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Abstract

The technique of color EM that was recently developed enabled localization of specific 

macromolecules/proteins of interest by the targeted deposition of diaminobenzidine (DAB) 

conjugated to lanthanide chelates. By acquiring lanthanide elemental maps by energy-filtered 

transmission electron microscopy (EFTEM) and overlaying them in pseudocolor over the 

conventional greyscale TEM image, a color EM image is generated. This provides a powerful tool 

for visualizing subcellular component/s, by the ability to clearly distinguish them from the general 

staining of the endogenous cellular material. Previously, the lanthanide elemental maps were 

acquired at the high-loss M4,5 edge (excitation of 3d electrons), where the characteristic signal is 

extremely low, and required considerably long exposures. In this paper, we explore the possibility 

of acquiring the elemental maps of lanthanides at their N4,5 edge (excitation of 4d electrons), 

which occurring at a much lower energy-loss regime and contains significantly greater total 

characteristic signal owing to the higher inelastic scattering cross-sections at the N4,5 edge. 

Acquiring EFTEM lanthanide elemental maps at the N4,5 edge instead of the M4,5 edge, provides 

~4x increase in signal-to-noise and ~2x increase in resolution. However, the interpretation of the 

lanthanide maps acquired at the N4,5 edge by the traditional 3-window method, is complicated due 

to the broad shape of the edge profile and the lower signal-above-background ratio. Most of these 

problems can be circumvented by the acquisition of elemental maps with the more sophisticated 

technique of EFTEM Spectrum Imaging (EFTEM SI). Here, we also report the chemical synthesis 

of novel second generation DAB lanthanide metal chelate conjugates that contain 2 lanthanide 

ions per DAB molecule in comparison with 0.5 lanthanide ion per DAB in the first generation. 

Thereby, four-fold more Ln3+ per oxidized DAB, would be deposited providing significant 

amplification of signal. This paper applies the color EM technique at the intermediate-loss energy-

loss regime to three different cellular targets, namely using mitochondrial matrix-directed APEX2, 

histone H2B-Nucleosome and EdU-DNA. All the examples shown in the paper are single color 

EM images only.
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INTRODUCTION

The Electron Microscope (EM) has gained immense popularity within the scientific 

community since its invention1, partly because in addition to providing for the acquisition of 

high resolution images, it also has the ability to simultaneously investigate the chemical/

elemental composition of the sample. The elemental composition of the sample is primarily 

obtained either by Energy Dispersive X-ray (EDX) or Electron Energy Loss Spectroscopy 

(EELS), with the latter having higher sensitivity and resolution2–4. The EELS technique has 

been applied in materials science to map elements with single atom sensitivity5–7 and in 

biological science to detect and quantify many endogenous elements 8–11. The EELS 

technique can be applied either in the Transmission Electron Microscopy (TEM) mode, 

generally referred to as the Energy Filtered TEM (EFTEM) 12–16 or in the Scanning 

Transmission Electron Microscopy (STEM) mode, referred to as STEM-EELS or EELS 

Spectrum-Imaging17–22. Although EFTEM mode has lower sensitivity than STEM-EELS, it 

provides larger fields of view, at least an order of magnitude larger, typically 105 – 107 

pixels in comparison to 103 – 105 pixels in STEM-EELS10,17. For certain biological 

applications, a more encompassing field of view is just as important as either resolution or 

sensitivity, as is the case for the application of color EM electron probes to simultaneously 

label multiple cellular proteins/organelles in cells23–25. In the method that we developed, the 

localization of the multiple targeted molecules was achieved by the sequential deposition of 

specific lanthanide chelates conjugated to diaminobenzidine, which were selectively 

oxidized by orthogonal photosensitizers / peroxidases23. The core-loss or high-loss (M4,5 

edge) elemental map/maps of the lanthanides obtained by the EFTEM mode were then 

overlaid in pseudo-color onto a conventional electron micrograph to create color EM 

images23,26,27.

The M4,5 core-loss edge for the lanthanides occurs at an energy loss > 800 eV. At these 

energy loss regions, the elemental signal is an extremely small fraction of the total incident 

beam3, requiring exposure times exceeding several minutes to acquire an elemental map. 

Such long exposures lead to poor image quality primarily due to specimen drift28, which can 

be somewhat offset, by taking a series of EFTEM images at shorter exposure times and then 

using drift correction to align them into a single image28–32. In additional to the 

aforementioned drift correction strategy, we demonstrated that using a Direct Detection 

Devices (DDD) instead of the traditional phosphor-based scintillator imaged by a photo-

sensitive Charge Coupled Device (CCD) to obtain EFTEM maps provided significant 

improvements to signal-to-noise (SNR) and spatial resolution30. The proof of concept, of the 

inherent advantages of directly detecting electrons for spectroscopy, versus photo-conversion 

in a scintillator, was first demonstrated by Egerton, but he had to limit routine use in this 

mode due to the excessive beam damage33. It was only recently that beam-hardened CMOS 

Direct Detection Devices (DDD) able to operate continuously for months on a 300 KV TEM 

without significant beam damage were invented34–41. Recently, other labs have also started 

to use DDD, primarily for STEM-EELS, to improve the spectral resolution and SNR42–44.

However, in spite of these advances in EFTEM elemental mapping, we are fundamentally 

limited by the total intensity available at the high energy loss regions, which decreases 

exponentially with the increase in energy loss, in the so called Power Law form3. 
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Alternatively, lanthanides also have a relatively strong N4,5 edge which occur at much lower 

energy loss regions, at 99 eV and 195 eV, in comparison to the M4,5 edge onset at 832 eV 

and 1588 eV for La and Lu respectively45. It has been suggested in the ‘EELS Atlas’, that 

for lanthanides the N4,5 edge can also be used for elemental mapping and microanalysis45. 

