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Introduction

Ultrastructural imaging of healthy, diseased, or experi-
mental tissues is essential to diagnostic and investiga-
tive pathology. Because of the high resolution provided 
by electron microscopy (EM), tissue structures, cells, 
organelles, and microorganisms can be visualized and 
characterized with greater acuity than by light micros-
copy (LM) alone. For this reason, EM is used as a gold 
standard diagnostic tool in many fields of pathology, 
particularly in pulmonary pathology, renal pathology, 
skeletal and cardiac muscle pathology, and neuropa-
thology, and for the diagnosis of ciliopathies, lysosomal 
storage disease, tumors, and infectious diseases.1

Identifying regions of interest (ROIs) for investigating 
tissues with suborganelle resolution is often challenging 

and time-consuming. Biological structures range in size 
over multiple scales from several millimeters (organ 
regions and tissue areas) to few nanometers (subor-
ganelle detail) and need to be identified in an efficient 
manner, imaged and correlated while maintaining histo-
logical context. Many tissues encountered in research 
pathology are from non-transgenic test animals, or do 
not contain tagged recombinant proteins or organelles, 
that could be used as landmarks for the efficient 
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Summary
Ultrastructural analysis of healthy, diseased, or experimental tissues is essential in diagnostic and investigative pathology. 
Evaluation of large tissue areas with suborganelle resolution is challenging because biological structures ranging from 
several millimeters to nanometers in size need to be identified and imaged while maintaining context over multiple scales. 
Imaging with field emission scanning electron microscopes (FE-SEMs) is uniquely suited for this task. We describe an 
efficient workflow for the preparation and unobstructed multiscale imaging of tissue sections with backscattered electron 
scanning electron microscopy (BSE-SEM) for applications in ultrastructural pathology. We demonstrate that a diverse 
range of tissues, processed by conventional electron microscopy protocols and avoiding the use of mordanting agents, can 
be imaged on standard glass slides over multiple scales, from the histological to the ultrastructural level, without any visual 
obstructions. Our workflow takes advantage of the very large scan fields possible with modern FE-SEMs that allow for the 
acquisition of wide-field overview images which can be explored at the ultrastructural level by digitally zooming into the 
images. Examples from applications in pulmonary research and neuropathology demonstrate the versatility and efficiency 
of this method. This BSE-SEM-based multiscale imaging procedure promises to substantially simplify and accelerate 
ultrastructural tissue analysis in pathology. (J Histochem Cytochem 68:9–23, 2020)
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correlation of bright-field or fluorescence microscopy 
and EM images.2–4

In the field of ultrastructural pathology, these 
experimental challenges have been addressed by 
first preparing “survey” sections for LM from sam-
ples processed for transmission EM (TEM). These 
“survey sections” are stained with toluidine blue and 
analyzed at relatively low overview magnifications 
by LM for evaluation of processing quality, charac-
terization of the histopathology, and identifying 
ROIs. After an ROI has been identified, sample 
blocks are trimmed to generate small block faces for 
ultrathin sectioning before final ultrastructural analy-
sis in the TEM.5

This procedure has been used for decades with 
great success. However, it is time-consuming and 
involves major technical hurdles mainly due to the 
need for ultrathin sections on small TEM grids that 
limit the size of the individual tissue sections used for 
investigation. Furthermore, correlation of ROIs 
between “survey” LM-sections and ultrathin TEM-
sections can be extremely challenging, if not impossi-
ble, especially when large and complex tissues are 
investigated or with homogeneous samples (e.g., cul-
tured cells) that lack distinct “landmarks” for orienta-
tion and alignment. Therefore, multiscale imaging, that 
is the correlated imaging of a sample over multiple 
magnifications from the millimeter to the nanometer 
level, has remained challenging using this more tradi-
tional approach.

Modern field emission scanning electron micro-
scopes (FE-SEMs) in combination with sensitive back-
scattered electron detectors (BSDs) and modified 
tissue processing, mounting, and staining procedures 
promise to substantially accelerate the workflow for 
multiscale tissue imaging.6–12 Backscattered electron 
(BSE) imaging exploits the direct relation between the 
backscatter coefficient and atomic weight of an ele-
ment: the higher the atomic number (Z), the more elec-
trons become backscattered and can be detected with 
a dedicated BSE detector.13

Many popular protocols for processing tissues 
and cells for backscattered electron scanning elec-
tron microscopy (BSE-SEM) imaging, especially for 
“three-dimensional” volume scanning electron 
microscopy (SEM) imaging, rely on mordanting 
agents such as tannic acid or thiocarbohydrazide to 
increase the deposition of heavy metals to improve 
membrane contrast and the signal-to-noise ratio and 
to avoid sample charging.14–16 These protocols have 
drawbacks when working with tissues other than 
lipid-rich nervous tissue (e.g., muscle, kidney, lung) 
and can result in unequal staining and infiltration, 
overstaining (obscuring fine details by excessive 

heavy metal deposition), and poor reproducibility 
due to diverse tissue composition and sample 
sizes15–18 (and our own observations). Furthermore, 
there is a lack of reference publications and valida-
tion for these protocols for applications in diagnostic 
and investigative pathology where phenotypes of 
healthy and diseased tissues need to be compared 
with published reference “gold standard” EM images 
in pathology journals, tissue atlases, and ultrastruc-
tural pathology text books.1,19

Our goal was to develop a general multiscale imag-
ing method for animal and human tissues which 
exploits the advantages offered by BSE-SEM and 
which is specifically targeted for the needs of ultra-
structural diagnostic and investigative pathology. 
Here, we introduce a “universal” processing and imag-
ing workflow that has been tested not only on nervous 
tissue11 but also on a diverse range of tissues includ-
ing lung, kidney, muscle, and intestine. This method 
provides contrast and resolution similar to established 
TEM applications in ultrastructural pathology, but 
uses a workflow that dramatically simplifies multiscale 
imaging. In addition, this workflow uses the large scan 
field and high resolution (small pixel size) provided by 
modern FE-SEMs, which allow one to digitally zoom 
into highly resolved wide-field images to explore ultra-
structural detail without losing cellular or histological 
context.

