between single-particle and ensemble measurements (Fig. 5D, Sl
Fig. 27&28), which was crucial to match the optical filters to the main emission peaks of
cathodophores and thereby minimize the impact of broadband CL from the Si substrate.
Furthermore, to determine the electrobleaching rate of single cathodophores, we measured CL
emission from NaHoF4 and NaDyF4 nanocrystals of different sizes as a function of time (Fig. 5E,
S| Figs. 29&30). Interestingly, despite their dimmer luminescence compared to NaHoF4
nanocrystals, NaDyF. cathodophores showed negligible electrobleaching across all sizes. In
contrast, NaHoF, cathodophores, which were brighter than NaDyF4 nanocrystals, were
susceptible to measurable electrobleaching. Moreover, this electrobleaching was exacerbated
when the electron beam current was increased (S| Fig. 18). However, despite electrobleaching,
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NaHoF4 cathodophores provided more detected photons than NaDyF4 cathodophores within our
measurement timeframe. The luminescence rate of NaHoF4 cathodophores allowed detection of
cathodophores down to ~15 nm diameter (see Sl Fig. 26 for the imaging time required to detect
cathodophores as a function of their size). These results demonstrate a complex dependence of
electrobleaching on multiple factors, including lanthanide dopant identity, cathodophore size,
and electron beam current. The precise mechanism of electrobleaching in lanthanide
cathodophores remains to be understood.

Biocompatible multicolor single-particle CL imaging of cathodophores: Having
characterized the emission properties of optimally designed cathodophores on a Si substrate,
we next tested their compatibility for bioimaging. Specifically, we sought to achieve multicolor
detection of single cathodophores 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 imaging, is the intrinsic luminescence of unlabeled cells
excited with the electron beam®'®. Fixed HEK293T cells exhibited broadband auto-CL emission
(Sl Fig. 31) and resulted in an average of ~4,300 and ~2,700 photons/s in Dy** and Ho** color
channels, respectively (Fig. 6A). This auto-CL not only reduced the SNR of cathodophores, but
also resulted in unexpected CL signal in multiple color channels due to nonlocal excitation of

(A) Auto-CL from cells (B) (C) CL on wafer vs cells

il Sall @ NaHoF, @ NaDyF,
si 1: Fix cells 2: Wash with OsO, s
i 3 x10

Ho* (]
o filter

3: Add cathodophores 4: coat

‘.ﬂ.

r (photons/s)
r (photonsls)

0
No 0sO, No 0sO,

0s0, 0s0, 0
Wafer Cells Wafer Cells

Figure 6: Biocompatible multicolor single-particle CL imaging using cathodophores (A) Auto-CL photon
detection rates from cells with and without OsO4 treatment in Ho®* and Dy3* color channels. CL background from the
Si substrate is also shown for comparison (dashed line). (B) An illustration showing the sample preparation procedure
for imaging cathodophores on cells. HEK293T cells were fixed, treated with OsO4 and dried with HMDS (HMDS drying
is not shown in the illustration). Cathodophores were then drop-cast onto the cells. The biological sample with
cathodophores was then sputter-coated with a Pt/Pd mixture for SEM imaging. (C) CL detection rate from single, 18—
23-nm-diameter NaHoF4 and NaDyF4 cathodophores on cells prepared for SEM imaging. Samples were prepared
according to panel (A). (D) SE image of a cell prepared according to (A) with NaHoF4 and NaDyF,4 cathodophores on
the surface. (E, F) Zoomed-in SE (E) and CL (F) images of the region marked with a yellow square in (D). (G) Merged
image of the SE and CL channels. Scale bars: (A) 10 um, (D) 1 um, (E-G) 100 nm. Error bars in (B, C) correspond to
mean and standard deviation of the data.
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auto-CL when imaging the cathodophores — a similar effect to the one presented in Fig. 2. We
found that osmium tetroxide (OsOs), a standard fixative and staining agent in EM sample
preparation, overcame the auto-CL of cells (Fig. 6A). The auto-CL from OsOs-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 cathodophores deposited on the surface of HEK293T cells
prepared for standard SEM imaging (see Fig. 6B, Sl section 18). Surprisingly, EM sample
preparation, including OsO treatment that was used to mitigate auto-CL, and sputter-coating
with a 2.5-nm-thick 80:20 Pt:Pd mixture to avoid sample charging, did not quench CL from
NaHoF4 and NaDyF4 cathodophores (Fig. 6C). CL signal from the cathodophores on cells
matched the CL signal of cathodophores on the Si substrate (Fig. 6C). Importantly, sharp
spectral features of cathodophores, conducive to efficient spectral filtering and auto-CL
background suppression, allowed performing high-SNR single-particle imaging even in a cellular
setting. Similar to imaging with the Si substrate, we could detect and classify sub-20-nm
cathodophores on the surface of mammalian cells. This result was critical in establishing the
stability of cathodophore luminescence in a biological context.