In continuation of our work of acquiring EFTEM elemental maps on the DDD, this paper 

discusses the advantages and pitfalls of obtaining elemental maps at the lower energy loss 

region (N4,5 edge) for biological samples specifically labeled with lanthanide conjugated 

diaminobenzidine. Technically, the energy loss region up to 50 eV is considered Low-Loss 

region, and the energy loss region > 50 eV is considered High-Loss region2. In this report to 

make a clear distinction between the M4,5 and N4,5 edge of the Lanthanides, we will refer to 

the M4,5 edge as the high-loss (HL) region and the N4,5 edge as the intermediate-loss (IL) 

region. To facilitate these studies and future applications of color-EM, we also report the 

synthesis and application of a novel second generation series of lanthanide chelates of DAB 

(Ln2-DAB) that deposit more metal upon DAB (photo)oxidation.

MATERIALS and METHODS

Materials

Reagents were obtained from Sigma-Aldrich (St. Louis, MO). Solvents and cell culture 

reagents were obtained from Thermo Fisher Scientific (Pittsburgh, PA) except where noted. 

Reactions were monitored by LC-MS (Ion Trap XCT with 1100 LC, Agilent, Santa Clara, 

CA) using an analytical Luna C18(2) reverse-phase column (Phenomenex, Torrance, CA), 

acetonitrile/H2O (with 0.05% v/v CF3CO2H) linear gradients, 1 mL/min flow, and ESI 

positive or negative ion mode. Compounds were purified by silica gel column 

chromatography or alternatively by preparative HPLC using the above gradients and semi-

preparative Luna C18(2) columns at 3.5 ml/min. UV−Vis absorption spectra were recorded 

on a Shimadzu UV-2700 (Kyoto, Japan) spectrophotometer. A second generation of the 

lanthanide chelates of the DAB (Ln2-DAB) was chemically synthesized (see figure 1), 

which has 4 times the metal/lanthanide per DAB than the first generation (Ln-DAB2). For 

the detailed description of the chemical synthesis of Ln2-DAB, please refer to the 

supplementary section.

Samples

Three sets of samples were prepared of three different cellular targets, namely using 

mitochondrial matrix-directed APEX2, histone H2B-Nucleosome and EdU-DNA. Also, 

each of these 3 samples were labeled with DAB conjugated to three different lanthanide 

chelates: cerium, lanthanum and neodymium, respectively. The cerium and lanthanide DAB 

chelates were of second generation (Ln2-DAB) and the neodymium DAB chelate was of the 

first generation (Ln-DAB2).

Finally, a fourth set of samples were prepared, that served as a control, mitochondrial 

matrix-directed APEX2 labeled with unmodified DAB i.e. DAB without any lanthanide 

chelate bound to it. For detailed description of the preparation protocols for each of the 

sample, please refer to the supplementary section.
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Specimen processing post secondary fixation.—Post fixative was removed from 

cells and were rinsed with 0.1M sodium cacodylate buffer pH 7.4 (5×1min) on ice. Cells 

were washed with ddH2O at room temperature (5×1min) followed by an ice-cold graded 

dehydration ethanol series of 20%, 50%, 70%, 90%, 100% (anhydrous) for one minute each 

and 2×100% (anhydrous) at room temperature for 1 minute each. Cells were infiltrated with 

one part Durcupan ACM epoxy resin (44610, Sigma-Aldrich) to one part anhydrous ethanol 

for 30 minutes, 3 times with 100% Durcupan resin for 1 hours each, a final change of 

Durcupan resin and immediately placed in a vacuum oven at 60°C for 48 hours to harden. 

Cells were identified, cut out by jewel saw and mounted on dummy blocks with Krazy glue. 

Coverslips were removed and 100 nm thick specimen sections were created with a Leica 

Ultracut UCT ultramicrotome and Diatome Ultra 45° 4mm wet diamond knife. Sections 

were picked up with 50 mesh gilder copper grids (G50, Ted Pella, Inc) and carbon coated on 

both sides with a Cressington 208 Carbon Coater for 15 second at 3.4 volts.

Electron Microscopy

Electron microscopy was performed with a JEOL JEM-3200EF transmission electron 

microscope, equipped with a LaB6 source operating at 200 KV. The microscope is fitted 

with an in-column Omega filter after the intermediate lenses and before the projector lenses. 

The Cs and Cc aberration coefficients of the objective lens are 3.2 and 3.0 mm respectively. 

Conventional TEM and EFTEM images were collected using a condenser aperture of size 

120 μm, an objective aperture of size 30 μm and entrance aperture of size 120 μm was used. 

Additionally, a selective area aperture of size 50 μm was used for acquisition of electron 

energy-loss spectra. The spectrometer energy resolution is 2 eV, measured as the FWHM of 

the zero-loss peak. Before the acquisition of elemental maps, the sample was pre-irradiated 

with a low beam dose of ~ 3.5 × 104 e-/nm2 for about 20 mins to stabilize the sample and to 

reduce contamination46.