Materials and Methods

Animals, Tissue Harvesting, and Fixation

All animal studies were performed in accordance with 
standard regulations and were approved by 
Genentech’s Institutional Animal Care and Use 
Committee. Anesthetized animals were perfused with 
physiological saline, followed by 4% paraformalde-
hyde in 0.1 M (pH 7.4) phosphate buffer. Organs and 
tissues were dissected and sectioned into about 
1-mm-thick slices. Tissues were fixed by immersion 
fixation in modified Karnovsky’s fixative (2.5% parafor-
maldehyde and 2% glutaraldehyde in 0.1 M cacodyl-
ate buffer, pH 7.2) for at least 24 hr or longer at 4C.20

Processing of Tissues for BSE-SEM Imaging

Fixed tissues slices were washed with ultrapure water 
and postfixed with 1% osmium tetroxide reduced with 
1.5% (w/v) potassium ferrocyanide (final concentra-
tion) for 2 hr on ice. The samples were then washed in 
ultrapure water and stained “en block” with 0.5% (w/v) 
uranyl acetate at 4C overnight. Following staining, 
samples were dehydrated in a series of ascending 
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ethanol concentrations, rinsed twice with propylene 
oxide, and finally embedded in epoxy resin Eponate-12 
(Ted Pella; Redding, CA). The tissue slices were first 
flat-embedded between two Aclar plastic sheets with a 
small weight on top to keep the slices flat and polymer-
ized for at least 24 hr at 65C (Fig. 1A). The top Aclar 
sheet was then carefully removed and a prepolymer-
ized empty resin block was glued with fresh epoxy 
resin on top of the tissue slice (Fig. 1B) to serve as a 
“pin” to be able to clamp the tissue block into the ultra-
microtome with the correct orientation (Fig. 1C and D). 
All reagents and materials for tissue fixation and 

processing were purchased from Electron Microscopy 
Sciences (EMS; Hatfield, PA).

Preparation of Carbon-coated Histology Glass 
Slides for BSE-SEM

Clean “superfrost-plus” microscope slides (Thermo 
Fisher Scientific; Waltham, MA) were sputter-coated 
with a layer of about 40 to 80 nm carbon from carbon 
cord, resulting in a surface with shiny brown color, 
using a sputter coater (EMS150R ES sputter coater; 
Electron Microscopy Sciences, Hatfield, PA).

Figure 1.  Tissue processing and sectioning for multiscale BSE-SEM imaging. (A) Tissue slices (black arrows) were processed for BSE-
SEM and flat-embedded in epoxy resin between two Aclar plastic sheets and then polymerized. (B) The top Aclar sheet was removed 
and prepolymerized resin blocks (white arrows) were glued on top of the polymerized tissue slices. (C) Side view of a tissue block (black 
arrow) glued to the empty epon block (white arrow) that served as “pin” for clamping the sample into the ultramicrotome holder. (D) 
Representative sample block faces (arrows) for BSE-SEM (left, 3 mm × 6 mm) and for TEM (right, 0.5 mm × 1 mm) are shown side by 
side. (E) A 1-µm-thick section generated from a block face of about 3 mm × 6 mm (area of 18 mm2) of a processed mouse brain was 
stained with toluidine blue (E, right side) and is shown side by side with a standard TEM grid (E, left side) harboring ultrathin sections of 
about 1 mm × 0.5 mm (white arrow). Note that many areas in the small TEM sections become obstructed by grid bars. Scale bar: 3 mm. 
Abbreviations: BSE-SEM, backscattered electron scanning electron microscopy; TEM, transmission electron microscopy.
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Figure 2.  Workflow for multiscale imaging of tissue sections with BSE-SEM. (A) Tissue were processed for BSE-SEM and embedded 
in epoxy resin. Note the large dimension of the embedded tissue slice. (B) After trimming of a large block face (up to about 4 mm  
× 8 mm), thick sections (1 µm) were placed on carbon-coated standard glass slides and stained with UA and LC. If required, parallel 
sections were collected for optional toluidine blue LM analysis. (C) Stained sections on carbon-coated glass slides were imaged in the 
SEM with a BSE detector. (D) Imaging at low magnifications (tissue scale, 50×–250×) facilitated finding and mapping of ROIs, pathological 
lesions, and tissue landmarks (e.g., hippocampus in mouse brain). (E) To explore cellular and subcellular structures within their tissue 
context, an ROI was imaged at moderate magnifications (cell scale, 500×–2500×) (e.g., neurons in hippocampus). (F) For high magnifica-
tion (organelle scale, >5000×) and resolution of ultrastructure, cells and tissues were imaged with pixel sizes of 1 to 3 nm (e.g., Golgi 
apparatus in hippocampal neuron). This imaging strategy facilitated the unobstructed observation of tissues over a wide range from the 
tissue level to the suborganelle level. Scale bars: (C) 10 mm, (D) 300 µm, (E) 20 µm, and (F) 1 µm. Abbreviations: BSE-SEM, backscattered 
electron scanning electron microscopy; UA, uranyl acetate; LC, lead citrate; LM, light microscopy; SEM, scanning electron microscopy; 
BSE, backscattered electron; ROI, region of interest.
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Preparation and Staining of Sections on  
Carbon-coated Glass Slides for BSE-SEM 
Imaging