Finally, we successfully performed multicolor imaging of NaHoF4 and NaDyF4
cathodophores on the surface of HEK293T cells (Fig. 6D—G). Each cathodophore emitted CL in
only one spectral channel, making it readily distinguishable. Both the nanoscale location and the
spectral identity of each cathodophore, 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 susceptibility of fluorescent dyes to quenching by EM sample preparation
protocols?, these findings highlight the remarkable photophysical stability of lanthanide
nanocrystals. Collectively, these results establish cathodophores as promising candidates that
are uniquely suitable for biomolecular labeling in multicolor EM.

Conclusion and Future Directions

Cathodoluminescence is an attractive contrast mechanism for cellular imaging because
it would permit simultaneous ultrastructural imaging and single-particle molecular localization at
the nanoscale without the need for spatial registration of images from disparate microscopy
techniques. Here, we demonstrate single-particle CL imaging using lanthanide nanocrystals
(cathodophores). Cathodophores were well suited for multicolor imaging because of their
narrow emission peaks (10—-20 nm spectral width) characteristic of the 4f—4f transitions in
lanthanide ions®. The ionic nature of lanthanide emission also made cathodophores relatively
stable to electron beam irradiation. Another benefit of using cathodophores for CL imaging was
their strong contrast in secondary electron images, which allowed precise localization without
photon detection; CL color channels were used solely for spectral classification. For this reason,
the required number of detected photons was much lower when compared to single-molecule
localization microscopy, which relies on photon detection for localization'’.

Overcoming nonlocal excitation by stray secondary electrons was the key advance
enabling single-cathodophore measurements. We developed a comprehensive pipeline for
single-particle CL imaging and showed, for the first time to our knowledge, imaging of multiple
cathodophores of different colors in the same field of view. The ability to image single
cathodophores allowed studying CL properties of lanthanide nanocrystals, developing optimal
imaging parameters, tuning the nanocrystal architecture to achieve enhanced brightness, and
generating cathodophores with unique spectral signatures via co-doping. The CL emission rate
of single cathodophores increased monotonically as a function of lanthanide ion concentration
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and was proportional to the nanocrystal diameter. These results suggest general design rules
for precise engineering of cathodophore luminescence. The smallest detectable cathodophores
were ~15 nm in diameter, making them comparable in size to immunoglobulin antibodies'®. We
also showed biocompatibility of cathodophores by imaging them on the surface of heavy-metal-
stained and sputter-coated mammalian cells. CL of cathodophores was spectrally stable and
resistant to quenching in this biological context. These findings establish cathodophores as
attractive protein labels for future applications in multicolor EM, which would enable visualization
of multiple targets against the backdrop of cellular ultrastructure.

Many improvements to the state of the art in cathodophore imaging can be immediately
envisioned. For example, to further enhance the multiplexing capability, cathodophores of
additional colors can be obtained by exploring the remaining lanthanide ions, which would result
in up to nine distinguishable colors®. This number could be significantly expanded by
permutationally co-doping individual cathodophores with multiple lanthanide ions of different
colors. Moreover, the SNR of cathodophores could be increased by better matching the electron
excitation volume with the nanocrystal dimensions, designing new cathodophore architectures
for increased brightness, and reducing CL background from the biological sample.
Methodological developments that would enable these advances include exploring lifetime
imaging, reducing the electron beam landing energy, and reducing the working distance in EM
imaging. These strategies would further decrease the size of the smallest detectable
cathodophores, which already approximately matches the size of immunoglobulin antibodies.

