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ABSTRACT: Electron microscopy of soft and biological materials, or “soft electron
microscopy”, is essential to the characterization of macromolecules. Soft microscopy is
governed by enhancing contrast while maintaining low electron doses, and sample
preparation and imaging methodologies are driven by the length scale of features of
interest. While cryo-electron microscopy offers the highest resolution, larger structures can
be characterized efficiently and with high contrast using low-voltage electron microscopy
by performing scanning transmission electron microscopy in a scanning electron
microscope (STEM-in-SEM). Here, STEM-in-SEM is demonstrated for a four-lobed
protein assembly where the arrangement of the proteins in the construct must be examined. STEM image simulations show the
theoretical contrast enhancement at SEM-level voltages for unstained structures, and experimental images with multiple STEM
modes exhibit the resolution possible for negative-stained proteins. This technique can be extended to complex protein assemblies,
larger structures such as cell sections, and hybrid materials, making STEM-in-SEM a valuable high-throughput imaging method.

■ INTRODUCTION
Soft and Biological Imaging. Synthetic biological

materials cover a wide range of applications, from bioelec-
tronics for disease detection and therapeutics to biomimetic
materials to harness biological properties.1 When developing
new biological materials and assemblies or studying existing
structures, researchers aim to assess the relationship between
structure, function, and performance. For macromolecules,
including proteins and protein assemblies, currently employed
characterization techniques aim to understand chemical
composition, interaction in solution, folding mechanisms,
surface adherence, and the activation of cellular processes,
among other properties.2−4 Contributions to these properties
hinge on factors such as size, dispersity, orientation, and
morphology. Generally, the molecular weight and dispersity of
proteins can be evaluated by techniques such as size exclusion
chromatography or dynamic light scattering;5 however these
methods provide information for an ensemble of proteins
rather than on a particle-by-particle basis. The relative
orientation and morphology of proteins and protein assemblies
can be examined by direct imaging techniques. For example, a
variety of electron microscopy (EM) methods are utilized to
reveal key nanoscale features.
Researchers universally face similar challenges when

performing EM on soft and biological structures, or “soft
microscopy”. These materials have low inherent contrast due
to the low atomic number of most components. They are also
highly susceptible to electron beam damage due to their low
bond energy strength, and to the localized electrons present in

the primarily covalent bonds which do not allow for the
dissipation of energy from electron excitation without breaking
bonds.6 The typical solution to improve contrast is to increase
signal by increasing electron dose, but this furthers the second
challenge with beam sensitivity. It is therefore necessary to
improve contrast while also maintaining low electron doses to
avoid damage. We must further consider how both low-dose
imaging methods and contrast enhancement mechanisms
impact spatial resolution. One common sample preparation
method for the EM of macromolecules is negative staining,
where the sample is coated with a heavy metal contrast agent
and then dried and imaged at room temperature to both
enhance contrast and stabilize structures.7

Cryo-EM and Length Scale-Based Characterization.
The “gold standard” for biological imaging, cryo-transmission
EM (cryo-EM), aids with structure preservation through
vitrification.8 Recent advances in software and hardware for
cryo-EM have significantly improved the available contrast and
resolution; this includes direct electron detectors, low-dose
collection methods, and algorithms for class averaging and
single particle reconstruction that allow for both contrast
enhancement and three-dimensional structure determination.9

While uncommon for biological imaging, scanning trans-
mission electron microscopy (STEM) enhances mass-thickness
contrast and is compatible with both cryo-EM and room
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temperature imaging.10 Despite its prevalence in biological
characterization, the resolution of cryo-EM may not be
required for sufficient morphological analysis. The length
scale of features of interest and the requirements for imaging,
including the necessity of screening multiple samples, should
be considered when choosing a preparation and imaging
method. This work proposes a complementary technique to
cryo-EM for the high-throughput imaging of small biological
structures and assemblies: imaging at low-voltage using a
scanning electron microscope (SEM) with STEM detection
(STEM-in-SEM).
Low-Voltage Electron Microscopy: STEM-in-SEM.