The conventional TEM images and electron energy loss spectra were acquired on an 

Ultrascan 4000 CCD from Gatan (Pleasanton, CA). All the elemental maps, irrespective of 

whether it is a high-loss or an intermediate-loss map, were acquired on a DE-12 camera, 

which is a DDD from Direct Electron LP (San Diego, CA). The maps presented in this paper 

were acquired either by the traditional 3-window method3,47 or by the EFTEM Spectrum 

Imaging (EFTEM SI) technique48–51. For the 3-window method, to mitigate the effects of 

sample drift, instead of acquiring a single Pre-edge 1, Pre-edge 2 and Post-edge image for 

long exposures, a series of images of shorter durations for each of the pre-edge and the post-

edge were acquired. These images were drift corrected and merged to form a single image 

pre-edge or post-edge image as the case may be. Also, instead of sequentially collecting the 

entire series of images at one energy window before proceeding to the next energy window, 

we acquired a set of images successively through all the energy windows and then acquire 

the next set through all the energy windows and so on. This interlaced acquisition reduces 

detrimental effects due to sample shrinkage/warping and high-tension instabilities over time, 

has been previously described in more detail23. The acquisition of both the 3-window 

method and EFTEM SI was accomplished by writing a macro in Serial EM for the control 

DE-12 detector52. The high-loss EFTEM images were aligned using the Template Matching 

plug-in in ImageJ53 and the intermediate-loss EFTEM images were aligned using the filters 
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and alignment routines of Digital Micrograph (Gatan, Inc). The elemental maps for the 3-

window method was computed using the EFTEM-TomoJ plug-in of ImageJ54 and the 

elemental maps for the EFTEM SI was computed using the Digital Micrograph (Gatan, Inc). 

The EFTEM images were dark current subtracted only and not gain normalized to avoid the 

fixed pattern noise arising due to uncertainties in flat-fielding30. All the elemental maps 

presented in this paper, were acquired at the full resolution of the DE-12 detector with out 

any binning applied to them. The SNR of the elemental map was obtained by dividing the 

signal by the standard deviation of the background intensity55,56. The signal was calculated 

by subtracting the mean intensity of regions that contained the lanthanide from the mean 

intensity of regions that represented the background. Please see the supplementary section in 

this paper, for the detailed TEM and spectrometer acquisition parameters for each of the 

datasets presented.

RESULTS and DISCUSSION

The method for color EM that we developed depends upon the sequential oxidative 

deposition of Ln-DAB2 (Figure 1), consisting of a single lanthanide ion, Ln3+ bound to the 

chelate (DTPA) conjugated to one of the amino groups of two diaminobenzidine 

molecules23 by two of its carboxylate groups. To deposit more lanthanide per oxidized DAB, 

we synthesized Ln2-DAB (Figure 1B), by a multi-step synthesis (Suppl. Figure 1) from 3,3’-

dinitrobenzidine by bromination to the 5,5’-dihalo derivative, followed by Heck reaction 

with ethyl acrylate. BOC-protection of the amino groups was necessary to avoid their 

intramolecular cyclization with the ortho acrylic esters. Catalytic hydrogenation of acrylic 

and nitro groups, and saponification of the ethyl ester gave the resulting diacid that was 

coupled to N-aminoethyl-EDTA via an intermediate bis-NHS ester, to give the BOC-

protected DAB derivative conjugated to two EDTA chelates. Acid deprotection and titration 

with Ce3+ or Ln3+ gave the final product, Ln2-DAB, in which 2 lanthanide ions are bound 

per DAB and would therefore deposit four-fold more Ln3+ per oxidized DAB than our first 

generation chelate, Ln-DAB2.

HEK293T tissue culture cells transiently transfected with the genetically-encoded 

peroxidase, APEX2 were fixed with 2 % glutaraldehyde and incubated with Ce2-DAB and 

H2O2 for 5 minutes until a faint darkening of the cells was visible by bright field 

microscopy. Followed by post-fixation with ruthenium tetroxide, RuO4, and then 

dehydrated, infiltrated, embedded and sectioned for TEM57. Previously, the EFTEM 

elemental maps for the lanthanide/s were obtained at their high-loss M4,5 edge, which were 

then overlaid in pseudo-color onto a conventional electron micrograph to create the so-called 

color EM (see figure 1)23.

The main drawback of obtaining elemental maps at the M4,5 high-loss region for the 

lanthanides, is that the total intensity is very low, and requires long exposures at relatively 

high dose and dose rates30. The background intensity I varies as a function of Energy Loss 

E, in the so-called power-law form I = AE-r, with values for parameters A and r being 

dependent on the experimental conditions3. The overall signal intensity drops exponentially 

with energy loss, reaching negligible levels for energy loss above 2000 eV, and which is the 

practical limit of the technique2. For example, it has been shown that only 5 × 10−5 fraction 
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of the total incident electron dose contributed to the oxygen K edge (onset at 532 eV) for a 

sample of 40 nm amorphous ice58.

It has been suggested that for lanthanides, the N4,5 edge occurring at much lower energy-loss 

can also be potentially used for elemental mapping45. Figures 2a and 2b, show the raw 

spectra of the high-loss M4,5 edge region (onset at 883 eV) and the intermediate-loss N4,5 

edge region (onset at 110 eV) for cerium, respectively. The N4,5 edge spectrum was acquired 

at a fraction of the dose of the M4,5 edge spectrum. The two distinct white lines of the M4,5 

edge prominently stand out from the background in figure 2a, in contrast to the N4,5 edge 

which is barely discernible from the background as a small bump in figure 2b (see where the 

arrow points). In figure 2d, after the background subtraction, the saw tooth shape of the N4,5 

edge is apparently evident.

As outlined above, the total intensity and the SNR are significantly better at the 

intermediate-loss region than at the high-loss region. However, for edge visibility and 

detection, in addition to a good SNR, it is important to have a good signal-above-

background ratio (SBR)3. Therefore, if the concentration of the lanthanide metal is low, then 

in spite of the good SNR, the SBR of the N4,5 edge can be so low that it cannot be 

distinguished from the background, and obtaining an elemental map at this edge will not be 

feasible. Also, it should be emphasized that, unlike M4,5 which is distinct and well separated 

for the lanthanides, the N4,5 edge have significant overlap from edge of adjacent lanthanides. 