In the future, cathodophores can be used to understand the fascinating cell biology of
membrane-associated structures that play a role in a vast number of cellular processes,
including transmembrane signaling, endocytosis and exocytosis, cell-cell contact formation,
autophagy, and cell division. The natural next step in the application of cathodophores to
biological imaging would be their functionalization and targeting to label biomolecules of
interest, as well as studies of their penetration into cells and tissues. To this end, existing
approaches to functionalization and targeting of upconversion nanoparticles can be
leveraged'®?°. This, combined with 3D EM sample preparation techniques such as resin
embedding and either ultrathin sectioning?'?? or focused ion beam milling?®, would enable
simultaneous visualization of cellular ultrastructure and proteins over entire cells and tissues.
Integration of CL imaging with transmission EM, including cryo-EM and cryo-electron
tomography, may also be achievable. Lastly, the findings of this work may encourage
exploration and systematic characterization of alternative CL-active biolabels, including not only
other types of nanoprobes, but also small-molecule cathodophores.

Materials and Methods

Nanocrystal synthesis: NaHoF., NaDyF4, NaTbF4, NaSmF., and NaGdF4 nanocrystals
were synthesized by the coprecipitation method based on previously reported protocols® %2425,
Briefly, the appropriate lanthanide chloride hydrate was mixed with oleic acid and 1-octadecene.
The reaction was placed under vacuum and the temperature was set to 160 °C for 30 min. Next,
the solution was cooled to <30 °C. Sodium hydroxide and ammonium fluoride were combined in
methanol, then added to the lanthanide oleate solution. The reaction was mixed for 60 min at
room temperature. The temperature was increased to 70-80 °C and maintained for 30 min.
Then, for the nanocrystal 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 dual-doped nanocrystals (e.g., NaHoo sDyo sF4) and partially doped nanocrystals
(e.g., NaHoo 3Gdo 7F4), synthesis was performed as described above, except the total molar
quantity of lanthanide chloride hydrates was divided into two quantities based on the desired
molar ratio of the two lanthanides. For core-shell nanocrystals, cores were first synthesized as
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described above then washed with ethanol. Next, shells were synthesized via a second reaction
as described above, except the washed core nanocrystals were added to the reaction during
addition of ammonium fluoride and sodium hydroxide. Nanocrystals were stored as-synthesized
in oleic acid and 1-octadecene at room temperature. Details provided in S| Section 1.

Nanocrystal sample preparation: As-synthesized nanocrystals were washed by mixing
them with ethanol and centrifuging. The resulting pellet was resuspended in n-hexane. This
ethanol wash step was performed five times. Finally, the n-hexane-suspended nanocrystals
were left undisturbed overnight. Nanocrystals were then pipetted from the top of the settled
solution. The nanocrystal solution was drop-cast onto a TEM grid or a plasma-cleaned p-type Si
wafer for characterization by TEM or SEM, respectively. Details provided in SI Section.

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 ~1.341r 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 filters, 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), Semrock FF01-598/25 (Sm** color
channel) and Chroma ET550/20X (Tb** color channel). Details provided in Sl Section 3.

Single-particle spectral measurements: For single-particle spectra, a cathodophore
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 a beam 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. Spectra presented in Fig. 5D were obtained using
this method. Details provided in Sl Sections 3 and 16.

Ensemble spectral measurements: For ensemble spectra, a dense sample of
cathodophores was prepared. 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. Spectra presented in Fig. 1C were obtained
using this method. Details provided in S| Section 3.