Low-voltage EM improves image contrast because lower-
energy incident electrons have an increased scattering cross-
section, meaning that beam electrons have a higher probability
of encountering a scattering event before transmitting through
the sample.11 Conventional TEMs generally operate between
80 and 300 kV, except for dedicated low-voltage TEMs; for
instrumentation generally available in a microscopy facility,
SEM is required to achieve voltages below 30 kV. Both
electron sources and electromagnetic lenses are optimized to
correct source decoherence for specific voltages, so operating
within intended voltage ranges is required. While SEM
conventionally uses detectors above the sample for imaging,
many SEMs include dedicated STEM detectors below the
sample for transmission imaging below 30 kV, and even below
1 kV in certain microscopes. Applicable STEM modes,
voltages, and electron dose requirements vary among micro-
scopes, but the appropriate instrumentation is included in
numerous commercially available SEMs.
This work focuses on the characterization of a class of

biological materials referred to as megamolecules.12,13 Linear,
cyclic, and branched megamolecules are assembled through
covalent inhibition reactions between a monomeric protein
domain and a targeted covalent inhibitor on a poly(ethylene
glycol) (PEG) backbone.14−16 Here, we use a previously
described protein scaffold, known as tetracutinase, as a model
system.17 The linker used to form the tetracutinase
megamolecule has four equivalents of a p-nitrophenyl
phosphonate covalent inhibitor connected by 11 unit PEG
arms to a 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid core. Reaction of the nucleophilic serine residue (Ser 120)
in the active site of cutinase with the electrophilic phosphonate
group yields a covalent linkage, allowing for the atomically
precise synthesis of the tetracutinase megamolecule in one-pot.
Here we aim not to image the cutinase protein at high
resolution, but rather to examine the construct as whole.
This work will examine the efficacy of STEM-in-SEM for the

tetracutinase megamolecule, where the individual 3−4 nm
protein lobes must be resolvable but sub-nm or sub-Å
resolution (as in cryo-EM) is not required. Both image
simulations and experimental images demonstrate the
application of the method, as well as various considerations
to optimize imaging.

■ MATERIALS AND METHODS
Megamolecule Synthesis. Plasmid construction, protein ex-

pression, protein purification, and four-armed linker synthesis for the
construction of the tetracutinase megamolecule are previously
described.17 The megamolecule assembly reaction was performed in
phosphate buffered saline (PBS) (1× PBS; 2.7 mM KCl, 138 mM
NaCl, pH 7.4). To 44 nmol of cutinase protein (44 μM, 1.1
equivalents) was added 10 nmol (10 μM, 1 equivalent) of the four-

armed PEG11 linker with terminal p-nitrophenyl phosphonate
covalent inhibitors. The covalent inhibition reactions between the
enzyme and the linker proceeded overnight at room temperature.
After the reaction, the crude mixture was purified in a Hi-Load 16/60
Superdex 200 column with a mobile phase of 1× PBS containing 0.02
wt % NaN3. The pure tetracutinase product fractions were pooled,
concentrated using an Amicon Ultra centrifugal filter unit with a 30
kDa cutoff, and diluted to 1 μM in Milli-Q water. Tetracutinase has a
molecular weight of 95 kDa.
Sample Preparation. Copper grids for EM were obtained from

Electron Microscopy Sciences and have a 5−6 nm amorphous carbon
thin film. Tetracutinase was diluted in water to 100 nM and 5 μL of
solution was dropcast onto the glow-discharged carbon film for 30 s.
The solution was then wicked and washed three times in water.
Uranyl formate (UF) was chosen over uranyl acetate and other
negative stains because of its comparatively smaller grain size;7 other
stains commonly used for protein contrast enhancement are expected
to be compatible with STEM-in-SEM. UF was prepared according to
established protocols.18 Briefly, UF powder was mixed with degassed,
deionized water and the pH was slowly increased to approximately 4.5
using NaOH. The stain was continuously covered to avoid
precipitation from light. UF was filtered through a 0.2 μM filter and
diluted with water to 0.75%. Negative staining was performed by
applying 10 μL for 1 s two times and 70 μL for 20 s one time. Grids
were wicked between each staining step and partially wicked after the
last step, and then left to dry. Grids were stored at room temperature
in the dark.
STEM Image Simulation. STEM image simulations were