To facilitate unobstructed multiscale imaging of a maxi-
mum tissue area, large rectangular block faces with a 
dimension of up to 4 mm × 8 mm were trimmed (Fig. 
1D). Thick sections (1000 nm thickness) were cut with 
the UMC ultramicrotome (Leica Biosystems; Buffalo 
Grove, IL) using a DIATOME diamond knife for histology 
(Electron Microscopy Sciences). Sections were trans-
ferred from the knife boat to a drop of ultrapure water on 
glass slides using a water-wetted wooden stick. The first 
sections were collected on standard glass slides and 
stained with toluidine blue to determine whether rele-
vant tissue areas were represented in the sample. When 
this had been confirmed, sections were collected on 
carbon-coated glass slides (Fig. 2C). The sections were 
dried on a heat plate at about 60C. Dried sections firmly 
adhered to the carbon-coated glass surface, and no 
pretreatment of the surface of the carbon-coated glass 
slides was needed. Finally, sections were stained with 
4% aqueous uranyl acetate for 15 min and 0.1% 
Reynold’s lead citrate for 1 min to enhance contrast and 
prevent charging in the SEM.21 Sections were thor-
oughly rinsed with ultrapure water and dried on a heat 
plate before being transferred to the SEM.

Multiscale Imaging of Tissue Sections on Glass 
Slides With BSE-SEM

SEM was performed using a GeminiSEM 300 
equipped with a field emission gun (Carl Zeiss AG; 
Oberkochen, Germany). Carbon-coated glass slides 
with stained sections were mounted into the correla-
tive SEM holder (Carl Zeiss AG). For operation of the 
GeminiSEM 300 microscope, the application software 
SmartSEM (version 6.01) was used (Carl Zeiss AG). 
Best imaging results were obtained using the “in-
chamber” dedicated BSD (BSD1) at 8.5 mm working 
distance, 30 µm (standard) aperture, 3 to 6 keV accel-
eration voltage, and with operation of the field emis-
sion gun in “high current” mode. For the majority of 
images, a scan speed of “5,” noise reduction by 4× line 
averaging, and an image size of at least 4096 × 3072 
(4000 × 3000) pixels were chosen. For imaging of 
ultrastructural detail, pixel sizes between 1 and 3 nm 
were used. The grayscale of the images was inverted 
to achieve TEM-like representations.

For multiscale imaging, the following complemen-
tary imaging strategies were used. In the default work-
flow, tissues were imaged by stepwise increasing the 
magnification starting with a low magnification 

(50×–250×, wide field of view [FOV]) to find areas of 
interest (ROIs) at the histology level (Fig. 2D), similar 
to using “survey” sections in LM. The selected ROIs 
were then explored at moderate magnification (500×–
2500×) to obtain an overview image of the ROI at cel-
lular to subcellular resolution (Fig. 2E). Finally, 
structures of interest were imaged at ultrastructural 
resolution by imaging at high magnification (>5000×) 
with pixel sizes smaller than 3 nm (Fig. 2F).

A different complementary approach for multiscale 
imaging made use of the very large store resolution 
(maximum image size in pixels) of the GeminiSEM 
300 microscope (Carl Zeiss AG). The maximum store 
resolution was 32,768 × 24,576 pixels (32,000 × 
24,000) per image. This could be used for maximizing 
the FOVs (wide-field imaging) while keeping the pixel 
size small to optimize resolution of detail and to digi-
tally “zoom” into an acquired image. For example, 
using the maximum store resolution of 32,000 × 
24,000 pixels per image allowed imaging at a moder-
ate magnification of 1500×, with a large FOV (72 µm 
× 55 µm) and with ultrastructural resolution (pixel size 
of 2.3 nm). This allowed for imaging several cells per 
image and then for digitally “zooming” into each cell 
for analysis of ultrastructure and suborganelle detail 
(Fig. 2F).

At the specified magnifications, scanning with the 
maximum store resolution resulted in the following 
FOVs and pixel sizes: at 50× magnification—FOV:  
2.3 mm × 1.7 mm; 70 nm pixels, at 500× magnifica-
tion—FOV: 230 µm × 170 µm; 7 nm pixels, at 2500× 
magnification—FOV: 46 µm × 34 µm; 1.4 nm pixels, and 
at 5000× magnification—FOV: 23 µm × 17 µm; 0.7 nm)

Photoshop CS4 (Adobe) was used to adjust con-
trast and brightness of whole images, to crop ROIs, 
and to reduce the pixel size per area for images that 
were obtained with a store resolution larger than 4096 
× 3072 pixels to produce images at 300 dots per inch 
(dpi) print resolution for figure preparation.

Results

Large Tissue Sections Can Be Used for 
Unobstructed Multiscale BSE-SEM Imaging

A major advantage of an SEM is its large sample 
chamber that accommodates imaging of large sam-
ples, such as standard 1″ × 3″ inch histology glass 
slides, without visual obstructions caused by TEM 
grids. To fully exploit this space advantage, we devel-
oped a procedure to process and flat-embed large tis-
sue slices encompassing areas of more than 50 mm2 
(Fig. 1A–E). After polymerization, large rectangular 
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block faces with dimensions of up to 4 mm × 8 mm 
were trimmed and sectioned (Fig. 1C–E).