The instance, the N4,5 edge of Ce (onset at 110 eV) will be difficult to distinguish from N4,5 

edge of Pr (onset at 113 eV), for a more detailed discussion on this please see the 

supplementary section ‘Criteria for edge selection in EFTEM elemental mapping’. However, 

this should not limit one to obtain EFTEM elemental maps at of lanthanides at N4,5 edge, 

when there is no overlapping edge from other lanthanides or endogenous elements in the 

sample.

Figure 3a shows the conventional TEM image of mitochondrial matrix-APEX2 labeled with 

Ce2-DAB (second generation), figures 3b and 3b’ show the Ce spectra of high-loss M4,5 

edge and the intermediate-loss N4,5 edge obtained on this region. A high-loss and an 

intermediate-loss elemental map were acquired on the sample, at the same dose rate and 

total dose (total dose for the high-loss acquisition was ~3% higher than the intermediate-loss 

acquisition). Figures 3c – c” and 3d – d” show the aligned and summed pre-edges and post-

edge of the high-loss and intermediate-loss acquisition, respectively. It is very clear 

comparing these two sets of images that the pre-edges and the post-edge of the intermediate-

loss show superior SNR and detail compared to the high-loss, as is expected. For the 

intermediate loss, the mitochondria in the post-edge image (figure 3d”) looks sharper than 

the pre-edge images (figure 3d and d’) because the mitochondrial matrix is loaded with Ce, 

and there is an increase in signal in this region relative to the background. However, it is for 

the high-loss that the difference between the post-edge image (Figure 3c”) and the pre-edge 

images (Figure 3c and 3c’) are most striking. The pre-edge images at high-loss are very 

blurry and noisy in comparison to the post-edge. The reason for this striking difference at the 

high-loss, is because of the much higher SBR of the M4,5 edge in comparison to the N4,5 

edge. The SBR measured from the spectra for the signal and background integrated for a 30 

eV window, is 1.0 and 0.3 for the high-loss and the intermediate-loss region, respectively.
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Figure 3e and 3f, show the elemental maps computed by the 3-window method for the high-

loss and the intermediate-loss, respectively. Both, of which were acquired as a series with 

shorter exposure/energy plane. The intermediate-loss was acquired at an exposure of 10 sec/

image, the high-loss required much longer exposures of 100 sec/image to be able to 

accumulate enough signal, the complete details of the acquisition can be found in the 

supplementary section. The intermediate-loss elemental map is considerably sharper with a 

higher SNR, the SNR for the intermediate-loss map was 7.4 and for the high-loss map was 

1.8, when calculated on the same region of the respective maps. It has been suggested, that 

in a plot of the intensity distribution across an edge in an image, the measure of the width of 

the intensity between 0.25 to 0.75 of its peak value, can be appropriated as the resolution59. 

The edge width being proportional to the beam broadening, due to the point spread function 

(PSF) of the imaging system. The region between the matrix and the cristae or the exterior 

background in the elemental maps (figures 3e and 3f), serve as an edge for the measurement 

of the achieved resolution in the intermediate-loss and high-loss map. It should be cautioned, 

that unlike grayscale conventional TEM/STEM images, where the intensity on either side of 

the edge is reasonably uniform, the pixel intensity of elemental maps vary significantly from 

one pixel to another because the intensity is proportional to the concentration of the element 

in that pixel. Therefore, measuring resolution from the edge step profile for elemental maps 

can be misleading. However, if the edge step profile is taken on precisely the same region of 

the image for both the high-loss and the intermediate-loss maps, then this can be used as a 

measure of relative degradation of resolution between the two maps. We obtained edge 

profiles at 10 precise same locations of the sample on both the maps, width (nm) of the 

intensity between 0.25 to 0.75 of its peak value, are shown in figure 3e.

The resolution from this calculation, for the high-loss and the low-loss maps are 11.0 ± 3.0 

and 6.1 ± 2.0 nm, respectively. This is consistent with the magnified view of the 

intermediate-loss elemental map in Figure 3g, which clearly shows a particle of 4 nm 

(measured as FWHM) distinguishable from the background. We would like to emphasize, 

that this only implies that the resolution of the map acquired at the intermediate-loss region 

is ~ 1.8 times better than the map acquired at the high-loss region, and do not make any 

claim that these values are the absolute achievable resolution for the maps acquired at the 

respective energy-loss region.

As demonstrated above, both the SNR and the resolution of the elemental map is somewhat 

better at intermediate-loss than at high-loss. The correctness of the power law background 

subtraction at the intermediate-loss is not well known. However, there can be some 

speculation that the contrast that is seen in the intermediate-loss elemental map may be 

density contrast of the heavily stained region containing cerium + ruthenium (secondary 

fixative), erroneously being interpreted as a cerium elemental map. On the other hand, for 

the high-loss 3-window method (energy-loss > 200 eV), the accuracy of the power-law 

background subtraction, and the optimization of the position and width of the energy-loss 

EFTEM images are well established14. Therefore, there needs to be additional validation 

that the contrast that is seen in the intermediate-loss Ce map, is indeed an elemental contrast. 