performed by using the PRISM algorithm implemented in MATLAB
with interpolation factor 4.19−21 The probe was set to zero defocus at
the entrance surface of the simulation cell. The projected potentials
were calculated using a 3D lookup table method22 using the
parameterized atomic potentials given in Kirkland.23 A slice thickness
of 2 Å was used, and an antialiasing aperture was used to zero the
pixel intensities at spatial frequencies above 0.5 *qmax during the
probe propagation. The cell size is 250 Å × 250 Å × 70 Å and
contains 236,034 total atoms. The tetracutinase coordinates were
adapted from Zhou et al.,17 and the amorphous carbon structure was
adapted from Ricolleau et al.24 We modified the original PRISM code
to introduce chromatic aberrations (Cc) via relationship with beam
spreading dc in:

=d C
E

Ec c
0

where ΔE is the energy spread of the electron beam, E0 is the energy
of incident electron beam, and α is the convergence semiangle. Bright
field (BF) and dark field (DF) images were plotted using collection
angles of 0−6 mrad and greater than 80 mrad, respectively. Image
intensities were normalized for comparison.
STEM-in-SEM Experimental Imaging. BF images were acquired

on the Hitachi SU8030 using a dedicated TEM grid holder for SEM
and high-angle annular DF (HAADF) images were acquired on the
Thermo Fisher Helios Nanolab Dual Beam SEM/FIB using a six-
sample TEM grid stage (Figure 1B). BF images were taken at 20 and
30 kV using a 2 mm STEM aperture and at 10 and 15 kV without an
aperture to increase signal. An emission current of 10 μA and 5 mm
working distance were used for all images. A liquid nitrogen cold
finger on the SU8030 aided in stability and reducing the rate of
contamination. HAADF images were acquired from 5 to 15 kV with a
working distance of 3 mm without a STEM aperture. Approximately
150 particles were acquired per image with a total scan area of 575 ×
400 nm2. Scan times were 20 s with an additional 30−40 s on average
for focus and stigmation, leading to the collection of around 150
particles per minute. Figure S1 details a process flow with approximate
timeframes for STEM-in-SEM imaging.
Image Post-Processing. Images were processed using ImageJ

and Python. Brightness and contrast were adjusted linearly using the
image histogram and noise was reduced using a Gaussian filter. For
class averaging, images were first background subtracted and
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normalized in Python. Class averaging was performed through the
EMAN2 package.25 A neural network was trained using a few
references of manually selected megamolecules and background areas.
Using the trained algorithm and keeping only high scoring particles,
we identified 1818 tetracutinase from 11 images (15 kV) and 1488
tetracutinase from 10 images (30 kV). Using reference free class
averaging, each set was sorted and averaged into eight classes.

■ RESULTS
Application of STEM-in-SEM to Biological Structures.

Figure 1 shows the process flow for a STEM-in-SEM setup.
Tetracutinase was first dropcast and negative-stained with UF
(Figure 1A). Imaging occurred in two separate instruments,
both SEMs with STEM detectors but with different detector
capabilities; the SU8030 SEM is capable of only BF imaging
and the Helios SEM/FIB performs BF, annular DF (ADF),

and HAADF imaging. Potential detector collection angles and
imaging modes depend on instrument specifications. Voltages
from 10 to 30 kV in BF and 5 to 15 kV in HAADF were used
to observe differences in contrast and resolution as well as
imaging efficacy, and probe size and current could also be
modified to tune signal and resolution. Various apertures were
used to balance contrast and signal; generally, larger apertures
were required at lower voltage because of signal loss. Samples
were mounted for STEM-in-SEM using various dedicated
TEM grid holders, shown in Figure 1B for the Helios SEM/
FIB. This holder allows for the imaging of six samples before
opening the chamber for specimen exchange. Finally, post
processing was used to identify orientation classes for
tetracutinase, similarly to the first stages of single particle
analysis.26 This allows for contrast enhancement across a small
number of images, reducing time for data collection and
allowing for lower electron doses while imaging. Figure 1C
shows various identified classes using STEM-in-SEM images at
30, 20, and 15 kV. Postprocessing involves a variety of
methods to improve image quality, from filtering and contrast
enhancement to quantitative analysis. STEM images are
additionally beneficial because they are dominated by mass−
thickness contrast, so in future experiments image intensity can
be used to calculate the molecular weight of unstained
macromolecules.27