Figure 1D shows examples of the dimensions of 
representative block faces trimmed for multiscale 
BSE-SEM (left) or TEM (right). The block face for BSE-
SEM sections shown here was approximately 3 mm × 
6 mm (18 mm2), whereas the block face for TEM was 
about 1 mm × 0.5 mm (0.5 mm2). The BSE-SEM sam-
ple block was then used to prepare 1-µm-thick sec-
tions on carbon-coated glass slides. Because the 
primary electron beam in the SEM generates signals 
from the surface of the sample,13 thick sections could 
be used for high-resolution imaging. Preparation of 
large area sections was much easier to achieve with 
1000-nm-thick sections than with ultrathin (50–100 nm) 
TEM sections. In the example shown in Fig. 1E, the 
brain tissue area available for unobstructed imaging 
with BSE-SEM (Fig. 1E, right) was more than 30 times 
larger than the area of the ultrathin sections on the 
TEM grid (Fig. 1E, bottom left).

An Efficient Workflow for Multiscale Imaging of 
Large Tissue Sections With BSE-SEM

Correlating histological features observed in toluidine 
blue thick sections by LM with ultrastructural features 
in the TEM is major technical and time-consuming 
bottleneck of the traditional LM-TEM workflow. These 
challenges can be circumvented by preparing tissue 
sections on carbon-coated glass slides and imaging 
large tissue areas at multiple scales on a single instru-
ment (SEM) from the lowest to the highest magnifica-
tion and resolution, instead of switching between LM 
and TEM (Fig. 2).

Imaging a section first at very low magnification 
(50×–250×) proved helpful to generate organ region 
and tissue overview maps (Fig. 2D). Further magnifi-
cation at 500× to 2500× resulted in an FOV wide 
enough to include several cells with subcellular detail 
(Fig. 2E). Two different strategies were used to obtain 
images of cells and tissues with ultrastructural resolu-
tion of organelles and suborganelle structures (Fig. 
2F) at pixel sizes smaller than 3 nm. In the first strat-
egy, an ROI was imaged with moderate store resolu-
tions (image size: 4000 × 3000 pixels) and by stepwise 
increasing the magnification setting on the SEM instru-
ment itself. This strategy was useful when a large FOV 
was not required, when an ROI had already been iden-
tified and only needed to be imaged at higher magnifi-
cation, and to save image acquisition time by reducing 
the number of scanned pixels per image.

In the second strategy, images were acquired at very 
large store resolutions (e.g., 32,000 × 24,000 pixels). 

Increasing the store resolution at a given magnification 
setting resulted in a smaller pixel size in the correspond-
ing image and improved resolution of ultrastructural 
details. This strategy was useful to maximize the FOV 
while still imaging with ultrastructural resolution. The 
resulting images could then be explored for ultrastruc-
tural detail by digitally “zooming” into the images. This 
helped to identify ROIs or visualize highly magnified 
and resolved ROIs in the wider histological context.

We found that the smallest useful pixel size for 
imaging tissues that had been prepared according to 
our protocols was in the 1 to 2 nm range. At this pixel 
size, all membrane-bound organelles, including indi-
vidual cisternae of the Golgi apparatus, vesicles, and 
mitochondria with cristae, could be unequivocally 
identified (Fig. 2F), while imaging with smaller pixel 
sizes did not improve detail and resulted only in a 
smaller FOV.

Multiscale BSE-SEM Imaging of a Diverse Set of 
Tissues

Next, we tested how well several tissues that are fre-
quently encountered in ultrastructural research pathol-
ogy could be imaged with the BSE-SEM method. We 
were especially interested to see whether the tissue 
preservation, staining contrast, and resolution were 
sufficient for the multiscale BSE-SEM method to be 
useful in ultrastructural pathology and basic tissue 
research. This was important to evaluate as the most 
recent work with BSE-SEM has explored lipid-rich ner-
vous tissue,10,11,13 and much less is known about the 
processing and imaging quality for alternative tissues 
with BSE-SEM.12,18 For this purpose, a diverse set of 
mouse and rat tissues were evaluated, including brain, 
kidney, skin, cardiac muscle, and intestine (Fig. 3A–E). 
Other tissues that were also investigated but are not 
shown here included pancreas, spleen, skeletal mus-
cle, and lung.

All tissue samples were first imaged at low magnifi-
cation (250×) to obtain tissue overviews and deter-
mine whether there was sufficient contrast and 
resolution to identify histological landmarks (Fig. 3A–
E, “tissues” panel). The magnification was then 
increased to 2500× (Fig. 3A–E, “cells” panel) to evalu-
ate ROIs in the tissues at the cellular to subcellular 
level. Finally, cells and tissue structures were investi-
gated at a high magnification (50,000×) with pixel sizes 
smaller than 3 nm to resolve ultrastructural detail (Fig. 
3A–E, “organelles” panel).