To test this hypothesis, a control sample was made, by labeling mitochondrial matrix-

APEX2 with unmodified DAB (i.e., with no bound lanthanide). The intensity of the 

mitochondrial matrix staining with DAB was comparable to that of the Ce2-DAB sample, 
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but containing only ruthenium and no cerium. If an intermediate-loss map is acquired on the 

control sample with the same experimental settings as that of the mitochondrial matrix-

APEX2 labeled with Ce2-DAB (figure 3f), and if the map shows positive contrast for the 

matrix region of the mitochondria, then it can be concluded that contrast seen in figure 3f is 

not a true Ce elemental contrast. Figure 4a – d, shows a high-loss and intermediate-loss map 

acquired using the 3-window method on the control sample, with the same spectrometer 

settings as in figure 3 (see the supplementary section for details). The mitochondrial matrix 

in the high-loss map (figure 4c) shows a faint positive contrast indicating an under 

subtraction of the background, and in the intermediate-loss map (figure 4d), it shows a 

negative contrast due to over subtraction of the background. Also, in figure 4d, although the 

mitochondrial matrix shows negative contrast, the spherical stained structures show positive 

contrast (see where the arrows point). Therefore, it can be concluded that in this case, 

mitochondrial matrix showing a negative contrast and not a positive contrast (i.e., density 

contrast), would have led to a partial suppression of the Ce elemental signal, if the sample 

did contain Ce (control sample does not contain Ce). Figures 4e – h, illustrates another 

example of high-loss and intermediate-loss elemental maps acquired on the control sample 

by the 3-window method, in this case the intermediate-loss map was acquired at a slightly 

different spectrometer settings than the previous example in figure 4d. The intermediate-loss 

map was acquired for slit width of 15 eV instead of 20 eV, and the pre-edge 1, pre-edge 2 

and post-edge were acquired at 84 eV, 102 eV and 135 eV, respectively. In the previous 

example (figure 4d), the pre-edge 1, pre-edge 2 and post-edge were acquired at 75 eV, 98 eV 

and 138 eV, respectively. The high-loss map (figure 4g) shows a faint positive contrast as in 

the previous example (figure 4c), however, the intermediate-loss map (figure 4h) now shows 

a positive contrast instead of a negative contrast for the mitochondria. It can be deduced 

from figures 4d and 4h, that the intermediate-loss elemental maps are more susceptible to 

inconsistencies in background subtraction even for small changes in the slit width or 

position. The lower SBR of the intermediate-loss N4,5 edge, is the primary reason for this 

contrast inversion.

From the discussion presented above, it is evident that the best technique to acquire an 

elemental map at the intermediate-loss region is the EFTEM Spectrum Imaging (EFTEM 

SI)32,50,51,60. This technique involves acquiring a series of EFTEM images with a narrow 

slit, and with the spectrometer continuously stepping through energies (or energy-loss), from 

a region representing the edge to the background region prior to the edge onset. The 

spectrometer is stepped in such a way, that there is a slight energy overlap between 

successive acquisitions. From the thus acquired EFTEM SI image series, a spectrum can be 

virtually extracted using the SI picker tool in Digital Micrograph (Gatan, Inc). Since this 

extracted spectrum directly correlates to the image series, the user has complete flexibility to 

choose which region (i.e., which subset of images) contributes to the background and which 

region contributes to the elemental signal. Additionally, the user can compensate for any 

chemical shifts or spectrum energy shifts post acquisition.

Figure 4i – l, shows the EFTEM SI intermediate-loss acquisition on the same control sample 

shown in the previous two examples (figures 4a – h). Figures 4j and 4j’, is the high-loss and 

intermediate-loss background subtracted spectra, that confirm that there is no Ce in the 

sample. Figure 4k, is the background subtracted virtual spectrum extracted from the EFTEM 
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SI image series, also confirming absence of Ce. Figure 4l, displays the Ce intermediate-loss 

elemental map that was computed from the energy-loss region indicated by the red box in 

Figure 4k, i.e., the region that would have contained the N4,5 edge of Ce (the control does 

not contain Ce). This map shows neither a positive or a negative contrast at the 

mitochondrial matrix region and is only noise, clearly authenticating the accuracy of 

background extrapolation of the EFTEM SI technique over the 3-window method.

Figure 5, illustrates some examples of EFTEM SI intermediate-loss elemental maps of three 

different cellular targets, namely using mitochondrial matrix-directed APEX2, histone H2B-

Nucleosome and EdU-DNA labeled with three different lanthanides: cerium, lanthanum, and 

neodymium respectively. This demonstrates the important capability advanced by this 

method to provide chemical identity of a specific genetically introduced probe providing a 

base for lanthanide-based identification by analytical EM in a background of context-

highlighting electron density free of the chemical label.

Figure 5 a – d, demonstrates the acquisition of EFTEM SI intermediate-loss cerium 

elemental map on the mitochondrial matrix-APEX2 labeled with Ce2-DAB. Figure 5b 

shows the real background subtracted intermediate-loss spectrum acquired on the 

mitochondrial region of (a), showing presence of Ce. In Figure 5b’, the virtual spectrum 

extracted from the EFTEM SI image-series, and subsequently background subtracted can be 

seen. Though the extracted spectrum of 5b’ is of a lower energy resolution than the actual 

spectra of 5b, the two closely match on the general shape and profile of the N4,5 edge. 

Computing the elemental map with the aid of the spectrum in b’, with the flexibility to 

choose parameters post-acquisition, gives undisputable confidence in the correctness of the 

final result. Figure 5c shows the Ce elemental map, computed from the energy-loss region 

indicated by the red box and figure 5d displays the color EM image of the pseudo-colored 

elemental map overlaid over the conventional TEM image. The color EM image was 

generated by an ImageJ plugin that we developed, and this algorithm has been described 

elsewhere23.