Contrast Enhancement with Decreasing Beam En-
ergy. Figure 2A,B show simulated BF and DF STEM images
of tetracutinase on an amorphous carbon film from 5 to 30 kV
with a 10 mrad convergence semiangle, normalized to compare
contrast. Figure S2 shows the same simulations but with a 2
mrad convergence semiangle; most SEM instruments operate
somewhere between these two values. Repetition in the
background film arises from cycling the structural model of
amorphous carbon for the purpose of the simulation; this
repetition is not observed in an experimental amorphous film.
The improvement in contrast at 5 kV compared to 30 kV is
most apparent in BF image simulations. This can be evaluated

Figure 1. STEM-in-SEM process flow. (A) TEM grid preparation.
Tetracutinase was dropcast onto a hydrophilized carbon film TEM
grid and stained with 0.75% UF. (B) STEM-in-SEM stage setup.
Image shows an example stage for STEM-in-SEM using a six-grid
holder, specific to the Thermo Fisher Helios SEM/FIB instrument.
Each instrument has a dedicated STEM stage for transmission
imaging. Schematic depicts parameters chosen for STEM imaging,
including electron voltage, probe current and probe size, apertures,
and collection angle for BF, ADF, or HAADF imaging. (C)
Postprocessing methods such as class averaging further improve
signal-to-noise, shown for 30 kV (top), 20 kV (middle), and 15 kV
(bottom panel). Scale bars 5 nm (top) and 10 nm (bottom).

Figure 2. Image simulations with varying voltage. (A) BF (0−6 mrad collection angle) and (B) DF (>80 mrad collection angle) image simulations
at 5, 10, 15, 20, and 30 kV using a 10 mrad convergence semiangle. All simulations were normalized to the same scale for comparison. Scale bar 5
nm. Intensity profiles for (C) BF and (D) DF at all voltages provide comparisons across the diagonal of the structure, as shown in panel A.
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using the intensity profiles in Figure 2C, where the normalized
intensities of the carbon film at the far ends of the profile are
similar across all simulations and the troughs representing the
lobes of the proteins are deepest for 5 kV and most shallow for
30 kV. Interestingly, this difference in contrast is less visually
apparent for DF simulations; the intensity profiles in Figure 2D
reveal the highest contrast for 10 kV followed by 30 and 5 kV.
HAADF imaging is particularly sensitive to atomic number, so
these simulations may indicate diminishing returns when the
structure of interest is similar in atomic number to the support
film.
Image simulations also highlight the decrease in resolution at

lower voltage. These simulations do not introduce lens
aberrations or other practical limitations on resolution;
therefore, this reduction in resolution occurs only because of
the voltage effects in the calculation of the contrast transfer
function, which defines the shape of the STEM probe.28 The
intensity profiles for both BF and DF simulations in Figure
2C,D can also be used to evaluate resolution as details in the
amorphous carbon film and the lobes of the protein are
smoothed out with decreasing voltage.
Practical Application of STEM-in-SEM. Experimental

STEM-in-SEM images of tetracutinase stained with UF are
shown in Figure 3. Images of additional proteins and protein

assemblies with higher and lower molecular weights than that
of tetracutinase are provided in Figure S3. The BF STEM
images in Figure 3A−D demonstrate the capabilities of the
SU8030 SEM at 10, 15, 20, and 30 kV; imaging under 10 kV
was not possible with the current setup because of low signal
and a high rate of carbon contamination. Low signal can be
mitigated by using a thinner support film, as much of the
transmission thickness arises from the carbon film in this case.
The images demonstrate reduced resolution and image clarity
at 10 kV compared to 30 kV, but also show that the four
cutinase lobes are resolvable at all voltages.
We additionally observed more changes in background

contrast at low voltage from variations in both the thickness of
the carbon film and thickness of the stain; this is expected
because the increased scattering cross-section leads to a higher
dependence on the mass and thickness of the structure. Lower

voltages also suffered from more organic contamination while
imaging, as the rate of contamination is expected to increase
with lower electron energy due to more inelastic scattering.29