In the hippocampus of the brain, dark layers of 
myelinated axons and the neurons were recognizable 
in the tissue overviews (Fig. 3A, “tissue” panel). At 
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Figure 3.  Imaging a diversity of tissues from the tissue level to the organelle level. Tissues that are frequently encountered in research 
pathology were processed for BSE-SEM and imaged at the tissue level with a magnification of 250× (“tissues,” left panel), at the cellular 
level with a magnification of 2500× (“cells,” middle panels), and at the organelle level with a magnification of 50,000× (“organelles,” 
right panels). (A) Mouse hippocampus (hc) with neurons (neu, arrow) and Golgi apparatus (gol). (B) Mouse kidney cortex with marked 
glomerulus (glo, arrow), distal tubules (dt, arrow), mitochondria (mt), and basal lamina (bla, arrow). (C) Mouse skin epidermis (ep) with 
marked stratum corneum (sc), stratum granulosum (sg), stratum spinosum (sp), and desmosomes (dso, arrows). (D) Rat cardiac muscle 
(cm) with marked cardiac muscle fibers (cmf), mitochondria (mt), and intercalated disk (icd, arrow). (E) Mouse small intestine with 
marked villi (iv), enterocytes (ec), capillaries (cap, arrows), and microvilli (mv). Scale bars: 200 µm (A–E, left panels), 20 µm (A–E, middle 
panels), and 1 µm (A–E, right panels). Abbreviation: BSE-SEM, backscattered electron scanning electron microscopy.
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2500× magnification, neuronal soma, nucleus, and 
larger organelles such as mitochondria were clearly 
visible (Fig. 3A, “cells” panel). At the highest magnifica-
tion used (50,000×), we were able to identify the 
stacked cisternae of the Golgi apparatus, several 
coated and uncoated vesicles, and mitochondrial cris-
tae (Fig. 3A, “organelles” panel).

In normal kidney tissue, several glomeruli and renal 
tubules were clearly distinguishable in overview 
images (Fig. 3B, “tissue” panel). Exploring the mor-
phology of a distal tubule up to a cellular level (2500×) 
revealed the arrangement of the nuclei and large elon-
gated mitochondria in the epithelial cells of the tubule 
(Fig. 3B, “cells” panel). At the highest magnification 
used, the lamina basalis, the membranes of the basal 
labyrinth, and the mitochondrial cristae were clearly 
visible (Fig. 3B, “organelles” panel).

When skin tissue was imaged at low (250×) and 
moderate (2500×) magnifications, the various layers of 
the epidermis, including the stratum corneum, stratum 
granulosum, and stratum spinosum, could readily be 
identified (Fig. 3C, “tissue” and “cells” panel). At high 
magnification (50,000×), desmosomes were clearly 
visible (Fig. 3C, “organelles” panel).

Low (250×) and moderate (2500×) magnification of 
cardiac muscle tissue revealed arrangement of myofi-
bers, including nuclei and intercalated disks (Fig. 3D, 
“tissue” and “cells” panel). At high magnification, actin–
myosin fibrils, intercalated disks, gap junctions, and 
mitochondria were clearly identifiable (Fig. 3D, “organ-
elles” panel).

Numerous intestinal villi in a cross section of mouse 
small intestine were imaged simultaneously at 250× 
magnification (Fig. 3E, “tissue” panel). At 2500× mag-
nification, intestinal epithelial cells (enterocytes) with 
brush border microvilli were visible, as well as several 
capillaries (Fig. 3E, “cells” panel). High magnification 
resolved individual microvilli and membranes of the 
endoplasmic reticulum, endosomes, coated vesicles, 
and mitochondria (Fig. 3E, “organelles” panel).

This investigation of several normal mouse and rat 
tissues demonstrated that multiscale imaging with 
BSE-SEM was well suited to study a wide range of 
healthy tissues and cells from the histological over-
view level up to resolving suborganelle detail with 
excellent contrast, detail, and no obvious artifacts.

Unobstructed Multiscale Imaging of a Rat 
Kidney Glomerulus

The ultrastructural examination of renal tissue by TEM 
has contributed significantly to the understanding of 
renal disease and to disease diagnostics.1 One 

challenge with traditional TEM is the need to identify 
multiple glomeruli with representative lesions within a 
sample. Therefore, we evaluated whether BSE-SEM 
offered adequate contrast and resolution to success-
fully characterize ultrastructural hallmarks of rat renal 
tissue similar to TEM, but with the additional advan-
tage of offering a straightforward multiscale imaging 
strategy without visual obstructions by TEM grid bars.

First, low-magnification wide-field imaging at 200× 
magnification with the BSE-SEM allowed us to quickly 
find areas in the renal cortex with several glomeruli 
surrounded by renal tubules (Fig. 4A). Therefore, “sur-
vey” imaging by LM of toluidine blue–stained sections 
from EM sample blocks to find relevant areas was not 
needed. Next, we selected one glomerulus for further 
exploration at sequentially higher magnification set-
tings (Fig. 4B–D). An unobstructed view of a complete 
glomerulus with adjacent proximal and distal renal 
tubules was obtained at 500× magnification and 
enabled a global assessment of the glomerular mor-
phology (Fig. 4B). For a detailed examination of the 
glomerular filtration apparatus, the magnification was 
further increased to 3000× (Fig. 4C) and subsequently 
to 13,000× (Fig. 4D). At these magnifications, struc-
tures critical for the assessment of normal renal mor-
phology or glomerulopathies became clearly visible 
and easily resolved. For example, the capillary (cp) 
and urinary spaces (us), the glomerular lamina basalis 
(bm), the podocytes (pc) with foot processes (fp), and 
the fenestrated endothelium (fe) were readily identifi-
able (Fig. 4C–D). This demonstrated the advantages 
of multiscale BSE-SEM imaging in renal research and 
pathology. The method provided large and unob-
structed wide-field views over renal tissue that are 
critical for a global and unbiased morphological 
assessment, as well as the capacity to resolve ultra-
structural details of the glomerular filtration apparatus 
that are critical for the evaluation of renal pathology.