The main drawback of acquiring elemental maps by the EFTEM SI method over the 3-

window method, is that it necessitates the use of a narrow slit width and with an energy 

overlap between successive images, thereby requiring a far higher electron dose. For 

example, the EFTEM SI intermediate-loss elemental map acquisition in figure 5c, required 

2.6 times the dose of the 3-window acquisition in figure 3f, for an elemental map with 

substantially lower SNR. The SNR of the EFTEM SI elemental map in figure 5c is 1.6 in 

comparison to the SNR of 7.4 for the 3-window method in figure 3f. However, the EFTEM 

SI acquisition in this case was oversampled, and considerable reduction in dose can be 

achieved by making subtle changes in the acquisition parameters. To illustrate, the EFTEM 

SI intermediate-loss elemental map in figure 5c, was acquired between an energy-loss of 90 

eV to 150 eV, with a slit width of 8 eV and an energy step of 3 eV, resulting in a total of 21 

images. The region that used for background subtraction was 98.6 eV to 107.1 eV and that 

for the Ce signal was 121.4 eV to 127.1 eV. The regions from 90 to 98.5 eV and 121.2 to 

150 eV did not contribute in any way for the computation of the elemental map. Therefore, 

an acquisition from ~ 94 eV to 134 eV, should be sufficient and is wide enough to 

compensate for any chemical shifts (−2 eV, +7 eV). An EFTEM SI acquisition with a 5 eV 
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energy step instead of 3 eV, would reduce the total number of images in the EFTEM SI stack 

from 21 to 9, reducing the total dose by ~ 60%. This would then make the dose required for 

the EFTEM SI acquisition comparable to the dose required for the 3-window method.

Figures 5e – 5f, illustrates the EFTEM SI intermediate-loss lanthanum elemental map 

acquisition on the MiniSOG-H2B labeled with La2-DAB. The actual spectrum (figure 5f) 

and the spectrum extracted from the EFTEM SI stack (figure 5f’) show excellent correlation 

in shape and profile. The lanthanum elemental map shows good signal with a clean 

background in figure 5g, and figure 5h shows the corresponding color overlay. Figures 5i – 

5l, shows the EFTEM SI intermediate-loss neodymium elemental map acquired on the EdU-

DNA labeled with Nd-DAB2. The actual spectrum and the extracted EFTEM SI spectrum 

show good correlation similar to the previous two examples, but the signal in the 

neodymium elemental map (figure 5k) is faint. The reason for the poor neodymium signal is 

that, unlike the previous two examples, this sample was labeled with first generation 

lanthanide DAB rather than the second generation. Therefore, in this case there is 4 times 

less metal (i.e., Nd) per DAB, with corresponding lower signal amplification, and therefore 

the signal-above-background (SBR) is low. To accommodate for the low SBR, 3 sets of 

EFTEM SI stack were acquired on the sample, subsequently aligned and added to create the 

summed EFTEM SI stack to improve the SNR51. Therefore, even for cases where the 

concentration of the lanthanide is low, EFTEM SI method of acquiring intermediate-loss 

elemental maps is still possible.

The main limitation of working at the N4,5 edge instead of the M4,5 edge for the lanthanides, 

is that these have very broad edge profiles, extending well into the edge profiles of many 

adjacent lanthanides (see figure 2). Therefore, from the perspective of color EM, extending it 

from single color to multi-color, where the spectral signal from 2 or more lanthanides each 

labeling a distinct macromolecule/protein can be unambiguously detected and separated23, 

would be difficult. The immediately ensuing question is what is the degree and scale of the 

spectral overlap at the N4,5 edge region, if the two (or more) lanthanides are chosen such that 

they are well separated in atomic number, like La (Z = 57) and Yb (Z = 70). In such a 

scenario will it be possible to do multi color EM at the intermediate-loss region? This 

premise can be tested easily, by recording an EFTEM SI acquisition of the H2B-

Nucleosome sample labeled with La2-DAB, starting from the La N4,5 edge (onset at 99 eV) 

and continuing through the Yb N4,5 edge (onset at 185 eV). Subsequent computation of the 

elemental map at the La N4,5 edge will show the genuine La signal in the sample, while 

computation of the elemental map at the Yb N4,5 edge will show the bleed-through of the La 

signal into the Yb N4,5 edge.

Figure 6a shows the conventional TEM image of H2B-Nucleosome sample labeled with 

La2DAB. An EFTEM SI series was acquired on this region from 77 eV to 212 eV, with an 

energy slit width of 8 eV and energy step of 3 eV. After the background was fit and 

extrapolated, the signal was integrated for an energy-width of ~ 6eV, at different energy-loss 

regions representing the edge of La (115.2 – 121 eV), Ce (121 – 126.9 eV), Nd (132.8 – 

138.6 eV), Gd (150.4 – 156.2 eV) and Yb (194.4 – 200.3 eV). The La EFTEM SI map 

shown in Figure 6b, displays strong La signal at the H2B region of the nucleus as expected. 

In the Ce EFTEM SI map (Figure 6c) of the same region, indicates that there is significant 
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bleed-through of the La signal into the Ce edge, but it gets fainter at the Nd edge (Figure 6d) 

and is almost negligible at the Gd edge (Figure 6e) and Yb edge (Figure 6f). The multiple 

linear least-squares (MLLS) fitting is a powerful technique in EELS/EFTEM to separate 

overlapping edges by precisely mapping out the spectral shape resulting from fitting the 

spectra extracted from the EFTEM SI series to a reference spectra61. Figure 6g and 6h, show 

the MLLS fit algorithm of the EFTEM SI series to a previously acquired spectra of La and 

Ce, respectively. The bleed-through of the La signal into the Ce intermediate-loss region in 

Figure 6c, is completely removed by applying the MLLS technique. This clearly shows that 

with signal from adjacent lanthanides can indeed be effectively separated at the 

intermediate-loss region by using advanced computational techniques like MLLS. The 

panels 6g and 6h, were processed after a bin 4 to speed up the computation and the MLLS 

subroutine of Digital Micrograph (Gatan, Inc) was used to process the datasets. Although, 

this paper does not provide any results of multicolor EM, the discussion above gives some 

confidence that it can be done in the Intermediate loss region. We are currently in the 

process of chemically synthesizing DAB chelates of lanthanides, other than the 3 listed in 

this manuscript (La, Ce and Nd) such as Gd and Yb, and will explore multicolor EM at the 

intermediate-loss region in a future manuscript.