This leads to practical challenges in achieving optimal focus
and stigmation while imaging and may result in an apparent
reduction in resolution. Direct comparison to simulated images
in terms of ultimate contrast and resolution is not possible
because experiments were performed on UF-stained samples,
necessary to preserve protein structures. We did not observe
significant differences in contrast with voltage during
experimental imaging; this was expected because the uranyl
contrast agent contributes greatly to contrast enhancement,
overwhelming additional contrast from decreased voltage.
Low-voltage contrast enhancement would likely be more
pronounced with samples that do not require staining or
fixation, or when using a cryo-SEM setup.
In addition to the contrast gained by decreasing voltage,

signal-to-noise can be improved using class averaging. As
shown in Figure 3E, particles from BF images at two voltages
were chosen automatically and checked manually across a
series of images under identical imaging conditions. These
could be assembled into classes and averaged for enhanced
contrast, as shown for three representative classes at 15 and 30
kV in Figure 3F. All identified classes are shown in Figure S4.
BF images were chosen for class averaging because higher
signal improved the quality of images when compared with DF
imaging. Class averaging with HAADF (“z-contrast”) STEM
images would be beneficial for structures where an atomic
number difference exists, as it could improve the signal-to-
noise ratio between the two components.
Impact on Spatial Resolution. The work thus far has

primarily focused on changes in contrast with electron beam
voltage. Spatial resolution must also be considered when
evaluating the practicality of STEM-in-SEM for nanoscale
biological structures. Figure 4A−C show HAADF STEM
images of UF-stained tetracutinase acquired on the Helios

Figure 3. Experimental images and class averages. (A−D) BF STEM
images of tetracutinase acquired on the SU8030 SEM at 10, 15, 20,
and 30 kV. Scale bars 20 and 10 nm (inset). (E) BF STEM image at
30 kV showing particles picked for class averaging. Scale bar 50 nm.
(F) Selected classes after class averaging at 15 and 30 kV. Classes
included four-lobed structures, apparent three-lobed structures that
may either depict a hidden lobe in the background or indicate a
decreased yield of four-lobed structures in synthesis, and structures
where a fourth lobe is visible but on a different z-plane than the other
three lobes. Scale bar 5 nm.

Figure 4. Impact of voltage on spatial resolution. (A−C) HAADF
STEM images at 5, 10, and 15 kV acquired using the Helios SEM/
FIB. Decreased resolution is apparent at 5 kV, potentially due to
either chromatic aberration in the condenser lenses or difficulty in
adjusting focus and stigmation as a result of low signal. Scale bars 20
and 10 nm (inset). (D) STEM contrast transfer function calculated
from 5 to 30 kV demonstrating the increase in expected resolution
with increasing beam voltage. (E) Intensity profiles for simulated
image (top, dashed black line) of unstained structure and
experimental class-averaged image (bottom, solid blue line) of the
UF-stained structure.
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SEM/FIB at 5, 10, and 15 kV. The instrument requires longer
working distances than used here at 20 kV and above, so the
resolution at higher voltage was not comparable. As with BF
imaging, we observe a resolution decrease with lower voltage,
but the four lobes are still resolvable. This reduction in
resolution may be due to an increase in the impact of
chromatic aberration at lower voltage, or it could arise
primarily from practical limitations resulting from low signal
and a high rate of organic contamination.
Chromatic aberration occurs when electrons are deflected

differently by electromagnetic lenses based on variations in
electron energy. While chromatic lens aberrations from energy
spread increase in impact over spherical aberrations at low-
voltage, chromatic aberration is not expected to significantly
decrease resolution at 5 kV and higher at this length scale;
chromatic aberration may become more important at voltages
nearing 1 kV or when imaging smaller length scales.30 This is
confirmed by simulations in Figure S5, which show no
discernable difference when a realistic amount of chromatic
aberration is added at 5 kV. These simulations were performed
on unstained structures and do not account for the impact of
the UF stain on spatial resolution. One benefit of STEM over
TEM is the replacement of the image-forming postspecimen
lenses with STEM detectors, reducing aberrations from energy
spread after electrons transmit through the sample.
As shown in Figure 4D, the STEM contrast transfer function