Identification of Amyloid Plaques in a Mouse 
Model of Alzheimer’s Disease

Next, we explored whether the BSE-SEM workflow was 
both suitable and provided distinct advantages over the 
traditional TEM workflow for applications in ultrastruc-
tural neuropathology. A major challenge in many ultra-
structural pathology studies is finding focal lesions 
within a tissue section. This problem can also be 
described as “finding the needle in the haystack.” One 
test case for the suitability of multiscale BSE-SEM for 
this type of imaging challenge was to identify and image 
amyloid plaques in various brain regions of a PS2APP 
mouse model of Alzheimer’s disease22 and then use 
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the highest reasonable magnification and resolution 
achievable with our current BSE-SEM instrumentation 
to define the ultrastructure of an amyloid plaque and its 
associated cellular or subcellular structures.

One particular goal of this experiment was to deter-
mine whether the practical resolution achievable with 
BSE-SEM was high enough to resolve amyloid fibrils 

within the core of amyloid plaques as has been shown 
by TEM.22–24 Resolving fibrils with diameters of 10 to 
20 nm in the densely packed amyloid plaques is chal-
lenging and requires high-resolution EM imaging.25,26

For this purpose, brain slices containing the cere-
bral cortex and hippocampus of a PS2APP mouse22 
were processed for BSE-SEM and imaged at low 

Figure 4.  Multiscale imaging of a rat kidney glomerulus. (A–D) Normal kidney tissue (rat) was processed for BSE-SEM imaging. Images 
of the same tissue region were acquired at stepwise higher magnifications: 200× (A), 500× (B), 3000× (C), and 13,000× (D). (A) The 
unobstructed low magnification and wide field of view shows several glomeruli (g1–g3) surrounded by numerous kidney tubules. The 
boxed area is shown at higher magnification in panel B. (B) Global unobstructed view of a kidney glomerulus (g1). The boxed area is 
shown at higher magnification in panel C. (C) Detailed view of a region in the glomerulus (g1) with capillaries (cp), urinary space (us), 
and podocytes (pc). The boxed area is shown at high magnification in panel D. (D) High magnification and resolution view of a capil-
lary (cp), fenestrated endothelium (fe), podocytes (pc), podocyte foot processes (fp), and lamina basalis (bm). Scale bars: (A) 100 µm,  
(B) 50 µm, (C) 5 µm, and (D) 1 µm. Abbreviation: BSE-SEM, backscattered electron scanning electron microscopy.
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magnification (100×) to create an overview map of the 
ROI—in this case, the hippocampal formation (Fig. 
5A). In this regional map, various dark patches, puta-
tive amyloid plaques, were identified within the hippo-
campus (Fig. 5A, arrows).

One putative plaque was selected and the magnifi-
cation was increased stepwise by factors of 10 (Fig. 5B 
and C). At 1000×, the lobe-like periphery of the puta-
tive plaque became visible, and neuronal cell nuclei, 
soma, axons, and dendrites, as well as arterioles and 

Figure 5.  Identification of amyloid plaques in the PS2APP mouse model of Alzheimer’s disease. (A–D) Slices of brain tissue from the 
PS2APP mouse model of Alzheimer’s disease were processed for BSE-SEM. (A) The hippocampus (hc) was first investigated at very low 
magnification (100×) to search and map the position of putative amyloid plaques (arrows). An area in (A) containing putative plaques 
(black rectangle) was then further investigated. (B) View of the area in the rectangle in (A) at higher magnification (1000×) revealing 
the dense core and the “lobed” peripheral shape of the putative amyloid plaque. (C) View of the area in the rectangle in (B) at higher 
magnification (10,000×) showing tree-like dark aggregates in the center of the amyloid plaque. Cytoplasmic processes and structures 
reminiscent of giant dystrophic neurites (top) filled with dark autolytic vesicles are also visible. (D) At a magnification of 40,000× and a 
pixel size of 2 nm, individual amyloid fibrils became visible, revealing the “fibrillar texture” of the center of the plaque. Scale bars: (A) 500 
µm, (B) 50 µm, (C) 5 µm, and (D) 500 nm. Abbreviation: BSE-SEM, backscattered electron scanning electron microscopy.
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venules, were recognizable (Fig. 5B). Focusing on the 
center of the putative plaque and increasing the mag-
nification further to 10,000× revealed dark, tree-like 
structures of aggregates formed by putative amyloid 
fibrils (Fig. 5C). Adjacent to these aggregates, we 
found both cytoplasmic processes of putative microg-
lia cells and giant dystrophic axons filled with autopha-
gosome-like vesicles (Fig. 5C), as has been previously 
reported.22 At the highest magnification used 
(40,000×), and using a small pixel size of 2 nm for 
scanning, the amyloid fibrils that constitute the aggre-
gates in the center of the amyloid plaque became vis-
ible and appeared as a “fibrillar texture” in the core of 
the plaque. In addition, synapses with synaptic vesi-
cles could be identified adjacent to the amyloid aggre-
gates (Fig. 5D). This demonstrated that multiscale 
imaging with BSE-SEM was suitable to investigate 
neuropathological hallmarks in brain slices from the 
PS2APP mouse model of Alzheimer’s disease from 
the millimeter to the nanometer level and could con-
firm previous results reported from combined histologi-
cal and TEM investigations of the PS2APP mouse 
model.22

Investigation of Alveolar Pathology in Monkey 
Lungs With Multiscale BSE-SEM

Next, we decided to investigate lung samples that had 
been thoroughly characterized in a published and 
peer-reviewed TEM study27 to have a baseline refer-
ence for image quality, resolution, and comparison of 
workflows between the traditional TEM method and 
the novel multiscale BSE-SEM workflow.