CONCLUSION

As an extension of the technique of color EM, we have expanded both the labeling 

chemistry of the lanthanide-chelated DAB’s and the different strategies of targeting specific 

subcellular structures/macromolecules. The chemical synthesis of the novel second-

generation DAB-lanthanide chelates has been demonstrated. These second- generation 

DAB-lanthanides bind two chelated lanthanide ions per DAB molecule, instead of two DAB 

molecules chelated to a single lanthanide ion as in the first- generation lanthanide-DAB’s. 

Therefore, it provides for a 4x increase in the number of lanthanide atoms for every oxidized 

DAB molecule, resulting in significant signal amplification in the EELS core-loss signal. 

Additionally, we introduced the idea of using the N4,5 edge (intermediate-loss) instead of the 

M4,5 edge (high-loss) for the acquisition and computation of the lanthanide elemental maps. 

The substantially greater total characteristic signal due to the much higher inelastic 

scattering cross-sections at the intermediate-loss region provides a compelling reason for 

this strategy. For the same acquisition parameters, the intermediate-loss map provides ~4x 

increase in signal-to-noise and ~2x increase in resolution, in comparison to the high-loss 

map. However, due to the much lower signal-above-background at the intermediate-loss 

region, the intermediate-loss elemental maps of the lanthanides are more prone to artifacts 

due to the inconsistencies in the background subtraction. Most of these artifacts and issues in 

the lanthanide intermediate-loss elemental map can be eliminated, if the maps are acquired 

using the more sophisticated EFTEM Spectrum Imaging (EFTEM SI) instead of the 3-

window method. The intermediate-loss EFTEM SI elemental maps were used to generate 

color EM images of mitochondrial matrix-directed APEX2 labeled with second generation 

Ce2-DAB, histone H2B-Nucleosome labeled with second generation La2-DAB and EdU-

DNA labeled with first generation Nd-DAB2. All the examples demonstrated in the paper 

are of single-color EM only. The main limitation of using N4,5 edge or intermediate-loss 

map for the lanthanides, is the broader edge profile includes large overlapping regions with 
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adjacent lanthanide edge profiles and hinders extension of this technique to enable 

multicolor EM, where 2 or more lanthanide chelated DAB’s are simultaneously used to label 

different subcellular targets. However, if there is sufficiently large difference in Z between 

the lanthanides, e.g., lanthanum and gadolinium, or cerium and ytterbium, then multicolor 

EM should be potentially possible in the intermediate-loss region and will be explored in the 

future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Scheme of process for obtaining color-EM images of cells. Cells containing mitochondria 

labeled with a photosensitizer or peroxidase are fixed, incubated with a metal chelate of 

DAB, DAB-M and either irradiated or incubated with H2O2 respectively. Following 

osmification, embedding and sectioning, corresponding TEM and EF-TEM images are 

collected at element-distinctive high loss and intermediate loss energies. A pseudocolor 

overlay of these electron energy loss images on the osmium TEM yields a color-EM image 

of the cells. b) Chemical structures of DAB-lanthanide metal chelates; first generation, Ln-

DAB2 and second generation, Ln2-DAB.

Ramachandra et al. Page 16

J Microsc. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
a) The raw spectrum acquired at the high-loss M4,5 edge of Ce, the two white line peaks 

with onset ~ 883 eV is clearly visible. b) The raw spectrum acquired at the intermediate-loss 

N4,5 edge of Ce, edge is barely visible as a small bump in the spectrum (see arrow direction). 

c) The background subtracted spectrum of (a), the M4,5 edge of Ce has a high signal-above-

background ratio (SBR). The red shaded region shows the Ce extended energy-loss fine 

structure (EXELFS) bleed into the Pr edge. d) The background subtracted spectrum of (b), 

the N4,5 edge of Ce is now clearly visible, though with a much lower SBR. The red shaded 

region shows the part of the Ce edge that bleeds into the Pr edge.
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Figure 3. 
a) Conventional TEM image of mitochondrial matrix-APEX2 labeled with Ce2-DAB 

(second generation). b) The background subtracted high-loss spectrum acquired on the 

sample showing the M4,5 edge of Ce. b’) The background subtracted intermediate-loss 

spectrum acquired on the sample showing the N4,5 edge of Ce. c, c’ and c”) The pre-edge1, 

pre-edge 2 and post-edge acquired for the high-loss M4,5 cerium edge at 815 eV, 855 eV and 

899 eV respectively. Each energy-plane is a sum of 3 images acquired at an exposure of 100 

sec/image. d, d’ and d”) The pre-edge1, pre-edge 2 and post-edge acquired for the 

intermediate-loss N4,5 cerium edge at 75 eV, 98 eV and 138 eV respectively. Each energy-

plane is a sum of 29 images acquired at an exposure of 10 sec/image. The dose and dose rate 

was nearly the same for both the high-loss and intermediate-loss acquisitions. e) The High-

loss Ce elemental map. f) The intermediate-loss Ce elemental map. g) Magnified view of the 

intermediate-loss Ce elemental map. h) The relative resolution comparison between the 

high-loss and the intermediate-loss Ce elemental map, measured by as the width of the 

intensity between 25 to 75% of the peak, for 10 different regions taken exactly the same 

position of the sample for both the maps (see the inset). To enhance image display, a 