limits spatial resolution according to voltage; this function
calculates the phase shift in the electron wave resulting from
lens aberrations.20 The maximum value for k (1/Å), the spatial
frequency, represents the highest possible resolution in real
space. This indicates that the lower the voltage, the lower the
maximum spatial frequency, translating to decreased spatial
resolution. However, a maximum spatial frequency of
approximately 0.1 Å−1 at 5 kV translates to a 10 Å (1 nm)
information limit, sufficient resolution to image an assembly of
3−4 nm proteins. Electron source decoherence varies from
voltage-to-voltage and is microscope dependent, so the shape
of the beam and the effectiveness of the lenses in correcting
beam shape can result in limitations on spatial resolution at
certain voltages.
Fixation and staining are essential for imaging at room

temperature, and negative staining reduces resolution accord-
ing to the grain size of the stain; for UF, this error is around 0.5
to 1 nm.7 To evaluate the effect of staining on resolution,
Figure 4E compares intensity profiles along the side of two
protein lobes for a class-averaged image and simulated image at
15 kV. The simulated image was Gaussian filtered to remove
details in the protein and background film for comparison. The
distance between the brightest points on each protein lobe was
similar, at around 6 to 6.5 nm for the experimental and
simulated images. The full width at half minimum was used as
an approximation for the distance separating the lobes and
measured to be around 2 nm for the class-averaged image and
3 nm for the simulated, unstained image. This 1 nm difference
aligns with the 0.5−1 nm error from negative staining. Despite
the impact of staining on resolution, it is an effective method
when imaging assemblies as opposed to focusing on fine
features of individual proteins.

■ DISCUSSION
Further Considerations for STEM-in-SEM of Bio-

logical Structures. There are several factors outside of
contrast and spatial resolution to consider in the STEM-in-

SEM approach. First, beam-mediated damage occurs primarily
by two mechanisms − knock-on damage and radiolytic
damage. Knock-on damage from elastic scattering is solely
dependent on electron energy, so low-kV operation is a
principal method for damage reduction in knock-on-sensitive
compounds.31 The primary damage mechanism in organic
samples, however, is ionization damage from inelastic
scattering. The interaction of incident electrons with the
sample leads to electron transitions to excited states, and
valence band holes are filled quickly in conducting materials. In
organic materials, the secondary and Auger electrons produced
by inelastic interactions carry sufficient energy to break atomic
bonds, leading to radiolytic decomposition.32 Decreasing the
incident electron voltage, and therefore energy, decreases
knock-on damage but increases radiolytic damage.33 Electron
doses in this study are believed to be on the order of 1 × 106
electrons/Å2 or higher; depending on the ability to control
probe current according to the instrument specifications, this
may be prohibitive for unstained, beam sensitive structures.
Additional challenges exist when performing STEM-in-SEM

on biological structures. As indicated previously, organic
contamination occurs more rapidly at lower voltage because
of increased inelastic scattering.31 Contamination introduces
practical challenges during focusing and stigmation at high
magnification, ultimately reducing resolution. The effect of
contamination can be quantified through changes in resolution,
structural features, and contrast between subsequent scans.
While multiple scans of a single field of view were not needed
because of the high degree of homogeneity and consistent
dispersion of tetracutinase, contamination is a limiting factor
for samples where numerous scans of the same area are
necessary. Figure S6 displays the effect of contamination on
subsequent scans of the same area. Finally, signal decreases
with voltage because fewer electrons maintain the energy to
transmit fully through the sample. A low signal similarly
inhibits proper focus and stigmation for optimal resolution and
also limits the ability to image thick specimens.
Contrast enhancement with staining can impact structure

and image quality depending on the requirements for imaging;
most negative stains are applied at low pH and require drying,
and this can lead to structure breakup and shrinkage.34 As
demonstrated, negative stains additionally reduce image
resolution because of the grain size of the stain.7 It is possible
to image unstained, dried structures, but drying can lead to
unfolding in the case of proteins or structural collapse in the
case of cells and tissue without fixation from the stain.35 While
this work demonstrates experimental imaging only on stained
structures, where the improvement in contrast derives mostly
from the stain and less from the decrease in voltage, unstained
imaging can be highly effective in various soft materials
including polymers or in hybrid materials where contrast can
be improved for the soft component compared with the hard
component. Unstained STEM-in-SEM may also be applied to
structures embedded in a support material or using environ-
mental SEM, where the contrast enhancement is derived
largely from the decrease in beam voltage.
Attributes of STEM-in-SEM. Any imaging technique for