For this purpose, we used previously prepared 
sample blocks of epoxy resin–embedded monkey lung 
tissue that had been processed for TEM analysis to 
study the effect of leucine-rich repeat kinase 2 (LRRK2) 
inhibitors, a proposed therapeutic for Parkinson’s dis-
ease, on the lungs of cynomolgus monkeys.27

The traditional TEM workflow previously used for 
this study had involved the sequential use of thick tolu-
idine blue–stained “survey” sections followed by TEM 
analysis of parallel ultrathin sections for high-resolu-
tion imaging. When compared with vehicle-dosed ani-
mals, an increased number of type II pneumocytes 
with substantially enlarged “multilamellar” surfactant 
bodies had been observed in the lungs of animals 
dosed with LRRK2 inhibitors.27

To test the performance of the BSE-SEM method, 
1000-nm-thick tissue sections from representative 
monkeys dosed with either vehicle (Fig. 6A) or the 
LRRK2 inhibitor GNE-7915 (Fig. 6B) were placed on 
carbon-coated glass slides and counterstained with 
uranyl acetate and lead citrate. To acquire unbiased 

tissue overview images similar to toluidine blue survey 
sections, we decided on the following strategy. All 
images were acquired at a fairly low magnification set-
ting of 500× using the largest possible store resolution 
(maximum number of pixels per image) at 24,000 × 
32,000 pixels. These settings produced 230 µm × 172 µm 
overview images of the lung with a pixel size of 7 nm 
(Fig. 6A and B). This enabled us to image several alve-
oli with numerous type I and type II pneumocytes in 
one wide-field image (Fig. 6A and B, top panels) at a 
pixel resolution that was high enough to digitally 
“zoom” into any cell in the acquired images for explora-
tion of the ultrastructural phenotype of the lamellar 
bodies present in the type II pneumocytes after imag-
ing (Fig. 6A and B, bottom panels). The digitally 
“zoomed-in” views revealed the distinct phenotype of 
type II pneumocytes in inhibitor-dosed monkeys, visi-
ble as a massive enlargement of multilamellar surfac-
tant bodies (Fig. 6B, bottom panel, arrows), which was 
not seen in the control animals (Fig. 6A, bottom panel, 
arrows).

The wide-field and high-resolution overview images 
demonstrated directly that the striking phenotype seen 
at high magnification (after digitally “zooming in”) was 
truly representative for the majority of type II cells in 
the inhibitor-dosed animals (Fig. 6A and B, top panels). 
With the multiscale BSE-SEM approach, a direct cor-
relation of ultrastructural findings with low magnifica-
tion overviews was achieved simply by capturing a 
wide-field image at very high pixel resolution and using 
“digital zoom” to change the view of the acquired 
image from the tissue level to the ultrastructural level. 
The BSE-SEM workflow recapitulated the published 
TEM results and proved to be significantly simpler and 
faster than the traditional TEM workflow.

Discussion

Here, we present an efficient workflow for unobstructed 
high-resolution and multiscale imaging of large tissue 
sections on glass slides that enables the straightfor-
ward and direct correlation of ultrastructural resolution 
of ROIs within the histological context and makes full 
use of the very large scan fields that can be achieved 
with modern FE-SEMs.

By providing a high-resolution “bird’s-eye view” per-
spective over vast expanses of the tissue “landscape,” 
small ROIs, focal lesions, or other “needles in a hay-
stack” could be efficiently detected and investigated at 
suborganelle resolution.

For this workflow, we developed and integrated 
various protocols for processing and embedding of  
large tissue slices (Fig. 1); protocols for preparing, 
mounting, and staining of large 1-µm-thick sections on 
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carbon-coated glass slides (Figs. 1 and 2); and imaging 
protocols for the multiscale analysis with BSE-SEM 
(Figs. 2–6). We have shown that the practical resolution 
and contrast achieved by BSE imaging of various organ-
elles, cells, and tissues rival that achieved by conven-
tional TEM, but with the additional advantages of 
unobstructed multiscale views, direct correlation of the 
ultrastructural scale with the tissue-level scale, and dra-
matically simpler and faster workflows. The principle of 
backscatter imaging of tissue sections on solid sub-
strates has been used by several research groups 

mostly for the analysis of nervous tissue,9,10,11,13,17 or in 
combination with correlative LM and EM (CLEM) strate-
gies.3,4,12,28 In addition, prior work has shown that BSE-
SEM even allows for imaging herpesvirus capsids, 
demonstrating the resolving power of this approach.7

In contrast, we focused on workflows for the imag-
ing of a wide range of healthy and diseased tissues 
that are most frequently encountered in ultrastructural 
research pathology such as lung, kidney, muscle, skin, 
and intestine and that cannot be analyzed by CLEM 
strategies that rely on fluorescence or epitope-tagged 