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 distance was 6—7 mm.
Both the Zeiss SmartSEM software and custom LabVIEW software were used for image
acquisition. A region of interest (~20-100 pixels x 20—100 pixels) was captured with a pixel size
of 4-8 nm. Four images were captured during each scan of the electron beam: one secondary
electron (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 nanocrystals, 50 frames were captured with a dwell time of
1 ms each, resulting in an effective beam dwell time of 50 ms/pixel. These conditions translate
to a current density of 3—12 pA/nm? and a total electron dose of ~62.5 x 10° electrons/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. Details provided in S| Section 4.

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. Cathodophores
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themselves were used as fiducial markers in SE images. The position of a cathodophore was
determined by fitting a 2D Gaussian function to its SE image. Euclidean distance between the
positions of the cathodophore in successive SE frames was calculated and rounded to the
nearest integer. This distance was then used to translate SE and CL images to account for the
drift during image acquisition. Details provided in S| Section 4.

CL emission rate and photons/frame: CL properties of a cathodophore 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 cathodophore in an SE image
was determined by fitting a 2D Gaussian function. The CL image was then fit to a 2D Gaussian
function of the form:

(x —X¢)? _ ¥ = ¥0)?
20?2 20

S(x,y)=b+ aexp|— =b+G(x,y)

where (x,, y,) is the center position of the cathodophore, b is the background, a is amplitude,
and o, and g, are the standard deviations of the 2D Gaussian function. ¢(x,y) is the 2D
Gaussian fit to the cathodophore without the background. Importantly, in this equation, x0, y0,
o, and g, were constrained by the 2D Gaussian fit of the SE image. The rate of CL emission

was determined as r = % % 1,000, and the total number of photons emitted by the cathodophore
in a frame was calculated by summing over G(x,y).

Signal-to-noise ratio (SNR) analysis: SNR of a cathodophore in a CL image was
determined using the equation S/N, where S corresponds to the summation over G(x,y), i.e.,
S =YG(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 calculated as /I(x, y), where I(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 2o radius from the center of the cathodophore as N = /ZNL.Z =JXI(x,y).

Hence, the overall SNR for a single cathodophore was given by% = 5%

Size of the cathodophore: The diameter (also referred to as size) of a cathodophore
was determined from the oversampled SE images taken with the ZEISS SmartSEM software
(pixel size 0.2—0.6 nm). To determine the diameter of a cathodophore, a 2D Gaussian function
was fit to its SE image. Diameter was defined as the full width at half maximum (FWHM) of this
fit. FWHM was calculated from the standard deviation of the Gaussian fit as 2.360. Here ¢ is the
average of the two standard deviations (o, and g, ) of the 2D Gaussian fit.

Electrobleaching analysis: To analyze electrobleaching, CL from cathodophores was
measured at successive time points. A total of 50 images was captured, each with a pixel dwell
time of 1 ms. Electrobleaching was evaluated by monitoring the change in CL signal in binned
5 ms intervals (i.e., 5 frames in each bin). Details provided in SI Section 17.

Biological sample preparation: Cultured cells were prepared for CL imaging via
osmium tetroxide treatment and hexamethyldisilazane (HMDS) drying, based on previously
reported protocols®?. Briefly, HEK293T cells were seeded on plasma-cleaned Si wafers,
washed with PBS, and fixed with formaldehyde and glutaraldehyde in PBS for 15 min. Cells
were washed with PBS and incubated in osmium tetroxide in PBS for 10 min. Then, cells were
washed repeatedly with MilliQ water for 2 hours. Cells were gradually transitioned into ethanol
by increasing from 10% ethanol to 100% ethanol using steps of 10%. Upon reaching 100%
ethanol, cells were incubated in fresh ethanol for 20 min twice. Next, cells were gradually
transitioned into HMDS by increasing from 25% HMDS in ethanol to 100% HMDS using steps of
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25%. When 100% HMDS was reached, cells were incubated in fresh HMDS for 20 min twice.
Finally, the majority of HMDS volume was removed, and cells were air dried. If appropriate,
hexane-suspended cathodophores were drop-cast onto the cells. Cells were sputter-coated with
80:20 Pt:Pd. Details provided in Sl Section 18.
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