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The study of protein structure by cryo-electron microscopy (cryo-EM) has advanced to the point where
structures of 4 Å or better resolution are now commonly obtained, thanks largely to improvements in
detectors, instrument stability, and image processing software [1]. Software for automated data
collection, such as Leginon and SerialEM, has been in the field for over a decade [2,3]. With these
advances, particle numbers in the range of 105-106 are now routinely obtained. Despite these
instrumentation improvements, sample preparation remains a significant bottleneck to the generation of
high resolution structures. Although some new approaches are under development [4,5,6], the method of
preparing vitrified samples by blotting followed by plunging into liquid ethane or liquid propane has
changed little in over 20 years apart from the development of automated blotting devices. This technique
takes some expertise to master and can produce a range of ice thicknesses. Moreover, it was recently
demonstrated that most particles adhere to one or both air-water interfaces, which can produce a wide
range of defocus if the ice is significantly thicker than the protein size [7]. The ability to determine ice
thickness routinely during screening or data collection would provide a helpful guide to deciding which
areas to image or indeed whether further imaging on a grid should be abandoned.
Several techniques are available for measuring ice thickness. Collecting a tilt series of an area and
calculating a tomogram is perhaps the most accurate but also the most time consuming [7]. A second
technique which can produce more direct results but requires tilting the stage twice and burning a small
hole is also not easily incorporated into a high throughput automated workflow [8]. For microscopes
equipped with an energy filter, a more direct way is to compare intensities of images taken with and
without the slit inserted [9]. The thickness can be directly calculated using the following equation:
𝐼
𝑑 = Λ ln
𝐼
where d is the thickness, Λ is the mean free path for inelastic scattering, I is the total image intensity,
and Izlp is the intensity of the zero-loss peak energy filtered image. The main parameter which needs to
be determined is the mean free path, which will depend on the voltage used as well as the objective
aperture diameter.
We determined the mean free path for inelastic scattering on our Bioquantum Titan Krios electron
microscopes by collecting total and zero loss images over several holes, then collecting tomograms over
these same holes and measuring ice thickness. For imaging at 300 keV and a 100 µm objective aperture,
we determined the mean free path for inelastic scattering to be 395 nm (Figure 1). Using this value, ice
thickness can be readily determined under these imaging conditions. We have implemented this
technique directly into our Leginon workflow and the results are automatically displayed in the Appion
session summary (Figure 2).
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For microscopes without an energy filter, we also added an estimate for determining ice thickness based
on scattering outside of the objective aperture (Figure 2). For this we needed to characterize the
scattering outside of the objective aperture for each microscope and imaging condition using similar
tomographic techniques [10].
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Fig. 1
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Fig. 2a

Figure 1. Plot of thickness, as determined by tomography, versus log I0/I. The green line shows
a least squares best fit with slope 395 nm.
Figure 2. (a) Leginon control panel for measuring ice thickness and (b) Appion summary of
results from a typical session. The user can control how often thickness is measured as well as
all required parameters. The summary shows a histogram and a plot of thickness over time.
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