Figure 6.  Effect of LRRK2 kinase inhibition on type II alveolar pneumocytes in monkey lung tissue. Sample blocks of lung tissue from 
a published study27 that had been processed for TEM analysis were sectioned and stained for reevaluation by BSE-SEM. (A and B, top 
panels) Sections of tissue blocks from representative monkeys dosed with vehicle (A) or LRRK2 inhibitor GNE-7915 (B) were imaged at 
an overview magnification of 500× and a pixel size of 7 nm. (A and B, bottom panels) Digitally “zoomed-in” views of the area marked by 
black boxes in the top panels were created from the original image files by cropping a field of 20 µm × 15 µm. The bottom panels show 
representative type II alveolar cells found in either the vehicle-treated (A) or inhibitor-treated animals (B), respectively. The digitally 
“zoomed-in” views revealed the distinct phenotype of type II pneumocytes of inhibitor-dosed monkeys (B) that was characterized by 
the massive enlargement of multilamellar surfactant bodies (arrows), which were not seen in the control animals (A). The large fields of 
view in the top panels demonstrated that this phenotype was truly representative for the majority of type II cells in the inhibitor-dosed 
animals. Note that this multiscale BSE-SEM imaging approach enabled the direct correlation of ultrastructural findings with low-magni-
fication overviews within the same section. Therefore, parallel “survey” sections for light microscopy evaluation were not necessary. 
Scale bars: 40 µm (A and B, top panels) and 5 µm (A and B, bottom panels). Abbreviations: LRRK2, leucine-rich repeat kinase 2; TEM, 
transmission electron microscopy; BSE-SEM, backscattered electron scanning electron microscopy.
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proteins and organelles. We have shown that the 
images acquired by detection of BSEs in an SEM of 
these tissues are essentially indistinguishable from 
published TEM work in regard to resolution and con-
trast of cellular and organelle detail.1,19,22,23,27

Here, we have also demonstrated that “historic” 
sample blocks of resin-embedded lung tissue (as well 
as heart and kidney tissue, not shown here) that were 
originally processed for and analyzed by TEM and 
stored for several years27 could be successfully exam-
ined by BSE-SEM (Fig. 6). This opens the avenue for 
reevaluation of precious historic sample blocks with a 
much more efficient and multiscale imaging approach. 
For example, this technique can be used to find rare, 
focal lesions, cell types, or infectious agents that may 
have been missed in previous TEM studies.

For all studies reported here, the resolution and 
contrast have been fully sufficient to address the par-
ticular research questions asked. For instance, in the 
hippocampal formation of the brain from the PS2APP 
mouse model of Alzheimer’s disease, the densely 
packed amyloid fibrils were clearly visible in the center 
of amyloid plaques (Fig. 5). However, for higher resolu-
tion structural information about amyloid fibrils in tis-
sues, which goes beyond the scope of diagnostics and 
identification of amyloid plaques, methods such as 
EM-tomography of resin-embedded tissues or cryo-
electron tomography may be required.25,26,29

In general, with the current contrast and resolution 
achievable with our BSE-SEM imaging workflow for 
conventionally processed and stained tissue sections, 
all membrane-enclosed organelles could unequivo-
cally be identified, including the outer and inner mem-
branes of cell nuclei and mitochondria, the cisternae 
of the endoplasmic reticulum, the Golgi apparatus, 
autophagosomes, endosomes, lysosomes, and syn-
aptic vesicles. In addition, many thin filamentous struc-
tures and components of the cytoskeleton, such as 
microtubules, neurofilaments, desmosomes, tight 
junctions, and the actin–myosin system in muscle tis-
sue, were visible.

Therefore, we anticipate that the vast majority of his-
topathological and cytopathological phenomena and 
questions can be addressed by this BSE-SEM work-
flow. Importantly, our BSE-SEM imaging protocols are 
fully compatible with a “follow-up” TEM analysis if higher 
resolution imaging is required. In this case, we recom-
mend preparing large sample blocks and sections for 
wide-scale BSE-SEM imaging and analysis followed by 
retrimming the sample blocks for the preparation of 
ultrathin sections to be further investigated by TEM.

Because our method development focused par-
ticularly on the needs in diagnostic and research 
ultrastructural pathology, we avoided processing 

protocols that include mordanting reagents such as 
tannic acid or thiocarbohydrazide,14,15 and instead 
only used conventional fixation, postfixation, and 
counterstaining protocols that have been in use for 
TEM analysis in ultrastructural pathology for 
decades.1,5,27 This substantially reduces concerns of 
introducing novel processing, infiltration, or staining 
artifacts that can interfere with diagnostics and ultra-
structural interpretation.

BSE-SEM methods, including our workflow pre-
sented here, that image sections on solid substrates 
can use surface-staining and surface-coating tech-
niques to optimize contrast and resolution and prevent 
charging, and therefore represent currently the best 
strategy to combine multiscale imaging with the high-
est possible resolution suitable for ultrastructural 
pathology.7,8,10,11,12,28

With our current imaging protocols and equipment, 
the acquisition of a high-quality image at the largest 
store resolution (32,000 × 24,000; 800 mega pixels) 
takes about 1 to 2 hr, depending mainly on the beam 
dwell time and the averaging method used for noise 
reduction. However, the hands-on time for a typical 
imaging setup, including determining the FOV, focus-
ing, and correction of stigmatism, only takes a few min-
utes, resulting in an overall time savings. Furthermore, 
one (32,000 × 24,000) image contains the information 
of 64 (4000 × 3000) images stitched together. Therefore, 
the actual time investment per image area is very short, 
and during scanning valuable time is freed for other 
laboratory or management tasks. The recent develop-
ment of multibeam SEMs that work with 61 or even 91 
electron beams (instead of just one electron beam 
used in conventional FE-SEMs) promises to further 
reduce the acquisition time for multiscale and high-res-
olution images from hours to minutes.30,31

In summary, here we presented a multiscale imag-
ing workflow that makes full use of the advantages 
offered by BSE-SEM and that is specifically targeted 
for the variety of tissues encountered in ultrastructural 
pathology. Using large sections on standard histology 
glass slides, conventionally processed samples could 
be imaged without any obstructions, over multiple 
magnifications from the tissue to the suborganelle 
scale, in a fully correlated manner. Therefore, this 
workflow promises to dramatically improve and accel-
erate the combined histological and ultrastructural 
analysis of a wide range of resin-embedded tissues for 
pathology and basic biomedical research.
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