biological structures will undoubtedly be compared to cryo-
EM, which offers the highest resolution possible for protein
structural characterization when combined with direct electron
detectors. STEM-in-SEM is proposed for a different use case
than that of cryo-EM and is particularly beneficial for soft and
biological structures at larger length scales than that of single
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proteins and for the screening of many samples. STEM
imaging offers advantages over TEM�contrast in STEM only
depends on the mass and thickness of the sample, often
making images more interpretable without phase or diffraction
contrast. STEM is also highly multimodal. Where TEM only
allows for the capture of one image at a time, STEM can
simultaneously acquire multiple modes of detection, chemical
signals through spectroscopy, diffraction information, and
more. STEM is also compatible with sparse scanning, where a
subset of pixels is intelligently collected by dynamic sampling
to reduce the total electron dose and scanning time.36

STEM-in-SEM has additional advantages beyond dedicated
STEM. Several signals collected in SEM, including back-
scattered and secondary electrons, are uncommon in STEM or
TEM instruments. Though not demonstrated here, these
signals provide valuable compositional contrast through atomic
number-dependent backscattered imaging and topographical
information through surface-sensitive secondary electron
imaging. The large SEM chamber also offers versatility in the
size and shape of samples. STEM-in-SEM is high-throughput
because of the nature of SEM specimen exchange and the
availability of multigrid holders, and SEMs are generally lower
in cost when compared with dedicated STEM, TEM, and cryo-
EM instruments. For structures where the length scale does
not require the level of resolution attainable with cryo-EM,
STEM-in-SEM is a valuable complementary high-throughput
technique.

■ CONCLUSIONS
Examining the relevant length scale of materials and the
resolution required by imaging allows for the use of sample
preparation and imaging methodologies that are generally
underutilized in biological imaging. This work offers an
analysis of the STEM-in-SEM method for macromolecular
assemblies, specifically the tetracutinase megamolecule. The
technique focuses on the high-throughput imaging of negative-
stained structures where the spatial resolution afforded by
cryo-EM is not required for successful morphological analysis.
In the case of tetracutinase, imaging was used to identify
individual cutinase lobes and their orientation in the structure.
We therefore suggest STEM-in-SEM not as a competitor to
cryo-EM, but as a complementary technique for the contrast
enhancement and high-throughput imaging of similar macro-
molecular assemblies. The ability to quickly change samples,
especially in the case of the six-grid Helios SEM/FIB sample
holder, allows for fast screening of numerous grids; depending
on the required image resolution, promising samples can then
be selected for cryo-EM or various other techniques. The
equipment for STEM-in-SEM is also available in commercial
SEMs at a drastically lower cost than that of dedicated cryo-
instruments and the necessary direct electron detectors,
offering an approach for macromolecular imaging that is
more attainable for individual research labs. While cryo-EM
might be necessitated by other factors, such as fragility during
sample preparation or the requirement of precise sample size
measurements, STEM-in-SEM is an ideal method for the
contrast enhancement and high-throughput imaging of
megamolecules, other protein assemblies, and soft materials
in general from the nanometer to micron length scale.
Other methodologies to enhance contrast and further reduce

dose can be implemented in conjunction with SEM; this
includes phase retrieval imaging with the introduction of a
diffraction detector, where the image can be reconstructed

using far-field electron diffraction patterns collected with each
probe position.37 We can also leverage the abundance of
signals available in SEM, including backscattered imaging,
spectroscopic methods such as energy dispersive X-ray
spectroscopy, and environmental SEM. While these techniques
may not afford the resolution necessary to image protein
assemblies, depending on the instrument and detector spatial
resolution, they can be highly useful for imaging at larger
length scales. The possibility for high-throughput, high-
contrast STEM imaging was demonstrated on a protein
assembly as a model system to exemplify the high resolution
possible; in conjunction with the wealth of techniques and
signals available in SEM, often collected simultaneously, the
STEM-in-SEM method is highly promising for a range of soft
and biological structures.
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