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Electron cryo-microscopy (cryo-EM) is becoming one of the routine tools for 
structure determination of biological macromolecules. Commonly, molecular 
images are obtained by conventional transmission electron microcopy (CTEM) 
using large underfocuses and subsequently computationally combined into a 
high-resolution 3D structure. Here, we apply scanning transmission electron 
microscopy (STEM) using the integrated differential phase contrast mode also 
known as iDPC-STEM to two cryo-EM test specimens, keyhole limpet 
hemocyanin (KLH) and tobacco mosaic virus (TMV). 

The micrographs show complete contrast transfer to high resolution and enable 
the cryo-EM structure determination for KLH at 6.5 Å resolution, as well as for 
TMV at 3.5 Å resolution using single-particle reconstruction methods. A series of 
cryo-EM TMV maps was resolved at near-atomic resolution taken at different 
convergence semi-angle (CSA) beams and share identical features with maps 
obtained by CTEM of a previously acquired same-sized TMV data set. The 
estimated B-factor from iDPC-STEM of 93 Å2 indicates that the accomplished 
micrograph quality exceeds CTEM recordings from 2015 using 2nd generation 
direct electron detection devices. These data show that STEM imaging in general, 
and in particular the iDPC-STEM approach, can be applied to vitrified 
single-particle specimens to determine near-atomic resolution cryo-EM structures 
of biological macromolecules (Lazic et al., 2021 BioRxiv).
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Cryo-iDPC-STEM single-particle reconstruction of keyhole limpet hemocyanin (KLH). 
Top left: Raw iDPC-STEM micrograph of vitrified KLH acquired at 300 kV, CSA of 2.0 mrad, 
with electron dose of 40 e-/Å2 and 1.5 Å pixel size, scale bar is 50 nm (one out of ~1000 
acquired). Note the strong low-frequency contrast of the ice contamination. Left right. 
Corresponding Gaussian high-passed filtered (preprocessed) iDPC-STEM micrograph to 
match the appearance of typical CTEM images including atomic models of two different KLH 
projections drawn to scale, scale bar is 50 nm. Experimental conditions: voltage 300 kV, 
convergence semi-angle (CSA) 3.5 mrad, pixel size 1.2 Å, image size 4096 x 4096, total 
electron dose 35 e-/Å2. (a) Representative 2D classes at CSA of 2.0 mrad (9,150 particles). 
(b) Reconstructed 3D structure at CSA of 3.5 mrad with D5 symmetry in side and top views 
(18,597 particles) (c) Fourier shell correlation indicates a nominal resolution of 6.5 Å and 6.8 
Å using 0.143 and FDR-FSC cutoff, respectively. (d) PDB-ID 4BED docked inside the 
cryo-EM density (color code as in b). 

Comparison of TMV cryo-images taken by conventional TEM (CTEM) and iDPC-STEM.
Micrograph inset (CTEM and preprocessed iDPC-STEM) of vitrified TMV (left, scale bar 100 
nm), corresponding power spectrum (center left), four in-plane rotated TMV segments (center 
right: two left column iDPC-STEM images, two right column high-pass filtered iDPC-STEM 
images to match the appearance of CTEM images, scale bar 10 nm) and corresponding 
layer-line profile of added power spectra segments. In the layer line profile, 1st order and 2nd 
order layer lines give rise to peak I and II at 1/23 and 1/11.5 Å-1, respectively. The ratio of II/I 
is given in the upper right corner. The orange line is averaged from the corresponding data 
sets of around 2000 segments and the blue line is obtained from averaged segments of a 
single micrograph. CTEM (defocused-based) cryo-images (a) EMPIAR-10305 and (b) 
EMPIAR-10021 followed by (c) 2.0 mrad, (d) 3.0 mrad, (e) 3.5 mrad, (f) 4.0 mrad and (g) 4.5 
mrad CSA beam iDPC-STEM cryo-images.

Comparison of CTEM (EMPIAR-10021 and EMPIAR-10305) and iDPC-STEM structures of 
different CSA beams. 
Cryo-EM density maps with fitted trimer of TMV coat protein PDB ID 6SAG and 4UDV 
reconstructed from conventional TEM (CTEM) EMPIAR-10305 and EMPIAR-10021, 
respectively and iDPC-STEM images using indicated convergence semi-angle (CSA) beams.

iDPC-STEM/CTEM comparison using  Fourier shell correlations (FSC) and B-factor 
estimation.
(a) Resolution estimation by FSC including mask deconvolution using the 0.143 criterion. (b) 
Resolution estimation by the mask-free FDR-FSC criterion. (c) B-factor estimation for 
respective TMV and KLH data sets by a logarithmic fit of the 1/Resolution2 as a function of 
Number of asymmetric units. Standard deviation of the B-factor is calculated from the 
covariance matrix of the fit.

iDPC-STEM imaging setup, acquisition and detector.
(a) Schematic model of the probe formation system, sample and four-quadrant detector. The 
red line illustrates the average electron path of the beam, the red dot indicates the center of 
mass (COM) of the intensity at the detector. The center inset (center) corresponds to a 
longitudinal cross-section through the aberration-free probe. On the right, a cartoon model of 
the probe indicates optical properties: convergence semi-angle (CSA), beam waist 
width/resolution and length/depth. (b) Illustration of the acquisition process: focusing is 
performed on the carbon foil next to the region of interest (left), before the scanning process 
starts (center and right). (c) Probe shape, i.e. depth of focus, for different CSAs with respect 
to the sample thickness (not drawn to scale in z direction). (d) Focusing using convergence 
beam electron diffraction (CBED) pattern (inset), out of focus and (e) in focus. (h) Panther 
detector layout consisting of 8 segments with central hole. Size of the beam at the detector 
(approx. 2/3 of the detector), i.e. Bright field (BF) region or BF-disk, is also indicated with 
applied radius 4 times larger than the radius of the central hole. (i) Pattern of the scanning 
engine with the related detector coordinate frame. 

h) i)

… 

…

10.0 nm

f)

… 

a) b)

d) e)

( , )

c)

2.3 Åg)

3 mrad 4 mrad 7 mrad 10 mrad

KLH
sample

3 mrad Scan and acquire over the ice

Carbon grid

KLH
sample in ice

condenser 
lens system

condenser lens 
aperture

sample

side view of the probe 
(aberration free)

ADF ADFBF

COMdetector

� =

Imaging of cryo-specimens by iDPC-STEM 
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Imaging of cryo-specimens by iDPC-STEM 
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a) masked maps (FSC0.143) b) unmasked maps (FSCFDR)
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Typical cryo-iDPC-STEM micrographs of tobacco mosaic virus (TMV) acquired at 2.0 
and 4.0 mrad convergence semi-angle (CSA). 
Experimental conditions: voltage 300 kV, pixel size 1.70 Å, image size 4096 x 4096, total 
electron dose 35 e-/Å2. 
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