Gaussian blur of radius 1 was applied to the conventional image and Gaussian blur of radius 

2 was applied to the EFTEM images and maps.
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Figure 4. 
a) Conventional TEM image of the control sample of mitochondrial matrix-APEX2 labeled 

with plain DAB (no Ce or any other lanthanides). b and b’) The background subtracted 

high-loss and intermediate-loss spectrum acquired on the mitochondrial matrix region of (a), 

confirming the absence of Ce in the sample. c) The high-loss elemental map computed by 

the 3-window method, for pre edge 1, pre edge 2 and post-edge obtained for a slit width of 

30 eV at 815 eV, 855 eV and 899 eV respectively. The image shows a positive contrast for 

the matrix region, implying an under subtraction of the background. d) The intermediate-

loss elemental map computed by the 3-window method, for pre edge 1, pre edge 2 and post-

edge obtained for a slit width of 20 eV at 75 eV, 98 eV and 138 eV respectively. The image 

shows a negative contrast for the matrix region, implying an over subtraction of the 

background. However the spherical stained structures show a positive contrast (see the 

arrows), implying inconsistencies in background subtraction. e) Conventional TEM image of 

a different region of the same control sample. f and f’) The background subtracted high-loss 

and intermediate-loss spectrum acquired on the mitochondrial matrix region of (d), 

confirming the absence of Ce in the sample. g) The high-loss elemental map computed by 

the 3-window method, for pre edge 1, pre edge 2 and post-edge obtained for a slit width of 

30 eV at 815 eV, 855 eV and 899 eV respectively. The image shows a positive contrast for 

the matrix region, implying an under subtraction of the background. h) The intermediate-

loss elemental map computed by the 3-window method, for pre edge 1, pre edge 2 and post-

edge obtained for a slit width of 15 eV at 84 eV, 102 eV and 135 eV respectively. The image 

shows a positive contrast for the matrix region, implying an under subtraction of the 

background.

i) Conventional TEM image of a different region of the same control sample. j and j’) The 

background subtracted high-loss and intermediate-loss spectrum acquired on the 

mitochondrial matrix region of (g), confirming the absence of Ce in the sample. k) The 

virtual intermediate-loss spectrum extracted from the EFTEM SI image-series, corroborating 

the results in (h’). l) The intermediate-loss elemental map computed by the EFTEM SI 
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method, for an acquisition acquired from 90 eV to 150 eV, for a slit width of 8 eV and an 

energy step of 3 eV. The signal was integrated from the region represented by the red box in 

k. The image shows a no contrast and only noise for the matrix region, implying a correct 

subtraction of the background. To enhance image display, a Gaussian blur of radius 1 was 

applied to the conventional images and Gaussian blur of radius 2 was applied to the EFTEM 

maps.
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Figure 5. 
a) Conventional TEM image of mitochondrial matrix-APEX2 labeled with Ce2-DAB 

(second generation). b) The background subtracted intermediate-loss spectrum acquired on 

the mitochondrial matrix region of (a), confirming the presence of Ce in the sample. b’) The 

virtual intermediate-loss spectrum extracted from the EFTEM SI image-series, corroborating 

the results in (b). c) The intermediate-loss Ce elemental map computed by the EFTEM SI, 

the region (or images) contributing to the signal is enclosed in the red box in (b’). d) Single 

Color EM. e) Conventional TEM image of MiniSOG-H2B labeled with La2-DAB (second 

generation). f) The background subtracted intermediate-loss spectrum acquired on the 

nucleus of (d), confirming the presence of La in the sample. f’) The virtual intermediate-loss 

spectrum extracted from the EFTEM SI image-series, corroborating the results in (e). g) The 

intermediate-loss La elemental map computed by the EFTEM SI, the region (or images) 

contributing to the signal is enclosed in the red box in (f’). h) Single Color EM. i) 
Conventional TEM image of DNA incubated with EdU and clicked with Fe-TAML-azide for 

oxidation of Nd-DAB2 (first generation lanthanide DAB). j) The background subtracted 

intermediate-loss spectrum acquired on the nucleus of (g), confirming the presence of Nd in 

the sample. j’) The virtual intermediate-loss spectrum extracted from the EFTEM SI image-

series, corroborating the results in (h). k) The intermediate-loss Nd elemental map computed 

by the EFTEM SI, the region (or images) contributing to the signal is enclosed in the red box 

in (j’). l) Single Color EM. To enhance image display, a Gaussian blur of radius 1 was 

applied to the conventional image and Gaussian blur of radius 2 was applied to the EFTEM 

images and maps.
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Figure 6. 
a) Conventional TEM image of H2B-Nucleosome sample labeled with La2DAB. b) La 

EFTEM SI map, with strong La signal as expected. c) Ce EFTEM SI map of the same 

sample indicates that there is significant bleed-through of the La signal into the Ce edge, that 

gets fainter at the Nd edge (d) and is almost negligible in the Gd edge (e) and Yb edge (f). 
La (g) and Ce (h) maps computed with the multiple linear least-squares (MLLS) fitting to La 

and Ce spectra acquired separately. The MLLS sub-routine of Digital Micrograph (Gatan, 

Inc), is a linear fitting algorithm that can be applied to discriminate overlapping edges. With 

MLLS fitting, the bleed-through of the La signal into the Ce edge can be effectively 

removed (h). The MLLS fit was applied to images after binning by 4 (g and h), all other 

panels are unbinned images.
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