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Rapid 4D-STEM data acquisition has simplified the implementation of powerful phase imaging techniques, impacting material
science studies, and finding applications in structural biology research. For example, with single particle analysis (SPA) on purified
and isolated biomolecular complexes, (integrated) differential phase contrast (iDPC-)STEM demonstrated the first map at
near-atomic resolution with a STEM technique [1]. Furthermore, recent demonstrations have shown that SPA with ptychogra-
phy, can resolve protein structures at a sub-nanometer level [2]. However, for thin, single-particle type of specimens, energy filter-
ing TEM (EFTEM) with the state-of-art instrumentation can routinely determine macromolecular structures at atomic and near
atomic resolution. In this study, we demonstrate two 4D-STEM phase imaging techniques applied to diverse biological specimens:
tilt-corrected bright field (tcBF-)STEM [3, 4] (also known as parallax [5]) and ptychography.

For a thick mitochondrion specimen, we present a comparison between tcBF-STEM and EFTEM. This reveals enhanced con-
trast and a clearer resolution of the double-layer membrane in the thick regions of the sample. In tcBF-STEM, each pixel within
the bright-field (BF) disk functions as a virtual coherent detector with a small collection angle. The resulting virtual BF images
exhibit shifts depending on the probe aberration function, and these shifts are measured and corrected on a pixel-by-pixel basis.
We believe where tcBF has an advantage over EFTEM is in thick samples. It allows a coherent image to be retained and uses almost
all the forward-scattered incident beam -i.e. a similar dose efficiency to TEM. The post-specimen lenses for (EF)TEM are the
image-formation lenses so chromatic aberrations there degrade the image resolution. However, for tcBF-STEM, the post-
specimen lenses simply transfer an image of the diffraction pattern so chromatic aberrations result in a small loss of angular reso-
lution instead -i.e. a reduction in coherence.

To compare the performance of tcBF-STEM with EFTEM on thick samples, we image the same area in a mitochondrion in
succession using the two methods at 300 kV. Comparison between tcBF-STEM (Fig.1 a and b) and EFTEM (Fig.1 ¢ and d) on
a mitochondrion specimen shows similar resolution of membrane bilayers at the leading edge. However, in thicker regions,
tcBF-STEM demonstrates clearer membrane resolution (orange arrows) compared to EFTEM. Average line profiles (Fig.1 e)
of the solid-line boxed areas illustrate the intensity variation across a membrane double layer. More data were acquired at various
defoci, doses, and acquisition orders, and similar trends were observed.

Additionally, to quantitatively assess the current performance of tcBF-STEM and ptychography for molecular structure ana-
lysis, we conducted analyses on thin, single-particle type samples of the purified hydrated vitrified coat protein of bacteriophage
PP7 particles (virus-like particles, VLPs). These analyses were carried out under various instrumental and experimental settings,
as shown in Fig. 2. Notably, employing tcBF-STEM on 789 VLP acquired from 20 micrographs, we achieve a 7.03 A nominal
resolution with a B-factor of 351 A2, Similar results are also observed with ptychography on the same sample. Overall, both
tcBF and ptychography were observed to reach sub-nanometer nominal resolution despite large B-factors, which might be due
to the presence of underlying specimen motion that needs to be addressed [6].
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Fig. 1. Comparison of EFTEM and tcBF-STEM on a mitochondrion. The membrane bilayers are similarly resolved in the leading edge of the organelle, but
in the thicker region, tcBF-STEM (a and b) exhibits clearer resolution of the membrane (orange arrows) than EFTEM (¢ and d). Average line profiles (e) of
the solid-line boxed areas depict the intensity variation across a membrane double layer. Each image was acquired with 14 e/A? dose measured over
vacuum. The STEM image was acquired before EFTEM.
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Table e.
Dataset Microscope Stage Camera a Step size Dose | Detector spacing | Number of Nominal resolution B factor
p g frame rate | (mrad) A) (e/A2) (mrad/pixel) particles (GSFSC, 0.143 cutoff) (AZ)
i | TFSTtan Themss, | Gatanside- | oy, 8 11 45 0.1526 789 tcBF-STEM7.03A | 351
probe corrected entry
~ : Krios dedicated 0.1426

. TFS Krios G4 cryo stage 1 kHz 6.6 10.6 62 ~ 1400 tcBF-STEM 7.69 A 529
. . . Ptychography 7.88 A 843

il TFS Krios G4 Kngs de;:;ca;ed 1kHz 4 13 41 0.0810 ~ 1800
Tyo stag tcBF-STEM 8.53 A 868

Fig. 2. Single particle analysis (SPA) with tcBF-STEM and ptychography on virus-like particles (VLPs). Phase-corrected tcBF-STEM (a), ptychography
object potential (b), and ptychography probe intensity (¢) of the same dataset ((iii) in table e). A representative 3D density map resolved with dataset (i) is
shown in (d) with PDB model TDWN docked inside. Find a summary of experimental conditions, parameters, and reconstruction results in table (e). All
samples were prepared from the same batch. The particle has icosahedral symmetry with T=3.
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